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ABSTRACT

Nearsurface reinforcement has been developed as a minimum interventioimumindisruption repair or
strengthening technique for masonry arch bridges and similar sasictiirinvolves installing small diameter
stainless steel reinforcing bars, typically 6mm to 12mm in diameter, iatoyt grooves or pre-drilled holes in the
near-surface zones of the bridge that are likely to be subject to tensile $tmesgrincipal aims of adding
reinforcement are to improve flexural crack control, increase flexural and stheragth and to increase robustness
and ductility. Typically the reinforcement is installed in the readily accessitfleces, i.e. the intrados (or soffit) of
the arch barrel and the exposed faces of the piers, abutments, spaadapkstspand wingwalls.

This paper summarises the results of a series of tests carried 2.950m span clay brick arches in the laboratory.
The results of the research were used when designing the strengthemksyfor a single span arch bridge
constructed in the late T&entury to span the Kennet and Avon Canal at Hungerford in Souffmgland. An
innovative feature of this project, which is also briefly described in #ygem is that the longitudinal steel
reinforcement was installed in holes that were pre-drilled into the soffiteofrch barrel to follow the line of the
arch using a direet drilling technique. The strengthening scheme was given an HistorigeBaidd Infrastructure
Award by the Institution of Civil Engineers.

1. INTRODUCTION

Page (1993) has indicated that there may be in the order of 40,000rynascn highway bridges and 30,000
masonry arches carrying railways in the UK alone. Most of these wergumed between the second half of the
eighteenth century and the beginning of the twentieth centuipgdtive development of the canal and the railway
transportation networks. Many of these structures are now in fieegair or strengthening to meet the operational
demands of the 2'century. A number of repair and strengthening measures have éesgopi:d for masonry arch
bridges and other masonry structures (McKibbins et al 2006). Onersnichum disruption, minimum intervention
technique is neasurface reinforcement or “retro-reinforcement” (Garrity 1994, Garrity 1995a). This involves
installing small diameter stainless steel reinforcing bars, typically 6m@ntonlin diameter, into pre-cut grooves or
pre-drilled holes in the near-surface zones of masonry that are likbly soibject to tensile stress. The principal
aims of adding reinforcement are to improve flexural crack control, incfeaseal and shear strength and to
increase robustness and ductility. In the case of a masonry rdde,breinforcement is installed in the readily
accessible surfaces, i.e. the intrados (or soffit) of the arch badetha exposed faces of the piers, abutments,
spandrels, parapets and wingwalls.

To date, experimental studies of retro-reinforced arches have been limiteel small scale testing of single ring
arches (Garrity 1995b), very small-scale tests in a centrifuge (B&@@®) or to tests on full-scale multi-ring
arches in which very few parameters were varied (Sumon 1997, 2685gar as the author is aware, the research
summarised in this paper is the first in which the mortar typetedmounts of longitudinal and inter-ring (shear)
reinforcement have been varied within a large-scale test programme.
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2. THE TEST ARCHES

The testing was carried out in two phases with four arches tested per Tiagdase | tests (arches 1 to 4) were
carried out to investigate the influence of longitudinal reinforcementhenstructural behaviour. As will be
explained later, ring separation was found to be a cause of premature faslanedrof the phase | tests. As a result,
the phase Il tests (arches 5 to 8) were carried out to assess threnpade of different arrangements of shear
reinforcement to prevent ring separation.

