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Executive Summary

Recent targeted inspections on the Barron River Bridge by TMR and Arup
detected crack like defects in several welds in the bridge main girders. These were
confirmed with local removal of the paint and non-destructive testing (NDT) of
the bridge steelwork. Barron River Bridge presents a risk of structural failure from
cracks in the steelwork due to poor resistance to brittle fracture of the steel piare
material.

Currently (December 2020) the bridge is operating with single lane tratiic along
the bridge centreline to manage the risk and consequences of brittle fracture.

Hazard analysis

Section 2 of the report describes a hazard analysis undertaken deterrnine the
plausible risk scenarios for a brittle fracture of the bridge. The following key
controls were identified.

e Understand the risk of brittle fracture caused by the applied stresses and
material properties of the steelwork through air Engineering Critical
Assessment (ECA) .

e Understand the applied stresses at key components and rate of fatigue
damage.

¢ Evaluate the ability of the bridge tc redistribute loading in the event of
brittle fracture causing a loss of strenigih in a main bridge girder.

e Evaluate the effects of reduced traffic loads on the bridge and the effects
of the vehicle position on the caritageway

Brittle fracture investigation

The investigation has utilised the previous load rating assessment work combined
with detailed finite element medelling of the connections to understand the local
stresses. The assessment considered the following vehicles across the extents of
the deck in two lane, singie lane and centreline running configurations.

e 425t 1G sem trailer. DLA 0.4 and 0.1
e 50.5t Truck and Dog. DLA 0.4 and 0.1
e 79t Crane. DLA 0.3 and 0.1

The calculated siresses and risk of brittle fracture were then evaluated utilising
specialist fracture mechanics software.

The main recommendations from the calculations described are that:

I. The outer running lanes be restricted to 1G and Truck and Dog vehicles
only to limit the applied stresses to the edge girder steelwork. Inspections
are continued as noted below. In the event of a brittle fracture it is noted
that the calculations indicate multiple elements are overstressed.

2. Cranes and other heavy vehicles should not be run in the outer lanes. This
is to limit the applied stresses in the edge girders
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3. Crane vehicles may be run in the centre lane with additional consideration
of stress levels. Inspections are continued as noted below. A 79t crane was
assumed for this assessment. A shorter 48 t crane was also checked and
found cause similar bending effects to the 79 t crane. Any approvals for
this type of loading should be based on the applied stresses rather than the
length and weight of the vehicle.

4. A 6-month NDT inspection interval is recommended for the edge girder
splice details. Where weld cracks in the splices are removed and a
satisfactory reinstatement of the weld undertaken then the inspeciion
interval could be increased to 1 year.

5. A l-year NDT inspection interval is recommended for the centre girder
splice details.

Where the onsite inspections identify a defect then allowable sizes are noted in
the tables in section 5.7.1 to 5.7.4.

The durations above are based on expected rate of fatigue crack growth under
current traffic. It may be possible to extend the inspection wsterval if actual
stresses are measured via strain gauges to allow for detailed calibration of the
calculations. Direct measurement of the stresses it the bridge would allow for an
improved load rating of the bridge through use of a mecasured Dynamic Load
Allowance (DLA).

Brittle fracture performance of the bridge

A brittle fracture would only extend through a component of the bridge such as a
flange or single girder. The effects of a briiiie fracture in a girder is a highly
dynamic situation which cannot be accurately calculated. To estimate the likely
performance of the overall bridge an investigation of the structure with a fractured
girder has been undertaken with the existing grillage model following the
recommendations of the TMR Rridge Heavy Load Assessment Criteria (TMR
BHLAC). This involved the addifion of hinges at the fracture points to represent
the local loss of bending capacity. Loads are then transferred to adjacent girders
by the cross girders and deck slab.

As noted in section 7 of the report a fracture in the edge girder would be a more
significant risk of stiuctural collapse than a fracture in an internal girder. This is
demonstrated by the number of elements and magnitude of the SAR values which
are less than i. Add:tonal redundancy could be provided by additional bolting of
the cross giraers 10 mobilise the reserve of bending strength which is available in
the beam cross section.

