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Abstract: In steel tied arch bridges where the hangers are made of rigid bars, the replacement of
damaged hangers is rather complex. In fact, while generally the cable hangers are already prepared
with anchors at the ends and their replacement traces the initial stages of construction with their
prestressing, on the contrary, the rigid bars are welded to the arch and the deck, so their replacement
must include the design of a new suspension system that allows the insertion of a pretension where
this had never been considered. To check the reliability of this new system, a prototype of tensioner
was studied for the case of a steel arch bridge in which the high level of corrosion made it necessary to
replace all the original hangers with new ones. This entailed the need to test the tensioner performance
with the aim of ensuring the axial force transmission between the two hanger segments without
slippage in the threads, as well as to test the correct tension setting before construction and putting
into service the hangers to be replaced. For this reason, a predictive experimental campaign was
carried out on a prototype by means of tests for the mechanical characterization of the materials
used, tensile tests of the system, and tensioning tests under load, measuring the displacements
and strains of the system elements. The results of the tests, with slippage in the threads limited
to the 2% of total elongation, and the turnaround-stressing curves were useful for the definition
of the pieces to be assembled during on-site work and for addressing the operating procedures of
the tensioning phases on-site during hanger replacement. Validation with the on-site monitoring
of stressing operation was conducted at the end; the monitoring of tension through dynamic tests
confirmed the agreement of on-site results with the predictive loading tests of the experimental
campaign on the tensioner prototype.

Keywords: arch bridge; hanger; tensioner; load test; prestress; steel bridges; bridge component

1. Introduction

In bowstring arch bridges, the deck is suspended from the arch by means of hangers
that can be made of steel bars, rigid profiles, or cables [1,2]. In the first case, the steel bars
that connect the arch and the girder can present different types of connection to the two
main elements, but generally, the function is that of bringing a predominantly axial force
into a state of tension. Some bridges have, from their initial conception, the possibility
of adjusting the tension in the hangers through an intermediate element that impresses
distortion, that is, a tensioner; in other cases, instead, the bars are rigidly connected to the
two ends and welded to the arch and to the deck girder. When this second case occurs,
during construction, the load is transferred to the hangers directly by means of temporary
intermediate supports. Hence, self-weight puts in tension the elements of the suspension
system directly through the elastic deformation of arch and deck elements, activating
the overall behaviour, when temporary supports are removed. In bridges built with this
technique and this configuration of the suspension system, it is not possible to vary the
stress state of the hangers in any way after construction, and no prestress or adjusting
tensile forces can be applied to the elements over time. If the replacement of these hangers

Designs 2024, 8, 55. https://doi.org/10.3390/designs8030055 https://www.mdpi.com/journal/designs

https://doi.org/10.3390/designs8030055
https://doi.org/10.3390/designs8030055
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/designs
https://www.mdpi.com
https://orcid.org/0000-0003-3112-4404
https://orcid.org/0009-0009-6446-1846
https://orcid.org/0000-0003-2362-1777
https://orcid.org/0009-0000-0098-9507
https://doi.org/10.3390/designs8030055
https://www.mdpi.com/journal/designs
https://www.mdpi.com/article/10.3390/designs8030055?type=check_update&version=1


