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ABSTRACT

This paper describes a series of laboratory tests investigating the behaviour of a large model masonry
arch bridge repaired with externally bonded fibre-reinforced polymer (FRP) on its intrados. Many
similar masonry arch bridges form critical links in the world’s transport infrastructure, but they are
often not suited to the increased demands of modern traffic loading, especially in ageing arch structures
that have suffered structural deterioration. FRP plates, adhesively bonded to the intrados of the
masonry arch are a convenient method for strengthening arch bridges. The tests described in this paper
demonstrated that FRP strengthening is an effective technique for improving the structural performance

of a masonry arch bridge.

A two-span, single-ring semi circular brick arch bridge was tested in this study, complete with fill
material. Each of the spans was initially loaded to investigate their response and to establish a four-
hinge collapse mechanism, simulating damage prior to strengthening. FRP strengthening was then
applied to the two arches, and each of the spans was again tested separately until failure of the
strengthening system. The global (load and deflection) and local (crack width and FRP strain) response
of the structure was recorded. The FRP strengthening resisted flexural crack opening in the masonry,
and hence prevented a four-hinge mechanism collapse. Failure instead occurred when the FRP
strengthening debonded from the masonry adjacent to an existing intrados hinge crack. As well as
shear debonding adjacent to flexural cracks in the masonry, peel debonding occurred where shear
deformation occurred across a masonry crack. Catastrophic collapse did not occur, as the FRP

continued to contribute to the load capacity by acting as a tie after the ultimate load had been reached.

KEYWORDS

Masonry arch; FRP; Repair; Experiment; Failure mode; Debonding.



1 INTRODUCTION

Masonry arch bridges are an important part of many countries’ rail and road transport infrastructure.
Most are historic structures that survive in active service largely due to the inherent stability of the arch
form. The combined effects of modern traffic loads (for which they were not designed) and degradation
of the masonry mean that some of these bridges suffer from significant damage. It is important to
safeguard and extend the life of these structures, especially where arch bridges form critical links in the

transport network and where major disruption would result from their closure.

Fibre-reinforced polymer (FRP) systems are increasingly used for bridge repair and strengthening, with
particularly widespread application to concrete bridges [1,2]. The FRP is adhesively bonded to the
surface of the existing structure, where it provides tensile capacity and restrains the opening of cracks.
FRP has the advantages of a low weight to strength ratio, short installation periods and minimal
intervention upon the structure [3]. The small thickness of FRP required for strengthening is especially
important for historic bridges, as it minimises changes to the bridge’s appearance. The application of
FRP composites to masonry structures is less well established, although it has been the subject of
research and development in recent years [4], demonstrating that FRP can be used to upgrade the
structural performance of a variety of masonry elements, and has resulting in design guidance being
issued by the National Research Council in Italy [S] and by the American Concrete Institute [6].
Further work is required, however, to apply FRP strengthening to increase the load capacity of masonry

arch bridges.

1.1 Masonry arch mechanics

Masonry is an assemblage of bricks or blocks that are joined with mortar. Failure of the masonry is
usually governed by the low interfacial strength between the brick and mortar in tension and shear. In a
single ring masonry arch bridge, the critical failure mechanism is a four-hinge mechanism (Fig. 1),
when the arch is loaded at its quarter span [7,8]. Sliding or crushing mechanisms (discussed further
below) are also possible in a masonry arch, but these are unlikely to occur because the critical loads are
well above that of the hinge mechanism [8,9]. In multi-ring arch bridges, ring separation may become

critical.

Fig. 1 shows only the arch, as this is the principal load-carrying member of the bridge. However, the
arch does not act in isolation: fill is placed above the arch to provide the required top profile, and this is
retained by spandrel walls on either side of the bridge, which extend upwards to act as parapets. The

bridge abutments both retain the fill material and prevent springing of the arch.

The critical hinge mechanism involves flexural cracks that open along the mortar joints at the hinge
locations. These cracks alternate between the intrados and extrados of the arch, as shown in Fig. 1 [8].
Externally bonded FRP can be used to provide tensile capacity and restrain the opening of the cracks,
just as for concrete strengthening. Ideally, the FRP would be bonded to both the intrados and extrados

of the arch so that both types of crack can be effectively restrained; however, the extrados is usually not



accessible without removing the fill material. As a consequence, only intrados FRP strengthening can

usually be applied to a masonry arch bridge.

1.2 FRP strengthening for masonry structures

Much of the research into FRP strengthening for masonry has so far studied walls subjected to in-plane
[10,11,12,13,14] and out-of-plane [13,15,16,17,18,19] loading. The out-of-plane bending of walls is
relevant to the four-hinge mechanism failure in arches, as there is a similar interaction between the FRP,
the opening of flexural cracks in the walls, and the reliance upon the adhesive joint between the FRP

and the masonry. Wall elements, however, do not include the curvature present in arches.