The half joint supported spans in span 2 and span 5 can act as structural fuses such
that a strccural collapse of one span is not expected to cause all spans to collapse.

[t is noted that the assessment is carried out for ULS applied loads and ULS
capacities however the loading on the bridge at failure would be reasonably
expected to be at an SLS level. This application of ULS loads is justified since a
brittle failure of a bridge girder would be a highly dynamic structural situation.
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S Brittle Fracture — Engineering Critical
Assessment (ECA)

Fracture mechanics assessments of defects in the girder flanges have been
conducted in accordance to BS 7910:2019. Previously reported, preliminary
Engineering Critical Assessment (ECA) identified some large cracks in the splice
fillet welds as posing a risk of brittle fracture and these priority 1 cracks have
been removed though grinding of the splice welds. ECAs are presented in the
following sections for splice welds at the toe and root position in the ungiound
and ground (100mm weld removed) scenarios. Results are presented for edge and
centre girders with loading from 42.5 t 1G Semitrailer, 50.5 t Truck and Dog
(T+D) and 79t Crane vehicles.

In this section of the report, existing and potential flaws in the structure are
assessed to determine the risk of brittle fracture and the critical dimensions under
various locations and loading conditions presented.

These results are presented in terms of Option 1 Failure Assessment Diagrams
(FADs) which diagrammatically show the proximity of a flaw to a critical limit
capturing the risk of brittle fracture and plastic coilapse, and critical flaw depth
versus length plots which show sensitivity of the measured dimensions of flaws to
the risk of fracture. These results are described in Section 5.7, the effects of
fatigue crack growth are considered in Section 6, and guidance on managing the
effects of brittle fracture risk, fatigue crack growth through NDT inspections is
given in Section 8.

5.1 Parameters for Britile Fracture Assessment

The derivation of parameters reicvant io the brittle fracture ECA are given in this
section, including any assumptions rnade.

5.1.1 Fracture Toughness

Fracture toughness is the nroperty of the steel and the geometry around the flaw
which resists crack propagation. In the context of the Barron River Bridge,
Charpy impact testing has been conducted on samples from the flange and web
plates, but not weldinents or steel affected by welding processes. Charpy tests are
not a quantitative measure of fracture toughness but methods exist to make
predictions cf fracture toughness which are applied in the following sections.

5.1.1.1_Treatment of Charpy test data

At this stage, the fracture toughness at the critical details must be determined from
Charpy impact tests conducted on samples of bridge steel. Test data is available
from investigations in 1962 after the failure of the King’s bridge, and more recent
tesis by Bureau Veritas in 2019. The 2019 testing was conducted to AS1544.2.

Testing was conducted on plates 38mm, 32mm, 25mm, and 12mm thick.

The focus on this report is on the 32mm (1.251n) and 38mm (1.5in) plate used in
the bottom flange splices where most critical details and visually identified flaws
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significant influence on crack tip stress conditions and also influences the fatigue
stress range as discussed in Section 6.1.

Differential cooling and constraint during welding causes areas of localised stress
distributions which can reach the yield strength of the steel in tension. Yield
magnitude residual stresses are typically largest at the surface of the plate, and
decay through thickness. The residual stresses are self-equilibrating and do not
contribute to plastic collapse, i.e. in the ECA secondary stress contributes to tie
fracture ratio (Kr) but not the load ratio (Lr).

Relaxation of residual stresses can be achieved through interventions such as post
weld heat treatment or compression peening, it can also occur through elastic
shakedown. Several plastic load cycles at the start of component service relaxes
the residual stress distribution, with further service remaining eiastic, however the
stress history of the structure is not known.

Where flaws are present in the structure, relaxation of secondary stresses can
occur local to the crack tip if the magnitude of crack tip reference stress is
sufficiently high. In the case of flaws in the splice plate welds, the applied primary
stresses tabulated in Section 5.4.1 and 5.4.2 not typically noc sufficient to result in
relaxation according to equations 7.24a and 7.24b in BS 7910:2019 based on the
relevant reference stress solutions for the flaws considered, however relaxation is
considered in the ECAs.

Therefore, yield magnitude residual stress has been assumed to act in tension for
the ECAs presented in this report for defects in the weld metal or HAZ.