Designs 2024, 8, 55 2 of 19

becomes necessary, it is therefore difficult to completely unload the hanger and to replace
it with a new element that must take back the load already lost during the replacement
phase. The problem therefore arises of designing a new suspension system, capable of
restoring the stress state lost by cutting the damaged existing hangers. The sequence
of the replacement and re-stressing of new hangers is then extremely important for the
success of the intervention on an existing bridge, especially when maintenance implies
the need to replace several hanger bars or the entire original suspension system. The
introduction of a stress that recovers the previously released load is an operation that
must be carried out by imposing a distortion in the new suspension bar that corresponds
to an imposed shortening, in a tensioning stage. In the most common cases, the hanger
consists of a cable and the cutting and replacing operation depends on the connections
to the main supporting elements, as is the case of suspension bridges for hangers that
connect the main cable to the deck. In the literature, these typologies have usually been
studied, operating on strands and anchorages. Lan Wang et al. [3,4] specify the operations
of replacement for concrete arch bridges in which steel hangers are made of cables, by
choosing a methodology based on the displacement method. Sun et al. [5,6] studied the
replacement of vertical cable hangers in suspension bridges, with similar issues to those of
arch bridges. Wu [7] described the design approach of a new cable hanger in tied arches to
enhance the robustness. Hayashi et al. [8,9] studied the problem of hanger replacement in
the rehabilitation of Lohse arches, where hangers are inclined and the pretension depends
on the maximum compressive forces induced by loads; although this case is similar to that
of steel tied arches, it deals with strands and does not consider rigid elements. Martin [10]
used the same method of cable hangers for suspension bridges in arch bridges, through
common prestressing techniques. Other studies [11–13] give results of optimization forces
in hanger prestressing and the performance of these suspension systems, while a review
paper by Fan et al. [14] describes the robustness of the suspension systems through several
cases of damaged bridges or failures. Other studies address the fatigue of cable hangers due
to the oscillations of loads on the anchors [15] and the steel–composite connections [16]. A
much less common problem is that of replacing the rigid bars, originally conceived welded
at the end and without intermediate tensioner, that is, of hangers with rigid arch-to-deck
connections, and this problem has not been considered in the literature to the authors’
knowledge. In the latter case, the release of tension during the replacement operation due
to hanger cutting must be restored with a stressing operation on new rigid elements that
must be specially designed and configured. In other words, there is a need to modify the
initial engineering concept (similar to reticular steel structures) to insert a pretension on
elements that originally did not foresee imposed distortions (similar to the cable bridges
conception), by conceiving a new suspension system made of rigid bars with new end
connections and with a tensioner.

This is the case of a steel arch bridge located in southern Italy, which, due to its
proximity to the mouth of a river and an original protection against corrosion not being
effective, presented the need for maintenance less than 20 years after construction, with
the total replacement of the suspension system and a new corrosion protection of all steel
structures [17]. The maintenance intervention provided for the replacement of 46 hangers
consisting of rigid bars of lengths ranging from approximately 5 to 15 m, with a circular
section of 70 mm diameter. The corrosion state of the hangers reduced the cross-sections
and damaged the welded connections to arch and deck and especially the joint sleeves
(couplers) of the bars longer than 12 m [18]. In this case, in fact, the connections to the arch
and the girders were made directly through welds to the steel plates at the hanger ends,
and the overall arch loading occurred by transferring self-weight through the removal of a
single intermediate support during construction stages. To do this, the connection at the
ends of the hanger must be modified, because the original concept was to make a rigid
connection to the arch and the deck, while a modern hanger to be pretensioned must be
conceived with hinges at the ends.
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Figure 1a shows the bridge in its initial configuration, and Figure 1b shows the
original hanger with welded connections of the rigid bar at arch and deck girder; Figure 1c
reports a view of the new suspension system, while Figure 1d shows the new hanger with
new connections and intermediate tensioner. After maintenance intervention, the new
suspension system consists of bars of the same type as the original ones but connected by
monoaxial hinge joints at the two ends. The bar is divided into two segments connected
by a tensioner capable of inducing an inner relative displacement of the two upper and
lower bar sections by a rotation set to the tensioner. The ends of the hanger are threaded so
that the tensioner can give an imposed shortening deformation to the bar and then bring
the ends connected to the arch and deck close to one another. A tensile stress inside the
hanger corresponds to this imposed shortening, proportional to the rotation imposed to
the tensioner, and this tension arises from the force imposed on the two extremes (Volterra
distortion) together with the elastic deformation of the bar. Because the suspension system
of the arch bridge presents hangers of different heights, the value of pretension depends
on the position of the hanger in the suspension system of the entire bridge, on the axial
stiffness of the bar, and on the mutual effect due to the hyperstatic nature of the system and
to the axial–flexural stiffness of arch and deck girders. In the following sections, after an
overview of the fundamental aspects of prestressing stages during hanger replacements,
the engineering aspects of the tensioner prototype and load tests are described.
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Figure 1. The case study bridge. (a) Original configuration; (b) original hanger with welded
connections at the end; (c) new suspension system; (d) new hanger with end connections and
intermediate tensioner.
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2. Stages of Hanger Replacement

The replacement of a single hanger within the entire suspension system is divided
into three phases (Figure 2):

- the ith hanger is removed: in this phase, the axial force N0,i, sustained by the existing
hanger, is released and redistributed to the other hangers according to the principle of
mutual effect (the two adjacent hangers are always the most influenced ones).

- The new hanger is put in place, anchored to the upper arch and to the lower deck
girder, in the transitory deformed configuration.

- The new hanger is stressed through the tensioner by imposing a distortion in the steel
bar (imposed shortening) until the axial force is totally restored to the initial value
and/or the local deformation of arch and deck are nullified, once again achieving the
original configuration or the design one.
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Figure 2. Replacement sequence. (a) Original configuration; (b) hanger cutting and stress release
(N0,i); (c) new hanger and imposed distortion ∆i through tensioner.

