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Role of the Railway Accident Investigation Unit

The Railway Accident Investigation Unit (RAIU) is an independent investigation unit within the Railway
Safety Commission (RSC). The RAIU conducts investigations into accidents and incidents. The
purpose of an investigation by the RAIU is to improve railway safety by establishing, in so far as
possible, the cause or causes of an accident or incident with a view to making safety
recommendations for the avoidance of accidents in the future, or otherwise for the improvement of

railway safety. It is not the purpose of an investigation to attribute blame or liability.

The RAIUb6s investigations are <carried out in
European railway safety directive 2004/49/EC.

Any enquiries about this report should be sent to:

RAIU

Trident House
Blackrock
County Dublin

Ireland
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Executive Summary

On the 21* August 2009 as an larnréd Eireann passenger service, travelling from Balbriggan to
Pearse, passed over the Malahide Viaduct the driver witnessed a section of the viaduct beginning to
collapse into Broadmeadow Estuary. The driver reported this to the controlling signalman who
immediately set all relevant signals to danger ensuring no trains travelled over the viaduct. Within
minutes of the report of the accident, by the driver, Pier 4 of the Malahide Viaduct had collapsed into
the Broadmeadow Estuary. All post accident emergency procedures were properly employed by the

operating staff resulting in no fatalities or injuries to any members of the public or staff.

At the time of the accident, the Malahide Viaduct piers were formed on a grouted rock armour weir,

with stones intermittently discharged along this weir to maintain its profile.

The immediate cause of the collapse of Pier 4 was as a result of the undermining of the weir that
surrounds and supports Pier 4 through the action of scouring. This was as a result of a combination of

factors:

1 An inspection carried out on the Malahide Viaduct three days before the accident did not
identify the scouring defects visible at the time;

1 A scour inspection undertaken in 2006 did not identify the Malahide Viaduct as a high-risk
structure to the effects of scouring;

f larnrod Eireanns likely failure to take any action after an independent inspection carried out
on the Malahide Viaduct in 1997 identified that scouring had started at the base of Pier 4 and
that the rock armourweirwa s fAt oo heljobog;ht f or t

1 The historic maintenance regime for the discharge of stones along the Malahide Viaduct
appears to have ceased in 1996, resulting in the deterioration of the weir which was

protecting the structure against scouring.

The above factors were necessary for the accident to happen. Contributory to the accident happening

were the following factors:

f larnréd Eireann had not developed a flood/scour management plan at the time of the
accident, despite the IRMS Implementation Review (2001) and the AD Little Review (2006)
recommending that this plan be developed. Contributory to larnréd Eireann not developing
this flood/scour management plan was the fact that the Railway Safety Commission closed
this recommendation in 2008;

1 Engineers were not appropriately trained for inspection duties, in that the inspections training
course they completed was an abridged version of the intended format, and there no formal

mentoring programme, for Engineers on completion of this course;
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There was a shortfall in larnrod Ei r eannodés suite of s t daiic that a a |

standard which provided guidance for inspectors in carrying out inspections was not
formalised;

There existed an unrealistic requirement for patrol gangers to carry out annual checks for
scour, as they do not have access under the structure and in addition, they did not have the
required specialist training/ skills to identify defects caused by scouring;

A formal programme for Special Inspections for structures vulnerable to scour was not
adopted, as per larnrod Ei r e a rStrgtéral Inspections Standard, -STR-6510, at the time
of the accident.

Underlying factors to the accident were:

There was a loss of corporate memory when former larnréd Eireann staff left the Division,
which resulted in valuable information in the relation to the historic scouring and maintenance
not being available to the staff in place at the time of the accident;
There was a dearth of information in relation to the Malahide Viaduct due to larnréd Eireanns
failure to properly introduce their information asset management system;
larnrod Eireanns inadequate resourcing of Engineers for structural inspections to be carried
out at the Malahide Viaduct;
larnréd Eireanns failure to meet all the requirements of their Structural Inspections Standard,
I-STR-6510, in that:
o0 Visual inspections were not carried out for all visible elements of structures;
o Bridge Inspection Cards, for recording findings of inspections, were not completed to
standard or approved by the relevant personnel,
o A formal programme for systematic visual inspections of all elements of a structure,
including hidden or submerged elements, despite an independent review
recommending that larnréd Eireann implement this programme in 2006.

Immediately after the accident, larnréd Eireann carried out inspections on over a hundred viaducts on

the network. larnréd Eireann have now reinstating the Malahide Viaduct, ensuring that the overall

structure has been significantly strengthened, that the weir profile has been restored and improved.

larnrod Eireann are currently reviewing all the Civil Engineering technical standards in order to

improve the content, readability and practicable implementation of these standards. Improved control

mechanisms are being introduced to ensure compliance with these standards. A competency

management system is also being implemented to ensure the appropriate training is received by

Engineers.
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In relation to tracking recommendations made by independent organisation, the Railway Safety
Commission has formalised their system for closing recommendations, and is now, in conjunction with

larnrod Eireann developing an action plan to close all outstanding recommendations.

As a result of the findings of this RAIU investigation, the RAIU have made fifteen safety
recommendations. Thirteen safety recommendations have been made to larnréd Eireann, one safety
recommendation has been made to the Railway Safety Commission, and one joint recommendation

has been made to larnrod Eireann and the Railway Safety Commission.

