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Abstract: Walton Bridge comprises a steel thrust arch with pad foundations supporting a
steel-concrete composite ladder deck via bar-type hangers. The span is 96.1 m and the
total rise is 14.77 m.
This paper discusses the design development, including the impact of construction
methodology and environmental constraints. It focuses on a number of innovations that
were introduced and challenges that were resolved. Two key issues were:
 Arch design utilising plastic section properties modified to account for the
continuously curved steel plating making up the arch ribs. This required local
non-linear analysis to demonstrate that the curved plating had similar strength
and ductility to an equivalent flat plate.
 Design and specification of bar-type hangers for brittle fracture and fatigue.
There is little codified guidance on toughness requirements for bars or on fatigue
testing taking angular tolerances at end connections into account, arising both
from initial setting out tolerances and displacements in service.
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1 INTRODUCTION AND PROJECT BACKGROUND
Walton Bridge comprises a steel thrust arch with pad foundations supporting a steelconcrete composite ladder deck via bar-type hangers. The arches have parabolic profile
and varying hexagonal cross-section, tapering from springing points to crown. The span is
96.1 m and the total rise is 14.77 m. Continuous end spans carry the bridge deck between
the arch and end abutments, which are full height reinforced concrete. The bridge carries a
two lane carriageway 7.3m wide and two 3.5m wide footways. A photomontage is shown
in Figure 1.

Figure 1: Upstream photomontage

2 WALTON BRIDGE OVERVIEW
The hexagonal parabolic arch was tapered from a depth of 2.5 m (between vertices) at the
springing points to 1.5 m at the crown. The minimum cross section was dictated by internal
access requirements.
The arch springing points were reinforced concrete and also hexagonal in shape to match
the steel ribs. Anchor bars were provided inside the arch to maintain clean lines externally.
The twelve 75 mm diameter bars were prestressed at this connection to prevent
decompression of the concrete springings. Fabrication of the complex springing benefited
from 3D modelling of the reinforcement layout. The springing prestressing bars, ducts and
bursting steel all had to be taken through the intersection with the main base reinforcement
mat at a fine angle to the horizontal plane and tilted to the vertical plane. The deck
construction was kept as shallow as possible with 600 mm deep steel edge girders and a
250 mm thick concrete slab in a ladder deck configuration. The original reference design
featured box girders for all of the deck members, but the longitudinal edge beams were
simplified to “J” shaped girders, with no bottom flange outstand on the outside face, to keep
the clean edge appearance but reduce fabrication cost. Further detail on the design of J
girders in general is given in Smith (2005).

3 GLOBAL ANALYSIS
3.1 Bridge idealisation
Global analysis of the superstructure was conducted using a 3D space frame model (Figure
2). The construction sequence was taken into account, the deck was modelled using a
standard grillage arrangement and the arch box sections modelled as spine members along
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their centreline. Hangers were pin connected to the arch ribs and deck. All members were
modelled using beam elements of varying cross section. Analyses carried out on this global
model included first order static analysis, elastic critical buckling analysis and frequency
analysis. More detailed shell analysis of the arch was undertaken later to introduce the
effects of local bending and buckling in the curved arch plates - section 4. The
susceptibility of the structure to aerodynamic excitation was determined in accordance with
the criteria given in BS EN 1991-1-4 (BSI, 2005) and PD 6688-1-4 (BSI, 2009).
Frequencies of the structure were generated using natural frequency analysis.