In this procedure, it is necessary to know the stress value in the original configuration
and/or the displacements of the anchor points at each stage of replacement, as well as
the value of the prestress to supply to the new hanger. The original axial stress and the
displacement of the anchor points can be determined a priori through an FE model of the
bridge, but its actual value has to be controlled on-site through the strain monitoring of the
bar when it is cut. This is because the construction stages can vary the actual distribution of
axial forces in the elements of the suspension system with respect to the theoretical values
of design; consequently, the target value of prestressing can be the theoretical one or that of
the original configuration after construction, which are not identical. To know the actual
value of axial force, only an in situ monitoring of strains on the original hanger can be
operated, in order to verify the amount of tensile force in the existing hanger; this can be
different from the theoretical one for a state of degradation or for errors during construction.
This means that the value of final axial force in the new hanger can be evaluated as the
target value by the engineer in the design of the replacement intervention, but the value
of prestressing for the new hanger is not known a priori due to the hyperstatic system of
arch–deck–hangers, as it occurs for cable-stayed bridges where the determination of the
initial cable forces is a fundamental step of the stressing sequence [19–21]. The value of
prestressing is conditioned by the necessity to recover the displacements of the two anchor
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points, and these depend on the stiffness of arch and deck. For this reason, the final value
of the axial force in the new hanger is related to the following:

(a) The value of distortion imposed by the tensioner.
(b) The elastic deformation of the bar.
(c) The stiffness of the arch-deck system.

If δi is the total relative displacement between deck and arch anchor points of the ith
hanger, the initial displacement δ0,i can be determined numerically through an FE model
and practically by measuring on-site the actual relative displacement of the two bar ends.
In this way, it is possible to compare two data:

- The theoretical and actual strains in the bar, which are directly related to the axial
force of the hanger, together with the total displacement at the release stage.

- The theoretical and actual displacements at the ends of the bar, which are instead
related to the original distortion.

Hence, the engineer can choose the value of prestressing to be inserted in the new
hanger: the original one, effectively measured on-site; or another value due to the design
conditions if adjustments are needed with respect to the actual configuration of the existing
bridge.

Therefore, the prestressing force Fi of the new ith hanger depends on the value of the
relative displacement di that arises in the hanger anchor points because of the imposed
unitary imposed distortion ∆1,i = −1 applied to the hanger of length Li:

δ1,i = di ∆1,i (1)

where di depends on the stiffness of the whole structural system (arch, deck, and suspension
system). The value of the distortion to be imposed and the corresponding value of the
prestressing force Fi are found by imposing the condition δi = δ0,i, where δ0,i is the on-site
measured value or the design one. The value of the distortion is then the following:

∆i = δ0,i/di (2)

and correspondingly, the value of the prestressing force is the following:

Fi = EiAi/Li · δ0,i/di (3)

With this prestressing value, the final axial force after replacement is the target value
N0,i. It is worth noting that Fi and N0,i are not the same force, because they have different
physical meanings: Fi is directly related to the distortion, while N0,i is the value of the
effective axial force in the hanger. This value of the axial force depends on the hyperstatic
system (N0,i < Fi), and the apparent prestressing loss (Fi − N0,i) is the force necessary to
deform the arch and the girder, that is, the force necessary to make the distortion effective,
by approaching the two extremes that had drifted apart during the tensional release.
Therefore, the main issue of this procedure is the evaluation of the stiffness factors di and
displacements δ0,i through the FE model for each hanger, together with the measurement
of the experimental values of distortion on-site. Hence, the ability of the tensioner to apply
the correct value of distortion ∆i becomes fundamental to make this procedure effective
during on-site work. It is worth noting that the overall procedure is non-linear because of
the mutual effects between hangers, and it must be implemented in the complete model
of the bridge and through an appropriate sequence of operations hanger-to-hanger. This
sequence has to be optimized in such a way that the variation in the state of deformation
and stress due to the mutual effect is the minimum possible, maintaining the effectiveness
of the distortion imposed to each element [18,22,23]. This is, in fact, the most delicate aspect
of the operation, which provides a different result if it is carried out only on one or a few
elements or on the entire the suspension system.
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It is therefore necessary to restore the deformation state prior to the replacement of
the bar, through the tensioner, recovering not only the tension inside the element but also
the redistribution that occurred in the adjacent elements due to the deformability of the
arch and the beam of the deck, which establishes the mutual effect between hangers.