There has also been prior research upon FRP applied to arches and vaults. Barrel vaults are similar in
form to arches; however, unlike arches, the extrados is often accessible for strengthening, whereas it
might not be acceptable to apply FRP to the visible intrados of the vault. FRP composites restrain the
opening of flexural cracks in an arch, but they do not prevent crack formation [9,20]. By restraining the
growth of flexural cracks it is possible to prevent the hinge mechanism mode of failure [4,9], and it has
also been demonstrated that the lateral abutment thrust is reduced [21,22]. Increasing the hinge
mechanism failure load, however, means that other failure mechanisms may become more critical. Five
characteristic failure modes have been identified for FRP-strengthened arches in previous work

[4,9,23,24]:

* the hinge mechanism (local rotation about flexural cracks);
* sliding along the mortar joints (shear cracks);

* compressive failure of the masonry;

* tensile rupture of the FRP; and

*  separation of the FRP from the masonry (debonding failure of the adhesive joint).

Debonding of the strengthening occurs in the weakest link between the FRP, adhesive, and masonry;
this is often slightly below the surface of the masonry [9,12]. As well as complete detachment of the
strengthening from the masonry (the last failure mode), debonding plays an important role in the first
two failure modes. The FRP strengthening bridges local flexural or shear cracks, but as the cracks grow
a portion of the adhesive joint fails adjacent to the crack, the extent of which increases with crack
opening. It is the interaction of local debonding, crack opening, and compatibility of the partially
debonded FRP with the curved surface of the masonry that determines how well the FRP restrains the
hinge rotation at the position. An understanding of the debonding mechanism is therefore an important

part of understanding the failure of FRP strengthened masonry arches.

Adding FRP strengthening to a masonry arch thus changes its failure mode. An arch without
strengthening forms a kinematic mechanism. The addition of FRP, however, allows tension to be
carried across an opening crack, and the strength of the component parts must be examined, in a similar

manner to the sectional analysis of a curved reinforced concrete beam. Several researchers have



developed analytical predictions of the ultimate strength of FRP strengthened masonry arches. Some
can simplistically be described as discrete block models, in which the contact properties between the
FRP and masonry and between adjacent masonry blocks are modelled [20,26]. Other analyses take a
sectional analysis of the strengthened arch as their starting point [9,23,24,25]. This broad classification,
however, is rather crude: all of the previously proposed analysis methods combine aspects of
mechanism failure and component failure to different extents, reflecting the possible failure modes in
an FRP strengthened arch. The focus of the current paper is upon experimental work; hence, these

analytical models are not explored in further detail.

Prior research has thus demonstrated that the load carrying capacity of a masonry arch can be increased
using externally bonded FRP strengthening; however, a clear understanding of the failure mechanics
(and in particular the bond between the FRP and the masonry) has yet to be fully developed. The tests
described in this paper examine both the global response of a FRP strengthened masonry arch bridge

and the local mechanics of failure.

2 EXPERIMENTAL METHODOLOGY

Tests were conducted upon a model two-span masonry arch bridge. In outline, the tests involved:

* Loading each of the masonry arches in turn (north first) at quarter-span until a four-hinge
mechanism formed so as to simulate damage to the arch prior to strengthening.

*  Application of the FRP strengthening.

* Testing each of the arches in turn until failure of the strengthening system occurred, but
without complete collapse of the structure.

* A final destructive test upon the south arch, resulting in complete collapse.

The methodology is described in more detail in the following sections.

2.1 General arrangement

A two-span masonry arch bridge model was built in the Structures Laboratory of the University of
Edinburgh in 1996. The two semi-circular single-ring arches (2080mm span, 1040mm rise and
1680mm width) were constructed from concrete bricks (100x65x215mm)
and cement mortar (nominally 15mm thick), as shown in Fig. 2. The bricks were laid in a stretcher

bond with the bed joints across the arch width.

The arches were covered by a dry sand fill to a height of 350mm above their crowns. The fill was
contained by plastic sheeting and timber spandrel walls and abutments; the timber walls were not in
contact with the arches so did not directly affect their structural performance. The abutments were
supported using laboratory steelwork attached to the laboratory strongfloor, and were effectively rigid.
It should be noted that no previous tests have been carried out on FRP strengthened arches that

included fill material.



The arches were originally used to investigate their deformation under various positions of
concentrated load and cracks had already initiated in the arch, at the same position as the four-hinge

mechanism investigated in the current tests. The current tests were conducted on the arches in 2008.

2.2 Arrangement and application of the FRP strengthening

Pre-cured CFRP strengthening plates were bonded to the surface of the arches. Preformed plates were
chosen because of their suitability for on-site installation and because their existing stiffness gives them
a smooth profile. Wet lay-up or pre-impregnated strengthening could also be used (and may result in
thinner sections that reduce the possibility of debonding); the choice is likely to be governed by the

practicality of working with these materials in the environment of a construction site.

A commercial FRP system intended for structural strengthening was used that comprises 100mm wide
unidirectional pultruded carbon fibre-reinforced polymer (CFRP) plates and a two-part ambient-cure
epoxy adhesive. An initial assessment of the quantity of strengthening to apply to the arches was made
using the method described by Chen [25]. Three FRP plates were distributed across the intrados of the
north arch, and six plates were similarly applied to the south arch. The FRP plates were labelled Py; to

Pns and Pg; to Pgg, from east to west, and were positioned as shown in Figs 3 & 4.

