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IntroductionIntroduction
The design of Lightweight structures is The design of Lightweight structures is 
particularly sensitive to the design wind particularly sensitive to the design wind 
loads. Lightweight structures include the loads. Lightweight structures include the 
following:following:

-- Stadium roof structuresStadium roof structures
-- Canopy and large roof structuresCanopy and large roof structures
-- Large ScreensLarge Screens
-- Facade or roof claddingFacade or roof cladding
-- Some roof features on buildingsSome roof features on buildings
-- CableCable--stayed or suspension bridgesstayed or suspension bridges
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IntroductionIntroduction
New techniques are being employed: How are New techniques are being employed: How are 
they helping us ?they helping us ?

-- StereolithographyStereolithography has removed any limit to the has removed any limit to the 
complexity of the form of the structure that is complexity of the form of the structure that is 
being modelled.being modelled.

-- The The pressure correlation techniquepressure correlation technique accounts accounts 
for correlation as well as monitor a significant for correlation as well as monitor a significant 
number of load effects (rather than one, number of load effects (rather than one, 
typically) as well as the corresponding load typically) as well as the corresponding load 
cases.cases.

-- There are now advanced techniques for analysing There are now advanced techniques for analysing 
the dynamic response for structures that have the dynamic response for structures that have 
complex dynamic responsecomplex dynamic response characteristics characteristics 
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Historical OverviewHistorical Overview

Tacoma Narrows Tacoma Narrows 
Bridge:Bridge:
•• Failed in 1940, 3 months Failed in 1940, 3 months 

after commissioningafter commissioning

•• Reason for failureReason for failure

•• Recognition of the need Recognition of the need 
to study the dynamic to study the dynamic 
response of lightweight response of lightweight 
structures to windstructures to wind
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Historical OverviewHistorical Overview

1970: A new discipline 1970: A new discipline 

–– Wind EngineeringWind Engineering

Evolution of techniquesEvolution of techniques

•• MidMid--19701970’’s the development of the s the development of the 
highhigh--frequency force balance techniquefrequency force balance technique

•• Early 1990Early 1990’’s development of the s development of the 
pressure correlation techniquespressure correlation techniques
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Pressure Correlation TechniquePressure Correlation Technique
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Developed by Developed by 

-- Dr Michael Dr Michael KasperskiKasperski (Germany) (Germany) 

-- Dr John Holmes (Australia)Dr John Holmes (Australia)

Applicable structuresApplicable structures

•• StadiumStadium

•• LongLong--span roofsspan roofs

•• Canopy and large roofCanopy and large roof--fin structurefin structure

•• QuasiQuasi--steady structuressteady structures
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Pressure Correlation TechniquePressure Correlation Technique
Wind loads fluctuate in both space and time:Wind loads fluctuate in both space and time:

For large buildings, the peak wind loads will not For large buildings, the peak wind loads will not 
occur simultaneously over the surface of the occur simultaneously over the surface of the 
building, but at varying moments in timebuilding, but at varying moments in time

t = t1 t = t2
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Pressure Correlation TechniquePressure Correlation Technique

Animation courtesy Animation courtesy 
of J.D. Holmes and of J.D. Holmes and 
M. M. KasperskiKasperski
(1994)(1994)
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Pressure Correlation TechniquePressure Correlation Technique
The statistical correlation between pressures The statistical correlation between pressures 
separated by large distances can be quite smallseparated by large distances can be quite small

If this can be utilized, it can relate to significant If this can be utilized, it can relate to significant 
reductions in design load effects, such as axial reductions in design load effects, such as axial 
forces and bending moments in major structural forces and bending moments in major structural 
membersmembers

The simultaneous pressure signals can be The simultaneous pressure signals can be 
combined with influence coefficient data to combined with influence coefficient data to 
provide accurate distributions of the equivalent provide accurate distributions of the equivalent 
static point loads for each load effect.static point loads for each load effect.