Figure 2: Global model idealisation
3.2 Static analysis (persistent situation, hanger removal and accidental impact)
The bridge design was carried out for the persistent situation and for the removal of a single
hanger according to BS EN 1993-1-11, clause 2.3.6. The hanger removal considerations
comprised two different loading cases: deliberate, controlled hanger replacement, treated as
a transient design situation, and accidental removal, treated as an accidental design
situation. Only one hanger was considered to be accidentally removed at any one time,
making it essential that the hangers had adequate toughness to avoid a brittle failure under
the shock loading. This is discussed further in section 5 below. Of the two cases, the
hanger replacement case was the most onerous; plastic resistance of the edge beam being
used to increase the capacity for the accidental case.
3.3 Analysis for the temporary condition during construction
The most economical construction option was to use a single central trestle tower to support
a midspan welded splice – see Figure 3. The arch ribs were transported to site in sections
and fabricated in two halves and then lifted onto temporary cradles at the springing and
crown points. Having the cradles at the connecting positions gave the fabricator maximum
fine control of the fit up of the steelwork having de-rigged the crane. It also allowed
torsional, lateral and vertical restraint to be provided for the temporarily simply supported
sections of arch. Having only one tower minimised the temporary works within the river
and the associated risks. The removal of the crown bracing also enabled the deck erection
to proceed after the arch construction. The deck panels were designed so that a pair of
cross girders, 13.1 m long, could be lowered between the arch ribs and turned 90 degrees
into their final position where the hangers could be attached. Each of the construction
stages was modelled in order to obtain the appropriate stress build up, primarily to predict
the required precamber for the arch.
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Figure 3: Bridge during erection

4 ARCH RIB DESIGN
4.1 Section Classification (based on non-linear finite element analysis of a curved
plate)
The section classification of the arch cross section required some consideration. Each plate
making up the cross section was assumed to be supported against out of plane buckling by
adjacent plates; previous experience had showed that the internal angle between plates was
sufficient to justify this. Hence each component plate of width, “c, (Figure 4) could be
checked for compactness using Table 5.2 of BS EN 1993-1-1 (BSI, 2005). As such, the
cross-section of the arch was Class 2 at springing points and Class 1 at the crown. It is
important to note, however, that the codified section classification limits apply to nominally
flat plates, whereas for Walton Bridge the plates forming the arch are curved in elevation.
The design geometric imperfection for a nominally flat plate from BS EN 1993-1-5 (BSI,
2006) Table C.2 is c/200 (i.e. 1250/200 = 6.25 mm (maximum) for Walton Bridge. At the
base of the arch the bow associated with the arch curvature is around 18 mm, almost three
times this value. So while a flat plate of these proportions would be Class 2, the additional
curvature for the Walton Bridge arch could affect strength and ductility and hence the
section classification.

Figure 4: Section classification
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Three approaches were therefore taken to investigate the strength and ductility
(compactness) of the component plates:
(i)
The transverse bending stresses associated with the vertical arch curvature
were calculated using PD6695-2 (BSI, 2008) and combined with direct
stresses from axial load using the Von Mises equivalent stress criteria. This
allowed derivation of a reduced design axial stress needed to cause yield
which could be used as a substitute for the yield stress to be used in
subsequent calculations. This reduced the allowable axial stress by 3%, to
0.97fy. Whilst this reduction in strength was small, suggesting Class 2
behaviour might still be appropriate, the method made no prediction about
ductility to justify Class 2 behaviour.
(ii)
BD 56/10 (Highways Agency, 2010) Figure T.3A was used to determine the
plate axial resistance with an additional imperfection of three times the
maximum allowed tolerance (as noted above). This method also made no
prediction about ductility or the appropriateness of Class 2 behaviour. It
resulted in a reduction of allowable axial stress of 3% (i.e. 0.97fy) similar to
the first approach above.
(iii)
Full non-linear modelling of the curved panel was carried out, which was
compared to similar modelling of a nominally flat panel as discussed below.
For non-linear analysis, the widest plate panel at the springing point section was modelled
separately using thick shell elements. The panel shape was trapezoidal (due to the taper) but
for simplicity it was modelled as rectangular based on the greatest width. Two models
were created, one with the actual plate vertical curvature and another flat. The geometry
was as follows:
 Panel width, b = 1250 mm
 Panel length, a = 4250 mm
 Plate thickness, t = 45 mm
 Plate radius, r = 125 000 mm (curved plate only)
The panels were modelled in isolation as simply supported plates. The loaded ends were
subjected to axial stress using deflection control so that the maximum load would be
recorded and also the stress-strain behaviour after the peak load was achieved.

