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1.0  Introduction

1.01 Mann Williams were commissioned by Brighton and Hove City Council to carry out an initial
inspection of the historic Madeira Terrace located on Brighton Seafront.

1.02 Concerns had been raised in relation to the level of confidence that existed in the ability of the
existing historic ironwork structures to be retained, refurbished and, where necessary repaired.

1.03 The inspection was carried out on 17th to 19th April 2023. The inspection consisted of a stage
of trial testing using dynamic excitation techniques with the objective of gaining a better
understanding of the performance characteristics of the Madeira terrace structure.

1.04 The aim of the trial was to assist with and enable informed decisions to be made by the project
team on the proposed renovation and conservation works, and to have a better understanding
of how Dynamic Testing might benefit the Madeira Terrace project going forward in providing
further understanding of the performance and capabilities of the existing structure.

1.05 The objective of the testing is to establish the predicted performance of the structure under
design loadings of 5 kN/m2 imposed deck load and 3 kN/m imposed line load on the
balustrades.
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2.0 Madeira Terrace Structure

2.01 Madeira Terrace, illustrated in the arial view looking west, was designed in the 1880s by the
Brighton Borough Surveyor Philip Causton Lockwood as a sheltered walkway with an integral
shelter hall and three stage lift which connected Madeira Drive and the beach with the upper
walkway and Marine Parade. It was extended in the 1890s by Lockwood’s successor, Francis
May, and at over 865 metres it is thought to be the longest and oldest continuous cast iron
structure in the country. Late Victorian and Edwardian seaside resorts chose not to attempt to
replicate such an ambitious structure, so the terrace represents a particularly rare
building type and survivor.

2.02 The structure is statutorily listed at Grade II* placing it in the top 5.8% of the nation’s listed
building stock. The retention of its historic fabric would be an expectation of any proposed
renovation and replacement of any or all of the key structure would be most-likely resisted by
Historic England.

2.03 The location of the first phase of proposed renovation and conservation works is illustrated on
the key plan below.  This initial phase of dynamic assessment of the structure has focused on
this area of the site.
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3.0 Current Condition and Scope of Assessment

3.01 Concern has been raised that the extent of corrosion and local failures of some elements of the
historic ironwork structure is of a magnitude that requires extensive replacement of structural
elements.

3.02 The scope of this report is to carry out an independent assessment of a sample area of the
Madeira Terrace structure to determine if Dynamic Assessment is capable of demonstrating an
adequate level of confidence that the structural ironwork can be retained and reused.

3.03 It is an additional objective to identify any areas of structural performance that are not
characteristic of the general structure, as such anomalies may indicate local defects, failures or
weaknesses that require further investigation.

3.04 It is noted that this dynamic assessment is a trial of limited site time (3 days) with the objective
of establishing the potential for the methodology and technique to justify retention and reuse of
the existing structure.
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4.0 Dynamic Load Testing Methodology

4.01 The process of appraisal of existing structures is conventionally carried out by either a theoretical
calculation based on known structural properties or by load testing. Both methods have
disadvantages. A theoretical appraisal requires knowledge of the structural elements within the
structure and the current condition of those components.  A load test is disruptive and expensive to
carry out with particular difficulties in accurately measuring deflections. It also has potential to cause
damage to historic fabric.  It is also generally a method that is only able to test a sample area of the
structure, which is then assumed to be representative of the whole structure.  This can have risks of
‘missing’ areas that have hidden weaknesses.

4.02 To overcome these disadvantages Mann Williams
and Eatec Dynamics have successfully developed
and utilised an innovative non-invasive dynamic
assessment method that is faster to carry out and
provides additional information about the actual
performance of the structure being assessed.
The images opposite show the two test rigs
utilised on the trial phase of testing at Madeira
Terrace.  The balustrade rig(1) provides a lateral
excitation to the structure and the deck/floor rig(2)

provides vertical excitation.

4.03 The methodology consists of the application of low magnitude sinusoidal loading into the structure at
a known frequency and measuring the response amplitude from the structure at key locations.  From
the data obtained a finite element model is produced that accurately matches the recorded
characteristics of the actual structure.  The completed computer model is then able to be used to
establish and accurately predict performance and load carrying capacity.

4.04 The technique has been tested and proved on a range of structures for clients including Historic
England, Cadw, National Trust and many other national organisations.