All eight arches were of the same form of construction. Each hadveesé profile with a clear span of 2.95m; a
rise of 0.77m; a width of 1.34m and consisted of 3 ringstr@ftcher-bonded brickwork with a total nominal
thickness of 328mm. All the arches were built onto removable timbérirgerspanning between 328mm thick
brickwork abutments. These were built onto a self-straining structi@elh®rk test rig which was set up on the
structural strong floor of the structures laboratory. Two identicalwigie used in the testing; each rig was wide
enough to accommodate two arches. Hence, in each phase of testing, fesimvah constructed on two test rigs.
This had the advantage of allowing four arches to be built at the sameausimg the same bricklayer thereby
minimising any variations in the standard of workmanship. Typical dethilse arches and the steelwork test rig
are shown in Figure 1. All the arches were constructed from solid dtg lwith the following average properties:
a density of 2268 kg/fna compressive strength of 133.8 N/fmn initial rate of suction of 0.5g/mmin and a
water absorption of 4.1%. These values are based on the results frocatestsout on a randomly sampled batch
of 20 bricks. These bricks were used to replicate the very high streinckb thrat were often used in the UK in the
1800s (and later) for the arch barrels of railway bridges.

Stainless steel reinforcement 1340
grouted into 20mm wide x 60mm \. 1328
deep grooves cut into arch intrado: ~§ LA AN

@ 225 mm centres

TYPICAL SECTION
THROUGH BARREL

Full width line load applied at
Y, span- see load frame
details in Figure 2

3 ring, 328 mm thick
clay brick arch barrel

Stainless steel
longitudinal

reinforcement Structural
steelwork

test rig

770 (rise’

2950 clear span
600 mm |

anchorage 1100
length 328 mm thick
brick abutment

Structural steelwork test rig

Laboratory floor

Figure 1. Typical test arch details showing the longitudinal reinforcemenirtedhdions are in millimetres).
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3. PHASE | TEST ARCHES

Three of the four phase | arches (numbers 2, 3 and 4) were ceihfaith different amounts of 6mm diameter
stainless steel longitudinal reinforcement. Arch 1 was built as an uncsdfexperimental control. In arches 2 and
3, the longitudinal reinforcing bars, each fitted with twisted wire spagens installed in 6 no. 60mm deep X
20mm wide grooves cut into the arch intrados with a double-bladed cir@adar e grooves were spaced
transversely across the arch at 225mm centres. Each groove wasiftledtmixotropic cementitious grout, the aim
being to ensure a full composite connection between the reinforcemetiteaath. Arch 2 was reinforced with a
total of 12 no. 6mm diameter stainless steel reinforcing bars distributedsrirpaach of the 6 grooves. Arch 3 was
reinforced with only 6 bars (i.e. half the reinforcement of arclwil only one bar inserted in each groove. In arch
4, pairs of 6mm diameter bars were inserted into 20mm diameter holestkadrilled into the arch using a flexible
drive drill. The flexible drive allowed each hole to be “steered” by the operator so that it remained approximately
parallel with the arch intrados (or soffit). Arch 4 was reinforced in thianmaas a trial to demonstrate that
reinforcement could be installed in holes that are not visible on the undersidgidfie as an alternative to grooves
which may be visually unacceptable to some bridge owners.

As the phase | tests were carried out, in part, as a pilot study, no close castrexevted on the batching of the
mortar. This was specified as a 1:4%2 (OPC:sand) mix to givg fagh early strengths to allow the arches to be
strengthened and then tested without too much delay.

4. PHASE Il TEST ARCHES

As explained later, ring separation, i.e. inter-ring shear failure, was fourgla cause of premature failure in some
of the phase | tests. As a result, the phase Il tests were carried owgdtigaite different forms of inter-ring shear
connection. All the phase Il arches (numbers 5 to 8, inclusive) hadrtelsagitudinal reinforcement as arch 2,
namely a total of 12 no. 6mm diameter stainless steel reinforcingliséibuted in pairs in 6 no. grooves spaced
transversely across the arch at 225mm centres. Arches 6 and 7 wereifiitd®mm and 16mm diameter U-bar
shear reinforcement spaced every 300mm (longitudinally and traebgenespectively. Arch 8 was fitted with
10mm diameter straight radial dowel bars spaced every 225mm (ldingity and transversely). Arch 5 was the
experimental control; it was longitudinally reinforced but not fitted with a@hear reinforcement. All the
reinforcement was inserted in pre-drilled grooves (in the case of theudimgit reinforcement) or holes (in the case
of the shear reinforcement) and the space between the brickwork aerthfbecement was filled with a thixotropic
cementitious grout.