Figure 5: Lowest elastic buckling mode – flat plate (Eigenvalue =2.916)
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Two generic analysis types were conducted:
(a)
An eigenvalue analysis to determine elastic buckling modes. The lowest
mode for a flat plate is shown in Figure 5. The lowest mode for a curved plate
was essentially the same so the small curvature had minimal effect on these
modes.
(b)
A non-linear (material and geometric) analysis with material properties
obtained from BS EN 1993-1-5 (BSI, 2006) Annex C (incorporating the
simple bi-linear stress-strain idealisation of strain hardening post-yield) and
initial imperfections determined by eigenvalue analysis (for shape) and
magnitude in accordance with BS EN 1993-1-5 Annex C. Several different
mode shapes were tried in this analysis to minimise the ultimate load factor.
Load-deflection curves are shown for the flat and curved plates in Figure 6.
The non-linear analysis showed that the peak load for the curved plate was approximately
2% less than that for the flat plate i.e. 0.965fy compared to 0.982fy. This agrees well with
the value of 0.97fy, obtained from the simple approaches in (i) and (ii) above. The flat plate
did not quite reach the full yield force (contrary to expectations for a Class 2 section)
because the codified imperfections used are very conservative. The design code formulae
for plate buckling resistance have a slenderness-dependent imperfection that reduces at low
slenderness so that yield is achieved in line with physical testing results. To achieve the
same result in non-linear analysis with the full imperfections would have required a more
detailed modelling of the true stress-strain behaviour post-yield.
The ductility for the curved plate was significantly reduced from the flat plate value. This
was again a function of the conservative imperfection used and the lack of detailed
consideration of strain-hardening in the stress-strain curve. The top curve in Figure 9, with
a long yield plateau, shows how much ductility is achieved with no initial imperfection. As
a result, it was concluded the plate had adequate ductility to still permit Class 2 behaviour,
but a conservative value of equivalent yield stress was derived for use in section design.
This was taken as 0.95fy based on the value of stress in the curved plate at the same strain at
which the flat plate started to lose load. It was considered the true behaviour would be
nearer to that obtained with zero additional imperfection but to prove this would have
necessitated a considerably longer study.

Figure 6: Load-deflection behaviour for flat and curved panels
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4.2 Buckling analysis for arch girder design
The slenderness for arch buckling was determined from Equation 5.11 of BS EN 1993-1-1
(BSI, 2005) according to:
(1)
With αult,k = NEd/NRk, where NEd is the arch axial force at the section considered and NRk is
the arch characteristic cross-sectional resistance at the same section; αcr is the minimum
load factor against elastic critical buckling of the arch as a whole.
The elastic critical buckling factor αcr was determined as the lowest of the buckling factors
for in-plane and out-of-plane buckling, αcr,ip and αcr,op respectively, obtained from an
eigenvalue analysis of the completed bridge. Figures 7(a) and 7(b) show the modes
producing the lowest load factors for out–of-plane buckling and in-plane buckling
respectively.

(a) Load factor for out of plane buckling
cr,op = 8.77

(b) Load factor for in plane buckling cr,ip =
9.81

Figure 7: Load factor produced with elastic critical buckling analysis
As a check, the critical arch buckling axial forces from the elastic critical buckling analysis,
obtained as αcrNEd, with NEd taken at the arch springing points, were compared with the
buckling loads calculated from the following three simpler approaches:
A. A separate model of a single arch rib in isolation with variable section properties
modelled and hanger forces applied as loads.
B. A separate model of a single arch rib in isolation with constant section properties
(taken as the average of the middle third values) and hanger forces applied as
loads.
C. Using Annex D.3 of BS EN 1993-2 (BSI, 2006) which gives critical buckling
loads for in plane and out of plane buckling for an arch of constant section.
Table 1 summarises the results obtained from these three different approaches and the
elastic critical buckling analysis of the full model. It shows the benefit of modelling the
arch cross-section variation accurately (which significantly affects the in-plane buckling
load) and the significant benefit of modelling lateral restraints to the arch from both the
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hangers (via their connection to the deck) and the lower cross girders beams. Case A
illustrates that the lateral restraints have little impact on the in-plane buckling load, Ncr,ip,
yet more than doubles the out of plane buckling load, Ncr,op.
Calculation approach