1 2
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5.0 Loading

5.01 The Terrace structure loading has been stated as requiring an imposed deck load of 5 kN/m2 and for
balustrade handrails to be capable of sustaining a horizontal imposed load of 3 kN/m

5.02 When considering any existing historic structure there is a need to understand the basis for design
loading.  Existing structures will inevitably have been exposed to ‘working loads’ over their working
lives, and although consideration of any areas of deterioration is important and necessary they will
have proved themselves ‘fit-for-purpose’ through service loading.  Design loadings provided in
current codes-of-practice should be considered for guidance purposes and not automatically a
mandatory requirement.  They should simply form part of the overall design appraisal process.

5.03 The image below illustrates a typical crowd loading that equates to 2.5 kN/m2 on the Madeira
Terrace deck structure. This equates to approximately 110 persons on each bay and in excess of
16,000 persons on the terrace as a whole.  Crowd densities in excess of this figure would be
considered a risk to the public from crushing.  Whilst the appraisal of the structure within the scope of
this dynamic assessment has progressed based on the full 5 kN/m2 imposed load it is considered to
be a particularly onerous and possibly excessive design criteria.
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6.0 Assessment of Main Trusses

6.01 The dynamic testing trial consisted of a three day phase of assessments, collecting data to enable
initial understanding of the structural performance to be developed.  The key plan below provides the
grid and bay referencing used for testing and reporting.

6.02 To assess the main trusses the deck structure was excited on each truss line as shown in the image
below with response data collected at regular spacings along the line of the truss.

6.03 Data was collected from Trusses 87-116

Accelerometer sensors
placed at grid to collect

response data

Shaker applying load
excitation to truss at
known frequency
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6.04 The image opposite shows the configuration
of principal cast iron truss supported on the
cliff wall to the right and cast-iron column to
the left (seaward) side. The current iron filler
joist/concrete slab deck spans over the
trusses.

6.05 The testing provided direct stiffness characteristics at
each truss line for 1kN unit point load at mid span, with
a sample of the output shown opposite.  The full output
of stiffness results for the tested trusses is provided in
appendix B.

6.06 The data obtained enabled a Finite Element
model of a typical truss to be produced with
E values adjusted to match the actual site
performance data obtained.

6.07 Initial modelling of a bare truss as an
isolated element showed significantly
greater predicted flexibility than the data
gained from the site trial dynamic testing.

6.08 Modelling of the truss with an allowance for a zone of concrete decking providing composite action
produced a truss simulation that matched the data obtained for most of the sampled trusses.

Bare Truss
Modelling showed significantly greater
flexibility and was not representative of site
conditions revealed by testing.

Truss with composite action from slab
Modelling with deck slab included was able to match
stiffness obtained from site testing
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6.09 The Finite Element model was further verified by carrying out a test loading in the centre of a
span and measuring the deflected shape between two adjacent trusses.  A similar load was
applied to the Finite Elemsnt model so that the predicted shape could be compared with the
measured shape.

6.10 The results showed excellent correlation between FE Model predictions and the actual
performance data obtained from site testing as shown in outputs below.

Site Test Results Finite Element Model Predictions
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6.11 The graph below shows the performance predicted by the Finite Element model with the
majority of trusses closely matching.  In the trial testing trusses 89, 94 and 99 showed increased
flexibility characteristics suggesting a potential weakness or deficiency.

6.12 The trial testing demonstrates the ability to identify areas of potential weakness or defects and
enable further testing or inspections to be focused and targeted.  For trusses shown to be
performing to a more consistent response characteristic the level of confidence in their integrity
is enhanced.

6.13 The anomalies revealed in truss positions 89, 94 and 99 may be a result of a number of factors
that may include corrosion, element failure in the truss or loss of composite action due to a
deficiency in the deck.  Further investigation would be required in these areas.

Predicted results
from Finite Element
Computer Analysis

99

89, 94 and 99
Three trusses

identified as having
increased flexibility
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6.14 With a verified Finite Element model produced the structure was analysed for the stated
imposed deck load of 5 kN/m2.

6.15 The output below shows the displacement characteristics predicted under full imposed load.
The figures predicted of under 4mm deflection were considered acceptable.

6.16 Under full design load applied across two adjacent bays the stress levels for the truss elements
were established and illustrated in the following sections.  Bracing members were modelled as
beam elements and the stress levels recorded was a maximum of 23.12 N/mm2 tension and 38
N/mm2 compression.
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6.17 Under full design load applied across two adjacent bays the stress levels for the truss elements
were established and illustrated in the following sections.  Principal members were modelled as
shell elements and the stress levels recorded was a maximum tension of 10 N/mm2.

