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1 Introduction

1.1 Introduction

The Grade 1 Listed Menal Suspension Bridge was designed by Thomas Telford and opened In 1826. Today
it continues to connect mainland Wales to the Island of Anglesey. The bridge is managed by UK Highways
AS5S Ltd, and has seen several major maintenance Interventlons during Its lifedme, most notably the
following:

Year(s) Works package

1933-41 Replacernent of the superstructure {chalns, saddles, hangers, deck)

1988-1993 Replacement of 40No. of the 1938-41 hangers

2000 Deck replacement

In 2022 UK Highways AS55 Ltd. appolnted COWI UK Ltd. to prepare a speclfication for repainting the
approach span hangers. Whilst reviewing historic reports to inform the spedfication COWI became aware
that slgnificant concemns regarding the ductllity and thus capacity of the hangers were Identified during
structural Investigations In the late 1980°s and eardy 1990's. These structural Investigations led to the
replacement of 40 hangers and a recommendation to replace the remaining hangers on a rolling basis
thereafter.

COWI undertook a qualitative review {(COWI Report Ref A238719-RP01-v2.0) of documentatlon arising from
these structural Investigations and confirmed that there Is an ongolng concem of brittle fracture of the
sockets of the remaining 1938-41 hangers. On this basis the structure has been dassified as a substandard
structure In accordance with DMRB C5450 and Intedm management measures have been Implemented {see
COWI Report A238719=-RP0O3=-v1.0). Most significantly the bridge is now subject to a 7.5T weight restriction.

UK Hlghways also Instructed COWI to prepare a speclfication for the deslgn, testdng, manufacture and
Installation of replacement hangers with sockets made from modem ductlle steel. This work [s underway,
however there is a significant lead time for new hangers. Spencer Group Ltd. have been appointed to deliver
the works and It Is expected that work on site will commence In spring 2023.

As previously noted, COWTI's document review was qualitative in nature and did not include any quantitative

analysls. Therefore, UK Highways asked COWI to prepare a model of the bridge and Investigate the
consequence of a hanger falling In service. This report presents the findings of that quantitative review.

AZ3ETI5-RPO4~v2.0 [Hanger Loz Asamt]
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1.2 Analysis

1.2.1 Description of Analysis

The purpose of the assessment work covered by this report Is to explore and conclude on the following
questions:

>  \What Influence would the sudden brittle fallure of one hanger have on adjacent hangers?

» WIll load redistribution {and assoclated short-term dynamic effects) cause these to become
overloaded, leading to a progressive fallurey

> What level of traffic loading is the bridge then able to withstand, In the aftermath following an event
where one hanger has falled?

It should be noted that the assessment werk covered by this report does not constitute a full assessment

of the bridge, rather It Is a limlted Investigatlon concemed with exploring the consequences of hanger
failure.

1.2.2 Basis of Analysis

This study Is defined In TAF document A238719-TNO9-v3.0 {see Appendix A), this provides some further
detalls that have not been restated in this report.

Generally, the analysls has been undartaken In accordance with:
> DMRB CS 454 (Rev 01) Assessment of highway bridges and structures
However, this document does not deflne an approach for assessing the dynamic fallure of a hanger In

service and thus the approach given In BS EN 1993-1-11 is adopted for this ltem.

1.2.3 Analysis Approach

Any analysls of this type IF multl-faceted and Incorporates the following aspects, each of which are
considered in turn in the following sections of the report.

> Analysls Methodoclogy

>  Finite Element Model

>  Loads

>  Capacltes

>  Condition of the Structure

»  Engineering Judgement (to interpret the results)

AZ3H715-RP04-v2.0 [Hanger Loss Assmt]
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2 Structure Description

2.1 General Description

The bridge consists of a pair of 52.7m high masonry towers which support two paired sets of steel link
chains across the 176.75m main span. The approaches are formed of masonry arch viaducts, four spans
on the Anglesey side and three spans on the Bangor Mainland side.

The chains support spiral strand hangers which are connected to a truss in the main span and are anchored
to rods embedded in the masonry viaducts on the approaches.

The superstructure comprises a lightweight reinforced concrete deck composite with a 9.5mm thick deck
plate and rolled steel cross girders at 0.6m (2' 0%) centres. These are supported from the lower flanges of
the two 2.6m (B' 6") deep longltudinal steel stiffening through trusses. The deck Is 7m wide with a two-
lane carriageway with a 1.5m wide footway cantilever out on each side.

;ti:

EXISTING BROGE - ELEVATION

AL TR UPTIY

EXISTNG BRIOGE - PLAN

A N s

Figura 2: Genearal Arangement Drawing

AZIET15-RPO4-20 [Hanger Lo Agamt]
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2.2 Description of Hangers
The hangers on the structure fall into three groups:

1 Square section steel rods used in the central part of the suspended span (between sway braces)
2 Original (1938-41) spiral strand hangers used on the suspended span and approach spans
3 Replacement (1988-91) spiral strand hangers used on the suspended span and approach spans

The spiral strand hanger assemblies consist of a 1 3/8" (34mm} diameter spiral strand embedded into a
cone shaped steel casting with two eyelets through which a pin 1s passed to form a connection with the
main chalns. The hangers are altemnately pinned to the upper and lower chaln levels via 1/;"-1"(12.7-
25.4mm) thick suspender plates or 1 1/8"-2" {28.6-50.8Bmm) suspension links also referred to as "drop
links".

On each slde of the bridge there are 22No. hanger assembles an the Bangor Malnland {BA) Approach, 69
in the main span (MS) and 30 in the Anglesey {AG) Approach. All hangers are spaced at c.8' (2.4m)
Intervals.

™ WRE ROPE HANGERS — "

SOUD STEEL HANGERS —
W CENTRE PORTION OF SPAN

) 4

|
I
TR THIeN 7RI,
FAITAY | 2,105\ PTG
AR DETAL A B2 JARINY

T
w-.l._\___{_ vl

Td o & Oy I ;
T T T T T T

Flgure 3: Hanger arrangement on suspended span (from 1994 Malntenance Manual Ref ERBS94

Hanger tenslons were measured In 1988 and the results are presented In Appendix A of the Glbb & Partners
Load Assessment Report (NMWTRA Ref — ER208B).

AIIG719-RP0A-VD.0 [Harger Loss AcenTt]
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On the approach spans the hangers serve to tle down the chalns, thereby ensuring the chaln catenary
profile matches the original chain profile. Therefore, these hangers attract dead and live load, but the hanger
tensions are generally less than on the suspended spans.

\A\T%i{\\\\\\\\\ A

Flgure 4:

Anglesey Approach Span

Hanger tensions can be adjusted through the tumbudkle arrangement on the approach spans and by

tuming the seating nut on the main span hangers.

Between 1989 and 1991 extensive Investigation of the structural capacity of the hangers was undertaken.
These investigations led to the replacement of 40 hangers as outlined below.

Tabie 1:

Hanger replacements ko dake

Works Phase

Anglesay Approach

Main Span

Bangor Approach

Phase 1 — 4No. replaced
at random for testing
purposes (1989)

M45E, M45W, M10E,
MOSwW

Phase 2 — 25Np. replaced

AD4E, A12E, A16E, A19E,

M12E, M22E, M45E, M4BE,

CDGE, CO7E, C12E, C18E,

replaced for assessment
reasons {1991}

MO2W, M6EBW, MBSE,
Meaw

as deemed most oitical A20E, AQ3W, AD4W, M58E, MG1E, MG4E, MGBE, | C10W, C11iwW

due to corroslon of top AlaW, AleW, A10W M52W

sockets (1990)

Phase 3 - 11No. MO1E, MO1W, MO2E, C21E, C21wW, C22E, C22W

AP3S719-RPD4-v2.0 [Hangsr Losx Asmmt]
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2.3 Technical Background

The issue with the original hangers, as identified by Gibb & Partners in the later 1980's, centres on the
brittle behavlour of the hanger sockets. This Is most unusual as steel structures are designed to behave In
a ductile manner.

This sectlon provides a short technical briefing on ductlle and brittle behaviour to ald the reader's
understanding of later sectlons of this report and the Issues discussed thereln.

2.3.1 Ductile v. Brittle Behaviour

The strength and toughness of steel is determined by its chemical compesition, metallurgical structure and
the manufacturing process e.g. rate of cooling, relling and subsequent heat treatments.

Modern structural steels are always desigred to behave in & ductile manner i.e. to exhibit significant plastic
{unrecoverable) deformation before eventual fallure, This results In a ‘cup and cone’ style fallure of the steel
specimens when submitted to tenslle forces (see Flgure 5). By contrast brittle materlals are not able to
plastically deform to the same extent and thus failure cccurs suddenly, often with litHe or no prior waming.

O A

Brittle Fracture

Ductile Fracture

¥

Figure 5 - Comparisonr of ductile and brittle faiflure modes

2.3.2 Toughness

In material sclence, toughness Is defined as the abllity of a materal to absorb energy and plastically deform
without fracturing. It Is an Important parameter for ensuring the material Is able to sustain Impact loads and/or
resist crack initiation and propagation that may lead to the eventual failure of the member.

A238715 RPD4-v20 [Hanger Loss Assmt]



DUWIE
MENAI BRIDGE - HANGER LOSS ASSESSMENT 10

This parameter Is related to the area under the stress-straln curve, see Flgure 6. Thus, In order to be a
tough material, a material must be both strong and ductile - due to their lack of ductility brittle materials
are not tough.

G A
Brittle Fracture

T

Duetile Fracture

| - >
Figure 6 - Toughness of brittle v ductile material

2.3.3 Fracture of Steel
The following factors exacerbate the tendency of steel to fracture:

>  Underlying brittle material = the lack of toughness reduces the material’'s ability to resist fracture

» Low temperatures — these reduce the ductlity and thus toughness of an otherwlse ductlle steel, see
Flgura 7. The peint at which the materdal moves from ductlle to brittle behaviour |s known as the
'‘transition temperature' and structures should be designed to ensure that material transition
temperature [5 below the in-service minimum design temperatures to avold the onset of brittle
behaviour during service.

Brittle Ductile

Transition
Temperature

w”

Temperature —%

Energy Absorbed on Impact —p

Figure 7 - Transition temnperature of steel

AIIG719-RP0A-VD.0 [Harger Loss AcenTt]
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v

Tenslle stress

v

High loading rates {e.g. vehicle braking)

> Grain Structure - the size of grains formed in the steel during the original casting process will affect
the steel's ability to resist fracture

>  Crack initiating defects - a notch or stress concentrating defect that may cause a aack to initiate
e.g. an criginal casting defect, mechanical damage or cormesion.

Brittle fracture of structural steelwork in service must be avoided at all costs, thus, modern design codes
require the designer to:

» use steels with suitable ductility at the in-service minimum design temperature (achieved through
the selection of a suitable steel sub-grade).

> detall the steelwork to avold Introducing crack Inltlating defects.

>  adopt fabrication methods that do not alter the properties of the steel adversely.

AZ3H715-RP04-v2.0 [Hanger Loss Assmt]
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3 Finite Element Model

To undertake the analysls outined In Secton 1.2 COWI has created a Finlte Element (FE) model of the
bridge.

A FE model contains the following information for each element:
> Geometric propertles

» Material properties

> Boundary conditions e.q. supports and rotational freedoms

Once the model is assembled, loading information is added and the forces acting on, and within, each
member can be extracted and compared to their calculated capacities.

COWI have created this model of the bridge using LUSAS, a proprietary and widely used FE modelling
package.