To accomplish this, the procedure chosen in the present case is as follows:

(1) Analysis of the bridge using a detailed finite element model which, by means of a
staged construction procedure, traces the original construction, allowing the theoreti-
cal determination of the tensile axial force in each hanger.

(2) Determination of the real state of stress and deformation of the hanger by the on-site
monitoring of strains during the cutting operation and removal of the bar.

(3) Comparison between the data obtained on-site and the FE model for any modification
and calibration of the model.

(4) Assembly of the new bar and introduction of distortion through the tensioner, under
strain monitoring, verification in the FE model and control of stresses in the adjacent
hangers.

(5) Adjustment of the applied distortion to the bar by means of the imposed tensioner
couple.

(6) Final verification of the new system by dynamic analysis of tensioned bars.

Moreover, through several numerical simulations, it is also possible to determine the
sequence that minimizes the loss of tension by mutual effect for the entire intervention of
bar replacement [18]. These simulations are repeated by changing the main parameters
involved and the results are evaluated; particularly, analyses were made by changing
the sequence of cutting and stressing of new hangers, the values of pre-tensions, and the
number of hangers to be replaced at a time, to also evaluate the advantage or disadvantage
of changing more hangers at a time. The result was that the more advantageous technique
is to replace one hanger at a time, symmetrically from the ends of the bridge towards the
midspan, regarding the deformability of the entire system.

Figure 3 shows the FE model of the bridge and a generic stage of the replacement
sequence.
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The finite element model was carried out on MIDAS software. It was a three-dimensional
model, with beam type elements for the steel members and shell type for the deck slab: the
full model was composed of 636 joints, 761 beam elements, and 112 shell elements.

The sequence which appears to be the most convenient from the numerical simulations
is the one which is performed with a single replacement at a time, going from the ends
of the bridge towards the midspan both longitudinally and transversely. This stressing
sequence was chosen for several reasons:
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(1) Only one hanger is replaced at a time, reducing the redistribution of stress in the
adjacent hangers, which are already damaged by corrosion.

(2) It proceeds from the more rigid hangers to the less rigid ones in order to reduce the
deformation of the deck during the stressing operations.

(3) The symmetrical hangers are replaced in sequence (both longitudinally and trans-
versely) so that the bridge finds a perfect symmetry every four replaced hangers,
recovering, at the same time, the global stress state.

This study will show the validation procedure of the tensioning system of the new
hangers through the test campaign carried out on the prototype of the tensioner, tested
under the most severe operating conditions.

To accomplish this, this paper presents in Section 3 the design of the steel elements
for the suspension system and particularly of the tensioner; afterwards, the experimental
campaign is divided in three parts: the material testing, the evaluation of threading slippage,
and the evaluation of distortion effectiveness with tensioner turnaround. In Section 4, a
summary of results is reported for a discussion of the technique’s reliability, and finally,
Section 5 presents the application and validation on-site of the new suspension system,
with actual results from hanger replacements and field tests.

3. Materials and Methods for Tensioner Prototype
3.1. Design of Tensioner Prototype

The configuration of the tensioner prototype is shown in Figure 4. Its geometry
consists of the two lower and upper hanger segments with opposite threads and the central
main element (the actual tensioner) that allows the connection of the bars, the transfer of
tension between the two sections, and the introduction of the distortion. The prototype was
equipped with two final rods (steel yield strength fy = 1000 MPa) of smaller diameter that
allow coupling inside the jaws of the test machine, which does not have housings, making
it possible to grab a bar of 70 mm diameter.
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Designs 2024, 8, 55 8 of 19

After testing the constituent materials of the suspension system elements (mechanical
tests on the steel used, type S355J2, with a nominal yield strength of 355 MPa), a test setup
was designed in order to assess the tensioning rod and any slippage inside the threads as
well as the tightness of the imposed tension. The test was carried out up to a load greater
than 10% of that foreseen in the design phase for the characteristic combination at the
Service Limit State, which is the irreversible condition of the most stressed hanger under
the entire dead load and maximum traffic load provided by Eurocode 1 [24] and the Italian
Code [25]. Subsequently, once the tightness of the system was verified together with the
acceptability of the slippage in the threads of the assembled elements of the prototype,
it was placed under a controlled load, and several tensioning tests were carried out to
measure the turnaround of the tensioner and the introduction of the distortion in the
hanger bars.