Recommendation 1
larnrod Eireann should put appropriate interface processes in place to ensure that when designated
track patrolling staff (who report to two or more divisional areas) are absent from their patrolling

duties, that appropriate relief track patrolling staff are assigned to perform these patrolling duties.

Recommendation 2
larnrod Eireann should amend the Track Patrolling Standard, I-PWY-1307, to remove the requirement

for track patrollers to carry out annual checks for scour.

Recommendation 3

larnrod Eireann should formalise their &ivil Engineering and Earthworks Structures: Guidance Notes
on I nspecti ¢ RAR-EB15awhidhashalild include guidance for inspectors on conducting
inspections and identifying structural defects. On formalising this document larnréd Eireann should re-

issue, in the appropriate format, to all relevant personnel.

Recommendation 4
larnrod Eireann should introduce a verification process to ensure that all requirements of their

Structural Inspections Standard, I-STR-6510, are carried out in full.

Recommendation 5
larnrod Eireann should ensure that a system is put in place for effective implementation of existing

standards and to manage the timely introduction of new and revised standards.

Recommendation 6
larnréd Eireann should ensure that a programme of structural inspections is started immediately in
accordance with their Standard for Structural Inspection, I-STR-6510, and ensure that adequate

resources are available to undertake these inspections.
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Recommendation 7
larnrod Eireann should carry out inspections for all bridges subject to the passage of water for their
vulnerability to scour, and where possible identify the bridge foundations. A risk-based management

system should then be adopted for the routine examination of these vulnerable structures.

Recommendation 8
larnrod Eireann should develop a documented risk-based approach for flood and scour risk to railway

structures through:

1 Monitoring of scour risk at sites through scour depth estimation, debris and hydraulic loading
checks, and visual and underwater examination;
Provision of physical scour / flood protection for structures at high risk;
Imposing of line closures during periods of high water levels where effective physical

protection is not in place.

Recommendation 9
larnréd Eireann should adopt a formal process for conducting structural inspections in the case of a

report of a structural defect from a member of the public.

Recommendation 10
larnrod Eireann should introduce a training, assessment and competency management system in
relation to the training of structural inspectors, which includes a mentoring scheme for engineers to

gain the appropriate training and experience required to carry out inspections.

Recommendation 11

larnrod Eireann should review their network for historic maintenance regimes and record this
information in their information asset management system. For any future maintenance regimes
introduced on the network, larnrod Eireann should also record this information in their information

asset management system.

Recommendation 12
larnréd Eireann should incorporate into their existing standards the requirement for the input of asset

information into the technical database system upon completion of structural inspections.
Recommendation 13

larnréd Eireann should carry out an audit of their filed and archived documents, in relation to

structural assets, and input this information into their information asset management system.
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Recommendation 14

The Railway Safety Commission should review their process for the closing of recommendations
made to larnréd Eireann by independent bodies, ensuring that they have the required evidence to
close these recommendations. Based on this process the Railway Safety Commission should also

confirm that all previously closed recommendations satisfy this new process.

Recommendation 15

The Railway Safety Commission, in conjunction with larnréd Eireann, should develop an action plan
in order to close all outstanding recommendations in the AD Little Review (2006) and the IRMS
Reviews (1998, 2000, 2001). This action plan should include defined timescales for the

implementation and closure of all these recommendations.
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The Accident

This section of the report details the:
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RAIU

Parties involved;
Location of the accident;
Infrastructure;

Rolling stock;

Malahide Viaduct structure;

Narrative of events preceding, during and after the accident.
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1 Parties involved

1.1 larnréd Eireann

larnréd Eireann® (IE)?, a subsidiary of Céras lompair Eireann (CIE), is the owner and operator of the

national mainline rail service in Ireland.

The |E railway network is approximately 1,919 route kilometres (km) in length, with seven routes
radiating from the two main railway terminals in Dublin (Connolly Station and Heuston Station).
Physical assets include in excess of 6,000 safety critical infrastructure assets on the network, such as
track, structures, rolling stock, signalling and telecommunications, electrification and level crossings.
There are 1,204 overbridges, and 1,926 underbridges on the network, and of the 1,926 underbridges,
780 are viaducts. |IE is responsible for managing the design, installation, testing, maintenance and

renewal of these physical assets

IE operates the Intercity, Commuter, DART and freights services, as well as the Enterprise service

from Belfast to Dublin which is operated in conjunction with Northern Ireland Railways (NIR).

1.1.1 Drivers

Two trains (identification numbers D820 and P711) passed over the Malahide Viaduct close to the
time of its collapse. Both drivers of these trains were competent to drive trains. After the accident, the
driver of P711 called the controlling signalman to report the partial collapse of the Malahide Viaduct

and carried out the appropriate emergency procedures correctly.

1.1.2 Controlling signalman

The controlling signalman, who received the report of the partial collapse of the Malahide Viaduct
from the driver of P711, is based at Central Traffic Control (CTC) at Connolly Station. The controlling
signalman was competent. Upon notification of the accident, the controlling signalman carried out the

appropriate emergency procedures correctly.

'Terms which appear in italics, the first ti me

of Termsd section of this report.

2 Abbreviations aredefined in the OLi st of Abbreviations©é

RAIU 2 Investigation Report 2010 7 R004 Rev 2

secti

they

on

a



The Accident

1.1.3 Civil Engineering Department

The Chief Civil Engineer (CCE) directs the Technical Support, Business Support and Safety sections
within the Civil Engineering Department of IE.

