Paper presented to the Structural Faults and Repair Conference 15th – 17th June 2010, Edinburgh, UK

STRENGTHENING OF MASONRY BRIDGES AGAINST TRAFFIC AND
FLOODING.
Robert Falconer
Department of Civil
Engineering
University of Greenwich at
Medway
Chatham Maritime
Kent, ME4 4TB
United Kingdom

Brian Boughton
SSPconsult Ltd
1 Wares Farm
Redwall Lane
Maidstone
Kent, ME17 4BB
United Kingdom
brianboughton@sspconsult.co.uk

Fred Paterson
Goldhawk Restorations Ltd
21 Warple Way
London
W3 0RX
United Kingdom
fred.paterson@goldhawk.uk.com

R.E.Falconer@gre.ac.uk

KEYWORDS: Masonry Arches, Flood Forces, Strengthening, MARS System, Helibars.

ABSTRACT
This paper describes the latest developments in the MARS System of strengthening and therefore
preserving masonry arches. Recent floods in Cumbria and other locations in the UK have highlighted the
vulnerability of masonry bridges to the effects of hydrodynamic forces yet design and assessment codes
pay little regard to the effects of these forces. This paper evaluates hydrodynamic and other forces
associated with flooding on masonry arch bridges, examines scour mitigation and means of strengthening
against these forces as well as giving enhanced traffic capacity. It is suggested that assessment and design
codes need to be rewritten to take into account the effects of flood waters and prevention of scour.

INTRODUCTION
Masonry arch bridges are the most sustainable structures in existence today. They were generally
constructed using local labour and materials and have lasted hundreds of years with minimal maintenance.
They are also a valuable part of our heritage with a grace and beauty that enables them to enhance any
landscape in which they are situated. They should never be replaced with structures that have a large carbon
footprint if it is at all possible to preserve them.

DEVELOPMENTS IN THE MARS SYSTEM
The concept of repairing and strengthening masonry arch bridges by the insertion of small diameter
stainless steel reinforcing bars into grooves cut into the soffit of the arch barrel is shown in Figs. 1 and 2.
This has been developed so that such bridges can be upgraded in strength without disturbing traffic and
services, without reducing headroom and without destroying the fabric of the bridge.
The MARS System won the UK Design Council Award for Innovation and was granted Millennium
Product status in 1999. The system was displayed on the Spiral of Innovation at London’s Millennium
Dome as an example of the very best in British ingenuity.
The main reinforcement is designed using the normal principles of reinforced brickwork to BS 5468 (Ref
1). The required moments of resistance are derived from the MARSYS package which was developed by
SSPconsult Ltd and is based on an optimised modified mechanism combined with a line of thrust approach.

The dowel bars are designed to resist the shear between the rings and thus prevent ring separation which is
the principle mode of failure under cyclic loading. They also link with the main reinforcement to anchor it
into the barrel and enable the strengthened bottom ring to act in conjunction with the other rings. If the
bottom ring only is strengthened, then this could actually weaken the arch as it would exacerbate ring
separation. The dowel bars are thus essential to the system.
A recent development of the MARS System is
to use 6mm stainless steel spiral Helibars
instead
of
normal
stainless
steel
reinforcement. Helibars have high strength,
877 – 1185 N/mm2 and their spiral nature
enables the structural adhesive to flow more
easily around the bars. This enables the size
of the cut slot to be reduced from 20mm to
12mm thereby reducing the visual effect of the
strengthening.
Elevation
Section
SSPconsult, the developers of the System, have
Fig 1 – MARS-Heli System
thus combined with Helifix Ltd, manufacturers
of Helibars, to form Goldhawk Restorations
Ltd as the specialist installers of the System. Goldhawk Restorations Ltd has developed further techniques
to minimize any impact of the cut slots in the barrel that result from the installation of the MARS-Heli
System. The fact that the lines of the adhesive can be seen, gives the bridge owner confidence that the work
has been carried out thoroughly and the integrity of the system can easily be inspected in future years.

Fig 2 - Part schematic view of the MARS Heli System

The structural adhesive, MARFLEX was developed specially for the MARS System by Universal Sealants.
A compound of similar composition has been used to manufacture expansion joint nosings for about 60
years.

ABUTMENT STRENGTHENING
If a bridge is strengthened to carry increased traffic loading, there is a corresponding increase in reaction at
the abutments. As masonry bridges have considerable mass, this increase in abutment pressures is generally
less than 10% which is considered acceptable. If the increase in abutment pressures is above this level,
then it is generally recommended that the abutment foundations are strengthened. In over 200 arches
strengthened using the MARS System, this has not been an issue.

RECENT CASE STUDY
Two masonry bridges in Pentre St Clears, Pembrokeshire had previously been strengthened using a grouted
Armco liner. One bridge was single span and the other double span. The liner restricted the flow of water
so much so that in periods of high rainfall, the whole area around the bridges was flooded.

Plate 1 – Original arch liner which caused flooding
The liners were removed from both bridges replaced with the MARS System.

Plate 2 – Liner removed and MARS System installed.
Subsequent to this work, no flooding has been reported in this area since.