The tensioner is a steel tube with an external diameter of 135 mm and an internal
diameter of 72 mm turned and machined with mechanical precision with two simple
threads that have opposite directions of rotation (rightward at one end and leftward at the
other end) and 6 mm pitch, so as to allow the two ends of the bars to move close to one
another during the tensioning phase (imposed shortening is equivalent to the approaching
measure of the two bars joined by the tensioner).

Figure 5 shows the conjunction of the hanger on-site with the two upper and lower
hinge connections and the central tensioner.
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Figure 5. View of the whole hanger with the top (at the left side) and bottom (at the right side)
connections with the central tensioner.

The following sections will provide data on the materials used and describe the tests
carried out and the results obtained, as well as subsequent on-site applications, during the
phases of hanger replacement.

3.2. Materials

The mechanical characteristics and the Brinell hardness of the steel, for the two main
elements, were determined in advance. In particular, the following was measured:

- The steel of the hanger bars was A105 grade, with a nominal yield strength of 355 MPa
and a tensile strength of 510 MPa;

- The tensioner steel was of S355J2H grade, with a nominal yield strength of 355 MPa
and a tensile strength of 510 MPa.

Tensile tests on the bars obtained from the structural elements supplied the following
values: average yield strength fy = 489 MPa, average tensile strength ft = 534 MPa, and the
yield strength being rather high, with elongation at failure of about 20%. Figure 6 shows
the stress–strain diagram of three tensile tests that overlapped very well but showed a
conventional yield strength not clearly indicated by the curves and determined based on
the deformation at the elastic limit according to ISO 6892 [26].

The Brinell hardness tests provided an average hardness value of HB = 202 for the
hanger bars and HB = 178 for the tensioner piece, in agreement with what was expected,
the correlation coefficient between hardness and failure strength being around 3.
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Figure 6. Tensile tests on hanger bars. Stress–strain diagrams. (Colours are adopted for the three
different samples).

3.3. Load Test

The tensioner was placed in the Galdabini Quasar 600 tensile testing machine with
600 kN capacity and subjected to a maximum tension of 570 kN. The instrumentation used
is described below.

(1) The load was determined through the machine load cell.
(2) The absolute and relative displacements were determined through six potentiometric

transducers Gefran model PY-2-C-010 with precision 0.001 mm; in particular, the
following was measured:

- Transducer T1: fixed in the upper hanger bar in contrast with the upper head of
the tensioner.

- Transducer T2: fixed in the upper hanger bar in contrast with the load head of
the test machine.

- Transducer T3: fixed at the top of the tensioner in contrast with the load head of
the test machine.

- Transducer T4: fixed in the lower hanger in contrast with the upper head of the
tensioner.

- Transducer T5: fixed in the lower hanger in contrast with the load head of the
test machine.

- Transducer T6: fixed at the bottom of the tensioner in contrast with the load head
of the test machine.

In this way, it was possible to clean the displacements read of the movements of the
mouths of the machine and to obtain the relative displacements of all the parts.

(3) The strains were determined through strain gauges (length 10 mm) placed with the
same alignment at the centre of the lower and upper hanger bars (SG1 and SG3,
respectively) and at the centre of the tensioner (SG2).

The test setup is shown in Figure 7.
The test piece was positioned vertically in the test machine by tightening the two

bar extensions within the grab plates. Once all instruments were positioned, a clamping
load (preload) at 20 kN was applied to settle the test system. The test was conducted,
for successive steps of 100 kN, up to the maximum load of 300 kN for the first load cycle
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and up to 570 kN for the second cycle. The load speed was set at 1 kN/s, while the
tightening to the target value of the load was reduced to 0.5 kN/s. Once the target value
was reached, the constant load was maintained for 90 s, in order to obtain the stabilization of
the measurements. The unloading phase was performed at a speed of 2 kN/s. Throughout
the test, displacements and deformations were detected on the measuring instruments. At
the end of the first cycle, the displacement/strain sensors were reset to zero. The entire
sequence of pre-load and final load was repeated three times.
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The results of the tests performed are summarized in Figure 8, where the load–
displacement graphs are reported for the six transducers (Figure 8a), and the load–strain
diagram is reported for the three strain gauges (Figure 8b).
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Figure 8. Tensile test results. (a) Load–displacement graphs of transducers; (b) load–strain graphs of
strain gauges.
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It is worth noting that the transducers placed in the upper and lower parts of the
sample behaved in the same way with curves almost completely overlapping; the same
occurred for the strain trends, with increasing loads that were fully compatible with the
measurements of the relative displacements. The difference between elastic deformation
and relative displacements of the hanger and tensioner faces was assumed as the system
slip to the upper and lower threads. The maximum slip values recorded at the threads was
0.07 mm in the upper one and 0.048 mm in the lower one, as can be seen in Figure 9.
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Figure 9. Tensile test results. Load–slip diagrams at the top and bottom threads.

