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Abstract 

Cold-formed steel structures have been in service for many years and are used as 

shelters for both domestic and industrial purposes.  To produce an economical 

product, manufacturers have typically based their designs on the simple portal frame 

concept.  As there is almost a direct relationship between overall cost and the weight 

of steel in a portal frame structure, it is of great importance to provide a structure 

with the minimum amount of steel whilst providing structural adequacy.   

 
Portal frame sheds have been refined continuously for many years, with only 

minimal amounts of savings in steel.  Therefore, to provide even greater savings in 

steel, an innovative building system is required.  Modern Garages Australia (MGA) 

is one of the leading cold-formed steel shed manufacturers in Queensland.  MGA has 

recently developed such an innovative building system that has significant economic 

savings when compared with portal frame structures. 

 
The MGA building system has two key differences to that of the conventional portal 

frame system.  These differences are that the MGA system has no conventional 

frames or framing system, and it has no purlins or girts.  This results in the MGA 

system being completely fabricated from thin cladding, which significantly reduces 

the quantity of steel.  However, the key problem with this building system is that the 

load paths and structural behaviour are unknown, and therefore the structure cannot 

be analysed using conventional methods.  Therefore, the objectives of this research 

were to first investigate the structural behaviour of this new building system and its 

adequacy for an ultimate design wind speed of 41 m/s using full scale testing.  The 

next objectives were to use finite element analysis to optimise the original MGA 

building system so that it is adequate for an ultimate design wind speed of 41 m/s, 

and to develop a new improved cold-formed steel building system that has greater 

structural efficiency than the original MGA building system. 

 
This thesis presents the details of the innovative MGA building system, full scale test 

setup, testing program, finite element analysis of the MGA building system and the 

results.  Details and results from the optimisation of the MGA building system, and 

the development of a new improved cold-formed steel building system are also 

presented.  The full scale experimental investigation considered the required loadings 
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of cross wind, longitudinal wind and live load test cases and simulated them on the 

test structure accurately using an innovative load simulation system.  The wind loads 

were calculated for a 41 m/s ultimate design wind speed.  Full scale test program 

included both non-destructive and destructive tests. 

 
The finite element analyses contained in this thesis have considered cross wind, 

longitudinal wind and live load cases, as well as the destructive load case of the 

MGA building system.  A number of different model types were created and their 

results were compared with the experimental results.  In general, two main model 

types were created.  The first type consisted of a ‘strip’ of the MGA building system 

(Strip model) and the second modelled the full structure (Full model).  Both of these 

model types were further divided into models which contained no contact surfaces 

and those which contained contact surfaces to simulate the interfaces between the 

various components such as the brackets and cladding.  

 
The experimental test results showed that the MGA test structure is not suitable for 

an ultimate design wind speed of 41 m/s.  This conclusion is a result of a number of 

observed failures that occurred during the extensive testing program.  These failures 

included local buckling, crushing failures, and distortional buckling of the cladding 

panels.  Extremely large deflections were also observed.  It was calculated that for 

the MGA building system to be adequate for the design wind speed of 41 m/s, a 

cladding thickness of 0.8 mm was required.  This also agreed well with the finite 

element analysis results which concluded that a cladding thickness of 0.8 mm was 

required. 

 
In order to avoid the increased use of steel in the building system, a new improved 

cold-formed steel building system was developed and its details are provided in this 

thesis.  A finite element model of this new improved cold-formed steel building 

system was created and the results showed that the new building system was able to 

achieve a load step equivalent to an ultimate design wind speed of 50.4 m/s and was 

approximately 250% stiffer than the original MGA building system, without any 

increase in the overall weight of the building system.  It is recommended that this 

new improved cold-formed steel building system be further developed with the aid of 

finite element modelling and be tested using a similar full scale testing program that 

was used for the original MGA building system. 
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1 Introduction 

1.1 General 

Cold-formed steel structures have been in service for many years and are used to 

fulfil numerous applications.  Typically, cold-formed steel structures are used as 

shelters for both domestic and industrial purposes including protection for people, 

cars, livestock, farm implements, industrial/commercial facilities, etc (see Figure 

1.1).  As shelters are a necessity, it is one of the most important consumer products in 

the world, especially for the domestic market.  The domestic market is extremely 

competitive and as a result, manufacturers need to provide a competitively priced 

product for economic survival. 

 

 

Figure 1.1 Cold-Formed Steel Garage and Farm Shed 

As there is almost a direct relationship between overall cost and the weight of steel in 

a portal frame shed, it is of great importance to provide a structure with the minimum 

amount of steel while still providing structural adequacy.  Typically, all 

manufacturers use a different variation of the portal frame shed to provide structural 

adequacy, while going to great lengths to refine their designs to save the smallest 

amount of steel.  Generally, a portal frame shed consists of portal frames, purlins and 

girts, cladding, and nuts/bolts/screws etc.  If the number of any one of these elements 

can be reduced or even eliminated all together, while still providing structural 

adequacy, significant savings can be made.  A sketch of a typical portal frame 

structure can be seen in Figure 1.2. 
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Figure 1.2 Typcial Portal Frame Structure 

It is this desire to reduce costs that has led to the amount of refining and ongoing 

investigation into portal frame sheds.  As portal frame sheds have been refined 

continuously for many years, with only minimal amounts of savings in steel, a 

significant change to the design/concept of portal frame sheds is needed to provide 

significant savings in steel.  Therefore, if a new design/concept for a domestic sized 

shed can provide significant savings to the amount of steel used in comparison with a 

conventional portal frame shed, it will revolutionise the domestic shed market. This 

is the focus of this research project. 

1.2 Problem Definition 

In Australia, the cold-formed steel shed industry is highly competitive.  In order to 

survive in today’s harsh economic market and to stay ahead of competitors, continual 

research and development to improve shed design is essential.  Modern Garages 

Australia (MGA) is one of the leading shed manufacturers in Queensland.  Recently 

MGA has developed a new design/concept for cold-formed steel sheds that is aimed 

directly at the domestic market. 

 
Unlike typical cold-formed steel sheds that are based on a variation of the portal 

frame design (Figure 1.2) or the steel stud wall design (Figure 1.3), the MGA 

structure (refer to Figure 1.4) is an unconventional structure that completely differs 

 

Portal Frame 

Girts

Purlins 

Bracing 
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from both of these structural systems.  The MGA structure has two key differences.  

These differences are that the structure has no conventional frames or framing 

system, and no purlins or girts.  This results in the MGA structure being completely 

fabricated from cladding (profiled steel sheeting), which significantly reduces the 

quantity of steel required. 

 

Figure 1.3 Typical Steel Stud Wall System 

 

Figure 1.4 Overall View of the MGA Building System 

 

Roof Truss 
Steel Stud Walls 

Purlins 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    4 

However, even though the MGA structure achieves a significant reduction in the 

quantity of steel required for production of a shed structure, and hence reduces its 

overall cost, a new set of problems associated with this new system arises.  The key 

problem with this structure is that the load paths and structural behaviour are 

unknown, and therefore the structure cannot be analysed using conventional 

methods, such as hand calculations and simple computer models.  Therefore, to 

determine the behaviour and adequacy of this structure, full-scale testing is required.   

 
Just as it is important to understand the behaviour of this new structural system, it is 

as equally important to understand its failure modes or mechanisms.  As the MGA 

structural system significantly differs from that of a typical portal frame system, it 

would be expected that the failure modes associated with this structure would 

therefore differ.  After close inspection of the structural layout of the MGA structure, 

it can be seen that there are three possible major failure mechanisms; failure of the 

cladding, failure of the brackets, or failure of the connections.  Both the cladding and 

brackets could fail through mechanisms such as yielding, buckling or fracture, while 

the connections could fail through mechanisms such as shear, tension or pull 

through.   

 
To determine which failure mechanisms will be dominant, it will be necessary to 

carry out a destructive test of the MGA structure.  Such a test will provide invaluable 

information on the failure of the structure, and whether its failure mode is acceptable 

or not.  This will allow future designers to have an understanding of what the likely 

failure mechanisms of this type of structure are, and how they should design the 

structure to fail in the most desirable fashion.  This part of the research is one of the 

most important, as it is essential to have a structure which fails in a slow, controlled 

manner, rather than one which fails in a sudden catastrophic way.  For this to be 

possible, the structural behaviour of the MGA structure needs to be investigated. 

 
The whole concept behind the MGA structure is to produce a more efficient and 

economic building system.  Even though this new structure clearly has economic 

advantages over the typical portal frame design, its economic, and in particular its 

structural efficiency, is not likely to be at an optimal level.  Once an understanding of 

the structural behaviour is achieved, this innovative building system can be 

optimised.  This provides a need for further research to optimise the structure so that 
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the best and most cost effective structural system is achieved.  Such research should 

include optimisation of the cladding profile, cladding thickness, bracket design and 

connection detailing. 

 
To summarise, the MGA structure is based upon a new design/concept that does not 

follow the conventional structural system/layout of a typical portal frame shed.  It 

therefore requires significant research to be carried out to determine the adequacy of 

this new structure for use in the market place.  If this new innovative structure is 

indeed adequate for use in the market place, consumers will save a significant 

amount of money when purchasing a domestic sized structure. 

1.3 Objectives of Research 

From the above description and discussion of the MGA structure, it is clear that if 

this structure is structurally sufficient for its intended purpose, it will have a major 

economic advantage over conventional portal frame structures.  However, to 

determine whether this structure is structurally adequate, a thorough investigation 

into the structure’s load paths and structural behaviour is required.  This can only be 

achieved by means of full-scale testing and with the aid of complex finite element 

modelling.  Once the behaviour is understood, the structure can then be optimised 

and modified to produce a more structurally efficient and cost effective solution. 

 
Therefore, one of the primary objectives of this research project is to conduct full-

scale testing of the MGA building system to determine whether it is adequate for the 

required design wind loadings.  To investigate the behaviour of this structure, full 

scale testing was undertaken using the testing facilities at the QUT Structures 

Laboratory at Gardens Point Campus.  As well as determining if the MGA building 

system is adequate for the relevant wind loadings, the full scale tests will also need to 

verify the following secondary objectives: 

• How much reserve capacity, if any, the MGA building system has above the 

relevant design loads; 

• The load paths and behaviour of the MGA structure’ 

• To determine the building system’s ‘high stress/strain’ areas; 

• To determine the relevant modes of failure; 

• To determine whether the base connections are fixed; 
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• To determine whether stressed skin action is present; 

• To determine whether the overlapped panels act as a composite member; 

 
Other primary objectives include optimising the MGA building system so that it is 

suitable for the relevant design wind loadings, and to develop a new improved 

innovative cold-formed steel building system that has greater structural and 

economic efficiency of the MGA building system.  The optimisation of the original 

MGA building system and the development of a new improved innovative building 

system are to be conducted with the aid of finite element modeling. 

1.4 Research Methods 

To achieve these objectives, tests have been conducted on a full-scale prototype of 

the MGA building system.  The experimental building was subjected to a rigorous 

testing program which included wind loads calculated for a 41 m/s ultimate wind 

speed, and live load tests.  Loads were applied using pneumatic actuators.  Where 

appropriate, all sides of the building system were loaded using a complex load 

distribution system.  Multiple strain and deflection readings were recorded during the 

tests using a data acquisition system to achieve a thorough understanding of the 

structural behaviour. 

 
To conduct the optimisation of the MGA buildings system, and to develop a new 

improved innovative cold-formed steel building system, finite elment models were 

created using Patran 2000 for the pre/post processor and HKS/Abaqus 5.8 was used 

for the analysis code.   

1.5 Contents 

This thesis comprehensively documents the full-scale testing of this new and 

innovative building system and summarises the results obtained from the full-scale 

testing program.  The created finite element models and their corresponding results 

used for the optimisation of the MGA building sytem and the development of a new 

improved innovative cold-formed steel building system have also been documented.  

To aid in the reading of this thesis, it has been divided into the following chapters: 
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Chapter 1: Introduction 

Chapter 2: Literature Review 

Chapter 3: The MGA Test Structure 

Chapter 4: Load Simulation 

Chapter 5: Non destructive Full-scale Test Results 

Chapter 6: Destructive Full-scale Test Results 

Chapter 7: Finite Element Analysis 

Chapter 8: Finite Element Analysis Results 

Chapter 9: FEA Optiminsation of the MGA Building System 

Chapter 10: Development of an Improved Innovative Cold-Formed Steel Building 

System 

Chapter 11: Conclusions and Recommendations 

 
Chapter 1 contains a general introduction to the topic at hand, the problem definition, 

and the objectives of this thesis.  Chapter 2 begins the thesis with a review of 

relevant research conducted.  A detailed description of the MGA test structure is 

followed in Chapter 3, and a detailed description of the load simulation, the applied 

loads, and the data acquisition for the testing program is contained in Chapter 4.  

Chapters 5 and 6 contain the results for the non-destructive and destructive tests, 

respectively.  A detailed description of the finite element models and a comparison 

of their results are contained in Chapters 7 and 8, respectively.  A discussion of the 

optimisation of the original MGA building system using finite element analysis is 

given in Chapter 9, while Chapter 10 contains the discussion and results of the finite 

element analysis of the new improved innovative cold-formed steel building system.  

Chapter 11 concludes this thesis with important conclusions drawn from the full-

scale tests and recommendations for the MGA building system, as well as 

conclusions and recommendations for the finite element analysis and optimisation. 
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2 Literature Review 

2.1 Cold-Formed Steel Buildings/Sheds 

Currently there are many shed manufacturers who produce a diverse range of cold-

formed steel sheds.  These sheds are used for a variety of different applications 

including carports, garages, farm-sheds, light industrial buildings and specialty 

sheds.  Of the many manufacturers, most have specialised in the area of domestic 

garages and this is the result of the majority of their sales coming from the domestic 

market. 

 
As the majority of shed sales are made from the domestic market, manufacturers 

need to provide a competitively priced product for economic survival.  Typically, to 

produce a competitive product, most manufacturers have used a variation of the 

portal frame shed, while others have used a steel stud design.  Both the portal frame 

and steel stud design will be discussed in further detail. 

2.1.1 Portal Frame Sheds 

Steel portal frame sheds have been described as ‘one of the simplest structural 

arrangements for covering a given area’ (Morris, 1981).  The portal frame is also the 

most common type of structural system used for domestic sheds for three reasons: 

economy, ease of fabrication, and ease of erection. 

 
Portal frame structures used for domestic sheds usually consist of three parallel 

portal frames, which are the primary structural elements.  The frames are generally 

rigid and are usually pinned to a suitable footing.  Horizontal wind loads are resisted 

by in-plane flexural action of the portal frame, while longitudinal wind loads 

perpendicular to the frames are resisted by cross bracing in the walls and roof which 

provides structural stability to the overall structure. 

 
Figure 2.1 shows the typical layout of a domestic sized portal frame shed.  It can be 

seen that a typical domestic sized portal frame shed consists of five main structural 

elements: frames, purlins and girts, cladding, cross bracing, and connections. 
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A survey was carried out on a number of different domestic sized portal framed 

sheds (approximately 6m x 6m x 2.4m), in which manufacturer’s designs have been 

investigated to provide a comparison of the various sheds currently available.  Each 

of the structural elements mentioned above will be discussed, and the different 

variations of manufacturers’ designs will be included.  It should also be noted that 

the designs investigated were all for a shed in one geographic location (eg. Ferny 

Grove area). 

 

 

Figure 2.1  Typical Portal Frame Building System used in Domestic Garages 

2.1.1.1 Frames 

After examining the various manufacturer’s shed designs, no variation of section 

shape and very few differences in section size were noted.  All manufacturers have 

used a ‘C200’ or ‘C150’ section.  This change in section size may be due to the 

design for higher wind categories to target a larger market.  It was also noted that 

some manufacturers have used a smaller section for the external frames as these 

frames carry less load than the internal frames.  A diagram of a typical ‘C’ section is 

shown in Figure 2.2. 

 

Portal Frame 

Girts

Purlins 

Bracing 
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       (a) C Section           (b) Top Hat Section 

Figure 2.2 Typical C Section and Top Hat Section 

2.1.1.2 Purlins and Girts 

Purlin and girt designs have also varied between different manufacturers.  Currently 

there are two types of purlin and girt designs being used.  The first design is the 

standard method, in which the purlins and girts sit on top of the portal frame as 

shown in Figure 2.3(a), and the second method involves the purlins and girts sitting 

within the portal frame as shown in Figure 2.3(b).  The standard method has the 

advantage of easy and quick construction, while the second method has the 

advantage of providing reduced overall dimensions while still providing the same 

envelope space. 

 

                                    
(a) Conventional Method   (b) Inset Method 

Figure 2.3 Purlins and Girts of Typical Portal Frame Sheds 

Open channel sections have been used for both purlins and girts.  ‘Top hat’ (Figure 

2.2 (b)) and ‘C’ sections have been used for the standard method, while ‘C’ sections 

have been used for the second method. 