Prior to strengthening, sharp irregularities in the surface profile of the arch were removed by grinding,
and the bonding surface was cleaned through a combination of grinding, wire brush, dry vacuum and
solvent cleaning. An epoxy primer was applied to seal the porous masonry, and the plates were then
bonded to the arch according to the manufacturer’s instructions. The adhesive was nominally 2mm
thick, but this thickness varied considerably due to the profile of the arch. Temporary support was

provided to the plates for 24 hours during the initial cure of the adhesive.

2.3 Material properties

The properties of the masonry materials were determined from specimens cut from the arches after the

final test. Tests were conducted to determine:

* the compressive strength (f;,), elastic modulus (£;) and flexural tensile strength (f;,) of the
masonry bricks;

* the compressive strength (f.,), elastic modulus (£,) and flexural tensile strength (f;,) of
masonry assemblages; and

* the initial shear strength (f,y) and the internal angle of friction (@) of a bed joint, derived from

‘triplet’ tests, as shown in Fig. 5.

Table 1 lists the masonry material properties obtained from these tests. This table also lists the direction
of the property being tested relative to the direction of the bed joints. ‘Parallel to the bed joints’ being

across the width of the arch, and ‘perpendicular to the bed joints’ being in the circumferential direction.



The test methods were based upon the British Standards listed in Table 1 in so far as was possible

given the specimens that could be cut from the arches.
The sand fill had a density of 1520kg/m’ and an internal friction angle of 33°.

Based upon the manufacturer’s datasheet values, the FRP plates had a nominal cross-section of
100x1.4mm, Young’s modulus of 170GPa and tensile strength of 3100MPa. The epoxy adhesive had a

Young’s modulus of 10GPa and minimum shear strength of 17MPa.

24 Loading and instrumentation

A line load was applied across the width of the arches. The load was applied to the top of the fill, at the
critical quarter-span position above each arch in turn (Figs 2 & 3). The load was applied by means of
three 10-tonne hydraulic jacks, attached to a portal reaction frame that was bolted to the laboratory
strong floor. A steel beam beneath the three jacks spread the applied load into a line, and a timber plate
distributed this load over a wider area. A 300mm wide timber plate was used prior to strengthening the
arches; after strengthening the width of the timber was increased to 600mm (as indicated in Fig. 2) to

prevent the load punching into the fill material.

The load was applied using a hand pump and was controlled manually by observing the output from
three load cells positioned beneath the jacks. Displacement transducers were used to measure radial
displacements (8) of the arch along a line halfway across their width (Figs 3 & 4); radial displacement
was measured rather than vertical displacement because it dominates the four-hinge arch mechanism
(Fig. 1). A sequence of digital photographs was taken on either side of the arch to allow crack

formation to be monitored.

When the strengthening was applied, the load cells and displacement gauges were augmented by
electrical resistance strain gauges and crack width gauges. 25 strain gauges were bonded to the FRP at
the locations shown in Fig. 4 (12 under the north arch and 13 under the south arch) to measure the
longitudinal strain (¢) on the centreline of the plates. The majority were installed on the central FRP
plate, so as to record the variation in axial strain along the plate, with four gauges on the outer plates at
the position of the hinge cracks created during the initial stage of loading. Five crack width gauges
were used to measure crack openings (w); four were positioned over the hinge cracks on the arch being
tested, and the fifth gauge was placed over a hinge crack in the adjacent arch (Fig. 4). The gauges were

placed 25mm from the open end of the crack.
Not all of the instrumentation was used in every test. Tests on the north arch used:

e 5 displacement transducers (On; to dys) under the north arch and 2 under the south arch (dg;
and dg,);

* all of the strain gauges (¢) under the north arch, but none of those under the south arch; and



* 4 crack width gauges (wn; to wns) on the north arch, with 1 (ws;) on the south arch.

The instrumentation was reversed for the tests on the south arch.

3 TEST RESULTS

This section presents the results for the tests carried out prior to strengthening, the tests carried out after

strengthening, and the final collapse test on the south arch.

3.1 Tests prior to strengthening

Prior to strengthening, the north arch and south arch were individually loaded until a four-hinge
mechanism had been established. Figure 3 shows the locations of the hinge cracks. The cracks are
labelled in the form Cya, where the first subscript identifies the arch (North or South). The second
subscript identifies the crack, using numbers for intrados cracks (e.g: Cy;) and letters for extrados

cracks (e.g: Cna). Typical intrados and extrados cracks are shown in Fig. 6.

Fig. 7 plots the load-deflection responses of the north and south arches. The response of the arches
prior to strengthening is shown in the lower part of the responses. The load-deflection response is
approximately bi-linear, with a change in stiffness when the hinge mechanism was established. This
occurred at similar loads in the two arches: 35kN for the north arch, and 39kN for the south arch. Upon
further loading, the arch behaved as an anti-symmetric four-hinge mechanism. The displacements were
consistent with hinge mechanism.: the radial displacement was close to zero at the crown of the arch
(On3 & Os3), outwards (positive) in the region of the extrados cracks (Ons, ds4, Ons & Oss), and inwards
(negative) in the region of the intrados cracks (dny, Os1, On2 & Osz). Minimal deflections were recorded

in the adjacent unloaded arch, indicating little interaction between the two arches.