6.19 Samples from the cast iron available on site
has been tested (by others) and the results
are provided in appendix A.

6.20 The results quote a tensile strength range
from 142N/mm2 to 176 N/mm2.

6.21 Based on the evaluated maximum working
stress of 23.12 N/mm2 under full imposed
load of 5 kN/m2 this safety factor range is
between 6.1 and 7.6 as noted in the table
below.  The table also records the increased
safety factor that would be achieved with the
more realistic maximum loading of 2.5
kN/m2, giving a range of safety factors from
7.7 to 9.6.

6.22 For the majority of normal ‘day to day’ use
the terrace would rarely see imposed loads
in excess of 1.5 kN/m2.  At this loading the
safety factor range would be 8.6 to 10.6.

6.23 The reasonable conclusion to be drawn
from the dynamic assessment trial on the
principal truss structures is that they are
inherently fit-for-purpose and it is only
isolated trusses that require more detailed
inspection and potentially further testing.

Truss Stress for Uniform Load Across Two Bays of 12.3 kN/m2 (7.3 DW 5.0 Imposed)

(Shell elements in F.E.Model)

Max

Min
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Dead Load kN/m2 7.30 7.30 7.30

Imposed Load kN/m2 5.00 2.50 1.50

Total kN/m2 12.30 9.80 8.80

Maximum Stress N/mm2 23.12 18.42 16.54

Min
Tensile Strength N/mm2 142.00 142.00 142.00

Safety Factor 6.1 7.7 8.6

Max
Tensile Strength N/mm2 176.00 176.00 176.00

Safety Factor 7.6 9.6 10.6

6.24 The table below provides an assessment of the range of safety factors applicable to the existing
cast iron trusses supporting the Madeira Terrace deck at grids 87-116.  (Note anomalies identified
to bays 89, 94 and 99 require further inspection and assessment).

6.25 For compression loads the maximum value recorded was 38 N/mm2.  This is well withing the
guidance of 125 N/mm2 as an acceptable compression load.
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7.0 Assessment of Balustrades

7.01 The balustrade to Madeira terrace is shown in the image below.  It consists of cast iron,
vertically cantilevering, sections located on each main grid line and at mid positions giving a
structural spacing of approximately 2.4m.  Tests were carried out from grid 88 to 115 at both
primary and intermediate locations, with lateral excitation imposed using the rig illustrated
below.

7.02 The graph below shows the lateral stiffnesses measured with variations from approx. 0.6 mm/kN
to 1.15 mm/kN recorded along the length from grid 88 to 115. No significant variation was noted
between primary (on grid) and secondary balustrades (between grids).
With approx. 2.4m between balustrades a 3kN/m line load would predict around 6.5mm maximum
deflection.
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7.03 When comparing the dynamic test results to a simple static analysis (shown below) the
deflection/flexibility predicted was significantly less, suggesting an anomaly in the structure.

7.04 A more detailed inspection of the results revealed that
the connection of the upper handrail to the head of the
balustrade had a high local flexibility that dominated
the readings.  Since the balustrade exciter had been
secured to the rail adjacent to the balustrade rather
than directly fixed to the balustrade
head the additional flexibility
was recorded.

The image opposite shows
the loading configuration
used for the dynamic test
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7.05 The detailed inspection of a sample balustrade panel confirmed that the lower section of
balustrade were well restrained and had stiffness characteristics more aligned to the simple
static analysis.

7.06 The dynamic testing has confirmed good stiffness characteristics are attributable to the original
cast iron balustrades, however there is some local rotational flexibility in the current handrail
(not original structure) where it connects to the original cast iron balustrade head.

7.07 The requirement to raise the handrail height will provide an opportunity to provide improvements
in the connectivity of handrail to balustrade.  The raising of the existing balustrade is considered
to be relatively simply achieved with the use of steel shoe section as illustrated below.

Option to insert stub packer,
including integration with slab
edge beam if required.

Trimming back cast iron
considered a reasonable
option to avoid trip hazard

Existing

Modified

Option to provide additional
restraint ties to add improvement
to overturning resistance if needed
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8.0 Assessment of Columns

8.01 The trial dynamic assessment of the Madeira
Terrace structure was primarily focused on
the balustrades and main cast iron trusses,
however two columns were briefly assessed
during the available time allocated to the trial
testing with lateral excitation applied to the
column as illustrated in the image opposite.