Purlin 

Portal Frame 

Cladding 
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2.1.1.3 Cladding 

Two main cladding types have been used, ‘High Deck’ (0.42 BMT) and ‘Low Clad’ 

(0.35 BMT).  ‘High Deck’ and ‘Low Clad’ are fabricated from high strength cold-

formed G550 sheeting and can been seen in Figure 2.4 below.  The cladding comes 

in three forms, ZINCALUME, COLORBOND and COLORPANEL.  The later two 

are available in a plethora of colours (Colorbond and Colorpanel).  G550 sheeting is 

discussed in further detail in the following section. 

 

  
 Highdeck    Lowclad 

Figure 2.4 Typical  Cladding 

2.1.1.4 G550 Steel Sheeting 

A recent inclusion to the cold-formed steel range of steel sheeting is the G550 steel 

sheet.  The G550 steel sheet is a high strength (yield stress = 550MPa) low ductility 

product that is produced in thicknesses varying from 0.42 to 1.0 millimeters.  The 

steel sheets are manufactured by cold reducing mild steel sheets (yield stress = 300 

MPa), which produces deformations in the grains of the steel in the direction of 

rolling.  This results in an increase in yield stress and ultimate strength, but reduces 

ductility.  G550 sheeting is also stress relief annealed (Rogers and Hancock 1997).  

As a result of the cold forming process, the material properties of cold reduced steel 

sheets have been shown to be anisotropic (Rogers and Hancock 1997). 

 
Due to concerns of the reduced ductility of the G550 sheeting resulted from the cold 

forming process, the use of G550 steel sheets has been limited to non-structural 

applications in most countries.  However, in Australia, the use of G550 sheeting for 

structural members has been recently introduced for the residential construction 

industry (Rogers and Hancock 1997).  However due to the reduced ductility of this 

sheeting, the designer must reduce both the yield stress and ultimate strength to 75% 

of the minimum specified value, i.e. 0.75 * 550 MPa.   
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The current design standard in Australia for the G550 sheeting is AS4600 (1996), to 

which the ductility criterion is based on investigations of cold formed steel sheets 

performed by ‘Dhalla and Winter’ (Rogers and Hancock 1998).  These tests do not 

include high strength G550 sheeting and as a result AS4600 may not be completely 

accurate for this sheeting.  In recent years, Rogers and Hancock have completed 

many tests on the G550 steel sheet and have concluded that in many cases, AS4600 

either overestimates or underestimates the design capacities for this sheeting (Rogers 

and Hancock 1999, 1998, 1997, 1996).  Full-scale tests of the MGA shed should be 

performed to determine the adequacy of G550 sheeting for its intended application in 

the MGA structure. 

2.1.1.5 Wind Bracing 

All of the portal frames investigated were braced to transfer longitudinal wind loads 

to the foundations.  In every case this was achieved by diagonal metal straps crossed 

braced between two adjacent frames.  Variations in strap width, thickness and 

connection details were noted.  Typically, ‘Tek Screws’ were used to connect the 

strapping to the portal frames.  Typical metal strap cross bracing can be seen in 

Figure 2.1. 

2.1.1.6 Connections 

All of the portal frames investigated consisted of typical connection fixities.  These 

were fixed connections at the apex and knee, with a pinned connection provided at 

the base of the frames.  Currently there are two main connection methods used for 

knee and apex connections.  The first method is a typical bolted end plate 

connection, while the second type of connection is achieved via the use of a moment 

resisting bracket.  Both methods require no on-site welding, facilitating quick and 

easy erection, though the later method also eliminates welding in the manufacturing 

process which results in lowered manufacturing costs.  Both methods can be seen in 

Figure 2.5(a) and (b) respectively. 
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     (a) End Plate Connection          (b) Moment resisting Bracket 

Figure 2.5 Typical Knee Connections For Portal Frame Sheds 

All of the base connections currently being used for the domestic sheds surveyed, 

were pinned.  However, three different methods for achieving a pinned base 

connection were observed.  The first method uses a typical end plate connection 

whereas the second method consists of a steel bracket that is cast directly into the 

concrete slab.  The third method uses brackets which bolt the column to the slab.  

Each of these three methods can be seen in Figure 2.6(a), (b) and (c) respectively.   

 

   
(a) End Plate Connection  (b) Cast Insitu Bracket           (c)Bolted Connection 

Figure 2.6 Base Connections For Typical Portal Frame Sheds 

2.1.1.7 Other Variations 

As mentioned above, the portal frame designs investigated were all for the same 

specific geographic location.   However, it was observed that the designed wind 

ratings for the portal frame structures varied between different manufacturers.  Three 

different wind ratings were given.  These were W33, W35 and W41.  These 

differences in wind rating may be due to a number of factors: 

Rafter 

Column 
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• By producing a shed to a W41 wind rating, a manufacturer can target a wider 

market. 

• It may be more economical for a manufacturer to produce a shed with a wind 

rating of W41 and sell a single product. 

• For manufacturers who use a lower wind rating such as W33, material costs 

may be the governing factor, so savings in material costs may outweigh any 

added production costs. 

2.1.2 Steel Stud Designs 

In the last few years, steel stud designed domestic sheds have emerged.  This is a 

result of manufacturers having the desire to produce a shed that is quick and easy to 

erect.  The steel stud design consists of a number of prefabricated modular units.  

They are then connected together on site to produce the completed structure.  A 

diagram of a typical steel stud structure and standard panel can be seen in Figure 2.7. 

 

Figure 2.7 Typical Steel Stud System used in Domestic Garages 

As can be seen from Figure 2.7, this design differs quite significantly from the portal 

frame design.  The major difference is that the frames have been replaced by a 

number of wall panels that are bolted to a concrete slab.  These wall panels are pre-

Purlins 

Roof Truss 

Steel Stud Walls

Modular Unit
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fabricated and braced in the factory and are made from open channel ‘C’ sections, 

which are connected by a self piercing rivet system. 

 
The connections at the knee and the base of the structure are both pinned.  This 

differs from the portal frame, which has a fixed connection at the knee and a pinned 

connection at the base.  For the steel stud design the wall panels are bolted to the 

concrete slab at the base, while the roof trusses are bolted to the wall panels at the 

knee.  Even though this structure has pinned connections at both the base and knee, it 

is still stable as it is braced in both the longwind and crosswind directions. 

 
Unlike the portal frame, the bracing is included in the wall panels as diagonal 

members.  These diagonal members are pre-fabricated into the wall panels and do 

not require the builder to add any cross bracing.  The main structural difference in 

this bracing system is that the bracing acts in both tension and compression, unlike 

the metal straps used in the portal frame structures, which only act in tension. 

 
The purlin and girt design for the steel stud design also differs slightly from the 

portal frame design.  Like the portal frame, ‘Top Hat’ sections are used for the 

purlins, which sit on top of the roof trusses, though no girt members are used on the 

wall panels.  Instead of using girts, the cladding is connected directly onto the 

horizontal elements of the wall panel.  The cladding used was a ‘High Deck’ (0.42 

BMT).  As for the portal frame design, the cladding is fabricated from high strength 

cold-formed G550 sheeting. 

2.1.3 The MGA System 

The cold-formed steel shed industry is highly competitive and to survive in today’s 

harsh economic market, continual research and development to improve shed designs 

is essential to stay ahead of rival competitors.  Modern Garages Australia has 

developed a new design/concept for cold-formed steel sheds aimed at the domestic 

market.  This new design/concept does not follow the conventional structural 

system/layout of a typical portal frame shed and will be discussed briefly below.  

However, a complete detailed discussion of the MGA test structure is contained in 

Chapter 3. 
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The MGA structure is a cold-formed steel shed structure that has representative 

dimensions of a typical domestic sized portal frame shed (two cars wide by one car 

deep).  The test structure has a span of 5360 mm, a length of 5360 mm, an eaves 

height of 2300 mm and a 10o roof pitch.  The most important feature of this structure 

is that there are no conventional frames and no purlins or girts.  This results in the 

entire structure being fabricated from cladding.  An overall view of the MGA 

‘Frameless’ shed can be seen in Figure 2.8. 

 

Figure 2.8 MGA Shed Structure 

The cladding used for this structure is manufactured from cold-formed (0.42 BMT) 

G550 sheeting.  The sheeting panels have been given a custom profile, which is 

shown in Figure 2.9.  The ribs of the panels have a height of 68 mm and the pan has 

a length of 620 mm.  The sheeting can be produced in varying lengths to change the 

height and span of the structure.  These panels are then overlapped to produce the 

desired length of the structure (see Figure 2.10).  The test structure has eight panels 

in length and eight panels in width. 

 

Figure 2.9 Profile of MGA Sheeting Panels 

68 mm

34 mm

620 mm 

Pan Rib 

10 mm      40 mm 
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Figure 2.10 Construction of MGA Structure 

Unlike most conventional portal frame sheds, the MGA shed has fixed connections at 

the bases of the structure. The importance of achieving a fixed base connection is 

that it will redistribute moments from the knee and apex of the structure to the base.  

This will result in less bending moment at the knee and apex of the structure with the 

added benefit of reduced deflections.   

 
The knee connections are achieved from moment resisting brackets that connect the 

wall and roof panels together (Figure 2.11(a)), and the apex connections are achieved 

by similar moment resisting brackets (Figure 2.11(b)).  The base connections are 

similar to both the knee and apex connections, but to achieve a fixed base 

connection, the bracket is cast insitu into the concrete slab (Figure 2.11(c)). The 

brackets are manufactured from 1.5 mm thick grade G450 steel.  They have a slightly 

narrower and shallower profile than the cladding.  This narrower and shallower 

profile allows the brackets to slot neatly within the rib of the cladding.  The brackets 

are made in two halves which are cut at appropriate angles and then welded together 

to provide the desired roof pitch (Figure 2.11(a)).  The base bracket has a length of 

320 mm, the knee bracket has a length 220 mm, and the apex bracket has a length of 

120 mm. 

 

Overlapping of Profiled Sheeting Panel 
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 (a) Knee Connection  (b) Apex Connection 

 

  
Moment Resisting Bracket      Cladding Panel 

(c) Base Connection  (d) Bolt 

Figure 2.11 MGA Connection Details 

At present the cladding is bolted to the brackets with six bolts, three at 20 mm from 

the end of the bracket and three 20 mm from the middle of the bracket.  Within the 

two sets of three bolts, two of the bolts hold the cladding onto the bottom flanges of 

the bracket, while a single bolt bolts the top of the rib of the cladding onto the top 

flange of the bracket.  This layout can be seen in Figure 2.11(a). All of these 

connections are bolted using a specified bolt as shown in Figure 2.11(d). 

 
Another key feature of the MGA structure is the exclusion of cross bracing.  Typical 

portal frame structures have always included cross bracing to transfer the 

longitudinal loads in a structure to the foundations.  Exclusion of cross bracing 

results in biaxial bending of the portal frame and is generally considered undesirable 

Moment Resisting Bracket      Cladding Panel 
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and avoided.  Therefore the exclusion of cross bracing in the MGA structure may not 

be desirable and may complicate the load paths and behaviour of the structure. 

 
The load paths and behaviour of the new MGA structure are unknown but it is 

assumed at this early stage of the investigation that the behaviour of this structure 

should act as an idealised series of ‘frames’, with combined shear action or stressed 

skin action.  From studying the structure and investigating the overlapping of the 

sheeting panels, it can be seen that the ‘frames’ will have a thickness twice that of the 

sheeting panels.  These ‘frames’ are then relatively stiff in comparison to the rest of 

the sheeting and should attract the majority of the load.  As mentioned above, the 

exclusion of cross bracing may result in the longitudinal loads being transferred to 

the ground via bending around the minor axis of the idealised ‘frames’ with some 

combination of diaphragm action.   

 
Preliminary research has been carried out in this area using a simple computer 

analysis program (Space Gass), which has produced results that agree with this 

assumption.  However, these models are only simple 3D analyses that may not be a 

true representation of what the MGA structure is, and how it is behaving.  However a 

true and clearer understanding of how the structure generally behaves is achievable 

with the use of full-scale testing and more complex finite element modelling.    

 
Theoretical 2-dimensional and 3-dimensional structural analysis models were created 

using the simple analysis program Space Gass, so that a comparison between 

theoretical predictions and experimental results could be made during the discussion 

of the experimental results in Section 5.  In general, the theoretical results of the 2-

dimensional and 3-dimensional models only varied slightly.  As there was only a 

slight difference in the results of the two model types, only the results from the 2-

dimensional model have been included in this experimental results section of this 

thesis. 
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2.2 Full Scale Tests of Steel Building Systems 

2.2.1 Previous Full Scale Tests 

2.2.1.1 General 

Full-scale tests of steel building systems have been undertaken since the 1950’s.  

Even though the frequency of such tests has increased since then, full-scale testing of 

steel building systems have been limited.  This has resulted due to a number of 

factors.  These factors include expense, time constraints and a lack of facilities to 

carry out such tests.   

 
As full-scale testing is time consuming and expensive, great care must be taken in the 

planning stage to ensure that the objectives of the testing are achieved.  The nature 

and objectives for every full-scale test will differ and therefore the procedure used to 

undertake these tests will differ appropriately.  Such documents as the Steel 

Structures Code (AS 4100) (SA, 1998) and Cold-Formed Structure Code (AS4600) 

(SA, 1996) outline testing procedures and testing guide lines are given by ASCE 

National Structural Engineering Meeting (1974) and Institution of Structural 

Engineers (1964). A current review of previous full-scale testing programs will 

provide a more practical approach to gaining insight and guidance on how building 

systems should be investigated.  The following section is a review of previous full-

scale tests on building systems.  Even though it is impractical to include all the 

research to date, a broad selection of research on steel building systems has been 

investigated to demonstrate the various types of full-scale tests undertaken, their 

procedures and objectives. 

2.2.1.2 Review of Previous Full-scale Tests 

Full-scale tests of steel building systems date back to the 1950’s when Baker and his 

colleagues undertook a series of tests on a steel portal frame building system. These 

tests were carried out on a small hot-rolled steel frame that had a span of 

approximately five metres.  The aim of this research was to investigate the behaviour 

of the frames, which included post-yielding behaviour.  To provide realistic restraint 

conditions, the tests included secondary members, however a complete building 
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system was not investigated as the effects of cladding was not included in the test 

program.  The tests investigated both gravity loads and wind racking loads.  These 

loads were applied as point loads on the frames by using static weights (Figure 2.12).  

Even though the load distribution was not the same as real life conditions, it was 

found that the resulting frame behaviour was sufficiently accurate. 

 

 

Figure 2.12 Typical Test Conducted by Baker 

Later, Bryan and Dakhakhni (1964) conducted tests that included the effects of 

cladding.  The focus of this research was to determine the effect that cladding has on 

the overall stiffness and strength of a portal frame structure.  The results of this 

testing showed that indeed the cladding can add significant stiffness to a portal frame 

structure. 

 
Davies et al (1990) realised that with the change in modern construction techniques, 

full-scale tests of a modern portal frame structure was needed.  They conducted a 

series of experiments on portal frames constructed of hot-rolled sections that had 

spans of 12 m and 24 m.  As the main objective was to investigate the real behaviour 

of portal frame systems, secondary members and cladding were included in the test 

structure.  To load the structure as realistically as possible, the gravity loads were 

applied to the cladding of the structure.  The loads were applied with hydraulic 

Load Distribution 
System 

Static Weights 
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actuators through a series of beams and hangers that applied 96 point loads for each 

actuator.  This resulted with the 12 m frames having 384 load points, and the 24 m 

frame having 576 load points.  As a part of this research, a non-linear finite element 

analysis model was developed and even though this model was successful in 

modelling the behaviour of the structure, it still required calibration from the 

experimental results. 

 
Additional tests on the behaviour of steel portal frame building systems have been 

completed by Moor (1997).  Moor investigated the ‘true’ three-dimensional 

behaviour of steel portal building systems subjected to Australian conditions.  These 

conditions include wind loads as the dominant load case and crest-fixed cladding 

instead of the valley-fixed cladding that is commonly used in the United Kingdom.  

The test structure consisted of three Hollow Flange Beam (HFB) portal frames that 

had secondary members and was fully clad.  Wind loads were simulated with the use 

of hydraulic actuators, which distributed the loads with a load distributions system 

into a number of point loads that were applied to the purlins and girts of the structure.  

The test structure and load distribution system can clearly be seen in Figure 2.13.  It 

was found that the load simulation method used in the research produced accurate 

results that correlated well with computer analysis.  From this research, a three-

dimensional computer model that included stressed skin action was developed.  This 

model accurately modeled the behaviour of the test structure. 

 

 

Figure 2.13 Heldt (1997) and Moor (1997) Test Structure and Load 
Distribution System 

Heldt (1997) also used the same test structure as Moor (1997) to investigate the use 

of hollow flange beams (HFB) in portal frame structures.  The objective of Heldt’s 

Load Distribution 
Systems 
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research was to investigate the in-plane behaviour and confirm the adequacy of 

existing analysis and design procedures for HFB portal frames, and to investigate the 

out-of-plane buckling behaviour of HFB portal frame members.  The results of this 

investigation concluded that generally a three-dimensional second order analysis can 

accurately predict the behaviour of a HFB portal frame structure and that only one 

lateral restraint of the flanges is necessary to prevent the lateral distortional buckling 

of HFB members in portal frame building systems.  This research used the same 

experimental procedure as Moor (1997). 