Mode shapes, mass distribution and tributary Mode shapes, mass distribution and tributary 
areas are input to determine the resonant areas are input to determine the resonant 
response.response.
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Pressure Correlation TechniquePressure Correlation Technique
AdvantagesAdvantages

•• No limitations to complexity of the structural No limitations to complexity of the structural 
behaviourbehaviour

•• More accurate information regarding the More accurate information regarding the 
critical load combinationscritical load combinations

•• Directly determine any number of load effectsDirectly determine any number of load effects

•• More accurate than traditional aero elastic More accurate than traditional aero elastic 
model techniquesmodel techniques

•• More cost effective More cost effective 

•• Requires less modelling timeRequires less modelling time
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Pressure Correlation TechniquePressure Correlation Technique
ProcedureProcedure

•• For each load effect, this is combined with the For each load effect, this is combined with the 
influence coefficient matrix and the mean and influence coefficient matrix and the mean and 
standard deviation matrices recorded the wind standard deviation matrices recorded the wind 
tunnel to obtain the critical tunnel to obtain the critical REALREAL pressure pressure 
distributions that correspond to the maximum distributions that correspond to the maximum 
and minimum load effects.and minimum load effects.

•• A correlation matrix for fluctuating pressures at A correlation matrix for fluctuating pressures at 
different parts of the building is obtained.different parts of the building is obtained.
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Pressure Correlation TechniquePressure Correlation Technique
Various Load Effects:Various Load Effects:

•• Typically, 15 to 20 load effects for a major Typically, 15 to 20 load effects for a major 
structure are obtained directlystructure are obtained directly

•• The load effects need to be selected carefully The load effects need to be selected carefully 
by structural engineer to sufficiently represent by structural engineer to sufficiently represent 
the remaining structural elementsthe remaining structural elements

The various load cases will determine the design for The various load cases will determine the design for 
the rest of structural elementsthe rest of structural elements

•• The corresponding maximum and minimum The corresponding maximum and minimum 
critical load combinations can usually be critical load combinations can usually be 
rationalisedrationalised to a smaller number of load cases.to a smaller number of load cases.
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Pressure Correlation TechniquePressure Correlation Technique

ApplicabilityApplicability
•• QuasiQuasi--steady structures: steady structures: 

Examples:Examples:
-- Stadium or longStadium or long--span roof span roof 

11stst natural frequency > 0.8Hznatural frequency > 0.8Hz

-- A vertical structure (roof fin) A vertical structure (roof fin) 
11stst natural frequency > 1.2Hznatural frequency > 1.2Hz

Input: Only pressure correlation matrixInput: Only pressure correlation matrix
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Pressure Correlation TechniquePressure Correlation Technique
Influence Coefficient MatrixInfluence Coefficient Matrix
•• Determining the influence coefficients:Determining the influence coefficients:

Envelope of structure divided into number of patchesEnvelope of structure divided into number of patches

Unit pressure (1 Unit pressure (1 kPakPa) applied normal to surface of ) applied normal to surface of 
one patchone patch

Reactions for each of the key loads effects that are Reactions for each of the key loads effects that are 
monitored are read outmonitored are read out

Data obtained for one rowData obtained for one row

Process repeated for the next patch area and so onProcess repeated for the next patch area and so on
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Member 
Response 
of Interest

(e.g. Deflection)
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26
2     -0.05
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26

2     -0.05

3      0.01
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26

2     -0.05

3      0.01

4      0.15
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26
2     -0.05

3      0.01

4      0.15
5      0.32
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Pressure Correlation TechniquePressure Correlation Technique
•• Determining the influence coefficients:Determining the influence coefficients:

1 2 3 4 5 6

PANEL NUMBER

Unit
Pressure

Response
of Member
of Interest
1     -0.26

2     -0.05

3      0.01

4      0.15
5      0.32

6      0.21
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Pressure Correlation TechniquePressure Correlation Technique
Contribution from resonant modesContribution from resonant modes::

•• Usually not significant for roofs supported all round or on Usually not significant for roofs supported all round or on 
two sidestwo sides

•• May be significant for cantilevered roofsMay be significant for cantilevered roofs

•• Very large roofs may have several modes below 1 Hertz Very large roofs may have several modes below 1 Hertz 

•• Contributions to load effects depend on similarity of mode Contributions to load effects depend on similarity of mode 
shapes with influence linesshapes with influence lines

0
Time

Vertical 
upwards

0
Time

Vertical 
upwards
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Pressure Correlation TechniquePressure Correlation Technique
Contribution from resonant modes:Contribution from resonant modes:

Additional Inputs RequiredAdditional Inputs Required::