A number of unload-reload cycles were conducted, only the last of these is shown in Fig. 7. The north
arch was loaded to 46.2kN and the south arch to 49.7kN, when it was deemed that the arches were
approaching their unstrengthened load capacities. Irrecoverable damage occurred as the hinge cracks
opened, resulting in residual deformations once the load had been removed. The cracks were allowed to

open wider on the north arch, resulting in greater residual displacements than for the south arch.

3.2 Tests After strengthening

3.21 Overview of the test results

After strengthening, each of the arches was loaded in turn until the ultimate limit state was reached due
to debonding failure of the strengthening system. In section 1.2, five failure mechanisms were
identified for an FRP-strengthened masonry arch. A combination of three of those failure mechanisms
occurred during the current tests: the hinge mechanism (involving rotation about flexural cracks), the
sliding mechanism (involving shear along mortar joints), and debonding of FRP. In both arches, the

tests were terminated after sudden debonding of the FRP from the masonry in the vicinity of the local



masonry cracks. This debonding resulted in a sudden drop in the load-carrying contribution of the
strengthening, and determined the maximum load capacity of the strengthened arches; however, the

FRP did not completely separate from the masonry, and retrained some post-peak load capacity.

In this section, the performance of the arches is reported and discussed in terms of its load-deflection
behaviour, failure mechanism, crack width evolution, and FRP strain response. Each of the tests on the

arches is discussed in turn.

3.2.2 North arch test after strengthening

The north arch was strengthened using 3 FRP plates (Fig. 4a). The following data were recorded during
the test on the north arch:

* Load vs. radial deflection response (Fig. 7a). Note that the displacement transducers were
reset at the start of this test, so the figure plots additional displacement and does not include
the residual displacements from the end of the test prior to strengthening.

*  Crack width development (Fig. 8a). The figure plots the crack displacement at the mouth of
the crack, calculated from the displacement at the gauge position by assuming that the crack
rotates about the opposite fibre of the arch.

*  The development of strain in the FRP plates, presented as a load-strain response for the gauges
coincident with cracks Cy; and Cyy in Fig. 9a, and as profiles of strain in the central FRP plate
(Pyp) for different applied loads in Fig. 10a.

*  The failure mode of the arch, showing the location of cracks in the masonry and the extent of
debonding of the FRP strengthening form the masonry. This is presented as a plan view along
the developed length of the arch in Fig. 11a, and as sections taken along the strengthening

plates in Fig. 12.

Initial loading (0 to 50kN)

The load-displacement response of the strengthened arch was stiffer than for the arch prior to

strengthening. The FRP bridged the cracks, and resisted their opening.

As discussed in section 1.2, a four-hinge mechanism (with an extrados crack at Cya and an intrados
crack at Cy;) was established in the arch prior to strengthening (Fig. 3). After strengthening, the same
four-hinge mechanism opened up during the initial stages of loading, as shown by the positive crack
widths in Fig. 8a. The strains in the FRP plate at the crack positions are also consistent with the hinge
mechanism, giving tension at the intrados crack and compression at the extrados crack (Fig. 9a) during

the early stages of loading.

The north arch test had negligible affect upon the unloaded south arch at any point during the test: no

deflection was recorded by gauges 0g; or ds, in the south arch, and crack wg;w did not widen.



The four-hinge mechanism can also be seen in the strain profile along FRP plate Py, (Fig. 10a). For
loads less than 110kN, the peak strain is recorded in gauge €5, coincident with the intrados crack Cy;.
The strain decreases to either side of this crack, with a compressive strain at en,.g, coincident with the
extrados crack Cya. The load-strain response shows that there was little variation in the load carried by

each of the plates, with only a small difference in the plate strains up to 110kN.

Increased loading (50 to 110kN)

A true four-hinge mechanism only acted up to a load of around SOkN (approximately the capacity of
the original arch without strengthening). Above this load, intrados crack Cy; continued to open as the
load was increased (Fig. 8a), as did the strain in the FRP at this location (Fig. 9a). The extrados
cracking, however, became more distributed. Extrados crack Cya started to close up (the crack widths
in Fig. 8a and FRP plate strains in Fig. 9a returned to zero), at the same time as extrados cracks Cyp
and Cyc (Figs 11a & 12) formed and opened up. A consequence of the more distributed cracking was
that the arch no longer deflected in an anti-symmetric mode (Fig. 7a): the crown (dy3) displaced

inwards, and the outwards deflections of the arch were greater than the inwards deflections.