The following report sub-sections describe the main features of the model and screenshots from the
model showing key aspects discussed ara provided below.

il
ANGLESEY
BACK SPAN
EAST
BANGOR
BACK SPAN
Flgure 8: General arrangement of COWT's LUSAS finte elernent model. Only the coloured ilnes and surfaces

have been meshed; other lines give context

AZ3IET15-FPO4~vD [Harger Lok Assnit]
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3.1 Geometry

The geometry of the LUSAS model, In particular the main chaln and deck proflles, has been Imported from
the federated model drawings prepared by Mott MacDonald. Lines In the LUSAS model were Imported from
.DXF flle format, vla Rhino and .IGES Intermedlaries, without further manlpulatlon. Hence whilst generally
simllar, each main chaln proflle {upper/flower, East/West) Is distinct. Accordingly, the structural model Is not
precisely symmettc In an East/West or North/South sense, due to small differences In surveyed positdons of
connection nodes, e.g., main chain pin levels,

The Imported geometry has been rationalised, split-up and reconnected to establish points and proper line
connectivity. Geometric data not provided In the .DXF flle have been abtained from reference drawlngs as
listed In the TAF. Refer Figure B for the geometry of the completed model.

3.2 Materials

The values In Table 2 have been assigned to relevant lines and surfaces In the model; refer Flgure 9.

Table 2! Elastic material properties as used In COWT's LUSAS model
Materlal Elastic modulus Poisson ratio [-] Mass density [t/m3] | Coefficlent of thermal
[kN/m?] expansion [/*C]
Concrete 30.8 x 10° 0.2 2.548 12.0E-6
(short-term &
Steel 205 x 10f - 7.850 12.0E-6
Spiral strand 100 x 1062 - - 12.0E-6

{1y Regarding use of a short-term elastic modulus value for C40 concrete {calculated In accordance
with C455 Cl. 3.5}, this is considered most relevant to this study, which 1s assessing the effects of
sudden loss of any one hanger. However, the concrete deck stiffness Is not considered especlally
Important; respenses are not sensltlve to different (lower) stiffness values

{2) Tnis E value has been used in conjunction with appropriate cross-sectional area A to give the
correct extenslon stiffness of the spiral strand, £A.

A235719-RP04-v2.0 [Hanger Loss Assmit]
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Matenal Key
HAnaiyss. Analyss 0

F Concigle shorl teim CHECK (with maéss)
N Stesl (na mass)

Steal (with mass|

Sparal strand (HO MESL)

Figune & Fleshed mesh gepmetry, coloured by material assignment

3.3 Mesh

3.3.1 General

The lines representing the main structural compeonents {main chains, hangers, stiffening truss, deck
crossbeams) have been meshed via linear thick beam elements. These have sectlon propertles assigned to
them according to thelr cross-secon geometries, as obtalned from reference drawlngs. Refer Flgure 10
and Figure 11 that visualise these assignments.

It should be noted that only the superstructure components, comprising main chains, hangers, stiffening
truss and deck, have been modelled; other lines / curves In the model are Included for context only. The
masonry towers and viaducts are assumed to behave as comparably stiff supports; refer Saction 3.3.4 for
discusslon of model boundary condltions.

The deck concrete has been represented vla thick shell elements. These are assumed to act composltely
with the deck cross beams (via shear connection} but do not connect direcHy to the stiffening truss bottom
boom lines; refer Flgure 12. The tapering thickness of the deck due to cross-fall has been accounted for via
linear thickness varation.

AP3S719-RPD4-v2.0 [Hangsr Losx Asmmt]
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Geomatric Hey
Anelysis. Anslysis 0
main_chains_outer
main_chaing inner
suspender-chain ink plate (RSS D=00254 2=0.305 R0}
suspender Grop Nk piale [RSS D-0.028575 B-0.185 RET)
B cross_girders | 12xBxESba/M REJ)
lop_boam_1 {top_boom_1})
sUSpaRdal wira_Tops
conerela dack 100-140mm
1op_boam_2 (160 _boom_2)
1ep_boam_3 (100_boom_3)
top_boom_4 {top_boom_4)
fop_boam 5 (top_boom_ %)
lop_boam_8 (lop_boom_8)

bl _basm_ 1 (him_tacm_1)
| Othare

Figure 10: Fleshed mesh geometry, coloured by geomelric assignment

Masn Kay

QTS0 auio
BMIZT 1diw
BMI21 1div released end2 THY

BMI21 1div released endl THY THZ
BMIZT 141V releasad andl THY
MULL 1w

BMIZ1 200
BMIZ1 13 redoasad both THY

Figure 11: Fleshed mesh geometry, coloured by mesh assignment

AZ36719-RPU4-v2.0 [Hanger Loss Assmt]
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3.3.2 Modelling of maln chaln links

Maln chaln links are represented by beam elements with no rotatlonal releases deflned at pins connecting
successlve sets of links {e.g., across hanger connections). The only exception to this Is at the maln chaln
saddles, where THY rotation releases are provided.

This modelling is informed by our experience from Clifton Suspension Bridge, another historic suspension
bridge that has similar main chain detailing.

3.3.3 Modelling of hangers

When pins at provided at the top and bottom sockets of wire rope hangers, these are represented by
rotational THY releases about the transverse ¥ direction, such that no moment is transferred via the pins.
It Is recognised that this could be a simplification due to frictlon In pins, but this Is a conservative
representation that potentally neglects stiffness and eliminates particlpation of the hangers In potential
alternative load paths.

For solid bar hangers near midspan, which have pin details at their upper connections only, similar THY
releases are provided at these upper connecdon nodes only.

All hangers have relevant linkage members induded, to represent the link plates and other connection
rods. Bending stiffnesses have been Included for all hanger types, but spiral strand hangers only bend out-
of-plane {e.q., in response to sway due to horizontal wind loading) due to their end releases.

3.3.4 Boundary conditions

External supports are provided to relevant points In the model as tabulated below; refer Flgure 12 and
Figure 13 for spatial locations of these supports.

Teble 3: Boundary Conditions

Lacation Restrained nodal freedoms (global axes)
DX DY Dz THX THY THZ

Maln chaln anchorages b4 X X x x
Back span hangers; lower x x x X x x
connections to viaducts
Tower top main chain saddles X X x X X
Stiffening truss and bearings x x

A238715-RPI4-vL0 [Hanger Loaa Asamit]
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Mesh In the vidinity of the South tower, with supports visugifsed. End relesses, e.g., at the top and
bottom of hangers and maln chalns at the tower saddies, have been omitted for darlty

Figure 12

_—

Tl B e L

T s e T

T
A

a

THT

External boundary conditions. Note the back span viaducts and main towers are nat modelled; these

are represanted by fixed transiational and rotational supports

Figure 13

A238715- RPD4-v20 [Hangsr Loss Assmt]



DL
MEMAI BRIDGE - HANGER LOSS ASSESSMENT 18

4 Loading

4.1 Introduction

4.1.1 Limit States
Modemn structural deslgn and assessment codes check a structure for various ‘limlt states’, as follows:

>  Ultimate Limit State {ULS) - this conslders the strength and stabllity of a structure under worst case
design loads e.g. ensuring the bridge won't collapse.

>  Serviceabllity Limit State (SLS) — thls considers the useabllity of a structure and comfort of users
under typical in-service Ipads e.g. ensuring deflections are not excessive.

» Accldental Limlt State (ALS) — this conslders the effect of exceptlonal clrcumstances e.g. fire,
explosion, impact or the consequences of localised failure on the wider structure.

A structure must satisfy all relevant limit states to be consldered acceptable. Acceptabliity Is defined as
the capacity of all members and connections being equal to or greater than the applied loads for a given
service state.

The limit states considered in this assessment are ULS and ALS as outlined in Sections 7 and 8 of this

report.

4.1.2 Loads

The loads acting on a structure are split into two categories:
*  Permanent or Dead Load e.g. the walght of the structura
>  Varlable or Uve Load e.g. traffic, wind, thermal effects

The loads considered in this assassment ara outlined in Sections 4.2 and 4.3 of this report.

4.1.3 Partial Factors

Partlal factors are applied to the loads to factor-up the load effects to account for the uncertainty In
the lvads. Since partial factors serve to make the nominal loads more extreme, it follows that larger
partial factors are applled when assessing the Ultimate Limlt State than at other limlt states

The partial factors used in this assessment are cutlined in the relevant sections of the report.

A2357159-RPC4-vL0 [Hanger Lods Asemt]
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4.2 Permanent Load

4.2.1 Global Assessment of Loads

Reviewing the historical reference drawings for the bridge and using the material densities defined in
Table 2, the nominal weights of all superstructure components has been estimated; refer Table 4.

Note: the welghts of the masonry towers and back-span viadudls have not been evaiuated, since these
are not refevant to the current study or modelling.

Partlal factors as deflned In Table A.1 of C5 454 (refer Table 5) have been applled to the different welght
companents to obtaln the ULS-factored maln span and full superstructura welghts for the different limit
states; refer Table 6.

Table 4: Nominal permanent fosd breakdown by component and span
Component Maln span (KN} Back spans (KN} TOTAL (kN)
Main chains 4272 4965 9237
Hangers 201 163 364
Stiffening truss 3677 1] 677
Dedc 7201 0 7201
Surfacing 1200 0 1204
Walkways 867 4] 367
Parapet 340 0 340
Non-structural 270 1] 270
TOTAL 18,028 5,128 23,156
Tabla 5; Partiaf factors for dead load, from C5454
Action ULS partal factor SLS B ALS partal factor
Steel dead load 1.05 1.00
Concrete dead load 1.15 1.00
Surfacing dead |ead 1.75 1.20
Other superimposed dead loads 1.20 1.00

AIIG719-RP0A-VD.0 [Harger Loss AcenTt]
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Table 6: Permanent load totals for diffarent limit states
Umlt state Maln span totals (kN}) Full superstructure totals
(kN
Nominal 18,028 23,156
SLS (also ALS) 18,268 23,396
{=Nominal + 1%)
ULs 20,530 25,914
(=Nominal + 14%)

4.2.2 Estimation of permanent hanger forces

Since the maln chaln proflles have been established from survey data, the hanger forces are estimated vla
the same method as was applied in COWI's previous assessment of the approach span hangers (COWI Ref
AZ38719-TNO2-v1.0). This is simply a geometric analysis of the 4No. main chains, considering the static
equllibdum at each of the hanger-chaln connection nodes, This comprises the followlng maln steps:

1 Given the total suspended permanent load for a given limit state, by assuming equal load share
between the maln chains and between the 4No. cormners of the maln span the total vertical load carrled
by each set of maln chalns Is determined.

2 Glven the surveyed Inclination of the maln span chains where they connect to the towers Is similar
{15.77, all chalns), the horlzantal component of tenslon belng carrded In each set of chains Is back
calculated using the tangent of this angle and the common vertical tension component carrled by chains
(from step 1).

3  Since the hangers are all very close to vertical, as established by the survey data, the horizontal tension
carried by all links in each chain must be uniform within the main span, being equal to the value at the
tower saddles.

4  Since the self-weight of the main chain links and upper connection nodes has been estimated from
reference drawings, and the change In Inclinatlon across each hanger Is known from the survey data,
the tenslon force beilng carmied by a glven hanger Is estimated from conslderation of vertical
equilibrium.