The Phase Il arches were built using a 1:9 OPC:sand mortar and witlclnsehcontrol of the weigh batching and
mixing than was the case with the phase | arches. A lower strengthr ian that used for the phase | tests was
specified to increase the likelihood of ring separation during testing.

5. TEST ARRANGEMENT

Each arch was subjected to a full-width vertical line load applied at quaater &p shown previously in Figure 1.
The load was applied incrementally until collapse, using two 1000kN capgditgthic rams controlled from the
same pump. The point loads from the two rams were applied to eachiamtsteel spreader beam with a 32mm
diameter steel roller welded to its bottom flange. The load from the bedmmoder arrangement was applied
through an in-situ concrete bed cast on to the arch extrados to prdeide surface. The reaction to the applied
load was provided by a steel frame which was bolted to the reinforcecetmstiong floor of the laboratory, as
shown in Figure 2.

Direct strains were measured on the surfaces of the reinforcement undgsligwe lapd (at quarter span) and on the
steel anchored into the abutment remote from the applied load. In addititoal deflections of the barrel extrados
were measured using rows of dial gauges and linear variable differentifbtmagrs (LVDTS) controlled and
recorded by a multi-channel data logger. Lateral deflection of the steel stigpavas measured using a series of
dial gauges. In the first phase of tests it was found that the steel supp@fieaied laterally, with increasing test
load applied to the arches, by up to 8mm. This was considered acceptable #muliggasto replicate the lateral
deflection of the abutments of a real bridge at or close to collapse. Awlgrecho attempt was made to stiffen the
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support rig. The dial gauges and LVDTs were connected to a timberrhicte was supported independently of
the arches, test rigs or reaction frame. The behaviour of each arch witmedovisually from a timber support
platform. At each load increment, the deflections and surface crack patterreeended visually and a
photographic and video record was made of each test. The exposed sdréadsarch were whitewashed prior to
testing to aid surface crack detection.

Structural steelwork reaction frame
bolted to reinforced concrete laboratory

strong floor 2no. 1000 kN capacity
\ hydraulic rams
. 400: 400 .

i
.‘—):4—).

Steel beam fitted

Insitu ' ! ' l.—with steel roller
concrete :
bedding /
Arch under test Arch awaiting test
E=x e

Reinforced concrete laboratory floor

Figure 2. The arch test arrangement showing the structural steelwork réaatien

6. TEST RESULTS AND DISCUSSION
6.1 Test Results

A more detailed description of the testing and evaluation of the test resulteémapublished elsewhere (Garrity et
al. 2010). A summary of the results for the phase | tests (arche$, Indusive) is given in Table 1. The results of
the phase Il tests (arches 5 to 8, inclusive) are summarised in Tablleeight arches failed as a result of the
formation of a 4-hinge collapse mechanism similar to that showigimd=3. In some cases, the formation of the 4-
hinge mechanism was immediately preceded by the partial separation of theingvegrbrickwork from the rest of

the barrel; an example of this is shown in Figure 4. It shoallddted that the cracking shown in Figure 4 has been
deliberately accentuated by the continued loading of the arch after it sustainediteimdaad. In each case the
hinge consisted of craslpropagating radiall from the tension face of the arch barrel towards a centre of rotation
that formed in the compression zone. Examples of the first hingertotfeneath the applied test load (at ¥ span)
and the second hinge which typically formed between % and ¥agashown in Figure 5.
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Table 1: Phase | test results (arches without inter-ring shear reinfotyemen

ARCH 1 (Unreinforced Control)

Longitudinal ReinforcemeniNone
Compressive strength of mortar:
Compressive strength of brickwork prisms:
Applied load at first visual signs of cracking:
Maximum load sustained by the arch:

5.5 MPa
39.9 MPa
45.0 kN
246.0 kN

Mode of failure: Sudden 4-hinge collapse mechanism; little warning of coll8psd-igure 3.