At loads above 80kN, there are frequent fluctuations in the load-deflection, load-strain and load-crack
width graphs (Figs 7a, 8a, 9a). These fluctuations were accompanied by audible damage events. The
exact nature of the damage could not be observed. This might have been caused by a combination of
micro-cracking and softening of the FRP to masonry interface (either within the adhesive, the masonry
surface, or (unlikely) within the FRP plate), and damage elsewhere in the masonry, such as cracking in
the mortar joints and local crushing of the masonry in compression in the hinge region. The progressive
build up of damage within the arch led to softening of the load-deformation response. Other possible
causes may include the slip-stick behaviour between the sand fill and the arch, or localised intermitted
local failure planes formed in the sand fill, both leading to redistribution of pressures on the arch and

thus fluctuations on the response curves.

All of the crack width gauges except wy;w were removed at a load of 100kN to avoid damage to the

gauges.

Debonding of the FRP from the masonry (above 110kN)

Additional damage continued to occur within the arch as the applied load was increased beyond 110kN.
The micro-cracks that had formed up to this point coalesced to form macro-cracks, particularly along
the masonry to FRP interface, which resulted in sudden debonding of portions of the FRP from the

masonry.

A number of significant debonding events can be picked up from the plots of strain and deflection:

* At 116kN, the central FRP plate (Ps,) partially debonded along a short distance either side of

intrados crack Cy;. This can be seen in the load-strain response (Fig. 9a), in which there is a



small sudden drop in strain at the central plate (ey;.;), and in the strain profile (at 119kN in Fig.
10a), in which there is a sudden increase in strain at the gauges adjacent to the crack (en;.4 and
€no.6), indicating debonding along this length.

* At 123kN, a second debonding event resulted in a dip in the load-deflection curves (Fig. 7a).
This was due to further debonding of the central plate, as shown by the second sudden but far
bigger drop in strain in plate Py, (Fig. 9a).

* The partial debonding of the central plate from the masonry required the outer plates to pick
up additional load and undergo higher strains (Fig. 9a). Consequently, the third significant
debonding event occurred in the plate that carried the highest strain (Py3) at a load of 129kN,
as can be seen on the load-strain plot for plate Py (Fig. 9a).

* At 132kN, all three plates debonded simultaneously along a substantial length. This resulted in
a sudden increase in deflection and crack widening, a drop in the FRP strain and consequently

a drop in the load carried by the arch (Figs 7a, 8a and 9a).

At plates Py, and Py;3, debonding occurred on both sides of the flexural intrados crack Cy; (Figs 11a &
12). On the east side of the arch (plate Py;), however, a shear crack formed through the masonry at the
crown of the arch, which joined the intrados crack Cy; between plates Py; and Py, (Figs 11a & 12).
This shear crack caused plate Py; to debond from the masonry on only one side of the crack, in a

peeling mode that was compatible with the shear deformation across the crack (Fig. 13a).

Residual load and deformation

Failure of the FRP strengthening was caused by simultaneous debonding of the three FRP plates
described above. However, it should be noted that the FRP had not completely separated from the
masonry and still bridged across the cracks and helped prevent collapse of the arch. The residual load
carried by the north arch after debonding was 64.8kN, a value that was dependent upon the stiffness of
the hydraulic loading system. Fig. 7a also shows that there were substantial residual radial

deformations after unloading.

3.23 South arch test after strengthening

The strengthened south arch behaved in a broadly similar manner to the north arch; however, more
FRP was applied to the south arch (6 FRP plates, Fig. 4b). Similar data were recorded as for the north

arch:

* Load vs. deflection response (Fig. 7b).

*  Crack width development (Fig. 8b).

* FRP plate strains, in terms of load-strain at gauges coincident with cracks (Fig. 9b) and strain
profiles along the central plate (Fig. 10b).

*  The failure mode of the arch, in plan view along the arch developed length (Fig. 11b), and
sections along the plates showing the initial debonding event (Fig. 14) and the final failure

(Fig. 15).



Initial loading (0 to 50kN)

During the early stages of loading, the arch behaved as a true four-hinge mechanism, with crack
opening at both the intrados (Cs;) and extrados (Csa) cracks that were established prior to
strengthening (Fig. 8b). As for the north arch, the FRP plate strains were tensile adjacent to intrados
crack and compressive adjacent to the extrados crack (Figs 9b & 10b), and the load-deflection response

was stiffer than the unstrengthened arch (Fig. 7b).

Increased loading (50 to 250kN)

As the load was increased above SOkN (the approximate unstrengthened arch capacity), extrados crack
Csa started to close up (Fig. 8b), and the formation of a second extrados crack Csc was observed (Fig.
11b). This modified four-hinge mechanism is consistent with the distributed extrados cracking seen in

the north arch. The FRP remained in compression at extrados crack Cga throughout the test (Fig. 9b).

The equal crack widths to either side of the arch (Fig. 8b) and similar FRP strains at the different plates
(Fig. 9b) indicate uniform load carrying across the width of the arch. Fig. 8b also shows that the width
of the intrados crack Cy; on the north arch reduced as the south arch was loaded, indicating some
interaction between the two arches. The north arch was severely damaged after FRP debonding failure
and contained wide cracks during the south arch test, so it is not surprising that it was much more

sensitive to load than the south arch.

The strain profile along the central plate Pg, had its peak at the intrados crack Cg; (gauge Ssq46) for
loads up to 200kN. As expected, the strain drops away to either side, with compressive strains at the

extrados crack locations.