5.6 Defect Orientatioz

Defects are assumed oriented perpendicular to the principal stress acting in the
structure at the defect location. i.c. the tensile stresses used in the ECA are
assumed to be opening the defects m mode 1.

5.7 Engineering Critical Assessment

A series of option 1 ECAs have been conducted to BS 7910:2019 to determine
critical flaw sizes for the loading and defect scenarios described in Sections 5.4.1,
5.4.2,and 5.4.3 These are presented in Sections 5.7.1, 5.7.2, 5.7.3 for flaws in the
edge and internal girders (G1 to G4) and Section 5.7.4 for flaws in the cross
girders.

The ECAs are summarised as follows to assist with the interpretation of flaws
idenified on the structure which is further discussed in Section 8.

ECAs are presented as follows for the flaw characterisations discussed in Section

5.2.
For the weld toe flaws in the bottom flange splice welds, type 1 flaws:
1. Critical flaw dimensions for aspect ratio a/2¢=0.025, 0.1, and 0.4.

2. Graph showing critical flaw height against length for typical flaw lengths,
this shows the critical flaw dimensions for a range of flaw lengths.
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If the height of the residual defect cannot be reliably determined then the risk of
fracture can only be reduced by repair of the ground out weld material to reduce
the stress caused by removal, or speed reduction of vehicles to decrease the
magnitude of loads on the connections.

Two lane running of 1G and T+D vehicles is subject to the NDT capabilities
employed on the structure.
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6 Fatigue

The ECAs presented in Section 5 present critical flaw dimension for weld toe and
root defects in the girder bottom flange splice details and at welds between
stiffeners and the cross girder flanges and webs. These critical flaw dimensions
are also presented in terms of critical flaw depth versus length to show the effect
of flaw aspect ratio on risk of brittle fracture.

The ECAs presented in Section 5.7 do not account for cyclic loading on the bridge
from vehicle traffic growing the cracks incrementally over time. They represent
critical dimensions of a flaw in the structure, that when reached peses a risk of
failure. Given the repetitive loading from vehicles which leads to fluctuating
stresses in the splice connections, the following calculations predict the growth of
flaws with cyclic loading.

Fatigue crack growth calculations have been made using the following
assumptions:

e BS7910 crack growth properties are assumed for feiritic steels, in air (non-
marine)

e A stress ratio accounting for the weld is assumed

e Principal stresses are assumed to act on {laws aligned with the principal
stress plane.

e 180 vehicles per day are assumed, however the no. cycles can be used to
assess the flaw growth for any number of vehicles per day.

The initial defect assumed is that which could be reliably be detected by surface
MPI with 2mm depth threshold. The coiresponding length (which is typically
recorded during inspection) acccunts {or sizing uncertainty according to annex T
of BS7910.

Note that the results presented in Section 5.7 in some cases find critical flaw
dimensions which are smaller than the proposed threshold for considering fatigue
growth. Where defects are identified already exceeding the critical dimension
there is a risk of failure and there is no safe remaining fatigue life, these flaws
must be addressed urgently.

6.1 Fatigue Stresses

For the fatigue assessments, stress spectra are derived from the finite element
models ciscussed in Sections 4 and0. 5.3. As a vehicle moves over the bridge, the
stress at the fiaw location varies as shown in Figure 35. The stress range extracted
from: the models typically includes a tensile portion and a compressive portion of
the cycle. For flaws located in the weldment or HAZ, and subjected to tensile
yield magnitude residual stress, the full stress range must be considered as
damaging. The effect of superposing the fatigue stress on the residual stress is
illustrated in Figure 36.
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Should a fracture occur in a flange it is assumed that the PT bars remain in service
since these are anchored remote to all the splice locations. Longitudinal
distribution in the concrete deck slab is not considered.

7.3 Vehicle loading

The following vehicles were adopted for the analysis.

e 425t 1G semi trailer. DLA 0.4 and 0.1 (Veh 1G)
e 50.5t Truck and Dog. DLA 0.4 and 0.1 (Veh 13 TnD)
e 79t Crane. DLA 0.3 and 0.1 (Veh 4 79tCrn)

Note that the 48 t crane defined in the TMR BHLAC was also checked in the
analysis model with the key load effects found to be similar to the 79 t crane due
to its shorter length. The results for the 48 t crane are not reported.