 
Full-scale tests that investigate the use of tapered web portal frames have been 

conducted by Dowling et al (1982).  The test structures consisted of two frames (30 

m and 21 m spans) which had secondary members attached.  No cladding was 

attached and as a result, a conservative approach between frame interaction was 

taken.  Gravity loads simulated snow loads which were applied at the secondary 

members, and racking loads were applied to the eaves of the frame.  The results of 

this testing concluded that the addition of secondary members are important in 

investigating overall structural behaviour. 

 
Testing of portal frame structures has not been limited to hot-rolled sections.  Full-

scale tests of portal frames comprising cold-formed sections have been investigated 

by Hancock (1983; 1985).  The test structures consisted of cold-formed ‘C’ and ‘Z’ 

sections that had a span of six metres and an eaves height of two metres.  The frames 

were also laterally restrained.  The objective of the experimental program was to 

investigate and understand the behaviour of the frames.  The stress distributions 

produced from the full-scale tests were then compared to the predicted stresses from 

analytical techniques.  A total of three load cases were tested.  These were liveload, 

cross wind loads and longitudinal wind loads.  All load cases included dead load. 

 
Avery (1998) has conducted a series of large-scale tests on steel frames comprising 

non-compact sections to provide experimental results for verification of a new 

analytical model.  Four tests were conducted on two-dimensional, single bay, single 

story sway frames (4 m by 3 m).  Only sway frames were tested as they make up the 

majority of single story, steel frame structures.  The frames had full lateral support 

and had rigid joints.  Both the vertical and horizontal loads were applied directly onto 

the frame with hydraulic actuators.  Even though this test program did not include a 
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full building system, the results achieved were adequate for the research objectives.  

Unlike the research conducted by Moor (1997), this type of research is not concerned 

with overall structure behaviour, but is concerned with more localised behaviour.  

Thus there is no need to test a full structure to achieve the desired results. 

 
Wilkinson and Hancock (1999) carried out full-scale tests of steel frames comprising 

cold-formed rectangular hollow sections to determine their suitability for use in the 

design of portal frame structures.  Each of the frames spanned seven metres and had 

an eaves height of three metres.  As the objective of the research was to investigate 

the in-plane formation of plastic hinges, the frames were laterally braced.  Both 

gravity and wind loads were applied as point loads onto the frames.  The gravity 

loads were applied with the use of a gravity load simulator that allowed the hydraulic 

actuator used to apply the load to sway with the frame.  Only the horizontal loads 

resulting from the wind load case was applied to the frames.  It was assumed that the 

wind load case was a longitudinal load case and that the structure would have a 

dominant opening on either the leeward or windward wall.  This would effectively 

cancel any uplift pressures on the roof on the structure, and hence cancel any upward 

loading on the rafters.  This however may limit the results as in real life conditions a 

portal frame structure will need to be designed for all possible load cases. 

 
Full-scale tests have not been limited to single story frames.  They have also been 

conducted on multistorey steel-framed buildings (see Figure 2.14).  Bailey et al 

(1999) have recently investigated such research on an eight-story building.  The aim 

of these tests was to investigate the ‘true’ behaviour of steel-framed buildings 

subjected to localised compartment fires.  The test structure was designed and 

constructed to resemble a typical eight-story office building.  It had a plan area of 21 

m by 45 m with an overall height of 33 m.  A 9 m by 2.5 m lift core and two 4.5 m 

by 4.5 m stairwells were also included.  The only loads placed on the structure were 

super-imposed loads.  A total load of 5.48 kN/m2 was achieved with the use of sand 

bags each weighing 11 kN.  This particular test program is another example of full-

scale testing which was successful in allowing researchers to gain significant insight 

into the overall behaviour of a steel building system subjected to particular 

conditions. 
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Figure 2.14 Bailey (1999) Test of an Eight Storey Steel Framed Building 

Another research program that was carried out on multistorey steel frames was that 

of Ivanyi (1998).  Ivanyi tested a two-storey steel frame structure that had two bays 

in the first story.  The structure was constructed from European hot-rolled sections. 

Horizontal and vertical loads were directly applied to the structure with hydraulic 

actuators.  However, unlike the objectives of the tests performed by Bailey and his 

co-workers, the objectives of this research were focused on investigating the 

flexibility in the beam-column connections and column bases.  The results of these 

tests were then compared with analytical techniques.  The results from the analytical 

techniques correlated well with the full-scale tests.  Similar research has been 

conducted by Kim et al (2003) for 3-dimensional two storey steel space frames for 

sections commonly used in Korea.  

 
Yao and Shan (1992) conducted a series of full-scale tests on a roof truss.  The 

objectives of this research were to obtain information on the ultimate capacity and 

destructive characteristics of the roof truss.  The truss had a span of 30 m and can be 

seen in Figure 2.15.  For convenience, the truss was reversed and the top chord was 

loaded with nine hydraulic actuators.  The top chords were laterally braced to prevent 

any unwanted out of plane instability. 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Figure 2.15 Test Setup of Yao and Shan (1992) 

Another test program that involved the full-scale testing of cold-formed steel roofing 

systems is that of Moore (1992).  Moore investigated three full-scale, cold-formed 

steel roofing systems that were subjected to both uniform and varying distributed 

loads.  Each of the three roofing systems that were investigated used the supporting 

frame, which can be seen in Figure 2.16.  Unlike most of the loading methods used in 

other testing, Moore loaded the cladding and not the secondary members.  This 

resulted in a loading method that was more realistic of real life conditions.  To 

accomplish this, static weights were applied to 48 independent points of the cladding 

(Figure 2.16).  This method was found to accurately simulate the real life uniform 

and variably distributed loads, however a spreader board was required at each 

loading point to eliminate any unwanted premature buckling of the cladding. 

 
    Spread Boards 
 

 

Figure 2.16 Tests Using Spreader Boards 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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2.2.1.3 Conclusions 

With the advances in usage of structural steel always on the increase, there is an 

increasing need for more research that includes full-scale testing (Davies et al., 

1990).  Even though analysis techniques are advancing, and complex computer 

modelling are simulating building behaviour more accurately, they are generally 

unable to precisely predict structural behaviour, and still need to be calibrated with 

full-scale tests. 

2.2.2 Loading Methods 

It is important in any research that tests be carried out as realistically and accurately 

as possible.  Tests must simulate actual conditions as closely as possible to which the 

given structure would be subjected to in real life (Davies et al 1990).  Therefore, 

when testing the MGA structure, it will be of great importance to accurately simulate 

the uplift wind loads resulting from crosswinds and longwinds, as they usually 

produce the most critical load cases.  Till date only a small amount of work has been 

relating to the study of uplift wind load cases for structures of this nature, though 

considerable work has been carried out in the United Kingdom for gravity loads such 

as snow loads and the effects of stressed skin action.  Therefore, before a test method 

can be decided upon, an investigation into the current testing methods will need to be 

carried out.  Also before this decision can be made, the key requirements for the 

testing method will need to be determined. 

 
To date there are four common types of testing methods used to simulate wind loads.  

These are: 

1. Static loads or weights 

2. Jacks or Actuators 

3. Wind tunnels 

4. Air bags 

 
In the past, all of these methods have been used to test portal frame structures or 

elements of a portal frame structure such as the bare frames, purlin and girts, or even 

cladding, and each of these methods will be discussed below in further detail. 
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2.2.2.1 Static Weights 

Static weights have been used in the past for simulating gravity loads and racking 

loads.  An example of such tests was those performed by Baker in the 1950’s and 

1960’s.  These loads were applied as point loads on the frame of the structure and did 

not simulate accurate loading conditions but produced results that were accurate 

enough for the purpose of the test.  A picture of a typical test performed by Baker 

and his co-workers can be seen in Figure 2.12. 

 
Other tests carried out by Davies and Bryan (1982) have simulated super-imposed 

loads on the roof of a portal frame structure via the use of sandbags.  This method 

provides a fairly accurate method of applying a uniform pressure, but the load can 

not be taken off or increased quickly or efficiently. 

 
Advantages of this method are that no specialised or ‘high tech’ equipment is needed 

and it has low expense.  Disadvantages of this method are that it is not easily 

modified for uplift load cases and can not readily add or remove weights in the 

majority of circumstances.  It is also not convenient for the variable pressure 

distributions associated with wind uplift.  However, this method has been used 

successfully by D’Costa and Bartlett (2003) with the use of pulleys to apply a 

uniform uplift pressure to the roof of a modular temporary housing structure. 

2.2.2.2 Hydraulic and Pneumatic Actuators 

Hydraulic and pneumatic actuators (or jacks) have been used by many researchers to 

apply loads to structures.  They have been used successfully for a significant amount 

of time because unlike static weights, loads can be repeatably applied to a structure 

and taken off again with ease.  Moor (1997) and Heldt (1996) recently performed 

tests on a portal frame structure in which they simulated various load cases via the 

use of a series of hydraulic actuators.  To simulate the loads as accurately as possible, 

loads were applied to the purlins and girts of the structure, which then distributed the 

loads to the frames.  A picture detailing the layout of the actuators can be seen in 

Figure 2.13.  The use of hydraulic jacks easily allowed Moor and Heldt to simulate 

the complex pressure variations across the roof of the portal frame structure.  For this 

reason, many of the tests that have simulated wind uplift have used this method. 
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Pneumatic actuators are very similar to hydraulic actuators, though the loads they 

produce are usually less than those produced by hydraulic actuators.  Recent work 

carried out by Bell (1996) has successfully used pneumatic jacks to test a roof truss 

system for wind loading requirements.  As for hydraulic jacks, the pneumatic jacks 

were found to adequately simulate the complex nature of wind uplift loads. 

 
In addition to adequately simulating wind uplift, both hydraulic and pneumatic jacks 

are load reversible, which means that they can both push and pull.  This is important 

for Australian conditions in which both wind uplift and downward live load cases 

need to be considered. 

 
Advantages of this method are that actuators are load reversible, they allow for a 

variety of load combinations, ease of repeating tests, and they can produce the 

required loads.  Disadvantages of this method are that a load distribution system is 

required, and for the MGA structure, the load will be applied directly onto the 

cladding and may produce unwanted local buckling effects.  This method has a 

moderate expense. 

2.2.2.3 Wind Tunnels 

In Australia, wind tunnel tests have been limited.  This is due to the small number of 

wind tunnels available in this country, their size and extremely high expense.  They 

are generally used to determine accurate wind load distributions for a particular 

structure using scaled models.  Holmes and Syme (1994) describe tests in which 

wind tunnels were used to determine wind pressure distributions for models of portal 

frame buildings.  The flow characteristic for the wind tunnels used in these tests were 

good representations of boundary layer flow over open country terrain described as 

category 2 in AS1170.2 (Holmes and Syme 1994).  This type of testing was able to 

produce accurate wind pressures for design wind speeds.  It would be the ideal 

testing method for the MGA structure as no wind loads would need to be calculated, 

and almost completely accurate loading conditions for the structure would be given 

for specified design wind speeds.  However, full-scale testing of the MGA structure 

would require an extremely large wind tunnel, which is unavailable in Australia. 
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The advantages for this method are that wind tunnels can produce true pressure 

distributions, produce no unwanted stress concentrations due to loading points, and 

are the most accurate loading method available for wind loads.  Disadvantages for 

this method are extremely high expense, limited accessibility, and the need for 

another test method to simulate other load cases such as live loads. 

2.2.2.4 Air Bags 

Air bags are another loading method used to simulate wind pressures.  They have 

typically been used to simulate wind pressures on claddings and flat surfaces.  Tang 

(1997) used this method for the simulation of wind pressures on cladding.  Tang’s 

research focused on the local failure of steel roof and wall claddings, and he 

concluded that air bags did not provide an accurate loading method for claddings 

with a deep profile.   

 
Air bags are capable of producing accurate pressures on a flat surface and will 

eliminate the possibility of any unwanted local bucking effects or stress 

concentrations.  This type of testing only produces positive pressures, which is 

usually adequate for the testing of claddings.  However, for the MGA structure, both 

the effects of positive and negative pressures will need to be tested and this will 

become difficult with air bags as they can not push and pull like actuators.  Air bags 

also require a rigid surface to lay on, and for use in the MGA structure, this would 

result in the need for a specially made platform to be placed in and around the 

structure to be able to successfully simulate both positive and negative pressures. 

 
Advantages of this method are that accurate pressure distributions can be achieved 

for flat surfaces and elimination of unwanted local buckling effects.  However, the 

disadvantages for this method are the need for specially made platforms, and no load 

reversal. 

2.2.2.5 Testing Method Requirements for MGA Structure 

After careful consideration of the loading requirements for the MGA structure (eg. 

wind loads and live loads) and the above review of loading methods, it has been 
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concluded that the testing method will need to fulfil a number of requirements.  

These requirements are as follows: 

 
• The test method should simulate loadings as accurately as possible. 

• Must be flexible to simulate multiple loadings. 

• Must not produce unwanted local buckling. 

• Must be easily repeatable. 

• Must be easy to set up. 

• Must be able to provide adequate load to failure. 

• Must be able to provide adequate stroke to failure. 

2.2.2.6 Discussion and Conclusion of Testing Methods 

After careful consideration of the above review and requirements of the testing 

method, it can be concluded that the most desirable method to simulate wind loads 

on the MGA structure would be with the use of a wind tunnel.  This method would 

produce the most accurate wind loading and hence would produce and show the most 

accurate structural behaviour of the MGA system.   However taking into account the 

high cost and the lack of a local wind tunnel of an appropriate size, this option has to 

be eliminated. 

 
As for wind tunnel testing, air bags can also produce an even pressure distribution 

over a given area, which will eliminate any unwanted problems associated with local 

buckling and stress concentrations.  Though given the variation of pressures across 

the roof of the structure, many air bags would be needed to produce accurate wind 

pressure distributions.  Also with the need for specially made platforms for the air 

bags to sit on, the set up required for this testing method would be both complex and 

cumbersome, and is therefore ruled out as an option for the MGA structure. 

 
Static weights will not be used in this testing as the majority of load cases involve 

both uplift and horizontal loads, which cannot be easily simulated with static 

weights.  Repeating this process will be time consuming and impractical.  Therefore 

either hydraulic or pneumatic actuators will be used for the testing of the MGA 

structure. 
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The use of hydraulic and pneumatic actuators satisfies all of the above requirements 

of this testing, and has been used successfully in many other tests programs.  

However, special attention must be given to eliminate any unwanted local buckling 

or stress concentration effects that can be caused by actuators.  It is believed at this 

point in time that these concerns can be eliminated with a carefully designed load 

distribution system.  Pneumatic actuators rather than hydraulic actuators will be used, 

as pneumatic actuators have been found to be more accurate for the lower loads that 

need to be applied to the MGA structure. The Physical Infrastructure Centre of the 

School of Civil Engineering at QUT has numerous pneumatic actuators available, 

and these will be used for the appropriate loading of the MGA structure. 

2.2.3 Design Load Requirements 

2.2.3.1 Dead Loads and Live Loads 

All dead loads and live loads shall be determined from AS1170.1 (SA, 1989).  Dead 

loads shall be determined from Section 3, and live loads shall be determined from 

Section 4 with special attention given to clauses 4.8.1.1, 4.8.1.2 and 4.8.3.2. 

2.2.3.2 Wind Loads 

In Australia, wind loads are the most critical load case placed upon a portal framed 

or similar structure.  These wind loads are usually caused by gales, thunderstorms or 

tropical cyclones.  As these loads have a highly fluctuating nature, very complex 

pressures are produced.  Currently, to determine these resultant pressures from a 

design wind speed, Australian designers use AS1170.2 (SA, 1989).  However, recent 

work carried out by CSIRO (Holmes and Syme 1994) has focused on formulating a 

more accurate procedure for determining the load action effects caused by wind 

loading. Both AS1170.2 and CSIRO Brochum method will be discussed in further 

detail next. 

2.2.3.3 AS1170.2 

AS1170.2 provides both a simplified and detailed method for calculation of wind 

pressures.  The simplified method contained in AS1170.2 is only applicable to small 
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rectangular buildings located on flat surfaces.  Even though the structure to be 

studied in this research is of a rectangular nature and is located on relatively flat 

surfaces, the simplified procedure will not be used, as it is generally conservative.  

Therefore it is recommended that for the design of the MGA structure, the detailed 

procedure in AS1170.2 be used. 

 
The detailed static procedure contained in AS1170.2 is based upon the quasi-steady 

assumption.  The quasi-steady assumption assumes that wind loads can be 

adequately estimated from the product of dynamic wind pressures (Holmes et al. 

1990).  The wind pressures are based on peak gust wind speeds, which are modified 

by a number of multipliers.  These multipliers take into account terrain category, 

height, topography, shielding and structural importance.  The resultant pressures are 

then additionally modified with coefficients for local pressure effects, the tributary 

area and the porosity of the structure.  This procedure also assumes that the structure 

or structural element being designed is not dynamically wind sensitive.  This 

includes structures which are flexible, lightweight, slender, have a ratio of height or 

length to breadth greater than five, and structures which have a first mode of 

vibration less than one Hertz. 