This Department carries out the inspections and maintenance of track and structures and is divided

into three different geographical areas, with offices based at Dublin, Athlone and Limerick Junction.

The Dublin Divisional Engineer (DE) is the Person Responsible for the inspections and maintenance
of all fixed infrastructure such as bridges, including the Malahide Viaduct, for the Dublin area. The DE

may nominate an ADE to be the Person Responsible for certain tasks.

The Assistant Divisional Engineers (ADEs) are responsible for the track and structures and the
conduct of structural inspections for the fixed infrastructure in designated areas, known as Divisions,
and report to their respective DEs. There are three Dublin Division ADEs, with two ADEs involved in

the accident:

1 ADE 1 (East) is responsible for the area that falls from the 9 ¥ milepost in Malahide to the 17
Y2 milepost in Greystones, along with Glasnevin Junction (Division 1);

1 ADE 2 (West) is responsible for the East Coast network (excluding the DART), of which
Malahide Viaduct is included (Divisions 5, 7, 8, 11). ADE 2 has been in this post since March
2005.

Engineers carry out the inspections on the instruction of the ADE. When carrying out inspections,
Engineers are referred to as Inspectors. The Inspectors involved, both from the East Coast Division,
in this accident were the:

91 Senior Engineer (SE) who carried out a planned inspection on Malahide Viaduct in 2007;
1 Assistant Engineer (AE) who carried out the inspection after a reported defect at the Malahide
Viaduct by a member of the public.

Patrol Gangers carry out continuous systematic examination of the track to locate conditions that are
unsafe. The Patrol Ganger for the Malahide Viaduct is one of seventy patrol gangers in Divisions 1
and 5. As the area around the Malahide Viaduct is split into two Divisions (Division 1 and 5) the Patrol
Ganger reports to two Permanent Way Inspectors (PWIs), who in turn report directly to the ADEs
(Division 1 and 5). The regular Patrol Ganger for the Malahide Viaduct patrolling section was on leave

at the time of the accident.
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1.1.4 New Works Department

The Principal Structural Engineer, the Structural Engineer and a Programme Manager within the
Structural Design Division of the New Works Department, on the instruction of ADE 2, carried out the
a Programme of Scour Inspections between 2005 i 2007, which included a Scour Inspection for the
Malahide Viaduct in 2006.
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1.2 The Railway Safety Commission

1.2.1 Functions set out by the Railway Safety Act 2005

The RSC has three main functions set out in Section 10 of the Railway Safety Act 2005. These are as

follows:

1 To foster and encourage railway safety;
1 To enforce the Railway Safety Act 2005 and other legislation relation to railway safety;

1 Toinvestigation and report on railway incidents.

Other secondary functions of the RSC under the Railway Safety Act 2005 are as follows:

1 Assess the Safety Cases of railway undertakings and issue a safety certification on
acceptance of the Safety Case (Sections 45 & 46);
Carry out safety assessments of new works and rolling stock (Sections 42 & 43);
To make regulations in relation to specified aspects of railway safety (Part 6);

1 Take enforcement proceedings against a railway undertaking, where necessary (Part 7).

Under the Railway Safety Act 2005 there is no requirement for the RSC to carry out inspections of
infrastructure assets. However, the RSC may carry out inspections of infrastructure assets where

there is deemed to be a specific risk in relation to safety.

1.2.2 Mission Statement
Functions identified in the RSCb6s mi dvay semwicesdndat ement ,

affected persons which are as follows:

Safety approval;
Safety auditing and monitoring;

Safety enforcement.

1.2.3 Tracking safety recommendations

As the RSC is a railway safety enforcement body one of the roles of that the RSC undertake is to

track and close recommendations made by the RAIU or other independent bodies in relation to safety.
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1.3 International Risk Management Services

Following the instigation of the five-year Railway Safety Programme, the Minister for Transport3

commissioned the International Risk Management Services (IRMS) Review. This was a strategic

review of the IE network and operations to determine whether the risk posed to passengers, staff and

the public were acceptable, and to highlight where action and investment was required to address

shortfalls. The review entitled AA Review of Rai Octoley Saf et
1998.

This study was commissioned to include a review of
safety adequacy of its infrastructure and rolling stock, an assessment of the risks on the system and
criteria by which their control should be judged, a review of the railway safety regulation system and
an assessment of the implications for safety regulation from the implementation of EU Directives on
railway open access. The study was required to investigate the physical and management systems
that existed to achieve acceptable standards of safety on the present IE network. It was not asked to
establish the historical background for any deficiencies found but was required to focus

recommendations on actions necessary to secure safety on the Irish railway system in the future.

Based on the recommendations identified in this report, IRMS suggests that a full time
Implementation Project Manager will be required to lead the implementation plans. It is suggested that
implementation plans are formulated and agreed between the Department of Transport (DoT), CIE
and |E within three months and that the necessary resources allocated to commence work within six
mont hs of t he ceewithoan iniftakaudi of the qprhpdetion of these implementation plans
at the end of that si x awdtoftptogreds shoeld uindedakem a gleardaterf ur t her

i.e. eighteen months from acceptance of the report.

I RMS i mpl ement ation reviews of AA Review of Rail way ¢
2001.