At 210kN, a new intrados crack Cs, formed in the arch two bricks away from the original crack Cg; on
the east side of the arch (Figs 11b & 16). The crack could be seen to cross the first two strengthening
plates (Ps; & Ps,), and was not present under the two western-most plates (Pss & Pgg), but it was not
clear whether the crack extended across the two central plates (Ps; & Pg4) because it was not safe to
inspect the underneath of the arch at these high load levels. The formation of this intrados crack
increased the rate of strain increase in plate Ps; (which bridged the new crack) with loading (&.; in Fig.
9b) and increased the rate of crack closure (Fig. 8b). The former phenomenon is consistent with the
findings of recent research that shows that the bond resistance is increased when an FRP plate bridges
multiple cracks in a concrete beam [33,34]. The location of the peak strain in plate Pg, shifted towards

the new crack at the same time, suggesting that the new crack may have extended under this plate.

There are frequent fluctuations in the load-deflection and load-strain graphs (Figs 7b & 9b) above
200kN. Just as for the north arch, these indicate progressive damage to the masonry and masonry-FRP

interface, initially as micro cracks that cause material softening.



Debonding of the FRP from the masonry (above 250kN)

Damage accumulation along the masonry-FRP interface resulted in sudden debonding of the FRP from

the masonry:

*  The first significant debonding event occurred at a load of 250kN, when plate Ps, debonded
over a short length to either side of the two intrados cracks (Cs; and Csp). The extent of
debonding at this stage is shown in Fig. 14; the other five FRP plates remained bonded to the
masonry. Debonding was accompanied by a drop in the load-displacement response (Fig. 7b),
an increase in crack opening on the east side of the arch (Fig. 8b), and an increase in the strain
in plate Pgs; (Fig. 9b), which picked up some of the load shed by plate Pg,.

*  The capacity of the strengthened arch was reached at 254kN, when debonding occurred along
a substantial length of all of the FRP plates. It was not possibly to determine whether failure
initiated in one plate in particular; all six plates appeared to debond simultaneously. However,
the strain profile (Fig. 10b) shows that the peak FRP strain at the intrados crack did not
increase as the load was increased from 250 to 254kN, and that the debonded region expanded
to either side. Failure of the FRP strengthening caused a sudden increase in deflection and a

drop in the load carried by the arch (Fig. 7b).

The details of the masonry cracking and FRP debonding varied across the width of the arch, as shown
in Figs 11b & 15. (It was not possible to determine the full extent of the extrados cracks Cgsc and Cgp as
they were beneath the sand fill). Flexural cracking of the masonry led to failure at plates Pg;, Ps,, Ps; &
Ps4 (the east and centre of the arch), where the FRP debonded on both sides of the critical crack. The
debonded length was approximately the same at all of these positions. Plate Ps4 (typical of debonding

across a flexural crack) is shown in Fig. 13b.

On the west side of the arch, failure was due to a combined flexure-shear failure deformation along
crack Cg, as shown in Fig. 17. Consequently, Pss debonded from the masonry on one side of the crack

by peeling; Pg¢, however, debonded to either side of this mixed-mode crack.

Residual load and deformation

The residual load on the south arch after the FRP strengthening had failed was 91kN, and residual

radial displacements of up to 18mm remained after unloading (Fig. 7b).

3.3 Collapse test on the south arch

The arches were completely unloaded after the debonding failure of the FRP strengthening so that the
instrumentation could be removed. The south arch was reloaded to determine its collapse mode and
strength. Digital image correlation (using geoPIV software [35]) was used to determine the radial
deflections at the same positions as the displacement gauges (except for ds;, which was not visible

behind the loading frame), allowing the load-deflection response of the arch to be plotted in Fig. 18.



The FRP plates debonded from the arch over a considerable length when the strengthening failed (Fig.
11), but they still remained attached. During the collapse test they acted as ties that bridged the cracks
in the masonry and contributed to the load carrying capacity of the arch. The debonded length of the
FRP ties increased as the arch was re-loaded, accompanied by the opening of hinge cracks with the
masonry. The FRP tie action allowed the arch to carry 113kN, substantially higher than the strength of
the arch prior to strengthening (49.7kN). Large deformations were observed at this load (Fig. 18),
during which the FRP ties gradually debonded from the masonry arch.

Final collapse occurred when the FRP strengthening completely separated from the masonry and the

arch collapsed in a hinge mechanism.

4 DISCUSSION

4.1 The effectiveness of the FRP strengthening system

411 Load capacity

The FRP strengthening plates significantly increased the load capacities of the north and south arches.
The capacity of the north arch (strengthened with 3 plates) was increased by 285%, from 46.2kN to
132kN. The capacity of the south arch (strengthened with 6 plates) was increased by 510%, from
49.7kN to 254kN. The four-hinge collapse mechanism can therefore be prevented and the load capacity

of the arch increased substantially using externally-bonded FRP strengthening.