The vehicles were placed in two lane, single lane and centreline running
configurations as follows based on the TMR BHLAL..

e Restriction 1. Two lane running with vehicles placed adjacent to kerb or in
marked lanes to obtain peak loading. Trailing vehicles are permitted.

e Restriction 3, Single lane running adjacent to kerb, marked lanes or along
bridge centreline to obtain peak loading. No trailing vehicles.

e Restriction 5, Single lane running along bridge centreline to obtain peak
loading. No trailing vehicles.

e Restriction 5T, Single lane running along bridge centreline to obtain peak
loading. Trailing vehicles are permitted. This restriction is to investigate
the effects of single lane running with a stream of vehicles along the
bridge centreline.

Accompanying vehicles are assumed to be the same vehicle for the MCV cases
and a Truck and Dog for the crane load case.

7.4 Reszults

For the assessiment i¢sults below ULS load factors are applied. The dynamic load
allowance (IDLLA) factors are assumed to be 0.4 and 0.1 to examine the expected
effects of vehicle speeds on the bridge.

Shouid a fracture occur in a flange it is assumed that the PT bars remain in service
since these are anchored remote to all the splice locations. Longitudinal
distribution in the concrete deck slab is not considered.

With each of the failed girder models SAR values were calculated for the
foilowing elements to investigate the ability to redistribute the bridge loads.

e Main girders with redistributed DL and LL load effects.

e Transverse UB cross girders
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e Transverse deck slab loading

Where the SAR number exceeds 1.0 there is a calculated reserve of capacity.
Where the number is less than one this indicates that total dead and live loading
applied loads exceed the calculated strength of the bridge.

7.4.1 Main girders

The table below summarises the SAR ratio of the bridge if a fracture occurs at a
splice on the edge or internal girder. Only one fracture is assumed to ocerir. VLS
load factors and material strength reduction factors are based on design vaiues
stated in AS 5100.

The SAR value stated is the minimum value for all elements i» the main girders
for all shear and moment load effects considered. The location siated is the
fracture location and not the location of the minimum SAR value. The results for
the column ‘None’ are those for an undamaged structure.

Fracture iocation edge girder
[full DLA Rest None S1Spll [ S1Sp!Z | S1Spl3 | S2Spl1 | S3Spl2 | S3Spl3
Veh 13 TnD 1 1.07 0.69 0.23 0.73 0.83 0.85 1.07
Veh 13 TnD 3 1.26 0.88 25 1.06 1.02 1.12 1.26
Veh 13 TnD Sl 1.41 1.02 1.41 1.10 1.17 1.19 1.41
Veh 13 TnD 5 1.46 1.02 _1.46 1.22 1.19 1.26 1.47
Veh 1G 1 1.04 0.67 ; 0.93 0.72 0.80 0.87 1.04
Veh 1G 3 1.31 Q.29 1.32 1.07 0.99 1Ll 1Lkl
Veh 1G ST 1.36 0.92 1.37 1.05 1.13 1.16 1.39
Veh 1G 5 151 | 103 1.51 1.23 1.16 1.30 1.52
Veh 4 79tCrn 1 0.97 __;__0.63 0.76 0.66 0.74 0.74 0.97
Veh 4 79tCrn 3 1.08 | 0.76 0.99 0.90 0.87 0.92 1.08
Veh 4 79tCrn 5T 1.26 ! 0.89 1.16 0.96 1.01 1.01 1.26
Veh 4 79tCrn 5 .30 0.89 1.16 1.03 1.03 1.06 1.30
Table 31 Edge girder fracture. Summary of SAR values for main girders. DLA=0.3/0.4
¢ Fracture location edge girder
0.1 DLA __I__Iiest None | S1Spl1l | S1Spl2 | S1Spl3 | S2Spl1 | S3Spl2 | S3Spl3
Veh 13 TnD 1 1.24 0.82 1.12 0.90 0.97 1.02 1.24
Veh 12 TnD 3 1.44 1.03 1.44 1.29 1.18 1.30 1.44
Veb 15 7nD 5T 1.57 1.17 1.58 1.34 1.34 1.38 1.58
veh 13 TuD 5 1.62 1.18 1.63 1.47 1.36 1.45 1.63
Weh 15 1 1.21 0.79 1.16 0.89 0.95 1.03 1.21
\'eh 1G 3 1.49 1.04 1.50 1.31 1.15 1.34 1.49
Veh 1G ST 1.53 1.08 55 1.28 1.30 1.35 1.55
Veh 1G 5 1.68 1.19 1.68 1.49 1.33 1.49 1.68
Veh 4 79tCrn 1 1.09 0.72 0.90 0.78 0.84 0.85 1.09
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It can be seen from the results tables that where the SAR value for the cross
girders improve then the SAR values for the deck slab decrease.