% At the time of the commissioning of the IRMS Review, in 1998, the Minister for Transport was
referred to as the Minister for Public Enterprise. For this report the term Minister for Transport will be

used, in all cases, for ease of reading.
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1.4 Arthur D. Little Limited consultants

In 2006, the RSC commissioned Arthur D. Little Limited (AD Little), a global management consultancy
specialising in strategy and operations management, to carry out an independent safety review of IE® s
network and operations, the role and function of the RSC and the oversight provided by the DoT. The
final report was submitted to the RSC in July 20 0 6 , titled AA review of r
and function of the Ra iBasedon theSiadingstof/thisGeviewnthes AD Ldtle O .

Review made recommendations on safety which were ranked as follows:

Urgent T action needed immediately to reduce unacceptable risk;
High 7 action needed as high priority to control a safety risk (commence within one month);

Medium T action needed to control risk (commence within three to six months);

= =4 =4 =4

Low i action suggested to support longer term improvement in safety management (within 12

months).

The review included a suggested timescale, indicating the timescales for the implementation of the
recommendations. The final section of the AD Little Revi
level action plan for implementing the recommendations and includes a suggestion that more detailed

plans to be prepared by IE.

15 Department of Transport

The DoT is responsible for implementing an integrated transport policy for Ireland. Following the
instigation of the five-year Railway Safety Programme, the Minister for Transport commissioned the
IRMS Review.

1.6 CEl Collins Engineers Consultants

CEl Collins Engineers (Collins Engineers) provides engineering services in structural analysis and
design and underwater engineering to IE. Collins Engineers carried out a scour inspection on
Malahide Viaduct in 2006.

1.7 East Coast Diving Services

In 1997 East Coast Diving Services removed a derelict barge that was lodged against the Malahide

Viaduct and after its removal carried out an inspection of the structure.
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2 Location of the accident

Malahide Station is located nine miles north of Connolly Station (Dublin) on the Dublin to Belfast line.
Donabate is located a further two and a half miles north of Malahide Station. The Broadmeadow
Estuary and Malahide Viaduct are approximately located at the 9 % Mile Post (MP), (see Figure 1).
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Figure 11 Location Map of accident site

Ordinance Survey Ireland Licence No. EN 005820 © Ordinance Survey Ireland Government of Ireland

Eighty-two passenger services travel over Malahide Viaduct every weekday, with one additional train

travelling on a Friday. In addition, six freight trains travel over Malahide Viaduct every weekday.
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3 Infrastructure

3.1 Track

The Malahide T Donabate route is double track, Continuous Welded Rail (CWR) on concrete
sleepers. The maximum permitted line speed over the viaduct is 145 kilometres per hour (kph). As a
result of tight clearances through the Malahide Station Down Platform there is a permanent speed
restriction of 110 kph from the 8 3% MP to the 9 ¥ MP, and for the same reason (i.e. tight clearances),

there is a permanent speed restriction of 80 kph through the Malahide Station Up Platform.

3.2 Rolling stock

The 17.50 hrs train from Pearse to Dundalk is an
eight-car Class 29000 Diesel Multiple Unit (DMU).
On the 21* of August 2009, car numbers 29117,
29217, 29317, 29417, 29407, 29307, 29207 and
29107 were assigned to this service and the train

identification number was D820.

The 18.07 hrs train from Balbriggan to Pearse is a
four-car Class 29000 DMU (see Photograph 1).
Car numbers 29128, 29228, 29328 and 29428

(leading end) were assigned to this service and

Photograph 11 29000 Class DMU

the train identification number was P711.

Each four-car set is 81.46 metre (m) long, 3.985 m high and 2.9 m wide and weighs a total of 160.8
tonnes. An eight-car set comprises of two four-car sets. Both four-car and eight-car sets have a
maximum permitted speed of 110 kph.

Passenger capacity for a four-car set is 185 seated and 455 standing.

3.3 Signalling and communications

The double track route from Malahide to Donabate is signalled using three and four aspect signals.
This route is controlled by the Suburban Signalman (controlling signalman) based in the CTC building

at Connolly Station. The Track Circuit Block (TCB) regulations apply to this route.

The means of communication between train drivers and controlling signalmen on the route is through

Mode A train radio. Lineside telephones are provided as an alternative means of communication.
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4 Malahide Viaduct

4.1 General description

The Dublin to Belfast railway line crosses the Broadmeadow Estuary, a tidal estuary, by means of
embankment and a 176 m railway viaduct, see Photograph 2. This section of the report details the
initial construction of the Malahide Viaduct (IE asset number UB30) and the subsequent major capital

projects carried out on the Malahide Viaduct.

Malahide Viaduct

Embankments

Broadmeadow

Estuary

e ; - 0
Photograph 2 i Malahide Viaduct and embankments

Ordinance Survey Ireland Licence No. EN 0058208 © Ordinance Survey Ireland Government of Ireland

4.2 Original construction completed in 1844

The embankments and viaduct were originally constructed as part of the Dublin and Drogheda
Railway which opened in 1844. Embankments were first constructed on either side of the estuary,
north and south. The spoil for the construction of the southern embankment were supplied from the
now disused quarry that located to the south of Malahide Station; with the spoil for the northern
embankment supplied from cuttings on the approach to Donabate.