2.2.3.4 CSIRO Brochum Method 

In recent years it has been observed that in storm situations, major structural 

elements do not experience as much damage as other elements such as cladding.  

This is due to the large pressure fluctuations of peak wind pressures which do not act 

simultaneously over the large contributing area of major structural elements.  This 

has led to research that has been carried out to determine a more accurate procedure 

to determine wind pressures.  Such research has led to the procedure known as the 

CSIRO Brochum method. 

 
The philosophy of the CSIRO Brochum method is that ‘the proper design of the 

frame should be based on the maximum values of the bending moment expected 

during the design wind storm associated with the design gust wind speed at the top of 

the building’, (Holmes and Syme  1994).  This then enables the effective static 

pressure distribution, which produces maximum and minimum load effects in a 

structure to be determined. 
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This method results in reduced design action effects being obtained when compared 

with AS1170.2.  These reductions led to significant reductions in the amount of steel 

required for a given steel framed structure.  However the work carried out for this 

method is limited to structures of similar geometric dimensions to the test structure.  

Even though the MGA structure is of similar geometric dimensions to the test 

structures, the CSIRO Brochum method cannot be used as research has only been 

carried out for pinned bases and the MGA structure has fixed bases as well as a 

different structural system. 

2.2.3.5 Recommendation for Wind Loads 

As mentioned above, the CSIRO Brochum method is only applicable to structures 

that have similar geometric dimensions and base fixity as their test structure. The 

MGA structure has different base fixity and a significantly different structural system 

that is not yet well understood.  Therefore it is recommended that the CSIRO 

Brochum method is not used and that the detailed static procedure in AS1170.2 be 

used for the determination of wind pressures for the MGA structure. 

2.3 Stressed Skin Design 

Stressed skin action was first discovered in the early 1950’s when many large-scale 

tests were performed on portal frame structures.  During these tests, it was observed 

that the deflections and stresses were significantly smaller than those that were 

predicted by usual numerical design procedures.  The only explanation for this 

reduced stress and increased stiffness was the additional strength provided by the 

profiled steel sheeting. 

 
Since the discovery of stressed skin action, extensive research has been conducted to 

investigate the benefits provided by the steel skin of a structure.  Early tests 

concluded that when all the frames of a structure were loaded, the collapse load of 

the most critical frame could be increased by up to 42% compared with the bare 

frame (Bryan and EI-Dakhakhni, 1965).  Perhaps the most important outcome of this 

research was that the stressed skin design “describes the true behaviour of the 
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completed building rather than the idealised behaviour of the frame” (Davies and 

Bryan, 1982). 

2.3.1 Stressed Skin Action 

Davies and Bryan (1982), and Bryan and Mohsin (1972) have extensively studied 

stressed skin action and have provided the principles for stressed skin design.  The 

basic principle of stressed skin design is that the sheeting resists in-plane 

displacements through shear.   

 
As horizontal loads are applied to a portal frame structure shown in Figure 2.17, the 

frames will tend to sway in the plane of the applied load.  This cannot take place 

without causing in-plane deflections of the roof sheeting.  In the case of a portal 

frame, the sheeting in conjunction with the purlins will act as a deep beam spanning 

between the two end gables. The purlins will act as flanges in tension and 

compression, while the sheeting will act as the web resisting shear. 

 

Figure 2.17 Frame Sway 

A critical principle of stressed skin action is that if the frames are so rigid that they 

do not displace under a lateral load, the cladding will not undergo any stressed skin 

action and the frames will carry the entire load.  Therefore the amount of stressed 

skin action which occurs is related to the relative displacements between two 

adjacent frames.  It should be noted that stressed skin action has no effect on frames 

which do not sway, and therefore the amount of stressed skin action that takes place 
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is dependant upon the flexibility of the frames.  Since stressed skin action is caused 

through relative displacements of the frames, the greatest shear action is experienced 

in the first panel, as it will have the largest relative displacement of adjacent frames.  

This is a result of the gable end frame being rigid in comparison to the other frames. 

 
Vertical loads can be resisted by stressed skin action although it depends on the pitch 

of the roof.  As stressed skin action only resists in-plane deflections, if the loads are 

out of plane, they are not resisted.  Davies and Bryan (1982) state that for roofs less 

than 10o, stressed skin action is negligible, but becomes appreciable with roof pitches 

greater than 10o. 

2.3.2 Elastic Analysis of Stressed Skin Structures 

Based on the theory previously discussed, Davies and Bryan (1982) have developed 

a method to predict the elastic response of steel sheeted panel, assuming particular 

conditions.  These conditions are used to achieve the full potential of the sheeting’s 

stressed skin capacity.  These conditions are stated in Davies and Bryan (1982) and 

are listed below: 

 
• Suitable structural members and connections shall be provided to transmit 

forces arising from diaphragm action to the main structural framework and 

thence to the foundations. 

• The seams between adjacent sheet or decking units shall be welded or 

fastened by rivets, self-tapping screws or other similar fasteners of a type 

which will not work loose in service nor pull out or fail in shear before 

causing tearing of the sheeting or decking material. 

• Both ends of each individual sheet or decking unit shall be attached directly 

to the supporting members by welding or by means of self-tapping screws, 

cartridge-fired pins, bolts or other fasteners of a type which will not work 

loose in service nor pull out or fail in shear before causing tearing of the 

cladding material.  All such fasteners shall be fixed through the troughs of the 

corrugations and shall connect the sheeting directly and tightly to the 

supporting member.  Hook bolts or other fasteners which transmit shear 

forces by friction are not adequate. 
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• All diaphragms shall be provided with edge members in the direction of the 

span of the diaphragm and these members and their connections shall be of 

sufficient capacity to carry the flange forces arising from diaphragm action. 

• Stressed skin diaphragms may incorporate significant openings although 

there are certain restrictions. 

 
Davies and Bryan (1982) have developed a method for determining the interaction of 

panels and stiff frames.  This method is an elastic method and is best shown by a 

simple parametric example.  Consider a portal frame of five bays with the end bays 

prevented from swaying as shown in Figure 2.18.  Assume that the roof sheeting 

forms panels of flexibility c, and the frames have a flexibility k as shown in Figure 

2.19.   

 

Figure 2.18 Portal Frame 

 

Figure 2.19 Panel and Frame Flexibility 
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The frame flexibility can then be defined as Y=c/k.  Any of the individual frames can 

be split into a ‘sway’ and ‘no-sway’ case as shown in Figure 2.20.  This sway force S 

is the force that is reduced by stressed skin action. 

 

Figure 2.20 Sway Force 

 

Figure 2.21 Deflections and Shear Force of Sheeted Frames 

For each intermediate frame, the applied force P is divided into a force Ri carried by 

the sheeting and a force P-Ri carried by the frame.  The forces and deflections for the 

frames and the shear force for the sheeting as shown in Figure 2.21.  The unknown 

forces R2 and R3 are statically indeterminate and can be found by compatibility of the 

deflections Δ2 and Δ3.  Therefore 
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Therefore the maximum shear force can be determined as 
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The frame forces are then determined as 
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It should become evident that not all structures will be possible to solve from first 

principles as the number of simultaneous equations increase with the number of 

frames.  Davies and Bryan (1982) have tabulated values of n for buildings up to 12 

frames long and for a range of flexibilities.   

2.3.3 Cladding Flexibility 

Bryan and El-Dakhakhni (1968), Mohsin and Bryan (1973), and Davies and Bryan 

(1982) have carried out significant work in the area of sheeting flexibility and found 

that the sheeting flexibility is a function of many factors, which are listed below.  A 

diagram of the arrangement of a typical panel of sheeting is shown in Figure 2.22. 

 
The first main factor is the panel.  The factors affecting the panel are listed below: 
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• Length of panel 

• Width of panel 

• Profile of sheeting 

• Direction of sheeting 

• Thickness of sheeting 

• Modulus of Elasticity 

 
The second main factor is the supporting members.  The factors affecting the 

supporting members are listed below: 

 
• Number of supporting members 

• Cross-sectional area of supporting members 

 
The third factor is the fasteners.  The factors affecting the fasteners are listed below: 

 
• Number of fasteners to supporting members 

• Arrangement of fasteners to supporting members 

 

 

Figure 2.22 Typical Sheeted Panel 

From their work a formula for the flexibility of a complete sheeted panel was found.  

The sheeting flexibility was a function of three main flexibilities: 

 
C = C1 + C2 + C3 
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C1 = Due to sheet deformation 

C2 = Due to sheet fasteners 

C3 = Due to purlin/rafter connection 

 
Each of the individual components is further sub-divided into the flexibilities of sub-

components.  The equation then becomes as follows: 

 
C = C1.1 + C1.2  + C1.3  + C2.1  + C2.2  + C2.3 + C3 

 
Where 

 
C = Sheeting Flexibility (mm/kN) 

C1.1 = Sheeting profile 

C1.2 = Shear strain in sheet 

C1.3  = Axial strain in purlins 

C2.1  = Flexibility of sheet/purlin fasteners 

C2.2  = Flexibility of seam fasteners 

C2.3 = Flexibility of sheet/fasteners 

C3 = Flexibility of purlin/rafter connection 

 
Each expression has been fully derived and can be found in Bryan and El-Dakhakhni 

(1968).  Davies and Bryan (1982) also contain simplified derivations for the previous 

expressions.   

2.3.4 Stressed Skin Design for Computer Modelling 

Currently there are two simplified methods for modelling stressed skin action for 

simple computer analysis programs, the Equivalent Spring Theory and the 

Equivalent Truss Member Theory.  Both theories can be used to successfully 

simulate stressed skin action, and provide an accurate three-dimensional analysis.  

These two methods will be discussed in brief detail in the following section. 

2.3.4.1 The Equivalent Spring Theory 

The equivalent spring theory models stressed skin action by replacing the shear 

panels with springs of equivalent flexibility ‘c’ (Davies and Bryan, 1982).  These 
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springs connect adjacent frames from the ridge to the eaves as shown in Figure 2.23.  

The same method can be used to simulate the sheeting on the gable frames, which act 

as shear panels themselves.   

 

Figure 2.23 Equivalent Spring Member Theory 

As most analysis programs do not have a function that allows for the use of springs 

with a specific flexibility, it can be treated as a prismatic member with an area of 

cross-section ‘A’.  Where 

 

cE
LA =  

2.3.4.2 The Equivalent Truss Member Theory 

The equivalent truss member theory simulates stressed skin action with the use of a 

truss member that connects the ridge and eaves of adjacent frame as shown in Figure 

2.24.  Davies and Bryan (1982) and Bernuzzi and Zandonini (1993) used this method 

for analysis of frames, on the basis of two assumptions; 

 
• The truss member simulating the cladding only acts in tension 

• The connection between the frame and the truss member is a perfect hinge. 
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Figure 2.24 Equivalent Truss Member Theory 

To use this method, the cross-sectional area of the truss member will need to be 

calculated.  This is achieved by considering the applied force, resultant displacement 

and dimensions of the shear panel as shown in Figure 2.25.  From Figure 2.25, the 

required area can be determined as follows. 
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Figure 2.25 Shear Panel 
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Since  
EA
PL

=δ  

 

And from figure 2.25.  

 

αcos
a

EA
TDi ×=     

αcos×= DDi  

 

Rearranging gives; 

 

α
α

cos
cos a

EA
TD ×=×  

α2cos
a

ED
TA ×=  

 

And substituting 
αcos

FT =  

α3cos
a

ED
FA ×=  

 

Since  
F
Dc =  

α3cos
1 a

EC
A ×=  

 

2.3.5 Other Considerations and Recent Work 

The work carried out by Davies and his co-workers in this section has been for 

valley-fixed cladding, which is the standard for claddings in the United Kingdom and 

European countries.  Since cladding is crest-fixed in Australia, this work carried out 

by Davies and his co-workers cannot be directly used for Australian cladding 

systems.  Often Australian designers have ignored the beneficial effects of stressed 

skin action as it has been viewed that crest-fixed claddings do not possess enough 
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capacity to resist both shear forces and forces due to uplift.  Moor (1997) and 

Mahendran and Subaaharan (1995), have carried out similar tests to find the overall 

flexibility coefficient ‘c’ for crest-fixed cladded panels, and will be discussed next. 

 
Moor (1997) and Subaaharan (1995) studied the shear behaviour of crest-fixed 

cladding with the use of a specially made shear/racking test rig conducted at the 

Carseldine Field Station of the Queensland University of Technology.  Information, 

which includes the design, construction, layout, dimensions and assumptions used in 

this test rig, can be found in Moor (1997).  The research carried out at the Carseldine 

Field Station provided cladding flexibility coefficients which were then used to carry 

out three dimensional computer modelling of the portal frame structure, which was 

compared with the true behaviour of an actual full scale portal frame building. From 

these tests, Moor (1997) concluded that crest-fixed cladding does provide significant 

stressed skin action, and that the flexibility coefficient can be determined using a 

suitable test rig.  It was also concluded that the flexibility coefficient used in the 

equivalent truss member theory provides accurate three-dimensional analysis for a 

portal frame structure.   

2.4 Computer Analysis of Steel Building Systems 

Since the advent of the computer, computers have been used to assist in the design of 

building systems.  At present, the two predominant types of analytical packages used 

are general-purpose structural analysis programs such as SpaceGass and MicroStran, 

and more complex finite element packages such as Abaqus and Nastran. 

2.4.1 General Purpose Structural Analysis Programs 

General-purpose structural analysis programs are generally based on the stiffness 

matrix method that is used to solve the elastic behaviour of structures.  Such 

programs are capable of solving linear static, non-linear static, dynamic frequency, 

dynamic response, and buckling analyses.   

 
The non-linear analyses include geometric non-linearities that include P-Δ effects, P-

δ effects, axial shortening, tension/compression only effects, and catenary, cable 
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effects.  However, these simple programs do not take into account material or 

boundary condition non-linearities. 

 
The buckling analyses performed by most general-purpose structural analysis 

programs are only rational elastic buckling analyses.  These analyses determine 

buckling load factors, buckling mode shapes and effective member lengths.  

However, the buckling modes considered by these simple programs are due to axial 

compression.  They do not include more complex flexural-torsional buckling which 

results from flexure. 

 
General purpose structural analyses of steel building systems are commonly used by 

designers to gain an understanding of frame behaviour which may include total 

deflections, bending moment distributions, axial force distributions, shear 

distributions, etc.  These analyses can be conducted using either 2-dimensional or 3-

dimensional analysis.  Two-dimensional analysis is generally used as a first step to 

determine whether a structure is over designed.  If the structure is over designed, a 3-

dimentional analysis can then be conducted to include the influence of secondary 

members.  This generally leads to a reduction in load action effects, and can result in 

a more efficient design.  Two-dimensional analysis generally includes the frame of a 

building system only, whereas 3-dimensional analysis can include secondary 

members and a structure’s cladding.  A 3-dimensional analysis can be conducted 

using the Equivalent Spring Analysis, and the Equivalent Truss Analysis. Each of 

these methods is discussed in more detail next. 

2.4.1.1 2-D Analysis  

The most common way to analyse steel frame structures is with a 2-dimensional 

model.  This method does not allow for the added stiffness and strength that is 

provided by the secondary members of a steel structure, and is typically used for the 

modelling of portal-framed structures.  However, when a more refined model is 

required, or further knowledge of frame behaviour is required, 3-dimensional 

analyses should be conducted.  A typical 2-dimensional analysis of a portal frame 

structure consists of one complete frame that includes the columns and rafters.  

Figure 2.26 shows a typical 2-D model. 
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Figure 2.26 Simple 2-D Frame Analysis 

2.4.1.2 3-D Equivalent Spring Analysis 

The Equivalent spring analysis method was developed to allow the designers of 

cladded structures to take into account the added stiffness and strength that is 

provided by cladding.  A typical 3-dimensional model consists of the frames, purlins, 

girts, cross bracing, roof and wall cladding.  Bracing is also generally included in the 

external frames to simulate the added stiffness that these frames usually have.  This 

method simulates the effect of the cladding with the use of spring members that have 

the equivalent flexibility of the cladding. 

2.4.1.3 3-D Equivalent Truss Analysis 

The 3-D equivalent truss analysis is very similar to the equivalent spring analysis.  

However the equivalent truss member theory simulates diaphragm action with the 

use of a truss member that connects the ridge and eaves of adjacent frames (Figure 

2.27).  This method assumes that the truss members simulating the cladding only act 

in tension and that the connection between the frame and the truss members is a 

perfect hinge.  Davies and Bryan (1982) have used this method to accurately model 

portal-framed structures to observe their true behaviour.  Moor (1997) has also 

recently used this method to model simulate the true behaviour of portal frame 

structures subjected to Australian conditions (Wind uplift and crest fixed cladding).   

Moor compared his analytical results to full-scale test results and found that a good 

correlation was achieved. 

Rafters 

Columns 
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Figure 2.27 Simple 3-D Equivalent Truss Analysis 

2.4.2 Finite Element Analysis 

Finite element analysis was first introduced in the 1950’s.  In the last decade, finite 

element analysis has been continuously developed and improved.  This growth of 

development and use is directly related to the recent advancement of computer 

technology and power.  With this increase in computer technology and power, it is 

possible to model larger and more complex problems.  This results in current finite 

element modelling being an extremely sophisticated tool for solving engineering 

problems, and it is becoming more widely used and accepted.  The basic principles 

involved in finite element analysis are relatively simple and the basic finite element 

model process is described next. 