By considering the displacements at the maximum load, the total slip is about the
2% of the total displacement between the prototype ends, which can be considered fully
acceptable. The evaluation of slip and the keeping of this value within acceptable limits
is of fundamental importance, since the sudden loss of tension at the time of prestressing
depends on this value; the greater the intertwining slip between the threaded bar and the
tensioner, the greater the loss of stress is together with a less effective distortion. In the
stressing operation, the tension of the bar takes place through the turn of the tensioner and
then the measure of slip associated with maximum tension must be correlated with the
distortion imposed, as will be seen in the following.

3.4. Prestressing Test

The second part of prototype testing consisted of tensioning tests of the hanger main-
taining the two ends anchored to the machine crossbeams, to measure the load induced
in the hangers by turning the tensioner by means of a mechanical key (clamping wrench).
This evaluation is necessary because on-site, it must operate through manual tensioning, so
it is necessary to know the torque to give to the tensioner and the effect in terms of induced
distortion.

Figure 10 shows the test setup. The load was recorded by the load cell of the machine
and the three strain gauges were maintained operative during the entire sequence of
tensioning. The test was carried out with five steps of the tensioner rotation, corresponding
to five load values and strain measures read on the equipment.
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Figure 10. Tensioning tests. (a) Graduated area on the tensioner; (b) first test with rotation obtained
by a universal wrench; (c) tensioning test carried out through a rigid specially manufactured wrench.

Figure 11 shows the load–strain graph of the four tests carried out, each performed at
a different pre-load level: 0, 5, 10, and 20 kN. The test was performed up to a maximum
possible load level of about 65 kN, depending on the length of the clamping wrench and
the operator’s capacity for manual tensioning with this wrench. The arm of the wrench
for the on-site operation was calculated from these evaluations for the maximum expected
torque.
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From the figure, it is evident that all the curves are almost overlapping, demonstrating
that with the same turn of the tensioner, the load and the consequent strain in the three
elements are comparable regardless of the applied preload. Small variations are due to the
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impossibility of keeping the extremes perfectly fixed due to the natural movements of the
mechanical elements of the equipment. The trend is linear, and the stress reached in the
hanger is about one-third of the average value needed during the stressing phases on the
construction site. When tension is released, a perfect elastic behaviour is registered.

4. Interpretation and Discussion of Results

The tensile tests of the tensioner and hanger assembly were carried out up to a load
greater than the one predicted for the most stressed hanger in the Service Limit State,
considered as the irreversible condition. It corresponds to the stress value induced by all
dead loads and the maximum traffic load value provided by Eurocode 1 for this type of
bridge, which is the same used for the final load testing of the structure. This made it
possible, first of all, to check whether the threads were damaged after the test and whether
there was a slip and a consequent stress loss. The test was repeated three times and showed
fully acceptable results for practical application on-site, with a maximum slip of 0.07 mm
at maximum load (570 kN), which corresponds to less than 2% of the hanger’s elastic
deformation under that load.

The tensioning tests, on the other hand, made it possible to establish the feasibility
of the manual stressing operation and correlated the tensioner turn to the stress induced
by the tensioner and to the resulting elastic deformation. The tests, carried out at different
preload values, showed that the distortion ∆i, which was to be introduced into the real
hanger through the shortening imposed on the bar by the tensioner rotation, provided the
required tension Fi in the hanger. The evaluation of the operator’s hand ability and the
load reached also made it possible to create a new wrench of greater length to be used
on-site by two or four operators, in order to achieve the maximum load required for hanger
prestressing.

The tests also showed that, although it was possible to obtain the desired result of
hanger prestressing, the initial state of the tensioner would not be known a priori in the
phases of construction works, and this makes the evaluation of the total tensioner rotation
difficult, because there is a rotation needed to give the pretension value and, afterwards,
the rotation related to the actual distortion. The first rate of tensioner rotation depends on
the installation conditions of the new hanger. For this reason, it is not possible to determine
the stress induced in the hanger on-site by the mechanical action of the clamping wrench
only, without the direct measurement of the tensile force induced on the hanger bar. To this
aim, therefore, the test confirmed the judgment that continuous strain monitoring during
the stressing phases was necessary on-site, because the measurements of the imposed
shortening and of the tensioner turn would not have been sufficient by themselves to
assess the goodness of the result due to the uncertainties related to the initial state of the
hanger assembly. Consequently, as will be seen in the following section, the operations
were afterwards conducted by direct measurement of strains in the stressing phase, leaving
the measurement of the turnaround of the tensioner as a confirmation of the final result,
starting from a minimum prestress level that ensured an initial state in which the hanger
was well-aligned between arch and deck, with a minimum preload of about 10 kN.