The Journal of the Irish Railway Records Society (IRRS), article on Malahide Viaduct (2000),
indicates that the original Malahide Viaduct was constructed as an eleven span timber structure,
measuring approximately 175 m in total length (with each span measuring 15.85 m), supported on ten
timber piles driven into the bed of the estuary. A historic drawing, taken from this article, of the original

viaduct is illustrated in Figure 2.
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Timber piles

Figure 21 Original timber structure with timber piles

4.3 Weir construction 1846

A tidal estuary, with a relatively narrow opening for a viaduct, meant that as the tide rose and fell,
large volumes of water were travelling through the viaduct. This movement of water resulted in
scouring around the viaduct piers. In 1846, to overcome the problem of scouring, large stones were
placed around the viaduct piers. In addition, stones were discharged along the line following its
construction, forming a virtual permeable stone 6 w eadvar the length of the entire viaduct, see Figure
3).

Malahide Viaduct

-

L 54 3 5 iz

Figure 31 Malahide Viaduct on weir construction

The silting of the stones reduced the flow of water in and out of the estuary by maintaining a constant

water level in the estuary at all states of tide to reduce the effect of scouring.

4.4 Malahide Viaduct Replacement 1860

In 1860 the viaduct was replaced by wrought iron lattice girder beams supported by eleven masonry
piers founded on two stone fill foundation courses, each approximately 0.3 m each in depth,

constructed on the weir traversing the estuary, (see Figure 3).

The new piers were built at the mid-spans of the original structure, as there were concerns at the time
that the new construction could affect the safety of the timber structure which was still carrying rail
traffic. There were now eight number 15.85 m spans and four number 12.9 m spans totalling twelve

spans, (see Figure 4).
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Wrought iron

lattice girders Masonry piers

Figure 417 New masonry and wrought iron Malahide Viaduct constructed in 1860

The new masonry piers acted as gravity
structures, meaning the piers weight held the

structure securely on the weir without the need

for piling, (see Figure 5).

The superstructure was composed of wrought
iron lattice girders, six per span, four girders
under the rails of the double track and two
outside parapet girders. The girders ranged
between 0.92 m to 1.83 m in depth.

Figure 51 Elevation and plan of the masonry piers

4.5 Renewal of Viaduct 1965

After a century of service the lattice girder viaduct began to shows signs of deterioration, due to the
exposure to the sea environment and, by 1965, it was decided to renew the viaduct for a third time.

Design criteria had to be met for the renewal of the viaduct included the following:

1 The speed of erection was a major design driver as it was essential to continue rail services
during the renewal;

1 The use of ballasted deck, used to support normal sleepered track for open type bridge decks
as opposed to traditional fixing of the rails to longitudinal sleepers, was a requirement. The
use of ballasted deck was railway policy at the time of construction i the rationale for this was

that it was more economical and more low maintenance than the longitudinal sleepers,

especially for the 110 kph speeds;
1 The load capacity for the viaduct was also designed for 20 ton axle load. The locomotives at
the time of renewal weighed less than 17 ton axle load, but CIE were following British Rail

practice of the day;
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1 The requirement for the discharge of stone was a special requirement for Malahide Viaduct,
the viaduct handrailing was formed so that complete handrails sections could be removed to
facilitate the tipping of stone pitching over the side of the bridge in the event of a section of

the weir being scoured away.

New precast post-tensioned concrete beams were used to replace the lattice girders. New pre-cast
bedstones were designed and placed on the existing stone piers i these varied in height for
adjustments for the difference in span heights of the old structure and some pier settlement. The wing
walls of the 1860 construction were retained. Over 2,000 tons of concrete was used, as well as over
sixty-nine km of post-tensioning wire. The new structure is illustrated in the 2009 photograph below
(see Photograph 3).

Handrailing

Photograph 3 7 Post-stressed concrete beams on original masonry piers

4.6 Grouting scheme 1967 - 1972

A major grouting scheme was undertaken in 1967 and 1968, in an attempt to stabilise the weir.
Further grouting occurred in 1972, with ten of the twelve spans being grouted at this stage. This
grouting scheme formed a grout apron (grouted rock armour) extending approximately two metres in
depth into the weir.
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5 The accident

5.1 Events preceding the accident

At 18.20.59 hours (hrs) on the 21% August 2009, the eight-car Class 29000 DMU, 17.50 hrs
passenger service from Pearse to Dundalk (train identification number D820) passed over the viaduct

in the Down direction, towards Belfast, without incident.

At 18.22.21 hrs, the four-car Class 29000 DMU, 18.07 hrs passenger service from Balbriggan to
Pearse (train identification number P711) approached the viaduct in the Up direction, (i.e.
approaching Malahide Station from the Belfast direction). As P711 approached the Malahide Viaduct,

the driver observed water splashing over the viaduct as the D820 passed over the viaduct.

5.2 Events during the accident

At 18.22.35 hrs, as train P711 passed over the viaduct, the driver witnessed a section of the viaduct
was beginning to collapse. On seeing this, the driver put the traind power controller into the coast
setting and continued towards Malahide Station. At 18.22.42 hrs the driver informed the controlling

signalman, by radio, of the partial collapse of the viaduct.

5.3 Events after the accident

The controlling signalman set all relevant signals to Danger at 18.22.58 hrs to ensure no trains

travelled over the viaduct. All traffic over the Malahide Viaduct was stopped at this time.

At 18.23.37 hrs, the driver of train P711, carried out on unscheduled stop at Malahide Station and

detrained all passengers.

At approximately 18.28 hrs, once the driver received verification that the viaduct was protected by the
signals, he placed a track circuit operating device on the Down line* before walking back along the
track to the viaduct. The driver then observed that Pier 4 had collapsed and the post-tensioned

concrete beams of Span 4 and Span 5 had collapsed into the estuary (see Photograph 4).