•• Mode shape displacement at the middle of each panel for Mode shape displacement at the middle of each panel for 
the various modes that are less than 1Hzthe various modes that are less than 1Hz

•• Area of each panelArea of each panel

•• Mass of each panelMass of each panel
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LongLong--Span Roof StructuresSpan Roof Structures
Span > 70mSpan > 70m

Natural Frequency of the 1st Mode < 0.8HzNatural Frequency of the 1st Mode < 0.8Hz
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Stadium Roof StructuresStadium Roof Structures
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA

Almost impossible to model using the aero elastic Almost impossible to model using the aero elastic 
techniquetechnique
Tight timeframe and budgetTight timeframe and budget
Some resonant response (frequency of first mode Some resonant response (frequency of first mode 
approx. 0.75 Hz)approx. 0.75 Hz)
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•• Mode 1: 0.75HzMode 1: 0.75Hz

Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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•• Mode 2: 0.77HzMode 2: 0.77Hz

Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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•• Mode 3: 0.79HzMode 3: 0.79Hz

Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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•• Mode 4: 0.81HzMode 4: 0.81Hz

Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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•• Tributary AreasTributary Areas

Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA

The 1:300 scale wind tunnel modelThe 1:300 scale wind tunnel model
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Load Effect Number 15
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Load Effect 15 (Resonant Component of Dynamic Response)
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Load Effect 1 (Resonant Component of Dynamic Response)
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Load Effect 13 (Resonant Component of Dynamic Response)
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Case Study: Case Study: 
NANJING STADIUM, CHINANANJING STADIUM, CHINA
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Case Study:Case Study:
CAULDRON FOR ASIAN GAMES CAULDRON FOR ASIAN GAMES 

2006, DOHA2006, DOHA

The 1:50 scale model of the The 1:50 scale model of the 
Cauldron for the 2006 Asian Cauldron for the 2006 Asian 
Games, Doha. Games, Doha. 
On the force balance before On the force balance before 
inclusion of the inclusion of the KhalifaKhalifa
Stadium section model. Stadium section model. 
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Case Study:Case Study:
CAULDRON FOR ASIAN GAMES CAULDRON FOR ASIAN GAMES 

2006, DOHA2006, DOHA

The 1:50 scale model of The 1:50 scale model of 
the Cauldron for the 2006 the Cauldron for the 2006 
Asian Games, Doha.Asian Games, Doha.
Within a section of the Within a section of the 
KhalifaKhalifa Stadium and using Stadium and using 
the pressure correlation the pressure correlation 
technique.technique.
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Techniques For Porous StructuresTechniques For Porous Structures

Requires special careRequires special care

Significant Reynolds Number effectsSignificant Reynolds Number effects

Flow regime around bluff bodies varies Flow regime around bluff bodies varies 
with different Reynolds Numberwith different Reynolds Number

In some cases, one needs to artificially In some cases, one needs to artificially 
enlarge certain diameters relative to the enlarge certain diameters relative to the 
overall scale to accurately model the flow overall scale to accurately model the flow 
regime around that element and be able regime around that element and be able 
to correctly simulate the dragto correctly simulate the drag
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Case Study:Case Study:
LED SCREEN FOR ASIAN LED SCREEN FOR ASIAN 

GAMES 2006, DOHAGAMES 2006, DOHA

The 1:300 scale porous model 
of the LED screen for the 2006 
Asian Games, Doha connected 
to the force balance.

The 1:300 scale impermeable 
model of the LED screen for 
the 2006 Asian Games, Doha 
connected to the force 
balance.
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Case Study:Case Study:
LED SCREEN FOR ASIAN LED SCREEN FOR ASIAN 

GAMES 2006, DOHAGAMES 2006, DOHA
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Case Study:Case Study:
LED SCREEN FOR ASIAN LED SCREEN FOR ASIAN 

GAMES 2006, DOHAGAMES 2006, DOHA

The tributary areas for each supporting vertical The tributary areas for each supporting vertical 
space frame structurespace frame structure
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Case Study:Case Study:
LED SCREEN FOR ASIAN LED SCREEN FOR ASIAN 

GAMES 2006, DOHAGAMES 2006, DOHA

The 1:300 scale pressureThe 1:300 scale pressure--tapped impermeable model of the tapped impermeable model of the 
LED screen for the 2006 Asian Games, Doha.LED screen for the 2006 Asian Games, Doha.
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