It Is recognised that the calculated hanger permanent loads could differ from reallty due to one or more of
the following:

>  Emors In the calculatlon of suspended dead load; If the maln span dead loads were 10% larger than
aestimated, estimated hanger forces would also be 10% greater {aslde from any welght differences
attributed to the chains / upper hanger connections)

»  Errors In the angular deviation of the main chains across a glven hanger, e.g., due to the finite precision
of the survey upon which the main chains profile is based

Regarding handling of the 14% addidonal permanent load as Implled by ULS partlal factors (refer Table &),
the above approach has been applied using the factored weights as input. Hence the ULS permanent loads

AZIB719-RPO4-v2,0 [Hanger Loss Assntt]
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In the hangers are distinct fram SLS (belng approx. 14% larger). ULS parmanent loads have been used for
ULS assessment not considering hanger loss. ALS permanent loads, which corresponds to SLS parmanent
loads due to similarity of partial factors, have been used In the hanger loss analysls.

ULS permanent loads in individual main span hangers determined in this way are visualised via Figure 15.
Similar results for the Bangor and Anglesey back-span hangers are given in Figure 16 and Figure 14
respectlvely. Note that the nomenclature for hangers adheres to the conventlon established via the DBFO
refarence drawings. SLS/ALS hanger loads are approximately 13% less than these values, due to the ratlo
of total suspended dead load; refer Table 6.

It can be seen from these Figures that there is significant variability in permanent hanger forces as
estimated by this approach, l.e., some hangers carry higher or lower than average tenslons. Statistics
describlng the variabllity, for the different hanger groups, are glven in Table 7.

Table 7: Statistics to describe ULS hanger tensfon variations
Hanger group Mean ULS hanger Standard deviation [kiN] Coefficlent of varation
forca [kN]
Maln span 116 20 17%
Bangor back span 119 22 19%
Anglesey back span 78 20 26%

Examining the spatlal varation In permanent hanger loads within the maln span, where a glven hanger has
above-average load, the adjacent hangers conneciing to the same main chain, i.e., altemate hangers,
typically have below-average load. This points to the physical cause of the uneven tensions; since the
structure is highly statically indeterminate, owing to the very deep stiffening truss, it is possible to over-
tenslon or under-tension a glven hanger significantly by making relathvely small length adjustments.

It should be noted that COWI Is not aware of the effectlve bridge temperatures when the Mott MacDonald
survey was carrled, from which hanger forces have been back-calculated. If temperatures were significantly
different from the ambient yveary average value (say 15°C) this could further reduce the precision by which
the permanent hanger Ioads can be estimated.
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Flgure 16: ULS permanent hanger loads: Bangor back span

4.2.3 Sensitivity of permanent hanger forces

The type, scope and accuracy of the survey on which the FE model is based is described in the Mott
McDonald report reference "200757AD-01 Menal Bridge - Topographlc Survey Scope of Work - Rev, A®
dated 29th July 2020. The survey was undertaken In accordance with specification "Measured surveys of
land, bulldings and utliitles - RICS guldance note, global - 3rd edltion”, which Includes an accuracy banding
table for specific accuracy designations A, B, C etc. The chain pin positions were designated accuracy band
C which has a vertical height tolerance of +/- Smm.

The magnitude of the chain tensions means that even small variations in the chain geometry and indination
have a significant impact on the calculated hanger tensicns. A sensitivity check has thersfore been

undertaken using a Monte Carlo simulatlon to understand the consequences of adding a measurement error
of Az +/-5mm to the surveyed vertical positions of the chain pins.

The results of this analysls are shown In the plots provided in Appendix B.

With the given accuracy Az = +/-5mm the range of hanger forces is £10kN at ULS and £8kN for SLS,
relative to the average valuas from this analysis.
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4.2.4 Comparlson versus measured hanger forces

To benchmark gur permanent load analysis, we have made comparison against the 1988 hanger force
measurements obtalned by Lalng O'Rourke {LoR); refer Figure 17 and Table 8. Note LoR's measurements
are obtained from the January 1989 Appendix A to the Gibb & Partner Load Assessment Report (NMWTRA
Ref ER208B-1).

We ngte the following:

>  Mean main span nominal hanger forces are very similar; the COWI values are 2-3% larger than those
measured by LoR

> The varability of permanent hanger forces across different hangers, expressed by the sample standard
deviation, is similar

> There exists strong correlation between the sets of hanger forces, i.e., those hangers identified as
under- or over-tensioned from LoR’'s measurements are generally identified as such in COWI's analysis
also, albelt with some scatter

Glven the above, we conclude that the total suspended dead loads calculated by COWI's approach closely
resemble reallty. We note that since 1988 there have been structural modifications that, whllst not
presenting as an overall suspended weight change, could have led to some redistribution of hanger tensions.

Given that fleld measurements have been obtained that appear to closely resemble those from the nominal
analysls, l.e., with no loading partial factors applled, one could make a case for using reduced partial factor
values, since the uncertainty in permanent loading has to some extent been reduced through taking such
measurements. This has ncot been done In COWI's current analysls however; C5 454 partlal factors, In
particular 1.15 on concrete dead load and 1.75 on surfacing, continue to be applied, leading to an overall
aggregate partial factor on dead load of 1.14 for ULS (refer Table 6).

Table 8: Comparison of in-situ hanger force statistics
Statistic Lalng O-Rourke, 1988 COWI, nominal (l.e., from
measurements unfactored loads)
Mean — West main span hangers 96.4 99.1
Mean — East main span hangers 96.0 93.9
Mean - All hangers 96.2 99.0
Standard deviation — All main span hangers 20.5 172.7
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Figura i7: Corralation of Laing ORourke’s 1988 rmeasurements versus COWT nominal bensions, as nbtainad from
considering urisctored perrnanent loads and analysing the chain geometry / deviation angles across
hanger connections

Vertical error bars relate the precision of the chaln geornelry survey; these describe the range of
permanent load values determined by Monte Carlo simulation as described In Appendix B. The
precision of the 1988 tenslon measurements Is not known.

4.3 Variable Load

DMRE CS 454 {Assessment of Highway Bridges and Structures) defines the variable loading model{s) for
highway bridges. These load models account for:

1 The traffic restrictdon level to be assessed
2  The influence of the road surface category on the impact effects of vehicles
3 The Influence of the traffic flow category an the llkellhood of vehicle overicading and lateral bunching

Clause 5.5.2 of CS 454 defines two load models and provides commentary on thelr derlvation, this Is
reproduced In full In Figure 18 to ald the reader’s understanding.
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5.5.2 The characteristic traffic actions for normal or restricted traffic should be represented using either one
of the following assessment live loading (ALL) models:

1) ALL model 1;
2) ALL model 2.

NOTE 1 ALL model 1 is suitable for all structures and is based on real vehicles with maximum authorised
vehicle weights.

NOTE 2 ALL model 2 is suitable for longitudinally spanning bridge decks and is based on nominal Type HA
loading as previously included in 8D 21 (withdrawn).

NOTE 3 ALL maodel 2 is likely to provide lower effects than ALL model 1 for longer lcaded lengths, since it
accounts for the reduced probability of the most critical loading effects being experienced on the entire
loaded length simultancously.

NQOTE 4 ALL model 1 and ALL madel 2 both include the effects of road surface category and waffic flow
calegory.

NOTE S Although they are refarred to as characteristic actions, both ALL model 1 and ALL model 2 can be more
strictly described as nominal actions that when multiplied by the partial factors in this document provide
an assessment load level. The values of the partial factors af 315 and ULS are calibrated on that basis
and include an allowance for possible overloading. In contrast, the corresponding characteristic load
maodels in BS EN 1991-2 [Ref 11.1] are higher in magnitude but the associated partial factors in BS EN
1930 [Ref 12.1f are lower.

Figure 18:; Vehicle Load Models (from €5 454)

4.3.1 ALL Model 1
Clause 5.8 of CS 454 defines ALL Model 1 as two separate loading scenarles:

1 A single vehicle in each lane.
2 A convoy of vehicles In each lane.

The weight of these vehides is determined from the vehicle loads in Appendix B of CS 454 (to cormespond
with any weight restriction) and modified to account for impact, traffic flow and number of lanes.

For Menai Suspension Bridge this loading model represents either a single 7.5T lorry in eadh lane {scenario
1) or a convey of 7.5T lorries at 1m separation over the full length of the span (2). However, as outlined in

Sectlon 5 the convoy Is not consldered a reallstlc scenario for Menal and the single vehlcle dees not
maximise hanger forces.

4.3.2 ALL Model 2
Clause 5.17 of CS 454 deflnes ALL Model 2 as consisting of the following loads, applled separately:

1 A combined uniform and knife-edge load;
2 A single axle load.

Agaln, the single axle load Is determined from the vehicle lpads In Appendix B (to correspond with any
welght restrction).
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4.3.3 Selection of Load Model
COWI have adopted ALL Model 2 for this analysls, Sectlon 5.2.2 provides the ratlonale for this declslon.

4.3.4 K Factors

DRMB CS 454 introduces a K factor to modify the vehicle loads to account for road surface quality (i.e.,
*good” or *‘poer’} and traffic volumes (high’, ‘medium’ or *low"). The K factor varles with the loaded length
of the bridge.

For base lengths L > 50m, Table 5.19c In CS 454 applles; this deflnes the K-factors for *Mormal’ and 7.5t-
restricted traffic as 0.91 and .40 respectlvely. For these longer loaded lengths, It should be noted that no
distinction is made according to road surface quality or traffic volumes.

It should be ncted that the current draft of C5 454 also does not define what K-factors are applicable when
considering loads arlsing from 26t and 18t restrcted traffic. K-factors for L>50m for 18t and 26t trafflc
cannot be reliably interpolated by extrapolation of the L=50m values, since K{L=50) * K{L:>50) for Norrnal
and 7.5t restricted traffic.

In our analysis the K-factor for ‘Normal® traffic has been conservatively applied when determining loads
arising from 18t and 26t restricted traffic using the ALL2 load model. Practically this means that, glven
L>50m Is typlcally found to be critdcal when determining the optimal load pattern for almost all hangers,
the maximum hanger forces resulting from 18t and 26t restricted traffic are identical to those results from
*Normal” unrestricted traffic.
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5 Analysis Methodology & Structural Response

Before considering main span hanger response to the codified live load models, it is instructive to first
consider the structural response of the hangers to simpler applied leading scenarios. The following sections
of the report review these scenaros and outline COWI's understanding of the bridge’s responsa,

5.1 Live load response of main span hangers to vertical
uniform test load

To review the llve load response of the maln span hangers, a 30kN/m uniformly distributed vertical |cad
has been applied at the deck centreline. Given hangers are at 8ft = 2.44m centres, based on a simple
tributary area approach we would expect a change in hanger tension of (30 x 2.44}/2 = 36.6kN.

Having run this load case as a nonlinear analysis, following from the balanced ULS permanent load case,
then subtracted results to ldentlfy the change In hanger tenslons, the results presented n Figure 19 are
obtalned (the llve load response of each hanger).

The following can be noted:

» Response to this symmetric response Is broadly North/South symmetrc; there are slight differences
due to the small differences in main cable profiles

>  As expected, near the ends of the bridge the llve load 1s primarlly conveyed to the tower plers via the
stiffening truss

» the change In hanger force In the East and West hangers at 1N and 1S Is negliglble (and In some
cases slightly negatlve)

> Of the total 5025kN load applled, 90% of this Is belng carred by the hangers ta the maln chalns,
l.e., 10% of the load applled nearest to the ends of the span Is being conveyed direct to the
abutments vla the stiffening truss

> As you move further Into the span, changes In hanger force due to this load case become more uniform,
with hangers carrying force according to their tributary area

> Between hangers H26 & H27 and H43 & H44 there is an abrupt change in hanger geometry and stiffness,
with hangers switching from short wire ropes to longer square bars. This causes a disruption to the
pattern of hanger forces, with hangers H29 & H30 and H40 & H41 attracting significanty higher than
average changes in tension, hangers H25 & H26 and H44 & H45 attracting significantly lower tensicn
changes, due to the change In stiffness.