8.02 The testing clearly identified the presence of a joint and discontinuity at mid height as illustrated in
the stiffness plot below.  This discontinuity relates to the socketed connection between upper and
lower column sections and would be an expected response.  Further testing and modelling of the
columns would be required should any performance concerns exist.
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9.0 Conclusions

General Summary

9.01 The initial trial dynamic testing of samples of the Madeira Terrace structure yielded good data of
consistent quality that enabled performance characteristics of the structures to be established
with a high degree of confidence.

9.02 The testing enabled aspects of the construction that were important to the performance to be
understood in greater detail than previously existed. The information gained will assist in design
decisions moving forward to the construction phase of the project.

9.03 Although there is a potential need for additional testing and analysis to occur as works progress
the conclusion of the trial phase of dynamic testing was that the existing cast iron elements of
the structure are capable of retention, refurbishment and reuse.

9.04 The optimised computer model which was tuned to match actual site performance enabled the
actual performance of the structure to be determined under specified design loads.  This
showed working loads to be within acceptable limits and demonstrated ‘fitness for purpose’ in
the structure where deficiencies were not revealed.

9.05 Where deficiencies were revealed in a small number of elements the opportunity is provided to
focus further scrutiny to establish the reasons and what localised remedial works are
appropriate.

Balustrades

9.10 The dynamic testing trial showed good consistency along the length of balustrade tested.

9.11 The trial testing revealed localised flexibility in the handrail section at the junction with the
balustrade head.  Whilst this characteristic revealed by dynamic testing initially suggested a
more flexible assembly than would be predicted by static analysis of estimated balustrade
section, a more detailed inspection of a balustrade bay confirmed the original cast iron
balustrade sections were suitable for reuse.

9.12 The need to raise the handrail height requires geometry and detailing to be considered,
however this is not considered to present any significant design challenges and the introduction
of plinths or stools to achieve the desired height is considered to be a practical approach.
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Main Trusses

9.21 The main cast iron trusses were revealed as acting compositely with existing deck structure
which provided a significant level of enhancement to capacity.

9.22 Stress levels under full working design load of 5 kN/m2 revealed predicted stress levels of
around 23 N/mm2, which is within recognised safe working stress level of 24 N/mm2 (ref
appendix C).  Whilst this is recognised as being around 95% of the safe working stress it is
important to note that the allowable stress value recognises and takes account of all appropriate
safety factors so even being at 100% utilisation is acceptable as no additional safety margins
need to be applied.

9.23 If the more realistic maximum imposed load of 2.5 kN/m2 is considered then there is an
additional margin of safety of between 25% and 30% provided, and further confidence in the
ability of the existing trusses to be retained and refurbished.

9.24 The peak compression stress predicted in the main truss is around 38 N/mm2, which is
considerably below the guidance acceptable compressive stress of 125 N/mm2 (ref appendix
C).

Columns

9.31 Two columns were only briefly assessed during the available time allocated to the trial testing
(the majority of time spent on the balustrades and main trusses as proposed).

9.32 The testing clearly identified the presence of a joint and discontinuity at mid height. It is unclear,
at present, if there are any concerns in relation to column condition or capacity.  The use of
further dynamic assessment can be used to increase the level of confidence in the capacity of
columns if required.

Foundations

9.41 No testing was carried out on foundation flexibility or resistance.  This may be a future option to
elevate confidence in foundation support/resistance.

Gap prevents
trust transfer
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10.0 Next Stage

10.01 Whilst the trial phase of dynamic testing has yielded significant confidence in the ability for the
existing structural elements to be retained it is noted that Madeira Terrace is an extensive
structure. During future phases of renovation and conservation there will inevitably be areas of
weakness and defects revealed that will need to be addressed.  It is, however considered clear
from the initial phase of dynamic assessment that wholesale replacement of existing principal
structural ironwork elements is neither required, or justified on the basis of existing information.

10.02 The objective of minimising the carbon footprint of the proposed refurbishment of Madeira
Terrace would add further weight to the need to retain and reuse.

10.03 With confidence in the ability to retain, refurbish and reuse existing trusses then a methodology
and approach would be required to ensure a mechanism for identifying any local issues or
defects in structural ironwork elements.  This may be a combination of visual assessments and
further dynamic testing.