ASSESSMENT FOR FLOOD FORCES
The recent floods in Cumbria and other locations in the UK have highlighted the effects of hydrodynamic
forces on bridges yet, as noted by Hulet (Hulet et al 2006) design and assessment codes pay little regard to
the effects of these forces. Bridges are designed and assessed for highway and wind loading as well as
dead loads but not for the forces from flood water.
The only document that mentions forces from flood waters is BA 59/94 “The Design of Highway Bridges
for Hydraulic Action”. This is only an Advice Note, thus it is not mandatory. It mainly deals with scour
which we will come to later. However it does give advice on: hydrodynamic forces, debris forces, ice
forces and ship collision.

Plate 3 - Effects of Whitewater flood, Cumbria Nov 21 2009. Note, parapet walls have been washed away.

There is no mention of flood forces nor the document, BA59/94 in:
BS5400
‘Steel, concrete and composite bridges’
BD37/01
‘Loading’
BA 16/97
‘The Assessment of Highway Bridges and Structures’
BD 21/01
‘The Assessment of Highway Bridges and Structures’
BD 29/04
‘Design Criteria for Footbridges
BS 6779
’Highway parapets for bridges and other Structures - (masonry
parapets)’
Ciria C656
‘Masonry arch bridges: condition appraisal and remedial treatment’

The effects of scour are well documented and it is not proposed to cover these in detail in this paper.
However, it should be remembered that scour is the major cause of bridge failures and investigation for
signs of scour should be an essential part of masonry arch assessment. All too often this is overlooked.

HYDRODYNAMIC FORCES
For an inundated bridge, the hydrodynamic forces include the lateral pressure from the water, the drag
forces as the water flows through the arch and the uplift forces. It is assumed in this analysis, that the flood
forces are short term and that the fill over the barrel is not saturated.

Fig 3 - Hydrodynamic Forces on Cross-section

Fig 4 - Hydrodynamic Forces in Plan

It is thus seen that the downstream face of the bridge needs to be reinforced in order that the bridge can act
as a ‘beam’ under the lateral loads. Plates 4 and 5 show work that was carried out on a bridge in an area of
outstanding natural beauty in Cornwall. It is seen from these that the elevational reinforcement can be
effectively hidden within the masonry.

Plate 4 – Installation of reinforcement

Plate 5 – Finished work

The MARS-Heli System can be designed to provide the necessary horizontal bending resistance.
In addition to the lateral forces from the flood waters, there is also uplift as shown in Fig 5. Commonly, as
shown in Plate 3, the parapet walls are the first to fail under lateral flood forces as shown in Fig 6.
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Fig 5 - Uplift Force at Crown

Fig 6 – Loss of parapet walls

If this happens, there is reduced self-weight and reduced stiffness preventing barrel uplift resulting in
possible barrel failure as shown in Fig 7.

Fig 7 – Possible mode of failure due to upthrust
Barrels with minimal depth of fill over the crown are particularly at risk.

SOLUTION: the MARS-Heli System

Fig 8 – Barrel reinforcement

The MARS-Heli System has the effect of tying the vulnerable centre section of the barrel back to the
springings. It can also be extended into the parapet and spandrel walls to prevent the loss of the parapet
walls due to flood forces.

CASE STUDY - CALCULATION OF HYDRODYNAMIC FORCES
SSPconsult were recently asked to assess the risk of a masonry arch in the Republic of Ireland failing due
to forces from flood waters. Assuming a 12m span semi-circular arch bridge with water 300mm above
parapet level. Water velocity is taken as 2.9m/s.
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Check overturning in direction of flow (BD59-94, Appendix D)
Area of face = 7.4 x 14 - π x 122 / 8
= 103.6 - 56.55
= 47.05 m2

To find height, h to centroid of face
H x 47.05 = 103.6 x 3.7 - 56.55 x 2.55
H = 5.086 m

To find hydrodynamic forces (BD59-94, Appendix D)
Flow pressure, p

= 0.51 K U2 (K = 1.5)
= 0.51 x 1.5 x 2.92
= 6.434 kN/m2

FD

= 6.434 x 47.05 kN
= 302.7 kN

MC

= 302.7 x 5.262
= 1593 kNm

Check overturning
Volume of bridge =47.05 x 7.5 - 1.1 x 6.8 x 1.4
= 248.2 m3
Assumed unit weight = 21 kN/m3
Weight of bridge

= 248.2 x 21
= 5211 kN

Restoring Moment = 5211 x 3.75
= 19543 kNm
Overturning Moment = 1593 x 1.5
= 2389 kNm < 19543
OK

Log forces on impact (BD59-94, Appendix D)
Assuming a 3 tonne log travelling at 2.9m/s
Kinetic energy = mv2/2
Energy absorbed = Fd
F
d
m
v

average collision force (kN)
distance before coming to rest (m)
(taken as 75mm for masonry bridge piers)
mass of moving body (tonnes)
velocity of moving body (m/s)

Kinetic energy = Energy absorbed
∴ Average force on impact, F= mv2/2d
For a 1.5 tonne log, travelling at 2.9 m/s
Characteristic, F = 1.5 x 2.92
2 x 0.075
= 84.1 kN
Partial factor, γfL = 1.5
Design, F = 84.1 x 1.5
= 126.2 kN

Scour
Types of scour:
local scour results directly from the impact of individual structural elements (eg piers and abutments) on
the flow and occurs only in the immediate vicinity of those elements.
contraction scour affects all or most of the channel bed in the vicinity of a bridge or other hydraulic
structure, associated with higher velocities caused by narrowing of the channel.
natural scour includes typically includes bed degradation and lateral channel movement.
Ref: CIRIA C551 - Manual on scour at bridges and other hydraulic structures
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