 
The first step involved in finite element modelling involves dividing the structure 

into a finite number of elements, using a process known as discretisation.  After the 

structure has been descretised, each element is given a specific element type that is 

capable of modelling the desired structural behaviour.  Governing equations for each 

element are then calculated.  These individual element equations are then assembled 

to obtain system equations that can describe the behaviour of the complete structure.  

The general system equation takes the form of 

 
[K]{U}={F} 

 
where [K] is the stiffness matrix, {U} is a vector of unknown nodal displacements 

and {F} is a vector that contains the applied nodal forces.  This system equation is 

Truss Members 
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similar to the load displacement relationship of a simple spring, where K is the spring 

stiffness, U is the deflection that results from the force F.  To determine the 

displacements resulting from an applied force, the relationship is simply inverted.  

This same approach is used for the finite element method, however boundary 

conditions must be applied before the system equation is inverted. 

 
In practice, this is a complex task, as the number of equations are generally 

extremely large, and as a consequence [K] cannot be inverted easily.  To overcome 

this difficulty, techniques have been developed to efficiently solve these equations.  

With the nodal values obtained, it is a simple task to calculate the displacements and 

to find the related element strains and stresses. 

 
The basic finite element modelling process just discussed is only for linear static 

analyses, but the finite element method can also be applied to non-linear static 

analyses.  Non-linear analyses are those in which the stiffness matrix [K] and the 

force vector {F} are a function of the nodal displacement {U}.  The procedure to 

solve non-linear analyses is similar to that of a linear static analysis.  However the 

major difference is that the loads are incrementally applied, and a new stiffness 

matrix [K] is recalculated after the adjustment of the nodal coordinates with the 

calculated displacements, after each increment.  The need to conduct non-linear 

analyses result from three factors.  These factors are, material non-linearity, 

geometric non-linearity and boundary condition non-linearity. 

 
Material non-linearity is an important inclusion in finite element modelling as the 

majority of materials used in structures have a non-linear stress/strain relationship, 

and hence a plastic analysis is required.  To achieve a plasticity analysis, 

approximate stress/strain curves are supplied to the finite element program.  

Depending on the material used, idealised bilinear or multilinear stress/strain curves 

are used.  As the stiffness of the material changes along the stress/strain curve, the 

stiffness matrix becomes a function of the applied loads. 

 
Geometric non-linearities result from structures undergoing large deformations.  As 

the structure displacements become large, the stiffness matrix no longer accurately 

represents the model structure, and therefore the stiffness matrix needs to be adjusted 

accordingly. 
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As most structural engineering problems involve contact between two or more 

components, it may be essential to include the effect of boundary non-linearity.  

Contact conditions are a special class of discontinuous contact that allows forces to 

be transferred from one part of the structure to another.  However, this is only 

possible when the two surfaces are in contact.  Therefore, an iterative solution is 

required to model non-linear boundary conditions.  It is essential that after each 

iteration the state of every element be examined so that necessary adjustments can be 

made. 

 
As finite element modelling can explicitly model real life problems, it has a 

significant advantage over conventional general-purpose structural analysis 

programs.  Such advantages are that finite element analyses can be used to 

investigate detailed problems such as the behaviour of connections and the behaviour 

of structural members.  In limited cases, finite element analysis is used for the 

modelling of frames of structural systems.  Examples of the above uses of finite 

element modelling with regards to steel building systems are given next. 

2.4.2.1 Modelling of Connections 

As previously explained, finite element modelling can explicitly model real life 

problems.  This gives designers and researchers the ability to accurately model the 

behaviour of complex and detailed structural problems such as connection design, 

which cannot be accurately modelled using conventional general purpose structural 

analysis packages.  Some recent examples of such modelling are given next. 

 
Bose (1997) investigated the analysis of unstiffened flush end-plate steel-bolted 

connections by means of finite element analysis.  The behaviour of flush end-plate 

connections is extremely complex and is affected by a large number of parameters, 

however it was recognised that the finite element method offered the ideal tool for 

analysing such a complex problem.  Continuum elements were used to model the 

column, end plate, and beam, while bar elements were used to model the bolts, and 

joint elements were used to connect the end plate and the column flange.  Only one 

quarter of the connection was modelled as the connection investigated had a 

symmetric joint configuration, and had symmetric loading.  It was important to take 
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advantage of this symmetry as significant computational effort could be saved.  The 

analytical solutions of these models were then compared with full-scale tests to 

establish the degree of accuracy with which the models predicted the behaviour of 

the end-plate connections.  It was found that these models successfully modelled the 

complex behaviour associated with flush end-plate connections.  A diagram of a 

typical flush end-plate connection can be seen in Figure 2.28. 

 

 

Figure 2.28 Typical Flush End-Plate Connection 

Similar research was conducted by Sokol et al (1999).  Sokol investigated the use of 

finite element modelling with regards to simulating the behaviour of column bases of 

steel structures.  In his investigation, Sokol developed three different types of finite 

element models.  These were a 3D plate/shell model, a 3D solid model, and a 2D 

model.  To model the column base behaviour as accurately as possible, phenomena 

such as local buckling, material non-linearity and contact-separation was included.  

Due to symmetry, only half the connection was modelled.  The results of the models 

were then compared with experimental benchmark tests, and it was shown that finite 

element simulation is a capable tool to predict the behaviour of column bases. 

 
Chung and Ip (1999) constructed a finite element model that used three-dimensional 

solid elements to investigate the bearing failure of cold-formed steel bolted 

connections.  The aim of this investigation was to compare the results of the finite 

element models with existing design rules. To predict the bearing resistance of the 

connections, geometric non-linearities, material non-linearities, and contact analysis 

were included.  Three-dimensional solid elements were used to model the cold-
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formed steel strips, the hot-rolled steel plates, washers and bolts.  These elements 

were used as they can accurately capture yielding propagation throughout the 

material thickness.  Contact elements were also used to model the contact surfaces 

between the cold-formed steel strips, bolts, washers and the hot rolled steel plates.  A 

diagram showing the general layout of the model can been seen in Figure 2.29.  The 

models were also calibrated against test data. 

 

 

Figure 2.29 General Layout of Model Developed by Chung and Ip (1999) 

Recent research has been performed on the bolted moment connections between 

cold-formed steel members by Lim and Nethercot (2004) using finite element 

element analysis.  Their research concluded that finite element modelling was 

suitable for predicting the initial rotational stiffness of bolted moment connections of 

cold formed members that are typically used for the apex joint on a portal frame. 

2.4.2.2 Modelling of Structural Members 

As for finite element modelling of connections, significant research has included the 

use of finite element modelling of structural members  It is impractical to include all 

the models to date; therefore, a few recent examples of research, which give an 

indication of how finite element modelling can be used with regards to structural 

members, is given as follows. 

 
An example of such research is that which was conducted by Yuan and Mahendran 

(1999).  Yuan and Mahendran (1999) have successfully developed finite element 

models to investigate and predict the lateral buckling and ultimate strength behaviour 

of steel I-beams.  These models explicitly accounted for the effects of yielding, 

residual stresses, lateral buckling, and initial geometric imperfections.  Special 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    54 

attention was also given to support and loading conditions.  Shell elements were used 

as they provided sufficient degrees of freedom to explicitly model the lateral 

torsional buckling deformations of the I-beams.  To model the required support 

conditions, MPC (multiple point constraint) elements and rigid surface elements 

were also used.  It was concluded from this research that finite element models using 

shell elements can accurately predict the lateral buckling capacities for steel I-beams.  

However, the models used were extremely complex and prior knowledge of how the 

beams behave and which factors affected the beam behaviour was required.  It was 

essential to include these factors to produce accurate solutions.  Figure 2.30 shows 

the finite element model used by Yuan and Mahendran (1999). 

 

Figure 2.30 Finite Element Model Developed by Yuan and Mahendran (1999) 

Wilkinson and Hancock (1999) have also confirmed that it is essential to include 

geometric and material imperfections to obtain accurate analytical solutions.  

Wilkinson developed a series of finite element models to simulate the plastic bending 

behaviour of cold-formed rectangular hollow section beams.  The main objective of 

this work was to investigate the rotational capacity of these beams.  In a similar 

manner to the work of Yuan and Mahendran (1999), shell elements were used to 

model the beams and both material and geometric imperfections were included.  The 

analytical solutions were compared with experimental tests, and it was found that if 

imperfections were not included in the finite element models, rotational capacities 

were much higher than those that were observed experimentally.   

 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Finite element modelling of structural members has not been limited to section types 

that are already well understood such as I-beams and rectangular hollow sections. 

Avery and Mahendran (1996) used finite element modelling, in conjunction with 

experimental tests, to investigate the use of transverse web plate stiffeners to improve 

the lateral buckling capacity of hollow flange beams.  Similarly to the above models, 

shell elements were used to accurately model the behaviour of the hollow flange 

beams.  Avery (1996) also included geometric non-linearities and material non-

linearities.  The analytical results were validated from experimental results, and it 

was concluded that finite element modelling could accurately simulate the behaviour 

of hollow flange beams with web stiffeners.  A diagram showing the lateral 

distortional buckling of one of Avery’s (1996) models is shown below (see Figure 

2.31). 

 

Figure 2.31 Lateral Distortional Buckling of Avery’s (1996) Hollow Flange 
Beam Model 

Finite element modelling is not limited to only bending members. Recent work by 

Narayanan and Mahendran (2003) has investigated the ultimate capacity of 

innovative cold-formed steel columns subjected to axial compression loads.  A 

number of experimental tests of innovative column sections were compared with the 

results of finite element models which included the effects of geometric 

imperfections and residual stresses.  This research found that the finite element 

models could give a good prediction of the ultimate loads of the columns tested, and 

that the inclusion of residual stresses had little effect on the ultimate strength of the 

columns.  Similar research on the capacity of unlined and lined cold-formed steel 

halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library
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wall frames has also been performed by Telue and Mahendran (2004).  Yan and 

Young (2004) have also shown that finite element modelling can accurately predict 

the experimental ultimate loads and failure modes for axially loaded fixed ended 

cold-formed steel channel columns. 

2.4.2.3 Modelling of Frames 

In contrast to the finite element modelling of connections and structural members, 

very little research has included the use of finite element modelling to predict the 

behaviour of steel frame structures.  This has been partly due to the lack of computer 

power to handle such large and computationally expensive models, and the 

considerable time it takes to input such models.  However, with computing power 

always on the increase, it is becoming more feasible and accepted to use finite 

element modelling to investigate the behaviour of frames in steel building systems. 

Davies et al (1990) developed a detailed 3-dimensional finite element model that was 

capable of simulating the behaviour of a portal frame.  To model the behaviour 

accurately, both material non-linearity and geometric imperfections were included.  

Two side frames and purlins were also added using Timoshenko beam elements.  No 

cladding was included.  To load the model as accurately as possible, the loading was 

uniformly distributed along the purlins.  The loads were then transferred from the 

purlins to the frames.  The mesh type consisted of eight-noded, isoparametric shell 

elements, with a finer mesh being employed at haunch/rafter connection.  The pinned 

bases and the bolted connections were also included in the model.  The model was 

calibrated with full-scale test results, and it was found that the constructed finite 

element model was able to predict the behaviour of a portal frame structure.  This 

included behaviour up to and beyond the ultimate load.  A diagram of Davies et al’s 

(1990) model can be seen in Figure 2.32. 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    57 

 

Figure 2.32 Mesh Layout of Davies et al’s (1990) Model of a Portal Frame 

Unlike the finite element models used by Davies et al (1990) to investigate structural 

behaviour, Avery (1998) used finite element models to produce a series of various 

plasticity analytical benchmarks for steel frames comprising non-compact sections.  

Avery modelled a series of frames which ranged from single storey, single bay 

frames to multi-storey, multi-bay frames.  Shell elements were used as they provide 

the sufficient degrees of freedom required to model both local buckling effects and 

spread of plasticity effects.  Both geometric non-linearities and material non-

linearities were included in the models.  Unlike the frames tested by Davies, which 

included the effects of secondary members, Avery only considered single frames that 

were laterally restrained.  This was sufficient, as Avery was interested in the in-plane 

formation of plastic hinges.  Beam/column connections were not explicitly modelled 

as in the models of Davies et al (1990).  The detailed addition of such connections to 

these models would have significantly increased the time required to input the 

models and increased the time required to analyse the models.  It was concluded that 

these models accurately predicted the behaviour of steel frames comprising non-

compact sections, and they were suitable to be used for benchmark solutions.  

However the analytical solutions of three of the test frames were verified by 

comparison with full-scale tests. 
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2.4.2.4 Modelling of Complete Structural Systems 

Finite element modelling of steel building systems is both complex and time 

consuming. To model a structure accurately, prior knowledge of how the structure 

behaves and what factors influence the structural behaviour and how significant each 

factor is, is essential.  The inclusion of these factors, combined with the size and 

complexity of modelling entire structural systems, results in the fact that construction 

of finite element models can take days and possibly weeks to complete.  As more and 

more elements of a structure are included in a finite element model, the number of 

total elements increase, and the analysis time increases at a staggering rate.  With 

regards to steel building systems, this results in the majority of finite element models 

being used for investigation of detailed behaviour of structural members and 

structural connections.  

 
A trend was observed during this investigation into the uses of finite element 

modelling of steel building systems. This trend was that the closer a model represents 

a completed building system, the simpler the model becomes; and that if a particular 

element of a structure is being investigated, the more complex it becomes. This is a 

result of two main factors.  The first factor is that models of single components of a 

structural system are generally seeking an explicit solution, and therefore requires 

more detail; whereas models that include the majority of a structural system are 

generally investigating a more general structural behaviour, and therefore requires 

less detail.  The second factor is that smaller models have fewer elements, and as a 

result are solved in a shorter time, therefore they can include more detail.  Larger 

models will have more elements and will take a greater period of time to solve, 

therefore limiting the amount of detail that can be included.  As computer power 

increases, the amount of detail and complexity that can be included in finite element 

models can increase accordingly. 

 
As most steel building systems consist of columns, beams, purlins, girts, cross 

bracing, fly bracing, etc, it is not practical or feasible to include all of these structural 

elements.  However, because the MGA system is essentially constructed from only 

cladding and moment resisting brackets, it will be possible to include the entire 

MGA structure in a finite element model.  This will result in the MGA structure 
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being one of the first steel building systems to be entirely modelled using a finite 

element analysis package. 

2.5 Literature Review Findings 

Until now, the majority of research into improved/innovative portal frame structures 

has focused on only modifying or optimising particular structural elements of the 

conventional portal frame system.  Some examples of research conducted in 

modifying and optimising a portal frame system, are that of Heldt (1997) who 

investigated the use of hollow flange beams in portal frame buildings, and 

Makelainen (1996) who carried out a study on a light-gauge steel portal frame that 

consisted of cold-formed sigma sections.  

 
Very limited research has focused on eliminating an existing structural element, or 

has investigated a new structural system.  An example of work conducted in 

eliminating a structural element is the work carried out by de Vos (1994).  De Vos’s 

project involved the development of a portal frame structure that eliminated the need 

for purlins and girts.  This was achieved by arranging the profile of the structure’s 

cladding in such a way that the cladding itself acted as both the purlins and cladding 

as one integrated unit.  Dannemann (1992) has also conducted similar investigations 

into the elimination of purlins and girts for portal frame systems. 

 
Unlike the research described above, which only investigates the modifying, 

optimising or elimination of particular conventional structural elements, the research 

to be conducted on the MGA structure is on an entirely new structural system.  This 

system has three key differences to other systems that are available or that have been 

researched.  The key differences are that it has no conventional frame or framing 

system, has no purlins or girts, and has fixed base connections.  These key 

differences make the MGA structure a truly innovative and revolutionary structure. 

 
From the above literature review, it can be concluded that full-scale testing has been 

successfully used to investigate the behaviour and ultimate capacities of numerous 

steel building systems, especially on steel portal framed structures.  Examples of 

early and recent research on portal-framed structures are that of Baker (1950) and 

Heldt (1997) respectively.   Even though the portal frame structures tested by Baker 
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(1950) and Heldt (1997) were significantly different, their investigations still had a 

similar objective.  This objective was to investigate and observe the behaviour of a 

particular steel building system, and this is still the primary reason for full-scale 

testing today.  It was also found that even though complex computer modelling is 

simulating structural behaviour more realistically and becoming more widely 

accepted as a valid form of investigation, it is still not acceptable to rely on the 

results from such models without validation from full-scale tests.  Thus, full-scale 

testing is an essential component in the investigation of structural behaviour. 