For the edge girder fracture case it can be seen that no SAR values exceed 1 for
restriction 1. As the vehicles are limited in number and location (restrictions 3 and
5) then typically the SAR for either slab or cross girder does exceed 1.

For the internal girder fracture the results are improved which is to be expecied
due to the improved load distribution. The S1 Spl 2 slab SAR value of 0.5! is iow
and this is discussed in section 7.5.4 below.

7.5.2 Main girder

It can be seen in the results tables that the amount of overstress 1s more limited
should a fracture occur in an internal rather than an edge girder. This is expected
since the fractured girder is able to redistribute loads to two adjacert girders rather
than one.

Based on Table 30 a fracture in span 1 (or span 6) has potential to cause two spans
to collapse compared to less should a fracture occur in spans 3 to span 6.

7.5.3 Cross girders

From the results tables it is noted that fractures occurring at splices S1 Spll and
S2 Spll cause significant loads in the cross-girder members. This is because the
cross girders at this location are very close io the splice detail thus attracting
significant loads. As shown by the SAR values, the load effects for a fracture in
the edge girder are worse than those for a tracture of the internal girders.

As noted above the cross girder capacity is governed by the moment connection
through the main girder / thus aaditioial capacity could be gained with additional
bolting.

7.5.4 Deck slab

From the results tables it is noted that a fracture at splice S3 Spl 2 shows the most
significant loads in the cdeck slab, This is caused by the applied loads and
placement of the cross girder which is not directly at the splice. Splice S1 Spll
also shows a simtjar effect.

It is noted that similar SAR values arise for both the internal and external girder
fractures. This 1s due to the bent up bar reinforcement detailing which varies the
hogging and sagging capacity of the deck slab over the girders.

For the adge girder fracture cases, high transverse hogging moments are generated
cver the adjacent internal girder however the bending capacity is also greater.

For thie internal girder fracture cases, transverse sagging moments are generated
over the fracture location and the load is distributed in two directions. However
the sagging capacity over the girder is less which leads to a similar SAR value to
the edge girder case. The SAR value for the sagging over girder 2 is 0.51 and a
review of the calculations indicates that the SAR value for the hogging over the
adjacent internal girder is 1.96 indicating a substantial reserve available for
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redistribution of the transverse moments. Hence the actual performance of the
bridge for this load case is likely much better than the indicated SAR value.

7.5.5 Overall

From the above results it can be seen that for multiple elements are identified with
overstress in the event of a brittle fracture of a main bridge girder. This is ret
unexpected. It is noted that the assessment is carried out for ULS applied icads
and ULS capacities however the loading on the bridge at failure would be
reasonably expected to be at an SLS level. This application of ULS Joads is
justified since a brittle failure of a bridge girder would be a highly dynamic
structural situation.

For vehicle loads the ultimate load factor is 2.0 which would reduce to 1.0 for
serviceability hence it would be expected that SAR values greater than 0.5 would
approach a value of 1 depending on the amount of permanent load effects. It can
be seen that several values for the cross girders and deck slab are less than 0.5
though for the internal fracture scenarios there is a reserve of strength in the slab.

It is noted that the fractures in the edge girder splices cause significantly more
elements with SAR values less than 1 thus the edge girders should be a priority
for inspection and any anticipated remedial works.