The controlling sighalman maintained the signals at Danger to protect the accident site.

* It should be noted, that this was an additional safety measure, as all traffic over Malahide Viaduct

was stopped by the controlling signalman.
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e

Photograph 4 i Collapsed Malahide Viaduct

5.4 Numbering of the piers at the Malahide Viaduct

For the purposes of this report, the numbering of the piers begins at Pier 1 at the Belfast end (north
end) and increased numerically to the Dublin end (south end), (see Figure 6). It should however be
noted that historically the IE numbering system is the reverse, with Pier 1 at the Dublin end and

increasing numerically to the Belfast end. Other historical documents may also use this convention.

ik

FEEENEEEE
t

PER 11 FIER 10 FIER 8 FIER 8 FIER 7 FER 6 FIER 5 FIER 3

Figure 6 1 Plan and elevation illustrating pier numbering
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55 Summary of events

Events preceding, during and following the accident are summarised below (see Table 1).

Events preceding, during and following the accident on the 21°' August 2009

18.20.59 hrs | The 17.50 hrs passenger service from Pearse to Dundalk (D820) passes over the
Malahide Viaduct without incident.

18.22.21 hrs | The driver of the 18.07 hrs passenger service from Balbriggan to Pearse (P711),
notices splashing over the Malahide Viaduct as D820 passes over the Malahide
Viaduct.

18.22.35 hrs | The driver of P711 witnesses a section of the viaduct beginning to collapse as he
passes over the Malahide Viaduct.

182240 hrs |The driver of P711 putesintotthe eoast setiing ans coptiowese
towards Malahide Station.

18.22.42 hrs | The driver of P711 calls the controlling signalman, by radio, and informs him of the
partial collapse of the Malahide Viaduct.

18.22.58 hrs | The controlling signalman sets all relevant signals to Danger, stopping all traffic over
the Malahide Viaduct.

18.23.37 hrs | The driver of P711 carries out an unscheduled stop at Malahide Station and de-trains
all passengers.

18.28 hrs The driver of P711 walks towards the viaduct and observes that Pier 4 has collapsed
and the post-tensioned beams of Span 4 and Span 5 have collapsed into the estuary.

Table 17 Events preceding, during and following the accident on the 217 August 2009
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6 External factors

6.1 Weather

At the time of the accident the weather conditions were dry with good visibility.

6.2 Tidal information

The tidal times recorded by Malahide Marina for the day of the accident are as follows (see Table 2):

Date Times Level Tide
217 August 2009 | 00.24hrs 4.36m High Tide
06.19hrs 0.17m Low Tide
12.58hrs 4.07m High Tide
18.28hrs 0.50m Low Tide

Table 2 i Tidal records for Malahide Marina on the 21 August 2009
The accident occurred close to the time of the second low tide.
The August records for Malahide Marina show that the low tide level of 0.17m, on the morning of the

21% August 2009, was the lowest low tide for that month. The tidal range for that day was also one of

the largest for the month of August.
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The Investigation

This section of the report details the:

9 Investigation process;
9 Scope of the investigation;

9 Sources of evidence.
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7 Investigation Process

7.1 On-site investigation

The RAIU was notified of the accident at 18:45 hrs on the 21* August 2009 and immediately
mobilised to the accident site.

The on-site investigation included:

f On-site photographic evidence at the location of the accident on the 21% August 2009, and
the subsequent days following the accident;

1 Detailed surveys, which commenced on the 22M August 2009, were carried out of the viaduct
and weir.

1 A bathymetric survey, which commenced on the 22M August 2009, of the estuary was also

carried out to the east and west of the weir.

On completion of the on-site photography and surveys, the collapsed post-tensioned concrete beams
were removed from site, which the intact beams were removed to a testing facility, with the testing of
beams being carried out on the 14™ October 2009.

Following release by the RAIU of the accident location on the 24™ August 2009, the re-construction of

the Malahide Viaduct began.

7.2 Off-site investigation

Off-site investigation included:

f The intact beams were loaded and tested by IE, and independently monitored by the RSC, on
the 14™ October 2009;

1 University College Cork (UCC) were commissioned to prepare two-dimensional (2D) and a
three-dimensional (3D) models for purposes of simulation of the hydraulic mechanisms
involved in the collapse;

f  The RAIU reviewed the IE structural standards, and compliance levels with the requirements
of these standards;

The RAIU reviewed historic articles and drawings relevant to the Malahide Viaduct;
The RAIU reviewed records of correspondence between the RSC and IE;
The RAIU interviewed IE staff directly and indirectly involved in the accident (past and

present).
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8 Scope of investigation

The scope of the RAIU investigation is as follows:

Establish the sequence of events that led to the collapse of Malahide Viaduct;
Establish the immediate cause, contributory factors and underlying causes that lead to the
failure of Malahide Viaduct;

1 Review the management of inspections and maintenance arrangements for the Malahide
Viaduct;
Review relevant historical documents relating to the Malahide Viaduct;
Review the role of the RSC in relation to enforcing safety recommendations made by
independent safety reviews.