These characteristics, which relate to the structural configuration and relative stifinesses of the bridge
superstructure components, can be seen In the ALL1 traffic load case responses also, as presented later In
this report.
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5.2 ULS live load responses of hanger for different traffic
restrictions

5.2.1 Linear Influence Surfaces

Linear influence surfaces for the roadway have been calculated for 23No. individual hangers in the SW
quadrant, Figure 20 presents contour plots for some of these. These Influence surfaces show how changing
the tension or length of the hanger in question affecks the tension or length of the adjacent hangers.

Due to the deep stiffening truss, these effects are surprsingly global I.e. a change In one hanger affects a
significant number of adjacent hangers. For more conventional stiffening truss geometrles hanger
influence surfaces tend to be more local to the hanger being considered.

Hanger 135W:

Flgure 20 Roadway Influenoe surfaces for axlal force In 3 distinct hangers In the SW guadrant, as obtalned by
reciprocal theorem [ unit elongation approach

Contours present vertical displacements, which are all adverse (downward) with the largest negetive DZ
values coloured blue, with reglons of low Infiuence (smail negative DZ) coloured arange | red. Influence
surfaces for hanger axlal forces are surprisingly giobal, In terms of the extent of the significant adverse
areas; this is considened be due to the unusuaily deep shiffening truss

Using these influence surfaces, optimal (i.e. worst case) live load patterns have been determinead, using
LUSAS’ bullt-In Vehicle Load Optimisation facllity. Optimal llve load patterns have been defined according
to both the ALL1 and ALLZ? load models, for each level of traffic restrictions.

Hanger forces In all hangers {i.e., not just those for which live load has been optimlsed)} have been extracted
for use In hanger loss calculations.
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5.2.2 Discussilon regarding the ALL1 and ALL2 load models

When applying the ALL1 Ioad model, optimal vehicle patterns, glven the hanger axlal force Influence
surfaces, have been found to be convoys of self=-similar vehldes, of types restricted according to the traffic
restriciion level being considered.

When seeking to maximise SW quadrant hanger tenslons, vehicles are positioned transversely to the +Y
side of the carriageway in each notional lane. Remaining area UDLs have been applied in conjunction with
these loads as appropriate {i.e., for all traffic restriction levels except 7.5t).

Detalls of the critlcal vehlcle types Identlfled are provided In Table 9. Glven hanger Influence lines are 1n
general long {adverse regions typically have length L>»50m, often L=167.5m i.e., the entire main span),
the critical vehicles are In general those that present the largest effectlve mass per length; refer Table 9
for detalls.

Table o: Details of critical vehidle types as obisined from load optimisation analyses
Traffic restriction level

Normal 26t 18t 7.5t
Critlcal vehlde type A K2 M N
Gross Vahida Waeight [£] 32 26 18 7.5
Vehicle length, Incl. overhangs [m] 8.40 6.72 5.00 4,00
Vehicle length inel overhangs, ind. 9.40 7.72 6.00 5.00
1.0m min inter-vehide spacing [m]
Effective mass per length [t/m] 3.40 3.37 3.00 1.50
Effectve UDL [kN/m per lana] 334 331 29.4 14,7

It can be seen from Table 9 that the maximum effective mass per length under 26t restricted traffic Is only
marginally less than under Normal {unrestricted) traffic. It fellows that the maximum ULS hanger loads
determined according to the ALL1 load model for 26t restricted traffic are on average 97% of those
generated by Normal traffic, The 18t and 7.5t restrictlons lead to hanger forces that are on average 87%
and 41% of Normal respectively. Hence It Is only the 7.5t welght [Imit that offers a slgnificant reduction In
maximum ULS hanger forces generated by traffic.

However, COWI have concems that the ALL1 load model may be unduly conservative, especially when this
Implles that convoys of simllar vehldes should be applled across the full span and In both lanes, In conjunction
with remaining area UDL load. In contrast, the ALLZ lead model tailors the UDL load intensity to the critical
base length as Infarmed by lane Influence lines, capturing the reduced probabliity assodated with long
convoys of heavy vehlcles.; Cl. 5.5.2 NOTE 3 In C5454 discusses this {see Flgure 18).

According to the ALL2? load model, for a critical base ength of L=167.5m (i.e., loading the whole of the
main span}, for ‘Normal’ traffic the unfactored UDL load intensity in Notional Lane 1 is 0.91 x 36 / {167.5)%1
= 19.6kN/m. This compares ta an effectlve UDL load of 33.4kN/m according to the ALL1 load model (refer
Table 9).
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Notwithstanding additional loading arsing from the application of the KEL according to the ALLZ Inad model,
plus implementation of the cusp rule as applies when optimising load patterns for some hangers, this means
that the ALL2 load model glves rise to hanger forces that are approx. §0% of the hanger forces glven by
the ALL1 load model. It should be noted however that the ALL2 load model gives Hsa to hanger forces that
exceed those arsing from the ALL1 single vehicle load model. Refer to Figure 21 which comparas maximum
hanger forces caloulated according to each of these different load models.

Since the ALL2 load model is considered applicable with reference to Cl. 5.5.2 of CS 454 {including all NOTE

clauses) yet leads to lower demands on hangers, maximum hanger loads as obtalned using the ALL2 load
model have been taken forward for use In both ULS and ALS assessment work.

ULS-factored live load hanger forces
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Figure 21; Comparison of SW quadrant ULS-factored live ioad forcas arising from the appiication of different C5
454 joad models

5.3 Consideration of system nonlinearities

The influence surface - based optimised live load analysis (together with the method for accounting for
dynamlic hanger loss, described In Section 8.1) Intrinsically relles on the structural response belng
linear - or at least sufficiently linear to justify the use of linear superposition.

Suspension bridges are aoften regarded as highly nonlinear structures, and this Is Indeed true for some
aspects of their structural response (e.g., longitudinal ‘swing’ displacement response to asymmetric
global lpads). However, it has been demonstrated by running a subset of the optimised load pattemns
nanlinearly, followlng on from the balanced ULS dead load case, that the difference In hanger forces
obtained in comparison to a linear approach is not significant, typically less than a few percent.

This has also bean shown to hold true when consldering live load pattemns applled In conjuncdon with the
deactivation of hangers, [.e., when hanger |loss is modelled explicitly. Hence, we conclude that tension-
stiffening and large displacement effects do not significant alter the structural behaviour, at least the
behavlours relevant to this study.

Hence for the remainder of this study a linear approach has been pursued in general. This is considerably

more efficlent and allows the implicatlons of the varlous traffic restrictlons and hanger lgss cases to be
more Hgorously explored. The latter Is Important glven the varablilty and uncertalnty regarding the
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permanent hanger loads, coupled with the pattems of replaced hangers, couplad with the non-uniferm
response of the hangers to applied vertical live load, as discussed in Section 5.1.
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6 Hanger Capacities

6.1 Design tension resistance of hangers

Given the material properties of the distinct hanger types, as described in the TAF, the ULS design tension
resistance of each of the hanger types has been determined.

N.B. ULS design tension resistances have been used in both ULS and ALS tension resistance verifications.

6.1.1 1938-41 spiral strand hangers

The capaclty of the 1938-41 hangers are the primary cause of this study. Testing has shown fallure to
typlcally be governed by brittle fracture of the end sockets. In 1991 Glbb & Partner determined the deslign
tension resistance of this type of hangers to be 285kN; this value has been adopted for use in this
assessment.

Refer to Gibb & Partner January 1991 - Load Assessment Report - Addltional Testing 1990 {NMWTRA Ref
ER-5T-1} for further details on the derivation of this value.

Whilst Gibb & Partners calculated a reduced capacity for the hangers accounting for the brittle nature of the
material and some deteroratlon due to comoslon, they clearly were not satisfled that this offered a long
term, robust solutlon hence thelr recommendation to replace the hangers. A recommendation that Is
currently being implemented.

However, COWI also note the method {Barscm-Rolfe Formula) used by Glbb & Partners to adjust for the
brittle behaviour may not fully account for the potental rate of loading In some Instances. Glbb & Partners
assessment considered the effect of a vehicle driving onto the bridge and the arising live load being applied
to the socket over a perlod of 4.6 seconds {as Informed by thelr assessment of the Influence surface). In
the case of a hanger falling In service, the force fluctuations In adjacent hangers would be expectad to be
of a considerably faster rate. This may mean that the capacity of the hangers, as stated by Gibb & Partners,
is non-conservative for the ALS assessment.

Furthermore, it must be bome in mind that the condition, and thus load bearing capacity of the sockets is
likely to deterdorate with time. Repeated |oading of the hangers by passing trafflc, may lead to crack
Inltlation and propagatlion and thus to eventual brittle fallure of the sacket. This deteroratlon Is exacerbated
by casting defects and comosion, both of which are known to affect the sockets.

Of particular concemn is the ongoing corroesion of the socket lugs, see Figure 22. This raisaes three possible
Issues;

1 Corraslon leading to sectlon loss and thus weakening of the socket

2 Corrosion creating microscoplc crack Inltdators which concentrate stress and eventually lead to the
sudden brittle fracture of the socket

3 Corrosion causing delamination {expanslon of the socket lug materdal) which In tum Imparts an
addltional bending force in the lug(s) and thus reduces the capacity of the socket
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Flgure 22: Tvpical location of defaminsating materis! on sockets

Within the defined scope of this study, we have no means of quantlfying the Influence the above condition
defects may | may not have In degrading the design tensian resistance of the hanger load path. Accordingly,
no adjustment to the deslgn tension reslstances quoted above has been applled. However, the Impllcations
of different levels of degradation and cther {faster) rates of loading are discussed qualitatively when
interpreting assessment results {e.g. ulilisation ratios) later in this report.

6.1.2 1988-91 replacement spiral strand hangers

The 1988-91 replacement hangers have an improved end socket design and are fabricated in accordance
with modern standards, as listed In the TAF. The deslgn tenslon resistance has been obtalned from the
Minimum Breaking Load of 114t, In accordance with Cl. 6.2 of BS EN 1993-1-11:2006 (Eurocode for design
of tenslon components). According to the UK NA, yr = 1.00 should be used, hence design tenslon resistance
= (114 * 9.81) I {1.5 * 1.00) = 746KkN.

However, since these replacement hangers connect to the same anchorage rods as the original 193841

hangers, which have an assessed design tension resistance of 430kN, the latter limits the resistance, such
that the design tenslon resistance of the replacement splral strand load path Is taken to be 430kN.

A23F719-RPO4-v2.0 [Hanger Loss Assmit]
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6.1.3 1938-41 solld bar hangers

These are square cross-sectlons, conservatively assumed to be In mild steel with fy = 228N/mm? {there Is
some uncertalinty from the reference drawings). Glven the 2 1/4" cross=section shank dimension, and
assuming a BSW thread, the design tension resistance is calculated to be 430kN.

6.2 Potential causes of hanger failure

Before proceeding to assessment of hangers, It Is worth consldering the clrcumstances In which one of the
vulnerable 1938-41 splral strand hangers could fall.