Critical Buckling Load (MN)
Out-of-plane,Ncr,op

In-plane,Ncr,ip

Full Model

199

215

A. Arch in isolation – variable
section

84

190

B. Arch in isolation – constant
section

55

130

C. Annex D.3 of BS EN 1993-2

50

132

Table 1: Elastic critical buckling calculation comparisons
Once the slenderness was determined, the strength reduction factor, χ, for compression
resistance was obtained from BS EN 1993-1-1 (BSI, 2005) clause 6.3.1.2. The
methodology for considering interaction between axial force and bending moments in steel
arches in Baird et al (2011) was used.

5 HANGER DESIGN, TEST AND SPECIFICATION
Hangers comprised steel bars with fork end connections. The optimal hanger fork
orientation depends mainly on the plane where the greatest rotation is expected from bridge
articulation and deflections. For Walton Bridge, hangers were detailed to be free to rotate
transversely top and bottom. It was then checked that the thermal movement plus
construction tolerances did not produce excessive angular deviation and stress in the end
connections. The hanger manufacturer specified a maximum angle of approximately 0.5°,
which corresponded to the allowable angular change before the gap inside the fork closed
and fork and gusset would lock creating significant additional bending stress in the
connection and bar. The design angular deviation was kept below this value, the hanger
installation angles were preset to allow for temperature at the time of construction and
fatigue testing of the bars and end connections was carried out incorporating this maximum
design deviation angle.
Hangers were connected to the cross girders by gusset plates at deck level and directly to
the vertical diaphragm at the arch ribs. The option of connecting the gusset plate to the
arch box section walls was considered but then dismissed due to the risk of laminar tearing
at the connection. The agreed connection detail involved passing the vertical diaphragm
plate, incorporating the gusset plate, through a slotted hole in the arch bottom flange (figure
8).
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Figure 8: Hanger connection details
What became apparent in the design of the hangers was that bar manufacturers currently do
not have data available for fatigue performance of their systems, nor could they advise on
requirements for toughness. The Walton Bridge specification therefore required fatigue
testing of the bars (based on requirements in BS EN 1993-1-11), incorporating connection
details and the angular misalignment arising from construction tolerances and temperature
movements.
Brittle fracture requirements for bars were found to be less readily determined from codes
than for plates. Table 2.1 of BS EN 1993-1-10 (BSI, 2005), with the UK National Annex,
was used to determine Charpy requirements for the bars, but the standard only really
applies to plates and application is limited to steel grades of 700 MPa yield strength and
below. The hangers on Walton Bridge were 100 mm diameter and had yield strength of
690 MPa. A high Charpy requirement resulted, corresponding to steel sub-grade QL1 to
BS EN 1993-1-10. The Charpy values obtained from the tests on the actual supplied bars
complied with this requirement but it will generally be advisable to consider lower steel
strength grades to avoid such a high toughness requirement.

6 CONCLUSION
This paper has described the analysis and design of Walton Bridge generally and has
discussed how the need for aesthetics has been balanced with efficient design both in terms
of buildable details (through early discussions with the fabricator) and optimised material
quantities (through appropriate structural analyses). In addition, solutions for dealing with
a number of generic issues affecting steel arch design were developed and advanced. In
particular, these included:
 consideration of arch continuous vertical curvature and its effect on compactness
and limiting stresses for the component plates
 design and specification of bar-type arch hangers for brittle fracture and fatigue to
address a current shortfall in available industry standards and guidance on either
subject.
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