10.04 Truss position 89, 94 and 99 require anomalies to be considered. This may simply be a deck
deficiency and not a truss deficiency, resulting in reduced composite action, or it may be a truss
defect that may require repair.

10.05 It would be considered beneficial to test a
bare truss (as exists on site, image opposite)
as this would add refinement to
assessment methodology and to allow a
better understanding and modelling of
composite action of deck.

10.06 Where there are trusses with known defects present there would be an option to dynamically
test these.  The Finite Element model can also be run with the defect simulated.  This would
enable an understanding of the level of structural redundancy that exists in the system to be
assessed.  The benefit would be a greater understanding of the risk of disproportional collapse
or sudden unpredicted failure.

10.07 For balustrades it would be possible to
refine testing to remove the influence of
local handrail flexibility.  There is also the
option available to test a bare balustrade
section by securing to a workshop rig or
other fixed point to determine the
performance characteristics in isolation
from slabs.

10.08 If concerns exist in relation to column reuse, then consider dynamic assessment of these
structural elements to raise confidence in capacity and identify any areas of potential concern.

10.09 If concerns exist in relation to foundation performance, then consider dynamic resistance
assessment of these to raise confidence in capacity and identify any areas of potential concern.
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A. Cast Iron Test Results

A.01 The following test results were provided, and relate to samples taken from an existing balustrade
section of the terrace.
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B Truss Stiffness Data

The following plots provide the stiffness characteristics of each truss line with results in mm based on a
1 kN unit central point load on the truss grid line.

0

0.02

0 1 2 3 4 5 6 7

Truss 87

0

0.01

0 1 2 3 4 5 6 7

Truss 88

0

0.05

0 1 2 3 4 5 6 7

Truss 89

0

0.02

0 1 2 3 4 5 6 7

Truss 90

0

0.02

0 1 2 3 4 5 6 7

Truss 91

0

0.02

0 1 2 3 4 5 6 7

Truss 92

0

0.02

0 1 2 3 4 5 6 7

Truss 93

0

0.05

0 1 2 3 4 5 6 7

Truss 94



Madeira Terra, Brighton
Dynamic Appraisal Trial

Mann Williams Consulting Civil and Structural Engineers
7 Old King Street, Bath, BA1 2JW   t 01225 464419

Draft

0

0.02

0 1 2 3 4 5 6 7

Truss 95

0

0.02

0 1 2 3 4 5 6 7

Truss 96

0

0.01

0 1 2 3 4 5 6 7

Truss 97

0

0.01

0 1 2 3 4 5 6 7

Truss 98

0

0.02

0 1 2 3 4 5 6 7

Truss 99

0

0.02

0 1 2 3 4 5 6 7

Truss 100

0

0.02

0 1 2 3 4 5 6 7

Truss 101

0

0.02

0 1 2 3 4 5 6 7

Truss 102



Madeira Terra, Brighton
Dynamic Appraisal Trial

Mann Williams Consulting Civil and Structural Engineers
7 Old King Street, Bath, BA1 2JW   t 01225 464419

Draft

0

0.02

0 1 2 3 4 5 6 7

Truss 103

0

0.02

0 1 2 3 4 5 6 7

Truss 104

0

0.01

0 1 2 3 4 5 6 7

Truss 105

0

0.02

0 1 2 3 4 5 6 7

Truss 106

0

0.01

0 1 2 3 4 5 6 7

Truss 107

0

0.01

0 1 2 3 4 5 6 7

Truss 108

0

0.02

0 1 2 3 4 5 6 7

Truss 109

0

0.02

0 1 2 3 4 5 6 7

Truss 110



Madeira Terra, Brighton
Dynamic Appraisal Trial

Mann Williams Consulting Civil and Structural Engineers
7 Old King Street, Bath, BA1 2JW   t 01225 464419

Draft

0

0.02

0 1 2 3 4 5 6 7

Truss 111

0

0.02

0 1 2 3 4 5 6 7

Truss 112

0

0.02

0 1 2 3 4 5 6 7

Truss 113

0

0.02

0 1 2 3 4 5 6 7

Truss 114

0

0.02

0 1 2 3 4 5 6 7

Truss 115

0

0.02

0 1 2 3 4 5 6 7

Truss 116



Madeira Terra, Brighton
Dynamic Appraisal Trial

Mann Williams Consulting Civil and Structural Engineers
7 Old King Street, Bath, BA1 2JW   t 01225 464419

Draft

C Historic Ironwork
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Data for cast Iron
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