In general terms there are 2 sets of clrcumstances:
1 PBritHe failure of the socket due to overloading, where the tension resistance of the hanger is

Insufficlent to sustaln the applied tenslon force arising from the application of permanent loading In
conjuncton with traffic loading and/or temperature-Induced redistributlon of forces

1.1 Fallure could be caused by the occurrence of an exceptional unprecedented loading event

1.2 Failure could ocour due to the progressive reduction of tension resistance, e.q., as attributable to
degradation and condition defects

2 PBritde failure at the socket due to other circumstances

2.1 Fallure Inidated by condition defects (as outlined above)

2.2 Failure inidated by road traffic incident

2.3 Direct abnormal lcading on hanger sockets, e.g., due to debris Impact as arising from an
unsecured load

Fallure due to overloading (1) Is considenad through the Uldmate Limlt State {(LULS) assessment [n Section
7. Fallure due to other clrcumstances (2) Is consldered through the Accldental Limit State {ALS)
assessment in Section B.

Failure due to overloading Failure due to other causes

Pessible causes Possible causes
+ Unprecedented extreme loading " Waorsening conditdon
- Reduction in resistance due to defects

» Road afMc Impact

Ultimate Limit State {ULS) Accidental Limit State (ALS)
assessment, with all hangers Intact assessment, considering hanger loss

Figure 23: Distinct causes of brittle hanger fallure
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7  ULS Assessment - No Hanger Loss

Before reviewing the Accidental Limit State (ALS) analyses that consider scenarios invelving the loss of
Indlvidual hangers, [t Is Informative to conduct a basellne LS assessment with all hangers Intact. This
assessment conslders loading model ALL Model 1 - Combinatdon 1, whereby ULS applled tenslons due to
permanent, traffic and thermal actions are compared against ULS design tension resistances.

7.1 ULS Results

Having calculated the maximum tenslen ferces In each hanger at ULS, these demands have been divided
by the design strengths, assigned according to hanger type (refer Section 6.1), to calculate utliisation ratios.

Acconding te this definition, a utlllsatlon ratlo of 1.00 Implles that the ULS demand on a glven hanger equals
Its ULS design strength, such that the hanger Is operating at Its ULS safety limit, where the assessed
strangth equals assessed applied loading.

In summary, all hangers have been assessed to be adequate at ULS, for all levels of traffic restrictions,
Including *Normal’ {l.e. unrestricted) trafflc. However, It should be noted that thils assessment makes no
adjustment for the condition of the hangers.

>  Flgure 24 presents the maximum ULS tenslon resistance utflisation ratlos for hangers
grouped according to their type and the level of traffic restrictions.

»  Flgure 25 presents the ULS axlal force In each Individual hanger.

*  Figure 26 presents ULS tension resistance utilisation ratios for each individual hanger.

The Implication of this Is that desplte having low strength owing to britte fracture fallure mode, the 153841
spiral strand hangers possess sufficient strength to resist the demands placed upon them in normal

operating clrcumstances, providing all hangers are (1) Intact and (2) In good condition and thus (3) able to
share and distribute the applled loading {both permanent and variable).
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Flgure 24: Maximum ULS tension resistance utlilsetion ratios for hangers of different types; sl hangers Intact (no
hanger inss)
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ULS axial forces in each hanger, according to different traffic restriction levels
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Flgure 25: ULS axial force demands in all main span hangers; alf hangers intact {no hanger loss).
Curves for 26 and 18t traffic sit behind the purple ‘Normal” treffic curve due to similarity of applied K-factors; refer discussion in Section 4.3.4
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ULS utilisation ratios for each hanger, according to different traffic restriction levels
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Curves for 26 and 1Bt traffic sit behind the purple "Wormal’ traffic curve due to simitarity of applied K-factors; refer discussion in Section 4.3.4

A238715-AP0A-v2.() [Hanger Loss Assmt]



8

DL
MEMAI BRIDGE - HANGER LOSS ASSESSMENT 411

ALS Assessment — Hanger Loss

8.1 Methodology

An assessment of the main span bridge hangers for the sudden loss of any one maln span hanger has been
carmied out, by applying Cl.2.3.6(2) of BS EN 1993-1-11:2006, incorpaorating guidance from the UK National

Annex.

Practically this involves the following steps:

1 For the chosen hanger § belng dynamically ruptured, determine the following:

>

ALS axial tension being carried under the combined applicatien of unfactored permanent
plus SLS-factored ALLL traffic loading, of chosen traffic restriction level; term this Ean

Regarding partial factor on leading variable actions, according to the UK NA to BS EN 1990,
y=1.0 is to be applied. In Eurocodes use of y=1.0 corresponds fo SLS. However, in (5 454
y=1.20 Is to be applled to traffic loading at SLS. CS454 provides no guidance regarding ALS
scenarios hence we have chosen to apply 5LS partial factor consistent with the Intent in
Eurocodes. This matches the guidance given in CS 454 d.5.5.2 Note § which provides some
background to, and comparison of, the load models and partlal factors given in the
Eurccodes and In CS 454,

The Ilve load pattern glving rise t¢ the maximum tenslen In the hanger belng consldered

*Coincident’ ALS-factored tension loads in all hangers {induoding that being ruptured), including
loads arising from permanent loading, when this live load pattemn Is being applled; term this S
for hanger k

Redistribution coefficients, defining how load from the hanger j being nuptured statically
redistibutes to each other hanger k; refer Section 8.2; term these Kredst.x

2 ALS applied tension forces zg in all other hangers k, accounting for the sudden loss of lead from
hanger j, are evaluated as:

Ez=E:1+ k. E. kx

where kiynamic=1,5 15 the dynamic amplification factor given in Cl.2.3.6(2) of EN1593-1-11.

COWT note that the dynamic ampiification factor could range from 1.0 to 2.0, therefore 1.5 whilst
a reasonable (and codified) estimate could in some cases be non-conservative.

3 Repeat from step 1 for all other hangers

A visualisation of this process, for one of the 138no single hanger loss scenarios considered, is provided
In Figure 27.
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8.2 Hanger loss redistribution coefficients

To determine where load is shed in the event of a hanger failing, a set of linear analyses have been run to
obtain redistribution coefficients for each hanger. In each analysis a single hanger is subject to 10°C
temperature change. Temperature change has been used since this dees not Impose external loading on
the model and can hence be used to explore the self-stress subspaces of the structural response. Extracting
the hanger forces for each loadcase and normalising according to the hanger force in the hanger being

relaxed via the temperature change, a matrix of redistribution coefficlents Is obtalned; refer Fligure 28 for a
partial view of this matrix.

Aelaxed hanger
Hanger S -15%

S-S
HS5-35"'

M5-35W  MS5-55W  MS-7ow  MS-95%W  MS-115W  MS-135W  Mo-155W  MS-175w
B0 3

57 43 L
MS-55W B0 EsE 55 d S
MS-75W A s 554 4
MS-95 -6 I (o[ -5 5,
MS-1154W T =60 00w =57
MS-135W (] L Bl
MS-1554 e G £
HS-175 § [ (s : o0
MS-135W 1 Bt T -B3 il
PES-2154 (o 8 Bl
[P15=2 35 s i
MIS-255 5 0
PES-2 7S 5
MS-295 5
MS-315W
MES-335W
MIS-355
MS-375w
MES- 395
MS-415
HE-4350
MES-455h
MHS-4 750
MS-435h
MS-515

Flgure 28: Hanger force redistribulion coefficiants as obtainad from linear temperature change load cases

This matrix shows how load carried by a given hanger Is redistributed to other hangers. Note all diagonal
entries are 100% by definition, since these relate to the change in force in the hanger being relaxed-off.
The load from a glven hanger Is generally picked up by a change of load, of opposite sign, In the adjacent

hangers connecting to the same maln chaln; these are physically offset 2No. hanger positlons along the
bridge.

Totals down each column In general sum to zero, since load redistibuted from one hanger 1s generally
plcked up entirely by other hangers. The exceptions to this are when hangers close to the tower plers are
relaxed-off; in this situation, around 50% the load removed from a given hanger (e.g. MS-15W) s picked
up Instead by the vertical support at the pler,

These redistribution coefficients are then used in the hanger loss superposition analysis {refer to Sections
8.3 and 8.4), since these coefficlents deflne how tha loads In all other hangers change when a glven hanger
is removed.
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DU

8.3 ALS Results - Dynamic loss of any one hanger

Having calculated hanger loss redistribution coefficients, it is now possible to review the effect of a hanger
falllng In service on the adjacent hangers using the method outlined In Sectlon B.1.

For a given level of traffic restrictions, a redistributed set of ALS applied tension forces in all hangers for
each hanger loss case has been calculated. Figure 30 presents the results from this analysls for the case of
7.5t restricted traffic locading.

These results have been aggregated to determine the maximum ALS applied tension force and ALS tension
resistance utllisation ratlos In any other hanger, as different hangers are dynamically lost per this methed
{refer Figure 31 and Figure 32).

These results have been further aggregated to give the maximum utllisation ratlos according to loss of a
given hanger type (refer RAgure 29) and counts of the number of hanger loss scenarios that result in

excessive utlllsation ratlos In the remaining hangers {refer Table 10}.
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5piral strand 1988-91

my

m Perm + Normal traffic

® Perm + 18t restricted traffic

m Perm only

-
')

o]
H H
—

]

-

Spiral strand 1938-41

Pemm + 26t restricted traffic

Perm +

. o7

Steel bar 1938-41

7.5t restricted traffic

overstressed

Flgure 29: Maximum ALS tension resistance utlifsation ratlos for hangers of different types, considering alf single
hanger loss scenarlos
Number of scenarios resulting In subsequent overstressing
of one or more remalning hangers
Hanger type | Totzl Mormal 26t 18t 7.5t Permanent
belng lost number of load only
scenarles
Spiml strand | 20 16 i6 16 1 1]
19838-91
Spiral strand | 84 78 78 78 a8 a
1938-41
Steal bar 34 10 10 10 o 1]
1938-41
Table 10: Count of hanger loss scenarios that result In at least one remaining hanger being or becomning
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Figure 30: ULS tension resistance uftliisations for all hangers (ghsen across coiumns) In response to dynamic removal of single hangers (given by rows); 7.5 restifcted traffic

Calls are coloured smoothly according to thelr utilisation ratio, with alf utilisation ratios In excess of unity coloured dark red. Removal of a given hanger by definition resuits In zero
uttiisation for that hanger {as given by diagonal zero values). Hangers that are of the weaker 1938-41 spiral strand type are Indicated by purple text colouring of the row and
coiumns labels and values; at can be seen that It Is generaily these hangers that have langest utifisation ratios with/without hanger loss

A233719-RP{4-v2.0 [Hanger Loss Assmi]



4350

50

Axial force [kN]
ta
=2
(= ]

100

30

SHi
H

wmmmf LS Perm + Mormal traffic, with hanger loss

e pLS Perm + 15t restricted traffic. with hanger loss

SHS
SH7

Maximum ALS axial force in any hanger, accounting for dynamic loss of different hangers

L ™ = w =W - NN ANMM O .M n ¥ ¢ & ¢ ¥ 0N N 0 n 9 0 W
n I I I I I IIITIIIIIIIIIIIIIIIIIIIII IIX
CT T T I T T T T I T T I T T T T T T I R T T

o
o
X
")

Removed hanger

== ALS Perm + 26t restricted traffic. with hanger loss
ALS Perm + 7.5t restricted traffic. with hanger loss

w— AL S Parm only, with hanger loss

Figune 31:

MHL1D

MNH12

MNH14

MH16

NH1E8

NH2Z0

MH22

MNHi4

NH2E

MNH2ZB

NH30

NH32

MH34

COWL

MENAI BRIDGE - HANGER LOSS ASSESSMENT 46

MNH36

Maximum ALS applied tension forces arising from dynamic lass of different hangers, for different levels of tralffic restrictions

MNH3E

MNH4D
MH4Z
MNHaa
MNH4E

MNHLE

8 ol 0 8 & o % W0
n o N v n .y "]

X &£ X X X X ¥ X ? g
EEETEZEZTEZTEZXTE

A238719-RP{a-v2.0 [Hangar Logs Assmt]



COWL
MENAI BRIDGE - HANGER LOSS ASSESSMENT a7

Maximum ALS utilisation ratios in any hanger, for scenarios where one hanger has failed dynamically
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Flgure 32:; Maximum ALS bension resistsnce utliisalion ratfos accounting for dynamic hanger loss, for different levels of traffic restrictions
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From the results of the above analyses, the followlng can be concluded regarding scenarios that consider
the abrupt dynamic loss of any cne hanger:

»  Were loss of a hanger to occur under the actlon of permanent loads only, all other remalning hangers
have utilisation ratios less than unity. This implies that knock-on failures in other adjacent hangers
should not occur in these cireumstances.