ARCH 2 (Reinforced)

Longitudinal Reinforcement: 12 no. 6mm dia. bars; 2 no. bargrmpewre. 6 grooves @ 225 mm centres (transve

spacing). Effective depth of steel = 286 mm

Cross sectional area of longitudinal reinforcement 340mnf

Compressive strength of mortar
Compressive strength of brickwork prisms
Compressive strength of grout (average)
Applied load at first visual signs of cracking
Maximum load sustained by the arch

3.6 MPa
39.7 MPa
58.8 MPa
170 kN
351 kN

Mode of failure: Gradual failure exhibited. Formation of hinges at ¥4agplan followed by premature failure
caused by the partial separation of the lower ring from the uppeg<afrthe arch barrel. At collapse, hinges

formed at both springings. See Figure 4.

ARCH 3 (Reinforced)

Longitudinal Reinforcemen6 no. 6mm dia. bars; 1 no. bar per groove. 6 grooves @n22%entres (transvers

spacing). Effective depth of steel = 292 mm

Cross sectional area of longitudinal reinforcement 170mnf

Compressive strength of mortar
Compressive strength of brickwork prisms
Compressive strength of grout (average)
Applied load at first visual signs of cracking
Maximum load sustained by the arch

6.2 MPa
35.1 MPa
58.8 MPa
110 kN
504 kN

Mode of failure: Gradual failure exhibited. Hinges formed at ¥ span, theadthen at the abutment adjacent ti
the applied load then, close to collapse, at the abutment remote from the appli®atobatithe bottom ring of
brickwork separated from the upper two rings when the applied loademaslose to the collapse value.

ARCH 4 (Reinforced)

Longitudinal Reinforcement: 6 no. 6mm dia. bars; 1 no. barpperdrilled hole. 6 holes @ 225 mm centr
(transverse spacing). Effective depth of steel =217 mm
Cross sectional area of longitudinal reinforcement 170mnf

Compressive strength of mortar
Compressive strength of brickwork prisms
Compressive strength of grout (average)
Applied load at first visual signs of cracking
Maximum load sustained by the arch
Mode of failure: As arch 2.

3.1 MPa
35.4 MPa
58.8 MPa
69 kN
376 kN
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Table 2: Phase Il test results (arches with inter-ring shear reinforcement)

ARCH 5 (Control- no shear reinforcement)

Longitudinal Reinforcementt2 no. 6mm dia. bars; 2 no. bars per groove. 6 grooves @ 225 mm centres
(transverse spacing) Effective depth of steel = 286 mm
Cross sectional area of longitudinal reinforcement 340mnft

Shear (inter-ring) reinforcement None
Compressive strength of mortar 2.0 MPa
Compressive strength of brickwork prisms 30.8 MPa
Compressive strength of grout (average) 58.8 MPa
Applied load at first visual signs of cracking 69.0 kN
Maximum load sustained by the arch 146.0 kN

Mode of failure: Gradual failure exhibited. Formation of hinges at ¥#agplan followed by premature failure
caused by the partial separation of the lower ring from the upper2aiiige arch barrel. At collapse, hinges
formed at both springings.

ARCH 6

Longitudinal Reinforcemenis arch 5.

Shear (inter-ring) reinforcement 10mm dia. U-bars @ 300mm centres longitudinally &
transversely

Compressive strength of mortar 2.1 MPa

Compressive strength of brickwork prisms 34.1 MPa

Compressive strength of grout (average) 58.8 MPa

Applied load at first visual signs of cracking 146 kN

Maximum load sustained by the arch 338 kN

Mode of failure: Gradual failure exhibited. Formation of hinges at ¥4 and “4alfamed by premature failure
caused by the partial separation of the lower ring from the upper2airige arch barrel. At collapse, hinges
formed at both springings.

ARCH 7

Longitudinal Reinforcemenis arch 5.