9 Sources of evidence

All evidence was collated by the RAIU during the investigation process, and recorded in an evidence

log. The evidence included:

1 On-site photographic and survey records;

1 UCC Technical Papers on the mechanism of collapse of Malahide Viaduct;

9 Historic engineering articles on the construction of Malahide Viaduct;

1 Witness testimony from the driver of P711;

1 Other testimonies from members of the public, with information pertaining to Malahide
Viaduct;

91 Inspection records for inspections carried out on Malahide Viaduct;

f  IE structural standards;

 DatafromthelE6s Track Recording Vehicles (TRVs)

T AA Review of Rail way Saf ety inil098, witheilpemehtatiorpr od uc e c
reviews in 2000 and 2001;

T AA review of rail wag saflefwywnanhdoof of hheheoRail way

produced by AD Little;
Safety audits carried out by the RSC;

IE6s document management sSsystem.
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The Failure Mechanism of Malahide Viaduct

This section of the report details the:

Modelling of the Malahide Viaduct;
Long terms events leading to the failure Malahide Viaduct;
Medium terms events leading to the failure Malahide Viaduct;

Short terms events leading to the failure Malahide Viaduct;

= =4 4 4 =

Evaluation of other possible causes of failure for the Malahide Viaduct.
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10 Modelling the failure mechanism

To understand the mechanism of collapse it is important to consider the combination of the long,

medium and short term events leading up to the date of the accident.

To aid this understanding of events, 3-D and 2-D physical models were created at UCC, as well as
mathematical and hybrid models, in order to simulate the hydraulic mechanisms involved in the
collapse.

10.1  Physical models

A 3-D, 1:80 scale model was created

and set at a prototype flow-rate of 400

cubic metres per second (m?%s), which
simulates the high spring ebb-tide
flowrate, (see Photograph 5). The
model was also used to determine the
discharge characteristics of the weir. It
was also used in the process of
developing a mathematical

representation of three-dimensional : =
R 7t T e BT (o RN, o e

surfaces via specialised software. Photograph 57 3-D model (viewed from east to west)

A 2-D 1:40 model was also created to simulate the Broadmeadow estuary level, at 2m Ordnance
Datum (OD) at Malin Head. It is a depth averaged model that assumes uniform velocity and
hydrostatic pressure along water depth, and considering vertical velocities and accelerations to be
negligible. Simulated 0.3m i 0.4m cobbles were placed along the full length of the simulated pier,

(see Photograph 6). The model was used to determine the hydraulic characteristics of the weir.

Photograph 6 1 2-D model in laboratory flume
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10.2  Mathematical and hybrid modelling

Appropriate mathematical models were set-up using specialised software. The physical and
mathematical models were used to determine hydraulic characteristics of the historic (pre-failure) weir

(and subsequently used for the final design of the new enhanced weir).

11 Weir hydraulics

The Malahide Viaduct is made up of a permeable stone weir, with masonry piers constructed on this
weir, as illustrated in Figure 7. The figure also illustrates the direction of tide, ebb tide occurs between
high and low tide where the water flows back to the sea; and flood-tide occurs between low and high
tide where the water flows into the estuary.

Flood Tide -———— —— » EhbhTide
Pier 4

WEST EAST

R

Figure 71 Original Malahide Viaduct construction

For sub-critical flow, the weir acts as a step up from the bed of the estuary. This water level drop
(depth decrease) resulting from the step up reduces the flow area through the viaduct, causing a drop
in pressure, which in turn increases the velocity of the flow of water as the kinetic energy increases

(see Figure 8), thus increasing scour potential.

depth decreases depth increases
— —-
increase in velocity decrease in velocity

sub-critical l critical | super-critical I sub-critical
_t—_,—— e —  — | — - —

Figure 81 Increase in velocity as a result of the water flowing over the weir
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For super-critical flow, the weir acts as a step down. This water level increase (depth increase) from
the step down increases the flow area, causing an increase in pressure which in turn decreases the
velocity of the water flow (see Figure 8).

For sub-critical flow to convert to super-critical flow, the flow must go through critical flow (see Figure
8).

When the initial flow goes from sub-critical to super-critical, it does so smoothly as the water surface
curves rapidly but smoothly through the critical flow. The change from super-critical to sub-critical is
not so smooth. Hydraulic jump occurs as the depth of water increases abruptly due to downstream

boundary condition, which causes a vigorous turbulent mixing action (see Figure 9).

Flood tide «——— ——» Ebbtide

sub-critical

Figure 91 Water flow over a weir

As llustrated above, when the water level
drops the flow of water (over the weir, through
the viaduct) increases in velocity. There is an
additional drop as the viaduct structure itself
causes the water level to drop further as a
result of the reduced width of the estuary exit,
further increasing the velocity through the
viaduct.

The viaduct construction allowed for even
flows through all twelve spans of the viaduct
(see Photograph 7).

Photograph 7 7 Even flows through all twelve

spans (during ebb flow)
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12 Long term events leading to the collapse

The 2-D 1:40 laboratory moveable model was created to simulate the sediment transport between the
piers for the Broadmeadow estuary level (west), at 2.7m, 2.0m and 1.5m OD. Simulated 300 i
400mm stones were placed along the full length of the simulated pier. The model showed that these
stones were unstable and moved even when slightly dislodged, suggesting that the stones were close
to the threshold of movement when velocities are high, as occur during high ebb tides, Figures 10 and
11 illustrate this movement. The velocity measurements were taken from the model and scaled up to

give prototype velocities ranging from 3.48m/s to 4.9m/s.