 
Even though it is important to conduct full-scale tests to determine the structural 

behaviour of a new structural system, it is of equal importance that the testing be 

carried out as realistically and accurately as possible. Therefore, when testing the 

MGA structure, it will be of the utmost importance to accurately simulate the 

required live loads, and uplift wind loads resulting from cross and longitudinal 

winds.  At present there are four main types of methods used for simulating wind 

uplift and live loads.  These four methods are the use of hydraulic or pneumatic 

actuators, wind tunnels, air bags, and static weights.  As expected, it was found that 

each of these methods has their advantages and disadvantages.  However, to make a 

discussion on which method is best suited for the MGA structure, it is necessary to 

determine the requirements that the loading system will need to fulfil, to adequately 

load the MGA structure. These requirements are that the test method: should 

simulate loadings as accurately as possible, must be flexible to simulate multiple 

loadings, must not produce unwanted local buckling, must be easily repeatable, must 

be easy to set up, must be able to provide enough load to failure, must be able to 

provide enough stroke to failure. 

 
Taking into account the above requirements, and from the investigation of the 

loading methods used for other full-scale tests, it has been concluded that pneumatic 

actuators with a load distribution system, will be the most effective method to load 

the MGA structure.  However, special attention must be given to eliminate any 

unwanted local buckling or stress concentration effects that can be caused by 

actuators.  This can be achieved with the use of a carefully designed load distribution 

system. 
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With a loading method decided upon, it is necessary to determine an appropriate 

loading for the MGA structure.  The two most important loads for Australian 

conditions are live loads and wind loads.  Currently in Australia, all dead loads and 

live loads shall be determined from AS1170.1 (SA, 1989).  Dead loads shall be 

determined from Section 3, and live loads shall be determined from Section 4 with 

special attention given to clauses 4.8.1.1, 4.8.1.2 and 4.8.3.2.  At present there are 

two methods for determining wind loading, AS1170.2 (SA, 1989), and the new 

CSIRO Brochum method.  For portal framed structures, using the CSIRO Brochum 

method results in reduced load action effects, and hence a more efficient structure 

can be designed.  However, this method can only be used for structures with similar 

geometric dimensions to the test structure, and for structures with pinned base 

connections.  The MGA structure has fixed base connections and a significantly 

different structural system that is not yet well understood.  Therefore, it is 

recommended that the CSIRO Brochum method is not used, and that the detailed 

static procedure in AS1170.2 be used for the determination of all wind pressures. 

 
Since the advent of computers, designers have been using structural analysis 

programs to assist in the design of steel building systems.  This literature review has 

investigated the use of computer modelling with respect to steel building systems and 

has found that at present, there are two predominant types of analytical packages that 

are used. These are, general-purpose structural analysis programs, and more complex 

finite element packages. 

 
General-purpose structural analysis programs are generally based on the stiffness 

matrix method that is used to solve the elastic behaviour of structures.  Such 

programs are capable of solving linear static, non-linear static, dynamic frequency, 

dynamic response, and buckling analyses. 

 
General-purpose structural analyses are commonly used by designers to model steel-

framed structures.  Such analyses are generally conducted to determine simple 

behaviour such as total deflections, bending moment distributions, axial force 

distributions, shear distributions, etc.  These analyses can be conducted using either 

2-dimensional or 3-dimensional analysis.  Two-dimensional analyses generally only 

include the bare frame, while 3-dimensional analyses also include secondary 

members and cladding.  An example of successful computer modelling using a 3-
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dimensional analysis to model a portal-framed structure is the research conducted by 

Moor (1997).  However general purpose structural analyses are only simple elastic 

analyses and can not predict complex phenomenon such as plastic hinge formation, 

flexural torsional buckling and can not model detailed problems such as connection 

behaviour. 

 
To model such complex behaviour, researchers have used finite element modelling. 

In the last decade, finite element analysis has been continuously developed and 

improved.  This growth of development is directly related to the recent advancement 

of computer technology and computer power and finite element modelling is 

becoming the main focus in current research (Sarawit et al, 2003). 

 
As finite element modelling can explicitly model real life problems, it has a great 

advantage over conventional general-purpose structural analysis programs.  Such 

advantages are that finite element analyses can be used to investigate detailed 

problems such as the behaviour of connections and the behaviour of structural 

members, and in some cases, finite element analysis has been used to investigate 

frame behaviour.  However, finite element modelling of steel building systems is 

both complex and time consuming.  To model a structure accurately, prior 

knowledge of how the structure behaves and what factors influence the structural 

behaviour and how significant these factors are is essential. 

 
As most steel building systems consist of columns, beams, secondary members, 

bracing, cladding etc, it is not practical or feasible to include all of these structural 

elements, so entire steel building systems have not been modelled.  However, 

because the MGA system is essentially constructed from only cladding and moment 

resisting brackets, it is possible to include the entire MGA structure in a finite 

element model.  This will result in the MGA structure being the first steel building 

system to be entirely modelled using a finite element analysis package. 

 
Conventional cold-formed portal frame shed structures are well understood and their 

structural system can be divided into a number of structural components.  It is 

possible using simple assumptions to determine how much load is attracted to each 

of the structural components.  These components can then be designed using 

AS4600, to ensure that their capacity is adequate to resist the applied loads.  
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However the MGA structure is not well understood and its structural behaviour and 

load paths are unknown.  Unlike conventional portal framed shed structures, the 

MGA structure can not easily be divided into explicit structural components.  

Without knowing what the structural components are and how much load is attracted 

to these components, AS4600 can not be used to design the MGA structure. 

 
The effect of stressed skin action can significantly increase the stiffness and strength 

of steel buildings systems, and hence a review of this topic has been included. 

Stressed skin action was first discovered in the early 1950’s, and Davies and Bryan 

(1982), and Bryan and Mohsin (1972) have extensively studied stressed skin action 

and have provided the principles for stressed skin design.  Two simple methods for 

modelling stressed skin action in general purpose structural analysis programs are 

currently available.  These are the equivalent spring method and the equivalent truss 

member method.  Davies and Bryan (1982) have used both of these methods 

successfully, and more recently, Moor (1997) has successfully used the equivalent 

truss member method to model crest-fixed cladding that is commonly used in 

Australia. 
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3 The MGA Test Structure 

3.1 General 

This section contains information and structural details of the MGA test structure 

that was tested in the QUT structures laboratory.  It includes a general overview of 

the MGA test structure, detailed descriptions of the various components of the test 

structure, and the procedure used to erect the MGA test structure. 

3.2 General Overview of the MGA Test Structure 

The test structure provided by MGA has representative dimensions of a typical 

domestic sized portal frame shed (two cars wide by one car long).  It has internal 

dimensions of 5485 mm width, 5485 mm length and an eaves height of 2300 mm and 

a 10o roof pitch.  An overall view of this innovative ‘Frameless’ structure can be seen 

in Figure 3.1. 

 

 

Figure 3.1 ‘Frameless’ Test Structure 

The most important feature of this structure is that there are no conventional frames 

and no purlins or girts that are found in typical portal frame structures.  This results 

in almost the entire structure being fabricated from cladding (profiled steel sheeting).  
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Figure 3.2 shows a clear view inside the MGA test structure where no typical portal 

frames can be seen. 

 

 

Figure 3.2 Inside View of Test Structure 

The test structure consists of 24 wall panels and 16 roof panels.  In total there are 25 

base connection brackets, 18 knee connection brackets, and 9 apex connection 

brackets.  The test structure has eight panels in length and eight panels in width.  

Permanent formwork has also been used in the construction of the test structure.  

Cold-formed channel sections have also been used through the construction of the 

structure to connect the rear wall panels to the roof panels and within the front gable 

end wall.  More in-depth details of each of the individual elements within the MGA 

test structure are discussed in the following sections. 

 
It is worth noting that the test structure has no cross bracing.  Typical portal frame 

structures have always included cross bracing to transfer the longitudinal wind loads 

on a structure to the foundations.  Exclusion of cross bracing results in biaxial 

bending of the portal frame and is generally considered undesirable and thus avoided.  

Therefore the exclusion of cross bracing in the test structure may not be desirable 

and may complicate the load paths and behaviour of the structure. 
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3.2.1 Roof and Wall Cladding Panels 

As mentioned previously, the main component of the MGA test structure is the 

cladding panels.  The cladding used for these roof and wall panels is manufactured 

from cold-formed 0.42 BMT G550 sheeting (550 MPa minimum yield stress).  The 

cladding has been given a custom profile that is used for both the wall and roof 

panels, and is shown in Figure 3.3.  The ribs of the panels have a height and width of 

68 mm and 34 mm, respectively, and the pan has a length of 620 mm. 

 

Figure 3.3 Profile of Cladding Panels 

The wall panels have a length of 2300 mm while the roof panels have a length of 

3060 mm (2760 mm roof length and 300 mm overhang).  The rear end wall panels 

are cut at an angle of 10 degrees with an appropriate length to follow the roof height 

and can be seen in Figure 3.4. 

 

 

Figure 3.4 View of Rear Gable End Wall 
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The ribs of both the roof and the wall panels are overlapped to join the cladding 

panels together.  As a result of the overlapping, the ribbed sections of the structure 

have twice the material thickness of the pans.  It is important to note that besides the 

bracket connections discussed in the following section, only a single ¼ inch 

combination roof bolt in the centre of the length of the ribbed sections of both the 

wall and roof panels has been used to hold the overlapped ribbed sections together 

(see Figure 3.4).  This was to provide composite action between the overlapped 

panels. 

3.2.2 Bracket Connections 

The roof and wall panels are connected together with moment resisting brackets at 

the base, knee and apex of the structure.  The profiles of the brackets are similar to 

that of the cladding panels so that they can be accommodated within the cladding 

panels.  Two slightly different profiles have been used for the brackets of the test 

structure.  The two profiles used can be seen in Figure 3.5(a) and Figure 3.5(b).  The 

first profile type (Figure 3.5 (a)) is used for all of the internal brackets while the 

second profile type (Figure 3.5 (b)) is used for the corner brackets.  The only 

difference between the two bracket types is that the profile type used for the corner 

brackets does not have the second lower flange. 

 
      (a) Internal Bracket        (b) Corner Bracket 

Figure 3.5 Moment Resisting Brackets 

All the brackets are manufactured from a 1.5 mm thick grade G450 steel and to 

accommodate the wall and roof panels they also have a rib height and top flange 

width of 68 mm and 34 mm, respectively, and a bottom flange width of 30 mm.  The 

base bracket has a length of 320 mm, the knee bracket has a length of 220 mm, and 

the apex bracket has a length of 120 mm.  The brackets slot within the ribs of the 

cladding panels and are bolted with six bolts on each half of the knee and apex 
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brackets, and six bolts in total for the base connection. All of these connections are 

bolted using 1/4 inch combination roof bolt/nuts with a mushroom head.  To achieve 

a fixed base connection, the base bracket is cast into the concrete.  Photographs of 

the base, knee and apex internal and corner brackets can be seen in Figure 3.6, Figure 

3.7 and Figure 3.8, respectively. 

 

     
 

(a) Internal Base Bracket    (b) Corner Base Bracket 

Figure 3.6 Base Brackets 

      
 

(a) Internal Knee Bracket   (b) Corner Knee Bracket 

Figure 3.7 Knee Brackets 
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(a) Internal Apex Bracket    (b) Corner Apex Bracket 

Figure 3.8 Apex Brackets 

3.2.3 Rear Gable End Wall to Roof Connection Details 

To achieve a connection between the rear gable end wall panels and the roof of the 

test structure, a cold-formed channel section with a 1 mm wall thickness was used as 

a connecting member.  The channel section spanned between, and was bolted to the 

rear knee and rear apex brackets on both the left and right half of the test structure.  

The cross section of the channel can be seen in Figure 3.9. 

Figure 3.9 Channel Section Used in Rear Wall to Roof Connection 

The rear gable end wall panels were then screwed to the channel section using Tek 

screws.  Three screws were used for each panel; one at each end of the pan of the 

panel and one in the centre of the pan at approximately 10 mm from the top of the 

cladding panels.  A Tek screw was also used to screw together the overlapped ribbed 

section of the adjacent panels at approximately 10 mm from the top of the panels.  

Figure 3.10 shows the arrangement of the channel section from within the test 

structure. 
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Figure 3.10 Rear Wall to Roof Connection 

The bottom of the rear end wall panels were bolted to the rear end wall base brackets 

using the same method as the side wall base brackets that were described in the 

previous section.  As for the top of the rear wall, three Tek screws were used to 

screw the pans of panels to the permanent formwork to securely attach the bottom of 

the panels to the test structure. 

3.2.4 Front Gable End Wall Details 

The construction of the front gable end wall of the test structure was more complex 

than the rear gable end wall.  This extra complexity was due to the fact that the front 

gable wall of the test structure needs to accommodate two roller doors for vehicle 
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access; one on each half on the test structure.  The openings in the front gable end 

wall had dimensions of 2475 mm in width by 1925 mm in height.  However, it 

should be noted that no roller doors were attached to the test structure throughout this 

project.  An overall view of the front gable end of the test structure can be seen in 

Figure 3.11. 

 

 

Figure 3.11 Front Gable End Wall of the MGA Test Structure 

The main structural components of the front gable wall were one central mullion and 

two corner mullions which spanned from the apex and knee brackets to the 

permanent formwork of the structure, respectively.  The central mullion had a height 

of 2705 mm and its section profile can be seen in Figure 3.12(a).  The corner 

mullions had a height of 2285 mm and their section profile can be seen in Figure 

3.12(b).  Both types of mullions had a wall thickness of 2 mm.  Both the tops of the 

middle and corner mullions had tongues that were Tek screwed to the front knee and 

apex brackets, respectively, with two screws.  Using a similar procedure as used for 

the top of the mullions, the bottoms of the mullions were screwed to the permanent 

formwork with two Tek screws per mullion.   
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 (a) Central Mullion         (b) Corner Mullion 

Figure 3.12 Central and Corner Mullion Profiles 

 

   
 
 (a) Central mullion  (b) Corner mullion 

Figure 3.13 Mullion Base Connections 

As the concrete was poured after the test structure was constructed, the bases of the 

mullions were cast into the test structure’s concrete slab.  The cast-insitu bases of the 

central and corner mullions can be seen in Figure 3.13(a) and Figure 3.13(b), 

respectively. 

 

To construct the gable of the front gable end wall a cold-formed channel section 

beam was spanned between the corner and central mullion at a height of 1925 mm 

from the concrete slab.  Figure 3.14 shows the front gable wall from inside the test 

structure and clearly shows the central mullion, and the channel section beams. 
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Figure 3.14 Inside View of Front Gable Wall 

The channel section beams had a wall thickness of 1 mm and were screwed with one 

Tek screw at each end to the mullions.  A diagram showing the cross section of the 

channel section can be seen in Figure 3.15.  Figure 3.16 shows one of the screwed 

connections. 

 

 

Figure 3.15 Cold-formed Channel Section Gable Beam 
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Channel Sections   Tek Screw 

Figure 3.16 Gable End Beam to Corner Mullion Connection 

Figure 3.17 Front Gable Wall Panel to Roof Connection 

Tek Screws 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    76 

Cladding panels were Tek screwed to the channel section beam to enclose the gable 

with three screws; one in the centre of the pan and one at each end of the pan of the 

panel.  A Tek screw was also used to connect the overlapped ribbed sections of 

adjacent panels.  Using the same method used for the top of the rear gable end wall, 

three Tek screws were used to connect the pans of the front gable end panels to a 

cold-formed channel section that was bolted to the front apex and knee brackets to 

securely attach the top of the panels to the test structure (Figure 3.17).  This channel 

section had the same profile as the channel section used in the rear wall to roof 

connection shown in Figure 3.9. 

3.2.5 Permanent Formwork Details 

One of the innovative features of the MGA test structure is its use of permanent 

formwork.  Permanent formwork provides many benefits in comparison to traditional 

formwork.  Some of the benefits include quicker construction of formwork, and more 

accurate positioning of base brackets.  The formwork of the test structure is 

constructed from two cold-formed channel sections that are Tek screwed together as 

shown in Figure 3.18. 

 

 

Figure 3.18 Cross-section of Permanent Formwork 
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The main feature to note with regards to the permanent formwork is the use of 

prefabricated slots that had a slightly larger profile than that of the base brackets at 

680 mm centres so that correct positioning of the base brackets was quickly achieved 

(Figure 3.19). 

 

Figure 3.19 Base Brackets Slotted Through Permanent Formwork 

 

 

Figure 3.20 Formwork 
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Each of the four sides of the formwork had an outside length of 5660 mm and a 

height of 95 mm.  Three of the sides had prefabricated slots for the base brackets (the 

two side walls and the rear gable end wall), while the fourth remaining side had no 

slots (front gable end wall).  In total there were 24 prefabricated slots in the 

permanent formwork.  Figure 3.20 shows the formwork with the base brackets 

inserted. 

 
The four sides of the formwork were then checked for alignment and squareness.  

When the correct positioning was achieved, the four sides of the formwork were 

simply connected together by overlapping the flanges of the channel sections at their 

ends.  Tek screws were then used to connect the overlapped flanges.  The right 

backside formwork connection can be seen in Figure 3.21. 

 

 

Figure 3.21 Rear Right Formwork Connection 
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3.2.6 Roof Panel Connection at Apex 

To make sure that the roof panels at the ridge of the MGA test structure did not pull 

apart under loading, metal strips were used to bolt together the lips of the roof panels.  

The metal strips were 630 mm in length and had a cross section of 25 mm by 2 mm.  