Shear (inter-ring) reinforcement 16mm dia. U-bars @ 300mm centres longitudinally & transverse
Compressive strength of mortar 2.9 MPa

Compressive strength of brickwork prisms 30.1 MPa
Compressive strength of grout (average) 58.8 MPa
Applied load at first visual signs of crackin 146 kN

Maximum load sustained by the arch 338 kN

Mode of failure: As arch 6.

ARCH 8

Longitudinal Reinforcemenis arch 5.

Shear (inter-ring) reinforcement 10mm dia. radial dowels @ 225mm centres longitudinally &
transversely

Compressive strength of mortar 3.1 MPa

Compressive strength of brickwork prisms 35.4 MPa

Compressive strength of grout (average) 58.8 MPa

Applied load at first visual signs of crackin 69 kN

Maximum load sustained by the arch 376 kN

Mode of failure: Gradual failure exhibited. Formation of two hinges close togetheispan followed by the
formation of hinges at both springings/abutments. No evidence c$ejrayation.
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Figure 4. A reinforced arch (arch 2) without shear reinforcement shgwamature
partial ring separation and a 4-hinge collapse mechanism.

T4

Figure 5 Hinges forming inthe arch barrel at ¥4 spén (Ieft) and ¥ span (right)
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6.2 Principal Findings from the Tests

The main findings from the tests briefly described in this paper are:

a). All the retro-reinforced arches behaved as reinforced brickworktistes; the retro-fitted reinforcement
behaved compositely with the brickwork in all cases. There was nereédof any de-bonding failures at
either the grout/brickwork or grout/reinforcement interfaces.

b). Longitudinal reinforcement installed in the arch intradosecto the surface was found to delay the onset of
first cracking and to increase the load carrying capacity. This canfiienfindings from the small-scale model
arch tests previously carried out by the author (Garrity 1995b)

c). Longitudinal reinforcement was found to be effective as a strengthemagune whether installed in pre-cut
grooves or pre-drilled holes. Reinforcement installed in grooves is rrogusally efficient because of the
larger effective depth, but bars installed in pre-drilled holes are less visualilive.

d). The mortar strength had a significant influence on the performarbe ofinforced arches. Those constructed
using weaker mortar (compressive strength of the order ofrBrij/were found to be more likely to develop
ring separation and to fail at lower loads than those built of strongéamioompressive strength of the order
of 6 N/mnf).

€). Radial dowel reinforcement, installed through the full depth of the archwasyfound to be more effective at
preventing an inter-ring shear failure (ring separation) than Udpatsvas easier to install.

The research results were used when developing the design of th¢éhsimemggworks for a number of short single
span masonry arch highway bridges in the UK. Of particular note igréregghening of Hungerford Canal Bridge
which is described below. The author acted as a specialist adviser to the corBardcie-Rolt Limited, in the
early stages of the design then carried out an independent checlpaipgtbeed strengthening works for the client.

7. THE STRENGTHENING OF HUNGERFORD CANAL BRIDGE, UK
7.1 Background

Hungerford canal bridge is a grade Il listed single span clay brick airchiuse dating from ¢.1798. It has a clear
span of approximately 7.1m measured between the exposedofaites brickwork abutments. The 330mm thick
arch barrel has an elliptical profile and a maximum rise of 2.35m; it sudjlontsh an average depth of 460mm at
the crown. The wingwalls, pilasters, spandrel walls and parapets areditidrickwork construction. The grade Il
listing means that the bridge has been included on a statutory list of stict&England that are designated to be of
special architectural or historical interest “which warrant every effort being made to preserve them” (DCMS 2005).

The bridge carries the busy A338 highway across the Kennefama Canal and is located in the county of
Berkshire in Southern England. The highway is one of the mdis lietween the small town of Hungerford and the
regional M4 motorway (or freeway) which connects London andiS&/ales. Although the canal fell into disrepair
and many sections of it were closed by the 1950s, with the fanmetiBritish Waterways Board in 1962 the canal
was gradually restored and it was re-opened fully to traffic in 208 now used extensively by tourists who not
only use the waterway but also walk or cycle along its towpathe cHmal is also used by a small amount of
commercial traffic.