It should be noted, however, that such a large increase in capacity is unlikely to be allowed in design;
the Concrete Society [2], for example, require the structure to carry the unfactored loads without
strengthening, to avoid catastrophic collapse due to unforeseen damage to the strengthening.
Furthermore, the current work was carried out upon a single-ring arch, and not a multi-ring arch as
found in many real structures. Ring separation failures may occur in strengthened multi-ring arches,
especially as the FRP can only be applied to the intrados ring of the arch. Other appropriate

strengthening would be necessary if ring separation becomes critical.

41.2 Strengthening mechanisms and modes of failure

The strengthening acted in the same manner in both arches: the FRP bridged the hinge cracks and
resisted flexural opening. By resisting the four-hinge mechanism, the FRP allowed additional cracks to
form within the arch because it allowed the line of thrust to move outside of the arch ring; in both
arches, an additional extrados crack (Cnc, Csc) and additional intrados crack (Cy;, Csy) formed adjacent
to the original cracks (Figs 12 & 15). It is worth noting that additional extrados cracks formed despite
the fact that the FRP was applied only to the intrados of the arch. However, it remains unclear whether
(and if any, how much) the FRP strengthening contributes to the shear capacity of the arch ring. In both

arches shear deformation occurred across masonry cracks at failure (Figs 12 & 15).



The two arches differed only in the number of strengthening plates applied to them, and the fact that
the north arch was tested prior to the south arch. Using twice as many FRP plates on the south arch

resulted in smaller crack widths compared to the north arch (Fig. 8).

Failure of the FRP strengthening system occurred when the FRP plate debonded from the masonry at
an intrados plate beneath the loading position. For both arches, this occurred when the strain in one of
the FRP plates reached about 2250 pstrain (Fig. 9). This is in good agreement with the debonding
strain predicted by Chen and Teng’s [36] anchorage model, using the material properties of the
masonry assemblage in place of concrete. This predicts that debonding occurs at a strain of 2430
pstrain for the north arch (with 3 strengthening plates), or 2164 ustrain for the south arch (with 6
strengthening plates). This result also agrees with the anchorage model by De Lorenzis and Zavarise

[37], who demonstrated that the curvature does not significantly affect the load at the onset of peeling.

There was considerably less warning of failure of the strengthening system for the south than the north
arch, with far less separation between first debonding of the FRP and the capacity of the strengthened
arch (Fig. 7). As previously noted, there was a series of debonding events in the north arch above
116kN, in plate Py, and Pys, allowing the load to be re-distributed between the strengthening plates
before failure of all three plates simultaneously at 132kN (Figs 9a & 10a). In the south arch, however,
there was only one debonding event prior to failure and very little re-distribution of load (Figs 9b &

10b), a consequence of the higher reinforcement ratio using a brittle material.

There were also differences in the crack opening behaviour in each arch. In both arches, the original
extrados crack (Cna, Csa) initially opened (Fig. 8) and the FRP at this location was consequently in
compression (Fig. 9). As the load increased, however, the width of this crack gradually reduced (Fig. 8),
partly due to the formation of neighbouring extrados cracks (e.g.: Cnc, Csc). (Note that negative crack
widths in Fig. 8 indicate a reduction of the crack width relative to its original width; the crack surfaces
were not in contact; i.e. the crack was not fully closed). In the south arch, the FRP at the extrados crack
remained under compression, but in the north arch it changed to tension (Fig. 9). It is difficult, however,
to attribute this difference in behaviour to the different number of strengthening plates applied to the
arches; it is possible that some of the sand fill material had entered the crack in the north arch, and that

this acted as a pivot that put the FRP into tension as the crack tried to close.

Following the initial failure of the strengthening system, the FRP did not completely separate from the
arch, but acted as ties that continued to contribute to the load carrying capacity of the arch. The ties
gradually debonded from the masonry as the hinge cracks grew, giving a degree of ductility albeit at a
load lower than the peak capacity of the strengthened arch. This gradual debonding is consistent with

the behaviour predicted by an analysis developed by De Lorenzis and Zavarise [38].

4.2 Debonding along the FRP to masonry interface

Brittle debonding of the FRP from the masonry is critical in the failure of FRP strengthened masonry

arches. Debonding occurs in the weakest link of the FRP to masonry interface. Close to the hinge crack,



failure occurred within the masonry, leaving a layer of brick (approximately 2mm thick) and mortar
(approximately 10mm thick) attached to the plates. Further away from the hinge, failure occurred
within the surface of the FRP plate, leaving some of the plate fibres attached to the arch (Fig. 13b). In
neither case did failure occur within the bonding adhesive, demonstrating that the surface preparation

and FRP installation work were correctly carried out.

The two different locations of debonding are indicative of two different modes of debonding.
Debonding occurred within the surface of the FRP in regions where peel debonding was significant,
due to the low transverse strength of the FRP plate. Where shear debonding dominated, however,

failure occurred within the surface of the masonry.

*  Shear debonding dominates close to a flexural hinge crack (such as Cs, crossing plate Pg,, Fig.
15b). Load is transferred between the FRP and the masonry predominantly by shear stress
across the adhesive interface.

*  Peel debonding dominates to one side of a shear or mixed mode flexure-shear crack (such as
Cnp crossing plate Py, Fig. 12a). Shear across the crack requires normal (peel) stresses to be
carried across the adhesive.