Two bolts were used at approximately 250 mm from both the apex brackets to bolt 

the two roof panels together.  The metal strips were then additionally bolted at the 

connecting apex brackets (see Figure 3.22). 

 

 

Figure 3.22 Details of Roof Panel Connection at Apex 

3.2.7 Erection Procedure 

Erection of the MGA structure commenced with the base brackets being placed 

through the prefabricated slots in the permanent formwork.  Once all the brackets 

were placed, the formwork was screwed together, aligned for squareness, and placed 

for correct positioning.  Correct positioning was important, as it needed to be evenly 

placed between eight columns so that the load distribution system would correctly fit 

in position.  Once correct alignment was achieved, erection of the wall and roof 

panels began. 
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Erection of the wall and roof panels began in the rear corner of the structure.  The 

first step of this erection phase was to erect two adjacent wall panels at the rear of the 

structure, which were bolted to their corresponding base brackets.  Once in place, 

knee brackets were bolted onto the top of the wall panels.  With the aid of an Acro-

prop, the roof panels were bolted to the knee brackets.  The apex brackets were then 

bolted to the two roof panels to form one bay of the test structure.   

 
After the first of the wall and roof panels were erected, the rear wall was constructed.  

This was a simple case of bolting the correct rear wall panels to the corresponding 

base brackets, while the tops of the rear wall panels were screwed into a cold-formed 

channel section that was also bolted to the under side of the roof panels.  This 

channel section provided a secure connection point for the top of the wall sheeting to 

the roof sheeting.  It was found that once the rear corners of the structure were 

constructed, a significant increase in structural stiffness was achieved. 

 
After the rear section of the structure was constructed, the shed was completed by 

systematically erecting another set of side wall panels, followed by another set of 

roof panels with the aid of an Acro-Prop.  When all of the side wall and roof panels 

were in place, the front gable end wall was erected.  This consisted of screwing the 

left and right corner roller door mullions to the permanent formwork at the base, and 

to the top front knee brackets of the test structure.   

 
The middle roller door mullion was then also screwed to the permanent formwork 

and the base, and to the front top apex bracket.  Cold-formed channel sections were 

then screwed between the left and right corner and middle mullions at the appropriate 

height of the roller door.  A channel section was then bolted between the front knee 

and apex brackets of the front gable wall to secure the front gable cladding to the 

roof of the test structure.  The cladding for the front gable end was then screwed to 

the channel sections to complete the front gable wall.  To complete the structure, 

concrete was poured into the permanent formwork and allowed to cure.  A schematic 

representation of the construction of the MGA test structure at various stages has also 

been included in Appendix A. 
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3.2.8 Tolerances of the MGA Test Structure 

Manufacturing and erection quality of a building system can have a significant 

influence on its structural behaviour and response to a given load case.  As a result it 

is important during any testing program that the building and erection quality is 

recorded for later reference.  This is the main purpose of this section. 

 
In a general sense it was noted that the MGA test structure that was provided and 

erected was not of a high quality.  The structure provided consisted of second hand 

cladding panels that were used from a previous prototype structure.  As a result, the 

final dimensions given from MGA before the testing began (670 mm bay spacing 

and 2300 mm height) did not match the dimensions of the structure that was 

provided (680 mm bay spacing and 2400 mm height).  The bay spacing could not be 

easily changed so a bay spacing of 680 mm was adopted.  The heights of the wall 

cladding panels were corrected by cutting off 100 mm with a circular saw.  These 

discrepancies resulted in a number of problem issues for the test structure.  The 

major problem was that the loading system was designed for a bay spacing of 670 

mm.  As the bay spacing provided was 680 mm, the loading system did not properly 

fit the test structure, resulting in possible uneven loading. 

 

 

Figure 3.23 Bolt-Hole Tolerances 
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Another problem with the use of the second hand cladding was that it had drilled 

holes that were aligned for the previous prototype.  These holes did not align 

accurately with the new holes that were drilled through the brackets for the test 

structure.  This may lead to problems such as bolt pull through failures.  It was also 

noted that not all of the bolt holes were at the same position on the base, knee, and 

apex brackets.  In general the position of the bolt holes varied by about 10 mm.  

Figure 3.23 clearly shows this variation in the bolt-hole locations on the bottom and 

top flange of the central left knee bracket.  This inaccuracy of the bolt holes causes 

uneven and unpredictable variation in the stress distribution in the cladding/bracket 

connection, influencing the quality of the results obtained.  Strain gauge positioning 

was also affected by this inaccuracy in the bolt-hole locations.  As a result it was not 

possible to position the strain gauges in the exact same locations of all of the base, 

knee and apex brackets, which resulted in a direct comparison of the strain readings 

between brackets not to be completely accurate. 

 
Upon measuring the overall dimensions of the test structure it was noted that the test 

structure was not completely symmetrical.  This was mainly noted in the inside 

length of the structure which varied from 5485 mm to 5490 mm and also in the 

height of the opening of the front gable wall which varied from 1910 mm to 1925 

mm.  It was also observed that the channel sections connecting the rear gable end 

wall cladding panels to the roof panels were not positioned equally from the apex 

connection.  A similar lack of tolerances was also observed in the front gable wall. 

 
To manufacture and erect this structure with a higher degree of tolerance it would 

have been beneficial to use first hand material for the cladding panels and to pre-drill 

the brackets during their manufacturing to ensure that the bolted locations were 

consistent throughout the structure.  These pre-drilled holes in the brackets then 

could have been used for a guide to drill the remaining holes in the cladding panels, 

assuring greater quality control.  Even though it is realized that if this test structure 

was manufactured for the market place it would be to a much higher standard, only 

the test structure as it was provided could be tested.  As a result, the lack of 

tolerances and quality of the MGA test structure provided has had a direct impact on 

the quality of the testing and in the results obtained.  
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4 Full Scale Testing of MGA Structure 

4.1 Load Simulation 

It is important in any experimental research that experiments are conducted as 

realistically and accurately as possible.  They must simulate actual conditions to 

which the given structure would be subjected to in real life conditions (Davies et al, 

1990).  Therefore when testing the MGA structure, it will be of great importance to 

accurately simulate the uplift wind loads resulting from cross winds and longitudinal 

winds, as they usually produce the most critical load cases for the Australian 

environment.  Little work has been performed for uplift wind load cases for 

structures of this type, although considerable work has been carried out in the United 

Kingdom for gravity loads such as snow loads (Davies et al, 1990).  Therefore, a 

simulation method that has been used by researchers overseas may not be appropriate 

to simulate the required loading for the MGA test structure.  This results in the need 

for a thorough review of loading systems and their applications to be conducted.  

Such a review has been undertaken and it can be found in Chapter 2.  The following 

section summarises the most commonly used loading systems and their advantages 

and disadvantages. 

4.1.1 Available Loading Systems 

There are four main types of loading systems that have been used to simulate wind 

pressure.  These are static weights, hydraulic or pneumatic actuators, wind tunnels 

and airbags.  In the past, all of these methods have been used to test portal frame 

structures or elements of a portal frame structure such as the bare frames, purlins and 

girts, and cladding.  The most commonly used loading systems for simulating loads 

used on other similar building systems are static weights or hydraulic actuators.  

Examples of the use of static weights are the work conducted by Baker in the 1950s 

and 1960s (Bryan, E and El-Dakhakhni, W. 1964), and more recently the work 

conducted by Davies and Bryan (1982), in which sand bags were used to simulate 

gravity loads.  Moor’s (1997) and Heldt’s (1996) work are good examples of tests 

recently performed on portal frame structures in which they simulated various load 

cases with the use of a series of hydraulic actuators.  The use of hydraulic jacks 
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easily allowed Moor and Heldt to simulate the complex pressure variations across the 

roof of the portal frame structure.  Even though static weights and in particular 

hydraulic actuators are the most common types of loading devices used to load other 

building systems, a brief summary of the advantages and disadvantages of static 

weights, hydraulic or pneumatic actuators, wind tunnels and airbags are given in 

Table 4.1. 

Table 4.1 Summary of Various Loading Methods 

Loading Method Advantages Disadvantages 

Static Weights No specialised equipment 
Low expense 

Not easily modified for wind 
uplift 

Not convenient for varying 
pressure distributions 

 

Hydraulic or Pneumatic 

Actuators 

Load reversible 
Easily changable load 

combinations 
Repeatability of tests 

Produce a wide range of 
loads 

Requires a load distribution 
system 

Expense 
Unwanted stress 
concentrations 

Wind Tunnels 
Accuracy 

True pressure distribution 
No unwanted stress 

concentration 

Expense 
Not suitable for live loads etc 

Limited availability of 
tunnels 

Air Bags 
Accurate pressure 

distribution 
No unwanted stress 

concentration 

Need specially made load 
platform 

Not load reversible 

4.1.2 System Requirements 

After careful consideration of the loading requirements for the MGA structure (eg. 

wind loads and live loads) and the above review of loading methods, it was foreseen 

that the testing method would need to fulfil a number of requirements.  These 

requirements were as follows: 

 
• The test method should simulate loadings as accurately as possible. 

• The test method must be flexible to simulate multiple loadings. 

• The test method must not produce unwanted local buckling. 

• The test method must not produce unwanted stress concentrations. 

• The test method must be easily repeatable. 

• The test method must be easy to set up. 
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• The test method must be able to provide adequate load to failure. 

• The test method must be able to provide adequate stroke (travel) to failure. 

4.1.3 Loading Method used for MGA Test Structure 

After carefully considering the requirements and alternative loading methods 

outlined in the previous sections, it was concluded that the most practical and 

feasible solution to load the test structure was with pneumatic actuators with a load 

distribution system.  A diagram of a load distribution unit can be seen in Figure 4.1.  

 

Figure 4.1 Load Distribution Unit 

Each load distribution unit (LDS) consisted of a main spreader beam (RHS 100 x 50 

x 4), two secondary spreader beams (RHS 65 x 35 x 2) and four tertiary spreader 

beams (RHS 50 x 25 x 2).  At the ends of each tertiary spreader beam there was a 

300 mm x 300 mm loading plate to apply pressure to the cladding of the structure.  

Each of the spreader beams had bolted (M8) pinned connections at the centre and 
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ends of the beam.  This allowed the load distribution unit to apply even loads to each 

loading point while allowing the test structure to move with the applied loads.  To 

eliminate any unwanted local buckling and stress concentrations a 50 mm thick high 

density foam was placed between the loading plate and cladding.  In total each LDS 

had eight loading points (see Figure 4.1).  The middle of each main spreader beam 

was also pin connected using M8 bolts to the end of a column (SHS 65 x 65 x 2) as 

shown in Figure 4.1.  The columns were manufactured from SHS and had 50 mm x 5 

mm steel lugs with various loading height points welded to the top.  On the bottom of 

the column a nut was welded on so that the pistons of the pneumatic actuators were 

able to screw into the columns.  Both the steel loading lugs on the top of the columns 

and the screw connections at the base of the columns allowed for adjustments in the 

column length to be made. 

Figure 4.2 Location of Pneumatic Actuators 

Front Gable End 

160 mm Diameter 

100 mm Stroke 

Right Side Wall 
100 mm Diameter 
200 mm Stroke 

Left Side Wall 
100 mm Diameter 
200 mm Stroke 

Rear Gable End 
100 mm 
Diameter 
100 mm Stroke 

Exterior Roof 
160 mm Diameter 
100 mm Stroke 

Interior Roof 
160 mm Diameter 
200 mm Stroke 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    87 

Four actuator sizes were used for the live load, cross wind and longitudinal wind load 

tests.  These were 100 mm diameter with 100 mm stroke, 100 mm diameter with 200 

mm stroke, 160 mm diameter with 100 mm stroke, and 160 mm diameter with 200 

mm stroke.  The varying actuator types were used to satisfy the requirements of 

applied load and required stroke for the particular positions of the test structure.  A 

diagram showing the placement of the varying actuator types is shown in Figure 4.2.   

 
All of the actuators were calibrated for load vs. pressure (refer to Section 4.1.6) so 

that an accurate loading could be applied to the test structure.  Precision pressure 

regulators were used to control the pressure to the actuators.  These issues will be 

discussed in further detail in Section 4.6.  For the live load tests a total of eight LDS 

were used (4 on each half of the roof), and for the cross wind and longitudinal wind 

load tests a total of 23 LDS have been used (4 on the side walls, 4 on the end wall, 8 

for the roof and 3 on the front opening wall, see Figure 4.2). It should be noted that 

only three actuators were used to load mullions of the front gable wall as a result of 

the two openings (see Figure 4.2).  The side wall loading and the complexity of the 

loading system can be seen in Figure 4.3 and Figure 4.4. 

 

 
 

Load Distribution System           Loading Plates 

Figure 4.3 Side Wall Loading 
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Load Distribution System           Loading Plates 

Figure 4.4 Multiple Loading Plates on MGA Roof Structure 

Three varying types of load distribution units were utilized for the test structure; the 

first for the loading of the roof, the second for the loading of the side walls and the 

rear gable end wall, and the third for the loading of the front gable end wall.  The 

main differences between these differing load distribution units were in the lengths 

of the secondary and tertiary spreader beams and in the length of the attached 

columns.   

 
Each of the load distribution systems used to load the roof of the test structure was 

bolted to the concrete slab of the test building.  This was achieved by bolting actuator 

base plates to the underside of the pneumatic actuators and then dyna-bolting the 

ground base plate to the test structure’s concrete slab.  The two base plates were 

bolted together with a M8 bolt to achieve a pinned connection that allowed the load 

distribution system to freely rotate with any horizontal deflection of the test structure.  

The roof loading system and its actuator to slab connection are shown in Figure 4.5 

(a) and Figure 4.5 (b), respectively.  
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       Dyna-Bolts    Base Plate 
 

(a) Roof Load Distribution Unit    (b) Actuator to Slab Connection 

Figure 4.5 Roof Load Distribution System 

It was important in the design phase of the load distribution system that it was 

reversible; that is, it could be used to either push or pull on the cladding so that both 

the wind load and live load cases could be conducted with the same loading system.  

The loading system used was able to achieve this by simply removing the loading 

plates from one side of the cladding and placing them on the other side of the 

cladding.  As the loading plates had threaded rod with a bolt hole on each side of the 

loading plate, it could still be bolted onto the tertiary spreader beams. 

4.1.4 Side Wall and Gable End Wall Load Distribution Systems 

Providing a foundation point for the side wall and gable end wall load distribution 

systems was more complex than that of the roof load distribution systems as they 

were not at ground level.  To overcome this problem, a load transfer system was 

developed to transfer the horizontal reaction loads of the load distribution systems to 

the strong floor of the structures laboratory.  This load transfer system is shown in 

Figure 4.6. 
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Figure 4.6 Horizontal Load Transfer System 

 

Figure 4.7 Connection Details of Load Transfer System 
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Each of the load transfer systems comprised of two vertical I-section columns that 

were bolted to the strong floor via a single large threaded rod.  Plates of 12 mm 

thickness were bolted to the columns to provide surfaces to weld on a 200UB 22.3 I-

beam that spans the length of the test structure.  To eliminate the horizontal 

deflections of the columns that would result from the actuator reaction loads, a 

diagonal strut was welded to the bolted plate just below the 200UB 22.3 I-beam.   

 
The remaining ends of the diagonal struts were welded to another 12 mm thick steel 

plate that was also bolted to the strong floor.  Figure 4.7 shows the above-mentioned 

connections in greater detail.  Using a very similar setup as for the roof load 

distribution systems, the side wall and gable end wall load distribution systems were 

bolted to the horizontal 200UB 22.3 I-beams using four M8 bolts (Figure 4.8). 

 

 

Figure 4.8 Base Connections for Side and Gable End Walls 

4.1.5 Actuator Set-up and Control 

As discussed in the previous sections, a total of 23 actuators and four actuator types 

were used throughout the full-scale testing.  Four actuator types were required to 

satisfy both the load and displacement requirements for the varying pressure regions 

on the test structure that would result from real life wind pressures.  The load cases 

used will be discussed in Section 4.7.  In total, nine different pressure regions were 

required for the cross wind load tests, 7 pressure regions were required for the 

longitudinal wind load tests, and 1 pressure region was required for the live load 

tests.  To load each of the many pressure regions accurately, actuators were divided 

M8 
Bolts 
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into groups that were supplied with the correct air pressure for the actuator size used 

to simulate the required wind pressure for that pressure region.  To control the air 

pressure supplied to each set of actuators, a total of nine precision pressure regulators 

were used.   

 
To ensure that the pressure regulators provided the correct indicated gauge pressure, 

the pressure regulators were calibrated.  Five of the regulators were calibrated for 

one percent accuracy and the remaining four regulators were calibrated to one-half 

percent accuracy.  The difference in the accuracy of the calibrations of the pressure 

regulators is due to the use of two different brands of regulators.  The manufacturers 

of the regulators conducted these calibrations. 

4.1.6 Actuator Calibration 

Generally, to measure the amount of load that is applied to a test specimen via an 

actuator, load cells are used between the actuator and the test specimen to measure 

the real applied load.  Usually this method of checking the applied load is only 

possible for small and simple tests where a limited number of actuators are used.  