An assessment of the load carrying capacity of the bridge indicatedt thas in need of strengthening to meet
current operating standards. In addition, many parts of the exposeddmiokere found to be suffering from frost
damage and needed to be replaced. The consulting engineer appointdtiggh owner to investigate alternative
strengthening methods selected near-surface reinforcement becauggwaey ltould remain open to traffic at all
times and there would be minimal disruption to the residential propertiesnaall businesses located close to the
bridge, the nearest being about 5m away from one of the wingWedgdition, the contractor proposed to drill into
the brickwork and install all the reinforcement fr@anpontoon floating on the canal. By temporarily suspending
construction operations and moving the pontoon from underneathridige, canal traffic could pass beneath the
bridge. Further details of this project have been reported by McKibbins e0&l)(20
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7.2 Design and Construction of the Strengthening Works

7.2.1 Design Philosophy

With masonry arch bridges and similar structures, any strengthemasures that are designed solely to increase
strength are unlikely to represent good value for money. Exptsiloager-term risks to the continued well-being
of the bridge such as differential settlement, localised scour and increasddering effects should also be
considered by the designer as well as the need to minimise any disrupthm liddge users and local people.
Taking into account these requirements and the listed status of the, iridas considered essential to design the
strengthening works for Hungerford Canal Bridge to:

a). Increase the load-carrying capacity of the arch barrel to meetmmuutenational requirements defined by the
UK Highways Agency;

b). Minimise any disruption to the canal users, the highwayspkeral residents and businesses;

¢). Minimise the risk of any future damage to or deterioration dbttislgge caused by the strengthening works;

d). Integrate increased robustness, durability and resilience into tige;desi

e). Develop a strengthening proposal that would respect the architecturaltaridahiseritage of the bridge.

These requirements were met by installing an array of comparatively snmaditdiastainless steel reinforcing bars
in the longitudinal and transverse directions in the arch barrel. Sudbrceiment was installed from the underside
of the bridge, as briefly described in 7.1. The distance betadmtent reinforcing bars was kept in the range
300mm to 400mm to reduce the likelihood of overstressing the origiitidwork and to produce, in effect, a mesh
of reinforcement. This can be regarded in a similar vein to the crack lcanttalistribution steel provided in most
reinforced concrete slabs. In addition, radial dowels were installed thtbadhll thickness of the arch barrel to
reduce the risk of ring separation. Details of the transverse, Idigituand radial dowel reinforcement are
summarised in 7.2.2, below.

The longitudinal (main) reinforcement was designed using a limit state appnithcpartial factors of safety and
loads defined by the UK Highways Agency. The critical bending momesad in the structural design were
obtained from a plastic analysis of the arch barrel. The analysis was bate4hinge mechanism method first
proposed by Heyman (1980) for unreinforced arches subjectetin® laad representing the axle of a vehicle. In
the author’s experience, with short span masonry arch bridges it is usually a single axtevibéch tends to be
critical in the design of strengthening measures rather than combindtiwsa more axles where there is usually
a measure of relief against sway behavidud-hinge mechanism analysis was considered to be appropriate given
the behaviour of the arches tested in the laboratory, described earliex papler The effect of the reinforcement
was taken into account in the mechanism analysis by includingaheent capacity of the reinforced masonry arch
barrel at the two hinges where tensile stress was expected to occur in thatradds (soffit). At the other two
hinge locations tensile stress was expected to occur in the extrades @iace) where there was no
reinforcement to increase the moment capacity.