» Were loss of a hanger to occur under the action of normal, 26T or 18T traffic load {assessed to ALL
Model 2) 104 out of the 138 hanger loss scenaros considered {72%) result In overstressing of
adjacent hangers.

» Were loss of a hanger to occur under the action of 7.5T restricted traffic loading (assessed to ALL
Model 2) 9 out of the 138 hanger loss scenarios consldered (7%) result In overstressing of adjacent
hangers.

Where overstressing of adjacent hangers implies a progressive collapse mechanism i.2., dynamic redistribubion
of load 1s predicted to lead to fallure of one adjacent hanger, this In tum would lead to further dynamic
redistribution of load, which could result In a wider dispropartionate collapse / unzipping’ fallure.

Therefore, this analysis demonstrates that there Is a credible risk of a disproportionate cellapse of the
bridge deck If speclflc hangers fall In service.

Whilst this risk has been reduced by Implementing the 7.5T welght restricton, a credible risk remalns.

It should be noted that the ULS assessment demonstrates that fallure of a hanger by (quasl-static)
overlgading should not occur; it follows that failure must be initiated by another cause; refer Section 6.2.

Furthermore, when the varlability of the hanger dead loads Is consldered, as quantlfled via Monte Caro
simulation {(Section 4.2.3), the number of ‘at risk’ hangers increases from 9No to 32ZNo.

When fallure Is predicted to occur in an adjacent hanger, In each hanger loss scenarlo, this is elther because
the hanger being lost dynamically in that scenario was carrying above-average load (which gets
redistibuted to adjacent hangers) or else because the adjacent hangers are already carrylng above-
average load, which gets added to by the load redistributed from the failing hanger.

It should be recognised when appralsing these results that the current analysls approach Implicidy conslders
elastic redistributlon effects only; no account has been made of nonlinear materal behaviour, e.g., plastic
redistribution effect whereby yielding hangers maintain their failure load. This fully elastic approach is
considered a fairly accurate approach when considering sudden failure of one of the 1938-41 hangers, since
the critical fallure mode for these Involves a brittle socket fallure l.e., no ductilty Is avallable. For other hanger
types wa would expect a more ductile failure, hence this method may be overly conservative for the modem
and bar hangers.

It should be noted that the failure of 2 or more hangers, i.e., consequences of dynamic failure of adjacent
hangers following redistribution of load from the first failing hanger, has not been analysed numerically.
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8.4 ALS Results - Stability of structure with one lost hanger

A distinct yet related assessment to that presented in Section 8.4 concerns analysis of the structure in its
condition following a hanger failure, i.e., with the lost hanger ineffective and unable to participate in the
global load path. Thls assessment relates to the continulng safety of the bridge In the aftermath of an event
wheraby a dynamic failure of a hanger has occurred and all other hangers appear intact.

The following questions would be of particular Interest in such clrcumstances:
> Is It safe for Individuals to access the bridge for Inspactlon and to effect repalrs?
> what level (if any) of restricted traffic live load can be safely sustained?

Practically such scenarios have been assessad by following the methodology described in Section 8.1 also. The
only change is to not indude the dynamic factor of 1.5; rather a value of 1.0 is used. This is justified on the
basls that the dynamic hanger less event has already occurred; thls new analysls Is simply assessing the
structural system that has a missing hanger, with permanent load ftrom the lost hanger having redistributed
elastically into cther adjacent hangers, i.e., increasing the tension these carry. Similarly leads arising from
variable actons (e.g., vehicular traffic) are reslsted only by the remalning Intact hangers.

Figure 33 presents the results from this assessment. The following conclusions can be made from review of
these results:

1 Under permanent Ipads only, all remaining hangers have been assessed to have adequate strength
with a maximum utllisation of 0.73

2  Under the action of permanent plus 7.5t restricted Ilve load, all remalning hangers are assessed to have
adequate strength with a maximum utilisation of 0.88

3  Under the action of heavier traffic {18t restricted or greater), out of the 84 scenarios that consider one
of the 84No. 1938-41 hangers to have previously falled, In 22MNo. (26%) of these scenaros one or more
of the remaining hangers are assessed to be at risk of becoming overstressed, to a maximum utilisation
of 1.08

Whilst conclusions (1) and {2) offer some comfort regarding the capacity of the bridge in the aftermath of
a single hanger fallure event, this does not negate the findings In Section B.3 regarding the effect of the
dynamic fallure of a hanger In service where those most adversely loaded by the fallure may also fall In a
brittle manner.

Rather the conclusions in this secdon of the repert should only be used to inform the management of the
bridge in the event of a single hanger failure which has not led to an immediate progressive collapse.

Notwithstanding the numerical assessment results described above, In the event of a hanger falling the bridge
should be considered a vulnerable structure with limited robustness. In no way are we suggesting that the
bridge might be kept open/re-opened with one hanger missing. These results should only be used to inform
decislons regarding safe access of people and equipment for Inspection and remedlal actlons.

The remaining intact hangers would remain vulnerable to failing due cther to other causes, e.9., progressive

rlegradation and direct Impact, as discussed In Sectlon 6. And whilst the dynamic loss of a second hanger has
not been assessed numerically, we would expect this to result In further knock=on overoading of other
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remalining hangers and Inidate a disproportlonate collapse. Furthermore, It should be noted that the loading
considerad in this section is for the Accidental Limit State, not the Ultimate Limit State, and thus it would
not be acceptable to allow the bridge to be left exposed for a prolonged perlod.
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Flgure 33: Maximum ALS utflisation ratios In any hanger, for scenarios where one hanger Is considered Ineffective (l.e., due to having falled previously)

This plot should be compared against relsted plot In Figure 32; the vertical and horizontal scales are the same. The distinction Is that the above summarises the ALS assessment resuits
for the cdrcumstances where the bridge has one Ineffective hanger, but virtue of it falling previousiy. Since there Is no dynamic factor relating to the sudden abrupt feliure of a hanger, as
Is accounted for in the analysls that Figure 32 presents the results from, hanger utllisation ratios are reduced.
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S Key Findings

COWTI's assessment identifies the following key points:

1 This assessment considers the failure of a hanger on the suspended span with a particular focus on
the remaining 1938-41 ‘original’ spiral strand hangers.

2 COWI's assessment determines that Assessment Load Model 1 (ALL1) In DMRB C5 454 results In an
unrealistic loading scenarlo {e.g. 7.5T lornfes at 1m spacing In both lanes across the full span).
Therefore, COWI have adopted Assessment Load Model 2 (ALLZ) from DMRB CS 454. We do not
consider this to represent a Departure from the codifled guldance, since elther ALL1 or ALL2 are
applicable.

3 The 1938-41 spiral strand hangers are assessed based on their design tension resistance as calculated
by Gibb & Partners in 1991 (285kN).

3.1 COWI note the Gibb & Partners’ resistance is based on normal loading rates and does not properly
account for the higher rate of lcading that would be expected following sudden fallure of an
adjacent hanger

3.2 COWI also note that the Gibb & Partners’ resistance does not account for loss of resistance due to
the knock on corroslon defects at the sockets.

3.3 Thus, the 285kN deslgn tenslon resistance used In this assessment may be non-conservative,

4 COWI have estimated the dead load In each of the hangers from conslderation of the applied permanent
loads and analysls of the bridge gecmetry

4.1 COWI's values have been shown to be simlilar to the slte measurements undertaken In 1988 by
Lalng O'Rourke

4.2 Glven tolerance of geometric survey COWI's estimate of hanger forces has an emplirical variabllity
of £BkN for ALS/SLS and +10kN for ULS. This equates to approximately 10% of the permanent
load sustalned by each hanger.

5 COWI's ULS assessment determines that the assessed capacity of all hangers exceeds the assessment
load effects for all categories of loading e.g9. Permanent Only, 7.5T, 18T, 26T and Normal Traffic,

5.1 This implies that failure of a hanger would not normally be expected to occur on the basis of traffic
loading only, hewever, COWI note that the ongoing corrosion of the hanger sockets and the
underlying brttle nature of the sockets could trigger fallure of the socket at a lower load.

& COWI's ALS assessment of the consequence of a dynamic hanger fallure uses a dynamilc amplification
factor of 1.5. Whiist this Is a reasonable and codlfled estimate, [t should be noted that the upper bound

of this value is 2.0 and thus the 1.5 estimate could be non-conservative.

7 COWI's ALS assessment of the dynamic fallure of a hanger Identlfles the followlng key findings:
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7.1 Were loss of a hanger to occur under the action of permanent loads only, all other remaining
hangers have utllisation ratlos less than unity. This Implles that knock-on fallures In other adjacent
hangers should not occur In these clrcumstances.

7.2 Were loss of a hanger to occur under the actlon of normal, 26T or 18T traffic load {assessed to
ALLZ2 Load Model), 100 out of the 138 hanger loss scenarlos considered (72%) result In
overstressing of adjacent hangers. This implies that knock-on failures in other adjacent hangers
could credlbly occur,

7.3 Were loss of a hanger to occur under the acton of 7.5T restricted traffic loading (assessed to ALL2
Load Model), 9 out of the 138 hanger loss scenarios considered (7%) result in overstressing of
adjacent hangers. Accounting for uncertainty In the hanger dead |oad tenslens {Point 6 above),
32 out of 138 hanger loss scenaros consldered (23%) result in overstressing of adjacent hangers.
This implies that knock-on failures in other adjacent hangers could aedibly ocour, despite this
leve| of trafflc restriction.

Overstressing of adiacent hangers, following sudden failure of the first hanger, implies a
progressive and disproportionate colfapse mechanism, whereby faliure of these second hangers
in turn leads to further failures,

7.4 Therefore, COWI's ALS assessment of the dynamic failure of a hanger demonstrates that there is
a credible risk of a progressive collapse of the bridge deck If specific hangers were to fall In service.
Whilst this risk has been reduced slgnificantly by implementing the 7.5T welght restriction, a
credible risk remains.

COWI's ALS assessment of the stability of the structure following the loss of one hanger and
progressive collapse has not occurred adopts a dynamic amplification factor of 1.0. This Is justifled on
the basls that the dynamic hanger loss event has already occurred l.e., this analysls |s simply assessing
the structural system that has a missing hanger, with permanent load from the lost hanger having
redistributed elastically into other adjacent hangers. From this assessment come the following key
findings:

8.1 Under permanent loads only, all remaining hangers have been assessed to have adequate strength.

8.2 Under the action of permanent plus 7.5t restricted live load, all remaining hangers are assessed
to have adequate strength.

8.3 Whilst conduslons (8.1) and {B.2) offer some comfort regarding the capadity of the bridge In the
aftermath of a hanger failing, this does not negate the findings above regarding the effect of the
dynamic failure of a hanger in service. Rather the conclusions in this section of the report should
only be used to Inform the management of the bridge In the event of a hanger fallure which
does not lead to Immed|ate progressive collapse.