O

turbulence

'-‘-

Figure 10 1 Stable cobbles during average Figure 117 Unstable and moving cobbles

velocities during turbulence caused by high velocities

This movement of stones, simulated over a period of many years, resulted in the material being
eroded from the crest of the weir; this process is generally referred to as winnowing. This erosion
resulted in the weir® profile changing over the years from the original weir profile, illustrated in Figure

7, to a more elongated weir on the eastern side, illustrated in Figure 12.

Flood tice <«——— — Ebbtide

Pier 4

aoriginal weir profile
WEST EAST
Weir profile elongating
to the east

Figure 12 1 Weir elongating to the east due to erosion

This would have been magnified by the fact that there was more materials to be eroded as the weir
crest was being replaced by IE.
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The historical records, Malahide Viaduct article in ICE Session 68-9 Volume 95, shows an original
placement of 90,000 tonnes of stone were discharged along the line in the early years after
construction with stones being continually discharged under the viaduct to maintain the weir. Great
Northern Railway Ireland (GNRI) records show that 5,730 tons were discharged along the viaduct in
1922, while CIE discharged 2,000 tons from CIE wagons after a storm in 1965.
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13 Medium term events leading to the collapse

ICE Session 68-9 records that the weir crest was grouted in 1967 and 1968, in an attempt to stabilise
for a period the weir; this formed a grouted rock armour extending approximately two metres in depth
(see Figure 13). The Malahide Viaduct article in ICE Session 68-9 Volume 95, noted thatfit he sur f ace
of t h ewegGvasieddromicrest level to the west side sloping steeply to about 100 feet (30m) out

from the pier on t Higuesld)award side. o, (see

Flood Tidle €———— _ ————————» Ebb Tide
Pier 4

AN

Weir crest scopes towards

east (seaward) el grout layer

Figure 137 Grout layer (grouted rock armour) inserted in 1967 i 1968

The Malahide Viaduct article in ICE Session 68-9 Volume 95, also noted, in relation to the grouting
scheme, that Athe general longitudinal profile dippec
from the piers while providing optimum pr ot ecti on to the piers foundatio

retained for the grouting (see Figure 14).

North ———»

Pier 5 Pier 4

Figure 14 1 Elevation illustrating the dipped profile between the piers
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The stabilisation by the grouted rock armour was proved successful by the absence of observed
scouring or potholing after the storms in February 1969, and the elongated profile on the east

remained, (see Figure 15).

Flood tide ——— — Ebbtide

original weir profile Pier 4
(sloping seaward)

EAST grout layer
Weir profile elongating

to the east

Figure 157 Weir profile remains elongated to the east, with the grout layer (rock armour) stabilising

the scouring

However, the grouted rock armour began to break down as a result of degradation of the grout (the
grout on the west side remained semi-intact). This led to further transport of cobble and grout from the
weir crest. However, with the non-replacement of materials to the crest of the weir further erosion

resulted under the eastern side of the pier, (see Figure 16).

Flood tide «+—— ——» Ebb tide

original weir profile Pier 4

(sloping seawards) grout layer Changes to the profile of the weir
\/\/EST- due to further erosion

Figure 16 7 Erosion of the eastern side of the weir

Referring back to Figure 8, the hydraulic jump should be downstream of the weir, a safe distance from
the bridge pier foundations. This is also illustrated in Figure 17 for what should happen at Malahide
Viaduct.
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Pier 4

Flood Tide Ebb Tide

-
P

ﬁllic jump

Figure 17 1 Malahide viaduct original hydraulic jump

However, the 3-D 1:80, simulating the high
spring ebb tide flowrate, showed that when
the tide reached certain critical levels on the
eastern side, a hydraulic jump formed
between Pier 4 and Pier 5, the location of the
collapsed pier (see Figure 18 and
Photograph 8). Velocity measurements were

taken from the model at the mid-point of the

pier to the downstream side of the weir.
These measurements were recorded in the Photograph 8 i 3-D model of movement of hydraulic
model and scaled to the prototype giving jump

values in the range of 4m/s to 5.5m/s.

Flood Tide Ebb Tide

A A Pier 4 —

Kydraulic jump

Figure 18 1 New position of hydraulic jump, between piers 4 and 5

The turbulence from the hydraulic jump at the mid-point of Pier 4 would have meant that the materials
were at the threshold of movement, and started being transported from the crest of the weir, with the
materials being deposited on the eastern side of the weir, creating an even more elongated weir

profile.
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This erosion resulted in the area between Pier 4 and Pier 5 to deepen forming a channel (see
Photograph 9). This resulted in changes to the water flow under the structure, with the flow of water

no longer being evenly distributed through all twelve spans.

Photograph 9 i Deepened channel between Pier 4 and Pier 5

Now, for the latter part of the ebb tide
cycle, the majority of the water was flowing
through this deepened channel between
Pier 4 and Pier 5 (see Photograph 10) and
the flow path through the permeable weir

was reduced.

As a result of the deepened flow path,
through Pier 4 and Pier 5; and the
increased hydraulic gradient resulting from
the erosion of the crest of the weir, the
potential for the winnowing of smaller Photograph 10 i Majority of water flow between Piers

stones from the weir was increased. 4 and 5
Figure 19 illustrates the grouted and un-grouted zones of the weir, as well with the red lines indicating

the general westward propagation of the hydraulic jump where the grouted and non-grouted weir

material has been removed by the scour action.
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