In the analysis, a single vertical line load was applied to the arch barrel threufijh two of the hinge positions
were fixed at each springing and the other two hinge positiens systematically varied to yield the lowest value
of applied load. This value is defined as the collapse load bypber bound theorem of plasticity on which the
analysis was based. The amount of steel reinforcement and the momeity cdjthe two hinges were increased to
provide a collapse load that was at least equal to the design ultimate axle load. lbshmotied that, following the
design procedure for reinforced masonry elements in BS 5628 Z8®), the moment capacity ah under-
reinforced section was used to minimise the risk of a sudden comprésiture of the brickwork. Although the
compressive strength of the brickwork of Hungerford bridge avég of the order of 3 N/mfthe arch barrel was
sufficiently thick for even a fairly small area of steel reinforcemenréwide a significant increase in the moment
capacity of the arch barrel without risking a compression failure.

7.2.2 Reinforcement Details

Transverse reinforcement. Typically with retro-reinforcement, stainless stsehgagrouted into pre-drilled holes
across the full width of the arch barrel. This reinforcement previagroved lateral load distribution not only of
concentrated wheel load effects but also any future differential settlemkissarf support from the ground due to
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localised scour. In the case of Hungerford Bridge, 16mm diametslestasteel reinforcing bars (fitted with wire
spacers) were grouted into 50mm diameter pre-drilled horizontal transwdesedentred approximately 160mm
above the arch intrados (or soffit). The bars were installed every 4@oumd the profile of the arch barrel. The
drilling operation for the transverse reinforcement is shown in Eigur

Longitudinal reinforcement. Usually, such reinforcement is installeddovgs that are cut into the arch intrados
using a twin-bladed circular saw. The reinforcement is subsequmonlyed to the brickwork substrate using a
thixotropic cementitious grout. As a result, strips of grout are visiblthe arch intrados. With Hungerford Bridge,
this was not acceptable to the bridge owners who, in keeping witlstén status of the bridge, did not want any
visible evidence of the strengthening works. To accommodate this tefaesontractor (and the sponsor of the
research described in this paper), Bersche-Rolt Limited developed a steerable fléxébtiridithat could be used
to drill a hole at an approximately constant depth above the intrados afdhebarrel. This was first trialled
successfully in the laboratory (as arch 4 in phase | of the testinghandused on Hungerford Bridge. For each
longitudinal reinforcing bar, a 50mm diameter hole was drilled centnebamately 75mm above the intrados. A
group of 3 no. 8mm diameter stainless steel bars was threadedhthitwidhole and grouted in place. The
longitudinal steel was installed every 300mm across the width of thebaro#l. To check that the drill was on
course, every 2 mortar joint was opened and the position of the drill was checkidyr adjustments to the drill
position were then made where necessary. The opening up of the joiotsawas also useful as a check to ensure
that the grouting operations were successful. The directional drilling opeisbown in Figure 6.

Figre 6. Drilling the transvers holes (left) and Iongitudi'nal holes (riglﬁujaiarch barrel

Radial dowels. 10mm diameter stainless steel dowels were grouted eversn4at 14mm diameter pre-drilled
holes. In all cases the grout used had a specified 24 hour compstssingh of 15 MPa and a 28 day compressive
strength of 40 MPa. Compliance checks were carried out by the compréessting of cube samples of the grout
cured both on site and in the laboratory. All the reinforcement had a whatc tensile yield strength of 460 MPa.

8. SUMMARY

The laboratory testing of eight 2.95m span clay brick arches strewegthéth near-surface reinforcement proved to
be successful. When compared with the experimental controls, the reindotcesas found to increase the load
carrying capacity of each arch tested by at least 43%. There was no ewtlpremature de-bonding failure of the
reinforcement or the grout. Radial dowel reinforcement was founé tnteffective means of avoiding premature
failure as a result of inter-ring shear. The results of the mdseeere applied to the design of the strengthening
works for Hungerford Canal Bridge, a single span clay brick amghwiy bridge dating from the end of the™38
century. A novel directional drilling technique was used to drill the lonigiaidholes for the main reinforcing bars.
The strengthening project was judged to be successful by all cedcand was given an Historic Bridge and
Infrastructure Award by the Institution of Civil Engineers.
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