5. On-Site Validation and Stressing Operations

During the stressing operations, a wrench of sufficient length was used to provide the
correct lever arm and allow operators to provide the turnaround of the tensioner required
in the project to introduce the distortion in the hanger. Strain gauges were applied to the
hanger bar and the measures were carried out through a portable control unit connected to
strain gauges. In addition to the hanger to be prestressed, the two adjacent hangers were
monitored too. The sequence of operations was as follows:

- Assembling of the hanger between the two hinged ends, connecting it to the arch and
deck and inline placement of hanger bar in its own plane. Installation of strain gauges.

- Achievement of preload and setting to zero the measurement of strain gauges. First
pre-tensioning phase up to a value of strain equal to half of that foreseen in the project,
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turn of the tensioner, and measurement of the hanger strain. Waiting for measurement
stabilization.

- Afterward, the hanger was unloaded up to the zero value of deformation by a reverse
turn of the tensioner.

- Recovery of the preload value and new stressing phase until the design value was
reached; turn of the tensioner and measurement of the hanger strain. Measurement
stabilization, stress calculation, and comparison with the tensioner rotation value.
Measurement of strains in the adjacent hangers.

- End of monitoring and preparation for replacement operations of the next hanger.

Figure 12 shows some phases of hanger replacement: cutting and on-site stressing.
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of new hangers.

Figure 13a shows the result of stressing phase monitoring through the strain gauges of
a hanger, where the curves show the tensile strain of the new hanger and the unloading of
the hangers next to it. In this way, it was possible to register the entire tensioning phase
and the mutual effects of the tensioning stages on the old hangers still present and on the
new ones already installed.
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The positive strain values are related to the tensile stress induced by the stressing
operation, while the negative ones are related to the shortening of the adjacent hangers.
The jumps that can be seen in the diagram are the stressing phases, which are the loading
steps with the partial rotations induced by the operators at each movement of the wrench.
The value clearly stabilizes at the end, and the stressing stage occurs in about 10 min from
the achievement of the preload and the initial zeroing of the deformation value to the
attainment of the design value. Figure 13b shows the same graph in terms of axial force
N induced in the new prestressed hanger and the relaxation forces in the adjacent ones
(obtained by knowing the elastic modulus of steel and the cross-section area of the bar).

This operation, repeated 46 times on the hangers removed and replaced, was possible
thanks to the preliminary tests seen in the previous sections. These results provided both
the proof of the final stressing value imposed by the threads and the proof of the goodness
of the stressing operations to be carried out on-site through the clamping wrench together
with the evaluation of the tensioner turnaround.

Table 1 gives the value of distortion ∆i and the related axial forces induced in the new
hangers at the end of the sequence.

Table 1. Values of distortion and axial forces for the hangers.

Hanger Distortion ∆i
[mm]

Prestressing Force Fi
[kN]

Target Axial Force Ni
[kN]

3 7.46 905.6 400
4 6.24 595.9 320
5 4.80 383.5 250
6 4.81 337.5 230
7 5.10 323.9 220
8 5.16 303.6 210
9 5.41 300.1 205

10 5.42 287.1 200
11 6.33 324.6 210
12 7.05 353.3 220
13 9.52 470.2 250
14 13.55 666.2 300

The final validation of the tensile force in the hanger was operated through dynamic
tests. The hangers were investigated by means of three accelerometers located at 1/6,
2/6 and 3/6 of the length in the perpendicular direction to the arch plane (transverse y
direction) for identifying the modal shape and frequencies. The impulse was given through
a hammer. Figure 14 shows pictures of the test.
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The dynamic behaviour of the hanger made of rigid bars shows the equal importance
of the bending force (typical of beams) and the axial force (typical of tie rods) because it is a
rigid bar with a diameter of 70 mm. The usual equations of the beam or vibrating string
cannot be applied, since the frequencies depend on the flexural inertia and the axial force
at the same time.