8.4 In the event of a hanger failing the bridge should be censidered an extremely vulnerable structure
with Iimited robustness and all people and traffic should be prevented from crossing over or under
the bridge (as laid out in the curmment Emergency Plan) untl such time as COWI can attend site
and review the condition of the bridge.
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10 Recommendations

Qur ULS assessment Indlcates that the hangers are sufficlently strong to carry deslgn loads arlsing from ULS
traffic, In comblnation with other permanent and variable actions. This Implles that one of the possible causes
of hanger failure can be ruled out i.e. failure by quasi-static overloading (only) should not occur.

However, were a given hanger te fall In a brittle manner due to a different cause, such as:
> Brittle fracture arising from the effects of corrpsion possibly exacerbated by low temperatures
*  Diract abnormal leading of the hangers e.g. impact from vehicle or an unsecured load

then the ALS hanger loss analysis shows that such an event has the potential to result in overstresses in
adjacent hangers, leading to a progressive and disproportionate collapse of the bridge deck.

This conclusion is strongly influenced by assumptions surrounding the vehicle loading being sustained by
the bridge at the time of the fallure of the first hanger; were only permanent loads belng sustalned, no
knock-on failures are predicted to occur. However, if traffic lavels were approaching the current 7.5T
assessment load, conditional on which hanger falled, our assessment Indicates that subsequent knock-on
fallures could credibly occur.

Furthermore, COWI's concerns regarding the loading rate used to determine the hanger capacity suggest
that the true capaclty of these hangers, If subject to a rapld change In tenslon due to fallure of an adjacent
hanger, may be significantly less than the value calculated by Gibb 8 Partner and adopted in this
assessment. A detailed fracture mechanics study could be undertaken to review the derivation of the Gibb
& Partner hanger capadty and Its applicabllity to the sltuations conslder In this analysls, but that Is beyond
the scope of this assessment.

Notwlthstanding the above, this analysis Identifles up to 32No. hangers as belng at particular risk of fallure
under the 7.5T welght restrictlon, due to the varlabliity In the dead load hanger tension estimates. This
represents 38% of the remaining 1938 hangers and has implications for the ongoing management of this
risk. i.e. if only 2 small number of hangers were affected it may be possible to replace them with temporary
hangers untll such time as the new hangers can be manufactured and Installed. However, glven the number
of hangers affected this is not considered a viable approach. The risk of progressive collapse will only be
reasonably mitigated by removing traffic loading from the structure and by the installation of the
replacement hangers at the earlest avallable opportunity.

COWI have considered reducing the current weight restriction to 3T, however the k-factor associated with
the 3T limik Is equal to that of the 7.5T model for bridge lengths over 50m, according to the codifled
Assessment Live Load 2 model. L.e., the load model doesn’t offer a reduction In the assessment load If a
3T limit were imposed.

Leaving aslde the assessment code Issue, COWI note that many 4x4's and SUV's would be over a 3T limlt,
and our experience at other locations indicates that many drivers would ignore a weight limit to avoid
disruption and delay. Therefore, COWI doubt that & 3T limit can be rellably enforced on an unmanned
bridge which ralses the queston of the practicality of any attempt to justfy the ongolng use of the bridge
by implementing a lower weight restriction.
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Due to the Inherently unpredictable nature of britte fracture, It Is extremely difficult to accurately determine
the probability of such an event, but this analysis shows there is a credible risk of an unzipping failure of
the bridge deck. Such an event may lead to significant loss of life and Is thus considered an unacceptably
high consequence event that could credibly occur.

COWI note that all modern deslgn codes assume ductlle behavlour and require any structure to be deslgned
to avold progressive collapse. Modern suspenslon bridges are designed to accommodate the sudden loss of
one hanger {per the method applied in this study) or the non-dynamic loss of two hangers. Menai Suspension
Bridge does not satisfy elther requirement and this analysls demonstrates there Is a credlble risk of
progresslve collapse even with the 7.5T welght restrction In farce.

Therefore, COWI recommend that the bridge should be closed to vehicle traffic until such time as the
replacement hangers can be Installed.

Whilst this analysis will need to be reviewed in full by the CAT3 Checker, COWI consider the recommendation
to dose the bridge should be Implemented with Immedlate effect and not delayed untll the CAT3 check
process can be completed.

In the Interim, COWI suggest the CAT 3 Checker Is asked to review the key findings and recommendations of
this report and comment whether they agree with the recommendations reached, based on the results
presented. The full CAT 3 Check of the underlying analysis would then follow this initial review with the risk of
collapse mitigated In the Interlm by the closure of the bridge to vehlcle traffic,

Whilst COWI recognise that this analysis contains varicus unknowns and uncertainties, based on the

Information avallable at this time, COWI's recommendation remains that the bridge should be closed to
vehicle traffic untll such time as the replacement hangers can be Installed.
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Appendix A Analysis TAF (COWI Ref A238719-TN09-v3.0)
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1.1

1.2

2.1

UUWL
MENAI SUSPENSION BRIDGE — HANGER FAILLIRE TAF 2

NAME OF SCHEME

Menai Suspension Bridge - Hanger Failure Analysis

Type of Highway

A5 trunk road. Single carrlageway comprsing one running lane In each directlon across the
bridge.

Permitted Traffic Speed (For a bridge give over and/or under)
The permitted traffic speed on the bridge is 30 mph.

NAME OF STRUCTURE

Menal Suspension Bridge

Figure 1 - Ganeral view of Menai Suspension Bridge

Obstacles Crossed
Menai Strait

AZIET19-THOS-vA.( [Hanger Fallurs TAF]



3

3.1

3.2

UUWL

MENAT SUSPENSION BRIDGGE - HANGER FAILURE TAF 3

PROPOSED STRUCTURE

Descriptlon of Structure

Menal Suspenslon Bridge was deslgned by Thomas Telford and bullt In 1826. The entlre
superstructure {chains, saddles, hangers and deck} was replaced between 1538 and 1940. The
deck was agaln replaced In 2000.

The bridge was strengthened between 1988 and 1993. 40No. hangers were replaced, the deviation
saddles were reinforced, and additional battens were installed on some bracing members within
the longltudinal truss.

The Bridge is a Grade 1 Listed Structure.

The bridge consists of a palr of c.52.7m high masonry towers which support two palred sets of
steel link chains across the 176.75m (579" 10 1/,™) main span. The approaches are formed of
masonry arch viaducts, four spans on the Anglesey slde and three spans on the Bangor Malnland
side. The chains support spiral strand hangers which are connected to a truss in the main span
and are anchored to rods embedded in the masonry viaducts on the approaches. The central
sectlon of the main span Is supported by 2 1/4” square bar hangers.

The deck Is 7m wide with a two-lane carrlageway and Is supported by a palr of 2.6m deep steel
plate trusses with a 1.5m wide footway cantilever out on each side. The mastic asphalt surfacing is
lald at depth of 38mm +/-3mm and underlain by a 3mm thick waterproofing membrane.

The approach viaducts terminate at masonry retalning walls which curve outwards and decrease
in height to match adjacent ground levels. The masonry piers on both sides of the suspended deck
are founded on solid rock. On the Anglesey approach all but two of the middle pier bases remain
submerged almost permanently, except during Spring Low Tlde when all the pler bases are
exposed. On the malnland approach the pler bases are submerged at high tide only.

¥ e
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Figure 2 - General Arrangement Drewing

Structural Type

The main span is a suspended span of 176.75m (579" 10 1/;") supported by two sets of two steel
plate chalns. The chalns are arranged In vertical palrs with hangers alternating between the upper
and lower chains at 2.4m (8" 0") centres i.e. 4.8m on each chain.
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3.4

3.5
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The superstructure comprises a lightwelght relnforced concrete deck composita with a 9.5mm
thick deck plate and rolled steel cross girders at 0.6m (2' 07) centres. These are supported from
the lower flanges of the two 2.6m (&' 6™) deep longitudinal steel stiffening through trusses.

Footways elther slde of the deck are carrled on tapered steel cantllever members riveted to the
bottem chord of the trusses.

The bridge is supported on masonry towers of Penmaon Stone on either side and the chains are
anchored In tunnels In the rock on elther side.

Flgure 3 - Vlew at deck feve! jooking toward Bangor

Foundation Type

The masonty viaducts are founded on solld rock.

Span Arrangements
The maln span Is a suspended span of 175.75m (5797 10 1/5").

Articulation Arrangements

The langltudinal trusses rest at thelr ends on bearings on the cast In-sltu corbels bullt Into the
main towers and are also suspended off the catenary chains. The chains are attached to the saddle
bearings located on top of the support towers and continue to the Intermediate saddle bearings
located on the north approach and the bridge house. The anchor plates continued from the
Intermediate bearings Into the chaln tunnels, Into which they are fixed,

The operation of the bearings is summarised as follows:

»  4No. Deck Bearings — sliding guided bearings allowing rotation about 3 axes and longitudinal
displacement
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> 4No. Tower Saddle Bearings — roller bearings allowing longltudinal displacement

> 4No. Deviation Saddle Bearings - roller bearings originally allowing longltudinal displacement.
It is noted that these bearings do not move longitudinally and are therefore considered fixed
owlng to the anchor plates belng embedded In concrete or contalned within the bridge house.

LONGITUDINAL  ELEVATION

Rt Sotpas

Flgure 4 — Tower Saddie Bearings (L) and Deviation Saddle Bearings (R)

In addition to the bearings described above there are chain restraints on both approaches and
atop the towers that restrict the relatlve lateral displacement of the chalns and reslst the forces
generated by the deviation of the chains in plan, see Figure 5.

There are also 8No. 'sway guldes' on the suspended span that restrict the melative lateral
displacement of the chains and longitudinal trusses, see Figure 6.
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3.6 Parapet Type
As a result of the through truss amangement of the main span there are no vehicular parapets.

The cantilevered footways and approaches are previded with steel parapets comprising channel
sectlon posts, a 'D' sectlon top rall and vertlcal Infill. Parapet posts are Installed at 2.4m (B' 0%)
centres on the suspended span and c.2.75m {9’ 0*) centres on the approach spans. The parapet
on the wing wall is historic and is of historic wrought and cast iron.

S e T T — —
i |
|
H
1y : i 1l i
ll:'-i'-‘-- T T T T TR e T T R LRI E‘m‘i‘mﬁ#ﬁﬂllﬂ?-'m* e b 4 1 T _u:u 1
--T- - _:L.: — — _'_—f— e — —'i __.-..IL-"'— _1|| ;
| — | e g - | i
s ah ,ow __:_ i = 5 [ " - P JI_ |
Figura 7 - Part Elevation of Main Span Parapels
3.7 Proposed Arrangements for Inspection & Maintanance
The curment inspaction and maintenance regime will be unchanged.
3.8 Materals and Finlshes
Location Date of constructon Material Detzlls
Masanry Main Towers and | Orlginal = Constructed Penmon Stone
Approaches 1826
Parapets See 3.6 above
Concrate Road Deck Replaced 1999 C40 LWA
{Unit welght 18.4kN/m?)
Relnforcement Road Deck Replaced 1999 B385 fabric to BS4483
Grade 460 Type 2 Deformed Bars
to BS 44459
Staalwark Chains Erectes 193841 HTS to BS548 - Neminal Yield Stress
342N/mm?
Hangers - Steel Erected 193841 HTS to BS548 — Nominal Yield Stress
Bar 346N/mm?
From previous TAFs (e.g. 2005
Repasinting TAF), not confirmed from
oHiginal drawings.
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Location Date of construction Materlal Detalls
Hangers - Spiral | Erected 1938-41 Steel Wire Rope to BS302
Strand

N.B. testing In 1991 achleved an
actual breaking load of 989kN and
994kN (Nicholson 1996 Paper) for
the rope.