* Peel also plays an important part once the FRP has debonded over a substantial length and the
FRP forms a tie, due to the angle at which the plate joins the intrados of the arch.

This paper has focused upon the experimental results from the arch tests, but additional work is being

carried out to interpret and model the debonding failure in detail.

4.3 Alternative strengthening materials

Whilst the arch bridges were strengthened with externally bonded FRP plates on their intrados, they
may be strengthened in a similar manner using other suitable materials, such as near surface mounted
(NSM) bars made of FRP or stainless steel bars. The behaviour of these systems is likely to be similar
to externally bonded FRP, although the bond characteristics will differ. It must also be noted that,
whilst the FRP strengthening is very effective for enhancing the loading capacity due to the four hinge
mechanism failure, other failure modes such as shear and ring separation may become critical in a

strengthened bridge they must also be carefully considered in design.

5 CONCLUSIONS

The load capacity of a masonry arch bridge can be significantly increased by bonding FRP plates to its
intrados. This paper has presented tests conducted upon a large model two-span single-ring masonry
arch bridge, topped by a sand fill. Each of the arches was initially loaded to determine their capacity
prior to strengthening. Carbon FRP plates were then bonded to the intrados of the arches, and the
arches were again tested to determine their strengthened response. Measurements were taken of both
the global arch response (load and displacement) and of local behaviour (FRP strains and masonry

crack widths) to achieve a detailed understanding of the FRP strengthened arch.



The FRP strengthening restrained the opening of the hinge cracks that form in a masonry arch and
consequently reduce their deformation. By restraining the flexural crack opening required for a four-
hinge mechanism, additional cracks are able to form within the masonry. The load capacity of the arch
is increased because the FRP strengthening allows the line of thrust to move out of the extrados.
Furthermore, masonry shear cracks (or mixed-mode flexure-shear cracks) are more likely to form when

the four hinge-mechanism failure load is significantly increased by the FRP strengthening.

The capacity of the strengthened arches was governed by the behaviour of the bond between the
masonry and the FRP plate. Debonding occurred at an intrados crack, and two debonding modes were
observed. Flexural opening of the masonry crack resulted in shear debonding of the FRP on both sides
of the crack, whereas shear deformation in the masonry results in peel debonding of the FRP to one
side of the crack. Some load redistribution occurred between initial debonding and collapse for the arch

strengthened using 3 FRP plates, but collapse occurred with little warning in the arch with 6 plates.

The FRP did not completely separate from the masonry arch at the ultimate load, but remained attached
at either end. Thus, post-debonding tie action prevented catastrophic collapse and maintained the
integrity of the arch despite it being greatly deformed. It should be noted, however, that whilst the
capacity of the tie mechanism was above that of the unstrengthened arch, it was substantially below the
strengthened capacity and hence collapse would have occurred immediately in a load-controlled

situation.
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Table 1

Properties of the masonry materials

Material property

Direction relative

Value Test standard
(number of samples) to bed joints
Compressive
Jfe» (MPa) 58.2 Perpendicular BS EN 772-1 [27]
strength (7)
Based on
Brick Modulus of
E, (MPa) 16600 Perpendicular BS ISO 1920-10
properties elasticity (7)
(28]
Flexural tensile BS 772-6 [29],in 3
fi (MPa) 8.84 Parallel
strength (6) point bending
Compressive
fem (MPa) 25.0 Parallel BS 1052-1 [30]
strength (3)
Based on
Masonry Modulus of
E, (MPa) 11800 Parallel BS ISO 1920-10
properties elasticity (3)
(28]
Flexural tensile BS 1052-2 [31], in
fom (MPa) 0.1 Perpendicular
strength (3) 4 point bending
Initial shear
fro (MPa) 0.39
. strength (17)
Mortar joint o BS 1052-3 [32],
Across bed joint
in shear Type 1
Internal angle of
a(°) 43

friction (17)
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Figure 1 - The use of FRP strengthening to resist the formation of the four-hinge mechanism in a
masonry arch
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Figure 6 - Typical hinge cracks, viewed from the west
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Figure 10 - Distributions of longitudinal FRP strain along the central plates at different applied loads
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Figure 11 - Developed plan view of the arches showing crack locations in the masonry and the extent

of debonding after failure of the strengthening system
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Figure 12 - Sections along the FRP plates in the north arch, showing the failure mechanism post peak
load

(b) Flexural crack and debonding at Plate P,

(a) Shear crack and debonding at Plate P,
Figure 13 - Detailed view of debonding of the FRP from the masonry
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Figure 14 - Plate Ps, on the south arch after initial debonding (250kN)
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Figure 15 - The deformed shape of the south arch and position of FRP post peak load
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Figure 16 - Intrados cracks Cgs; and Cg, on the east side of the south arch, following the formation of
crack C and closing up of Cg;

Figure 17 - Mixed-mode flexural and shear failure at intrados crack (Cs;), on the west side of the
bridge
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Figure 18 - Load vs. radial displacement curves for the south arch, including the collapse test after
debonding failure of the FRP strengthening