The fourth-order differential equation governing the problem of the dynamics of
elements having both bending and axial stiffness and subjected to a significant axial
force [27,28] is the following:

N
∂2y
∂x2 − EA ρ2 ∂4y

∂x4 = µA
∂2y
∂t2 (4)

where ρ is the radius of inertia, µ is the mass per unit of volume, A is the cross-section area,
µA is the mass per unit length, E is the elastic modulus, and N the value of the axial force.

Since the numerical solution of Equation (4) and the identification of the eigenvalues
are rather complex [29], approximate solutions have been developed in the literature, for
which the jth modal frequency is given by the following relationship [30]:

fn =
j
L

√
N

µA

(
1 + 2

√
E A ρ2

N L2

)
(5)

where L is the length of the element.
Equation (5) can be used in two ways: when the frequency is unknown for a fixed

value of axial force N, it gives the value of frequency expected from the design value of
forces; when, instead, N is obtained from a known value of frequency, it is possible to
check the axial force which actually stresses the hanger from the on-site measurement of
the hanger frequency. Regarding the identification of eigenvalues, useful references are
reported in [31,32].

The results (Table 2) showed good agreement between the measured values of the
frequencies and the expected axial force at the end of the stressing operations, with scatter
within 10% and an average deviation of 5.6%, considering the target values of design in
the replacement intervention. These values do not coincide with those found on-site in
the existing bridge and with those of the original design, but it was decided to give higher
prestress to the central hangers, in order to provide a little rise to the bridge at the midspan,
compared to the side areas near the abutments, additional to the geometric camber of
construction. This improves the bridge behaviour by increasing the stiffness in the central
area, which is subject to the maximum deflections for traffic loads. Moreover, during the
replacement operations, it has been observed that hangers n. 9 (at the quarters of the deck
girders) had an excessive and unexpected relaxation of the hanger, which was probably not
loaded properly during the construction stage when the temporary pier was removed.

Table 2. Values of measured forces through dynamic tests.

Hanger Target Axial Force Ni
[kN]

Measured Frequence
[Hz]

Measured Force Ni
[kN] Deviation

3 400 12.00 420 5.0%
4 320 7.47 326 1.9%
5 250 5.96 267 6.8%
6 230 4.35 220 −4.3%
7 220 4.10 241 9.5%
8 210 3.71 206 −1.9%
9 205 3.20 220 7.3%
10 200 2.90 210 5.0%
11 210 2.88 200 −4.8%
12 220 2.83 201 −8.6%
13 250 3.32 262 4.8%
14 300 3.61 321 7.0%

Average deviation 5.6%
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6. Conclusions

Tests conducted on a prototype of a tensioner for bridge hangers consisting of round
rigid bars were presented for the evaluation of the effectiveness of stress transfer through
the hanger to the arch and deck of the bridge during the operation of replacing damaged
hangers for maintenance. The need to carry out such tests derives from the fact that the
replacement of the damaged hangers of a bridge with rigid bars, rigidly connected to
the extremes via simple welding to the arch and the deck girder, involves the design and
implementation of a new suspension system that restores the original condition of the
bridge after cutting the old bars and replacing them with new bars. The introduction of
prestressing depends therefore on the presence of a new steel component inside the bar
that induces the imposed distortion, which is of a tensioner.

Tensile tests were carried out up to loads corresponding to the most severe work-
ing conditions for the evaluation of the hanger and tensioner system strength and the
determination of any sliding in the threads during the stressing operations. In addition,
prestressing tests were carried out by rotating the tensioner using a manual wrench, and
the load values and deformations proportional to the tensioner turnaround were measured.
The results show very limited values of slippage in the thread at the maximum tension
load, which is about the 2% of the total elongation; the results also show the reliability of
the new pieces designed for establishing the design value of prestressing and final axial
forces in the hangers of the new suspension system. Load and pretension tests made it
possible to verify the good efficiency of the tensioner in providing the required tension and
to apply the necessary distortion to the hanger, according to the design expectations. It
was also possible to evaluate how to proceed for the monitoring of the stressing sequence
during on-site work and to test the operating modes of the tensioning phase in the hanger
replacement operations.

Afterwards, on-site measurements during the stressing sequence and comparison with
the experimental results allow engineers to apply the expected distortions to each replaced
hanger. The verification of the assumptions made and of the effectiveness of tensioning
phases was provided through the on-site monitoring of strains for cutting and stressing
operations during each replacement; furthermore, dynamic tests were conducted at the
ends for checking that the expected axial forces in the design have effectively been applied
to the new suspension system through the turnaround of the tensioner. The results were in
good accordance with the design values, showing an average deviation of 5.6% respect to
the target axial force.
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