The assessment is not intended to justify continued operation of the bridge post
fracture, only to examine the vehicle loading configuration which is likely to
provide the maximum redundancy for the siruciure. It is not intended that the
bridge would operate with a fractured givder. This assessment shows that the
ability of the bridge to redistribute the vehicle loading in the event of a girder
fracture is maximised with a reduced speed and vehicles positioned on the bridge
centreline.
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Due to uncertainties in some properties used in the assessment, such as number of
vehicles, fatigue crack growth material properties and flaw idealisation, the
inspection intervals may be reviewed after a period of time if no flaw growth is
observed.

Direct measurement of stresses in the bridge under vehicle loading may allow for
a revised estimate of the fatigue crack growth and an increase in the inspection
intervals for the bridge.

8.3 Methodology for Treating Flaws Identified
During Inspection

Treatment of identified flaws is discussed for each flaw type.

8.3.1 Weld toe defects (Type 1 or cross girder)

Where weld toe defects are identified by NDT. The measure length should be
checked against the relevant critical flaw height versus length chart in Section 5.7.
This should provide indication, for typical flaw aspeci ratios, whether the flaw
depth may be critical. If the chart suggests that the flaw depth may not be critical,
the inspection interval given in 8.2 should be followcd.

If the critical flaw depth versus length chart suggecis a critical flaw depth from the
measure length is feasible, or the flaw has grown since the last inspection, the
defect depth should be measure by UT or ACEFM. (Alternating Current Field
Measurement). If the measured defect depth is critical, the defect should be
removed or repaired by toe grinding. Otherwise the inspection interval given in

8.2 should be followed.

8.3.2 Bottom Flange Splice, defects at surface of weld throat
(Type 2a)

This defect type has been commonly found on splice connections on the structure
and were previously categorised as priority 1 cracks. Multiple cracks were
removed from the structire by grinding. For remaining flaws, the critical length is
small as reported in Section 5.7.2. Unless the flaws are detectable and smaller
than this critical dimension, it is recommended that any splice welds with visible
cracks at the weid throat should be ground out as per priority 1 defects. Once the
through thickness crack is removed, or 100mm of weld is removed, grinding
should stci, and the flaws assessed as type 2b defects.

8.3.3 Bottom Flange Splice, defects at exposed root of
ground/repaired welds (Type 2b)

This is the most critical defect type in the structure and the most difficult to detect
aud manage. The critical height of the residual defects is small. The length of the
residual defect is difficult to determine with certainty due to proximity to the
unfused land. The critical flaw depth versus length charts in Section 5.7.3 show
that with increasing length the critical height plateaus at a value which is taken as
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the recommended maximum height for the residual defect. These dimensions are
summarised in Table 43.

It is essential that after grinding the cracked weld material, the exposed face with
the residual defect is machined to a high surface finish. This not only removes
potential crack initiation sites but increases the detection capability of MPI or PT.

If the measured height of the exposed flaw at the root exceeds the critical flaw
height in Table 43 or the NDT system is not capable of detecting the required flaw
size with confidence then the weld flaw is unacceptable and the risk of fracture
must be reduced by:

e Reduce vehicle load (i.e. remove crane loads / centreline running)
e Reduce vehicle speed to reduce the stress level at the detail
e Other remedial solution to reduce the stress on the flawed detail.

Rewelding of the splice would return the weld to its original intended condition
and reduce the stresses at the Type 2b defect which wouid be internal to the weld.

8.4 Risk of bridge collapse

As noted in section 7 of the report a fracture in the edge girder would be a more
significant risk of structural collapse than a fracture in an internal girder. This is
demonstrated by the number of elements aind magnitude of the SAR values which
are less than 1.

Improved redundancy could be provided by additional bolting of the cross girders
to mobilise the reserve of bending strengii which is available in the beam cross
section.

It is noted that the assessment is carried out for ULS applied loads and ULS
capacities however the loading on the bridge at failure would be reasonably
expected to be at an SIS level. This application of ULS loads is justified since a
brittle failure of a bridge girder would be a highly dynamic structural situation
where DLA factors can be up to 1 (total DLA =2 rather than 1.4).

Direct measurement of the stresses in the bridge would allow for an improved
load rating of the bridge through use of a measured DLA for regular traffic. It may
also offer an early warning system in the event of a brittle fracture.
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