Socket Castings to BS15

Glbb 8 Partner testing determined
a design strength of 285kN for the

sockets.
Hangars - Spiral | Replacement of 40No. Wira BS2763
Strand hangers 1988-1991 Sacket Castings BS3100
35mm Dia
{1x43)
galvanised Socketing DINdIn3092

splral strand Rope ASTM A-603
114 tonnes MBL

Hangers - Spiral | Replacement of 168No. TBC as design develops

Stand hangers in 2023
Hangers - Erected 1938-41 MS to BS15 - Neminal Yield Stress
Lower Eye Bar - 228N/mm?
{2347 dla)
Anchorage Plates | Erected 193841 MS to BS15 - Nominal Yleld Stress
- 236N/mmé
Truss Members Erected 1938-41 Main members: HTS to BS548—
Nominal Yield Stress 357 N/mm?
{not exceeding 32mm thickness)
Diaphragms and tie plates: MS to
BS15 — Nominal Yield Stress
247N/mm? {not exceeding 19.5mm
thickness)
Corroslon Generally, 3/4 coat system based on aluminium pigmented 2 pack epoxy primer
Protection plus 2 pack epoxy undercoat and polyurethane fAnelsh l.e. HA painting manual kem
System 115, 116 and 116.

Except for soffit of the deck, crass girders and soffit of cantllever footways. The
deck soffit [s principally a bulld-up of chlornated rubber overcoated with 115, 116
and 168 HA system. The cantilevered footways have a moisture curing
polyurathane systam comprising items 160, 162 and 168,

AZIET19-TNOS-vA.0 [Hanger Fallure TAF]
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4.1

4.1.1

4.1.2

4.1.3
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DESIGN/ASSESSMENT CRITERIA

UK Highways A55 Ltd. Intend to replace all remalning original {1938/39) hangers on the bridge to
address underlying material defidencies (N.B. a separate TAF has been prepared tc cover the
design of the replacement hangers COWI Ref A238719-TN08).

Untll this work can be completed a 7.5T welght restriclon has been Implemented to reduce the
risk of one, or more, hangers failing.

The purpose of the assessment work covered by this further TAF is to explore and conclude on the
following questions:

» What Influence does the abrupt fallure of one hanger have on adjacent hangers? Wl load
redistribution (and associated short-term dynamic effects) cause these to become
overloaded?

It should be noted that the assessment work covered by this TAF does not constitute a full
assessment cf the bridge, rather It Is a limited Investigation of the effect of a hanger fallure.

Loading combinations involving wind loading are assumed not to govern and thus will not be
consldered, thermal actons will be consldered as accompanying vaHable actdons - l.e., load
combinations 1 & 3 from CS 454 Table A.1 will be considered, load combinations 2 & 4 will not be
consldered,

Live Loading

HA Loading

ALL model 1 (cl.5.8 of DMRE CS5 454 [Revislon 1]} will be consldered to obtaln the llve load
envelope on the hangers.

The analysis will consider a range of traffic levels from normal traffic down to the current restricted
traffic {(7.5T).

The road surface category is classified as "good” since the current road surface category is "good”
and this Is unllkely to deteriorate significanty before the hangers are replaced.

The traffic flow category |s classifiled as "high™ as defined In Table 5.5N3. Whilst total HGV crossings
are relatively low acoss an entire year, the bridge is the strategic diversion route for when
Britannla Bridge Is closed due to high winds. Therefore, high HGV trafflc flows can be encountered,
albeit for limited periods.

HB Loading
Not applicable.

Footway or footbridge live loading
Pedestrian ALL model as defined In d.5.32 of DMRB CS 454 [Revision 1].

AZIET19-TNOS-vA.0 [Hanger Fallure TAF]
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Accidental vehicle loading will not be considered as the footways are protected from vehicular
traffic by an effective barrier {d.5.27 of DMRB CS 454 [Revision 1]).

Provision far exceptional abnormal loads
Not applicable.

4.1.5 Any special loading not covered above

The analysis wlll apply Cl.2.3.6{2) of BS EN 1993-1-11:2006, Incorporating guldance from the UK
National Annex, to assess the bridge hangers for the sudden loss of any one hanger. This approach
will account for 1) the Influence of different levels of assessment live load, 2) elastic re-distribution
of hanger forces to other components, 3) the dynamic response.

4.1.6 Departmental heavy or high load route requirements and arrangements belng made to

preserve route
Not applicable.

4.1.7 Minimum headroom provided

4.1.8

4.2

4.3

Not applicable.

Authorities consulted and any special conditions required

Authority Consulted Special Conditions Required

Morth and Mid Wales Trunk Road Agent (NMWTRA) | UK Highways engaging with DBFO Representative.

List of relevant docurnents from the appendix hereto
See Appendices.

Proposed alternative proposals

Alternatlve Proposal to enable use of madern DMRB and standards previously submitted by UK
Highways AS5 Ltd. and accepted by Welsh Government.

A235719-TNOG-v3.0 [Hanger Fallure TAF]
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STRUCTURAL ANALYSIS

Methods of analysls proposed for superstructure, substructure and foundations

For the purpose of this analysls the maln span of the suspenslon bridge only, together with the
tower saddles and back-span chains and hangers is considered. The 4 span north and 3 span
arch approach viaducts are assumed to be fixed for the purposes of this analysls.

The superstructure will be analysed using a nonlinear 3D analysls.

For the avoldance of doubt, whilst the analysis will produce loading Information for all components,
we plan to conduct an assessment (i.e. compare resisiance to applied lnads) of the hangers only.

Description and dlagram of Ideallsed structure to be used for analysls

e £
o = =t ~

| L

Figure 8 - Idealised siructure

The suspenslon chalns wlll be ldeallsed as beam elements.

The spiral strand hangers will be Ideallsed as bar elements.

The bar hangers will be idealised as beam elements

All members of the main truss will be idealised as beam elements

The deck will be modelled as beam and plate elements with composite propertles,

Rigld offsets will b2 employed to reflect the true geometry at the connectlon between the
hangers and top chord and between the deck cross girders and hottom chord.

»  The towers wlll be modelled as providing Agld supports at saddle level

¥ ¥V ¥V ¥V ¥V V¥

Assumptions Intended for calculation of structural element stiffness
Gross transformed section properties will be used in the analysis.

A235719-TNOG-v3.0 [Hanger Fallure TAF]
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The elastic modulus of the relevant materals wlll be assumed to be:

Chalns - 205,000 N/mm?2

Bars and steel components of hangers - 205,000 N/mm?2
Hanger Spiral Strand - 175,000 N/mm?

Steel truss members — 205,000 N/mm?

Concrete Deck = 35,000 N/mm2 {assumed uncracked)

VvV ¥V VYV v v

12

Proposed earth pressure coefficients (ka, ko or k) to be used in the design or earth

retaining elements
Not applicable.

AZIET19-TNOS-vA.0 [Hanger Fallure TAF]



6

6.1

6.2

6.3

6.4

6.5
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GROUND CONDITIONS

Acceptance of interpretative recommendations of the solls report to be used in the design
and reasons for any proposed departures

Not applicable.

Describe foundations fully including the reasons for adoption of allowable and proposed
bearing pressures/pile loads, strata in which foundations are located, provision for skin
frictlon effects on plles and for lateral pressures due to compresslon of underylng strata,
etc.

Not applicable.

Differential settlement to be allowed for in design of structure
Not applicable.

Anticipated ground movements or settlement due to embankment loading, mineral
extraction, flowing water, measures proposed to deal with these defects as far as thay
affect the structure

Not applicable.

Results of tests of ground water (e.g. pH value, chloride or sulphate content) and any
counteracting measures proposed

Not applicable.

AZIET19-TNOS-vA.0 [Hanger Fallure TAF]
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CHECKING

Proposed Category of Structure
Category III

If Category III, Name of Proposed Checker
Mott MacDonald

Temporary Works for which the DBFO Co. will be required to arrange an independent
check listing parts of the structure affected

Not required.

AZ3E719-TNOS-3.0 [Hangey Fallire TAF]



8 DRAWINGS AND DOCUMENTS

8.1 List of Drawings (Including humbers) and documents accompanying the submission.

To include (without limitation):

8.1.1 Locatlon Plan

General Arrangement — see Appendix B.1

LWL
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Drg No.

Originator

Title

A238719-DRG-501-0001-B

COWIL

Menai Suspension Bridge — General Arrangement

8.1.2 Preliminary General Arrangement Drawings

Not requirad.

B8.1.3 Relevant Parts of the Ground Investigation Report

Not applicable.

8.1.4 Supporting Documents

1999 DBFO Contract Drawings - see Appendix B.2
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Drg No. Griginator Tite

LNOO418-001-1 Hyder North Elevation of Bridge - Hanger [dentification
LNOO418-002-2 Hyder South Elevation of Bridge — Hanger [dentification
LNOO418-003-A Hyder General Detalls

1999 Re-decking Drawlings — see Appendix B.3

Drg No. Originator Title

GD0O230/BR37/D/001-A Hyder 3eneral Armangement

GD0O0280/BRI7/D/0D2-A Hyder Composite Deck Arrangement
GDOO280/BR3I7/DSO03-A Hyder Concrete Deck - Construction Sequence
GDOD280/BR37/D/004-A Hyder Dralnage, waterproofing & expansion joint detalls
GDO0280/BR3I7/D/005-A Hyder Maste Asphalt — Replacarmant Surfacing
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1938 Reconstruction Drawings - see Appendix B.4
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Drg No. Originator Title

507/C/02 Gibb B Parinars | Record of New Chain Erechion
507/C/03 Glbb & Partiers | Detalls of Stffening Trusses
507/0/05 Glbb & Partners | Main Chains & Anchorages

507/C/06 Glbb & Partners | Detalls of Saddles

5077007 Gibb & Partners | Expansion Ioints at Piers

507/C/08 Glbb & Partmers | Anglesey Approach (Sheet 1)
5072/CH09 Glbb & Partners | Anglesey Approach (Sheet 2}
507/C/10 Glbb & Partners | Caernarvon Approach

507/C/A11 Gibb & Partners | Details of Parapet

507/Cf12 Glbb & Parmers | Stages of Construction

507/C/24 Glbb & Pariners | Bridge Master’s House - Modificatons
BO7/CA27 Glbb & Partners | Elevations of Maln Pler

507/C/30 Glbb & Partners | Concrete & Asphalt Deck

507/C/36 Glbb & Partners | Arrangement of Post Office Cable Boxes & Plpes
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9 THE ABOVE DESIGN AND CONSTRUCTION PROPOSALS ARE SUBMITTED
FOR REVIEW

Signed:

Team Leader, Design Team

Name:

I
Engineering Qualifications: |

Date:

Signed:

DBFQ Co. Representative

Name:

Date:

10 THE ABGCVE TAF IS

1 recelved.*

2 recelved with comments as follows.*

3 retumed marked "comments® as follows.*

*delete as appropriate.

Signed:

Name:

For and on behalf of the Secretary of State
for Wales

Position:

Date:
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Appendix B Monte Carlo Analysis

Results in this section are like thosa presented in the main body of this report, except these quantify the
uncertainty in assessment outcomes (e.g., utilisation ratios) that directly follow from uncertainty
surrounding the dead load tenslons sustalned by specific hangers.

This does not constitute a full reliability-based assessment, since other sources of uncertainty / variability
are not adequately captured,

A2357159-RPC4-vL0 [Hanger Lods Asemt]
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