However, the loading of the MGA test structure is very complex and has a total of 23 

pneumatic actuators and it is not feasible to have a load cell to measure the applied 

load from each actuator.  As a result, another method of ensuring that the correct 

loads were applied to the test structure had to be found. 

 
To ensure correct loading of the test structure, each pneumatic actuator was 

calibrated before use.  Calibration was conducted using a Tinious Olsen testing 

machine.  Each actuator was tested three times in both tension and compression to 

determine the average load versus supplied air pressure for each set of actuators.  Six 

load steps were used ranging from zero to six bars of pressure.  A photograph and 

graph of results of a typical calibration are shown in Figure 4.9 and Figure 4.10, 

respectively.  Complete actuator calibration results are given in Appendix B. 
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Figure 4.9 Actuator Calibration Setup (Compression) 
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Figure 4.10 Typical Applied Load Vs Supplied Air Pressure Graph 
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4.2 Applied Load Cases 

Typically, most full-scale test programs of structures (portal frame systems) have 

been conducted with applied loads resulting from gravity loads (e.g. snow loads) as 

the critical design load.  However, in Australia, gravity loads such as snow loads are 

not common and generally the critical load case results from wind uplift loads.  To 

design for such wind loads, engineers of typical portal frame structures use 

Australian standards such as AS1170.2 (SA, 1989).  As the MGA test structure has 

similar dimensions of a typical portal frame structure, AS1170.2 has been used to 

determine both the cross wind and longitudinal wind loads.  A check was made to 

make sure that the test structure was not a dynamically sensitive structure so that 

Section 3 of AS1170.2 could be used.  This check consisted of a frequency analysis 

of the test structure using a finite element model (Patran/Abaqus) and from checking 

the dimensional ratios.  It was found that the first mode of frequency was less than 

one hertz, however, the dimensional ratios were not in the range specified in 

AS1170.2.  Therefore, the test structure was not considered to be a dynamically 

sensitive structure and Section 3 of AS1170.2 was used to determine the wind loads.  

To satisfy Australian loading requirements for live loads, AS1170.1 was used.  Both 

the live load and wind load cases are discussed in detail in the following sections. 

4.2.1 Live Load 

AS1170.1 (SA, 1989) has been used to determine the required live load.  For 

domestic sized buildings of similar type to the MGA test structure, the roofs are 

considered non-trafficable.  Clause 4.8.1.1 provides an equation to determine the 

suitable live load for non-trafficable roofs based on the tributary area (area from 

which the structural member receives its load).  The equation provided in Clause 

4.8.1.1 is shown below where WQ is the load in kPa and A is the tributary area. 

 

kPakPa
A

WQ 25.012.08.1
≥⎟

⎠
⎞

⎜
⎝
⎛ +=         (2.1) 

 
The behaviour of typical portal frame structures is well understood and structural 

members are clearly identifiable, however, the MGA structure does not have any 

clearly defined conventional structural elements.  As a result, it is not clear how 
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much area contributes to the loading of a structural element.  For the purpose of 

determining how much pressure should be applied to the MGA structure, the roof 

was considered to be a structural member and therefore the total area of the roof 

(30.1 m2) was used in Equation 2.1.  This gives a live load of 0.25 kPa for the roof of 

the test structure (Figure 4.11).  It should be noted that the live load is a gravity load 

case and hence the load must be applied vertically, however the load distribution 

system applies the load perpendicular to the roof (10O pitch).  Therefore, the live load 

pressure needs to be increased by approximately 2%.   

Figure 4.11 Live Load Roof Pressure 

When conducting full-scale tests of a new structural system or structural 

components, it is necessary to apply modification factors that allow for material and 

manufacturing variability.  As the number of test specimens increase, the 

modification factor becomes smaller.  These factors increase the loads to be applied 

to the test specimens.  In accordance with Section 6.2 of AS4600 (SA 1998), the live 

loads were increased by an appropriate kt factor to allow for both material and 

manufacturing variations.  Generally, for the testing of structural members, a ksc 

factor (coefficient of variation of structural characteristics) of 10% is used.  As only 

one specimen was tested, a kt factor of 1.46 was used.  Therefore the live load 

pressure must be multiplied by approximately 1.48 (1.46 + 0.02), which results in an 

applied live load of 0.38 kPa.  As this pressure is applied to the total area of the roof, 

there is only one pressure zone on the test structure (i.e. one constant pressure on the 

roof of the test structure).  Each of the roof load distribution units loads an area of 2 

cladding panels in width by the length of one half of the roof.  This results in an area 

of, 

76.32762.268.0 =××  m2 
 

0.25 kPa 0.25 kPa 
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As there is only one actuator connected to each load distribution unit, each actuator 

must apply a load of, 

 
43.138.076.3 =×  kN 

 
For this load case, the eight load distribution units for the roof and the 160 mm 

diameter actuators were used to load the roof of the test structure.  Using the results 

from the calibration of the actuators, a pressure of 0.8 Bar was required to apply a 

load of 1.43 kN tension.  In total the live load case was simulated using 64 point 

loads of 0.178 kN on the roof of the structure as shown in Figure 4.12. 

  Loading Points 

 

Figure 4.12 Live Load Simulation 

4.2.2 Cross Wind Load 

During the course of this research program, the geometrical details of the test 

structure changed a number of times and as a result, confusion arose with respect to a 

change in the roof pitch for the test structure.  The roof pitch was changed from 15o 

to 10o by the supplier and this discrepancy was not found until the cross wind test 

program had begun.  As a result, the cross wind pressure calculated and applied to 

the test structure for the non-destructive test program were for a 15o roof pitch and 

based on a 41 m/s ultimate wind speed.  This was not a major issue as this 

discrepancy did not affect the achievement of the research objectives.  As the cross 

wind loads are significantly greater than the live loads, no kt factor was applied to 
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this load case.  It was planned that if the capacity of the MGA test structure exceeded 

these preliminary loads, the higher roof loads and the kt factor would be applied in 

subsequent tests. 

4.2.2.1 Pressure Coefficients (Cpe & Cpi Values) 

To determine the cross wind loading that would be applied to the MGA test structure 

in a normal working environment, AS 1170 Part 2, Section 3 was used to determine 

the appropriate external pressure coefficient Cpe and internal pressure coefficient Cpi 

values.  Using a building with a 15o roof pitch, and 
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2300

==
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h  

 
the appropriate Cpe values could be determined using Tables 3.4.3.1 and 3.4.3.2 of 

AS 1170.2 (SA 1989).  A diagram showing the Cpe values for the test structure is 

shown in Figure 4.13. 

 

Figure 4.13 Cross Wind Cpe Values 

It is worth noting that each load distribution unit applies pressures to two cladding 

panels of width at a time, and is therefore not capable of loading the test structure for 
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values have been used for a greater length on the gable end walls than what the code 

specifies (1h = 2300 mm increased to 2740 mm = half the width of the test structure) 

(Figure 4.14).  This has been considered a conservative assumption as greater load is 

applied to the gable end walls, and this increase in loading will have little to no effect 

on the mid-section of the test structure which should experience the greatest stress 

resulting from the cross wind loading. 

 

Figure 4.14 Modified Cross Wind Cpe Values 

Cpi values were determined using Table 3.4.7 of AS1170.2 condition 5 which is used 

for other similar portal framed structures and which was recommended by the 

industry partner.  Condition 5 states that the building is effectively sealed and has 

non-opening windows.  The MGA test structure has no windows and it has been 

assumed that any structures that would be produced for the market place would be 

effectively sealed during storms.  This condition results in Cpi values of -0.2 or 0.0 

whichever is more severe for combined loadings.  Typical combined wind loadings 

are shown below: 

 
Load Case 1: 0.8 Dead Load + External Uplift + Internal pressure 

Load Case 2: 1.25 Dead Load + External Uplift with some parts in pressure loading 

+ Internal Suction  

 
Load Case 2 above will not be critical for the MGA structure and therefore this load 

case has not been considered.  Load Case 1 is the critical load case for the cross wind 
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loading and has been used to calculate the cross wind loads to be applied to the test 

structure.  Dead loads were not applied to the test structure as they were already 

accounted for by the test structure’s own self weight.  Even though only 80% of the 

dead weight should be included for Load Case 1 above, the MGA structure is a 

lightweight structure so the increase in applied self weight is negligible and ignored.  

For the wind uplift tests that have been conducted on the MGA structure, the Cpi 

value of 0.0 is the critical internal pressure.  As no dead load or internal pressures 

need to be applied to the test structure, 100% of the load applied for the cross wind 

load case was calculated from the Cpe values shown in Figure 4.14. 

4.2.2.2 Calculation of qz and Actuator Loads 

As the industry partner wished to target this structure for a particular market and 

wind region, they provided the required design gust wind speed.  This was a W33 

wind speed, which is a 33 m/s permissible design gust wind speed (Vp).  As the 

current Australian Standard for cold-formed steel structures is AS4600 (SA, 1996), 

which has a design philosophy based on an ultimate limit state, the permissible wind 

speed provided was increased to an ultimate wind speed of 41 m/s.  Converting the 

ultimate wind speed (Vu) to a dynamic gust wind pressure, a pressure of 1 kPa was 

obtained.  Calculations are shown below. 

 
415.1 =×= pu VV  ms-1 

 
( ) 110416.0 32 =××= −

zq  kPa 
 
It should be noted that for this cross wind load there are nine pressure regions on the 

test structure.  These pressure regions (PR) are shown in Figure 4.15.  Table 4.2 

shows the actuator forces which have been calculated by multiplying the pressure for 

a given pressure region by its contributing area for each actuator.  These forces were 

then converted to actuator pressure using the results from the actuator calibration 

procedure.  A sample calculation for Pressure Region (PR) 1 is shown below. 

 
7.017.01 =×=PR  kPa 

 
128.326802300 =××=eaSidewallAr  m2 

 
19.2128.37.0 =×=rceActuatorFo  kN 
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Using the results from the actuator calibration in Appendix B, the required air 

pressure to be supplied to each of the nine groups of actuators was calculated. 

Figure 4.15 Pressure Regions (Cross Wind Load Case) 

Table 4.2 Actuator Pressures for Cross Wind Load Test 

Pressure 
Region 
(PR) 

Test 
Structure 
Position 

Applied 
Pressure 
(Cpe x qz) 

kPa 

Contributing 
Area (m2) 

Actuator 
Force (kN) 

Actuator 
Pressure 

(Bar) 

PR1 Windward Wall 0.7 3.128 2.19 3.00 
PR 2 Windward Roof 0.64 3.83 2.45 1.43 
PR 3 Leeward Roof 0.5 3.83 1.92 1.17 
PR 4 Leeward Wall 0.3 3.128 0.94 1.44 
PR 5 Gable Wall 0.65 3.38 2.20 1.30 
PR 6 Gable Wall 0.65-0.5 7.74 4.45 2.48 
PR 7  Gable Wall 0.5 3.38 1.69 1.030 
PR 8 Gable Wall 0.65 3.623 2.35 3.4 
PR 9 Gable Wall 0.5 3.623 1.82 2.67 
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4.2.3 Longitudinal Wind Load 

As mentioned in Section 4.2.2, the ultimate capacity of the MGA structure at the 

time of testing was not known.  Therefore, no kt factor was used to increase the 

longitudinal wind loads.  Using the same plan as used for the cross wind tests, if the 

capacity of the test structure exceeded the preliminary longitudinal wind loads, the kt 

factor would be included.  It should be noted that a roof pitch of 10o was used for the 

longitudinal wind load tests. 

4.2.3.1 Pressure Coefficients (Cpe & Cpi Values) 

Using the same procedure as for the cross wind loads, Section 3 of AS 1170 Part 2, 

was used to determine appropriate Cpe and Cpi values.  For a building with a roof 

pitch of 10o, 
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Cpe and Cpi values were determined using Tables 3.4.3.1 and 3.4.3.2 of AS1170.2 

(SA 1989).   

 

Figure 4.16 Longitudinal Wind Cpe Values 
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A diagram of the Cpe values for the test structure can be seen in Figure 4.16.  As for 

the cross wind Cpe values, the length of the structure that the values are applied to 

was increased to accommodate the load distribution system.  The modified Cpe 

values can be seen in Figure 4.17.  For the roof of the structure, the 0.9 Cpe value was 

increased from a length of 2705 mm to 2743 mm, the 0.5 Cpe value was increased 

from 2705 mm to a length of 2743 mm and the 0.3 Cpe value was removed.  The side 

wall Cpe values were treated the same way as the roof Cpe values.  The increase in 

load that will be applied to the test structure for the longitudinal wind case is 

considered negligible and will cause insignificant effect to the structure’s behaviour. 

 

Figure 4.17 Modified Longitudinal Wind Cpe Values 

The Cpi values were determined using Table 3.4.7 of AS1170.2 (condition 5), as for 

the cross wind case.  Using the same method discussed in Section 4.2.2 for the cross 
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As the appropriate Cpi value was 0.0 it was ignored, as was the dead load, thus 100% 

of the load applied to the longitudinal load case was calculated from the Cpe values.  

A Vu value of 41 m/s was used to calculate a qz of 1 kPa (for details see Section 

4.2.2).  For the longitudinal load case there were seven pressure regions on the MGA 

test structure.  These pressure regions (PR) are shown in Figure 4.18.  Table 4.3 
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shows the actuator forces for each pressure region that have been calculated using the 

same method described in Section 4.2.2. 

Figure 4.18  Longitudinal Wind Pressure Regions 

Table 4.3 Actuator Pressures for Longitudinal Wind Load Test 

Pressure 
Region 
(PR) 

Test Structure 
Position 

Applied 
Pressure 
(Cpe x qz) 

kPa 

Contributing 
Area (m2) 

Actuator 
Force (kN) 

Actuator 
Pressure 

(Bar) 

PR1 Side Wall 1 0.65 3.128 2.04 3.02 
PR 2 Windward Roof 0.9 3.83 3.45 2.04 
PR 3 Side Wall 2 0.5 3.128 1.56 2.37 
PR 4 Leeward Roof  0.5 3.83 1.92 1.28 
PR 5 Leeward Wall  0.5 3.62 1.81 2.76 
PR 6 Windward Wall 0.7 3.38 2.37 1.36 
PR 7  Windward Wall 0.7 7.74 5.42 2.88 
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4.3 Data Acquisition 

Just as it is important to accurately load a full-scale test building, it is as equally 

important to record important parameters at specific points of the test structure so 

that valuable information about the structural behaviour can be observed and 

analysed.  For this to be possible, a data acquisition system is required.  Typically, 

data acquisition systems and their associated equipment are extremely expensive and 

a compromise between the quantity of data recorded and the cost associated with the 

recording of this data must be met.  Therefore, prior knowledge of where the critical 

points or areas of interest of the test structure must be known, so that only data from 

these critical points are recorded.   

 
Within full-scale test programs such as Heldt (1996) that investigated the behaviour 

of hollow flange beams used within the portal frame structure, the overall structural 

behaviour was already quite well understood.  Therefore, using simple structural 

mechanics, it was relatively easy to determine where to place the data acquisition 

devices so that the critical data could be recorded.  However the testing program 

described here was concerned with studying the overall behaviour of this new 

structure.  As the test structure behaviour was unknown, it was unknown where to 

place data acquisition devices. 

 
The only way to overcome this situation was to visually observe the structure and 

predict the load paths of the test structure.  Finite element models of the test structure 

were used to help verify these predictions.  The critical positions on the test structure 

were positions of maximum deflection and strain, which could be used to understand 

the structural behaviour.  This was a reasonable method for determining the critical 

points of interest; however, it was found that in a few instances the data acquisition 

devices were not positioned in places of maximum strain.  As a result they needed to 

be moved or replaced to different locations.  The main parameters of interest to 

achieve the objectives of this research project were: 

 
• Loads applied to the MGA test structure (Taken care of with calibration of 

actuators and use of precision pressure regulators as discussed in the previous 

sections.) 
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• Maximum vertical deflection at the apex of the test structure; 

• Maximum horizontal deflection at the knees of the test structure; 

• Strain readings throughout the cladding of the test structure; 

• Strain readings throughout the base, knee and apex brackets; 

• Visual monitoring of the structural behaviour  

 
The data acquisition equipment used, recorded measurement locations and setup used 

are described in the following sections. 

4.3.1 Data Acquisition system  

Throughout the majority of the test phase, one data acquisition system was used.  

This was the EDCAR system that was capable of recording 30 strain channels and up 

to 20 deflection channels.  In the preliminary stages of the testing stage a second data 

acquisition system was used in conjunction with the EDCAR system.  This second 

data acquisitions system was a BLASTRONICS system that was capable of 

recording another 32 channels of data (combined strain and deflection channels).  

Both systems were used together as this research project required many strain 

channels to be recorded simultaneously.  The more strain channels that could be 

recorded simultaneously, the less time that would be spent repeating loadings so that 

all the data could be recorded.  However, after the initial live load test was 

conducted, it was decided that the BLASTRONICS system would not be used for the 

cross wind and longitudinal wind load tests.  This was due to a number of technical 

problems that were found with the BLASTRONICS system.   

 
The EDCAR Data Acquisition System consisted of data management hardware that 

was contained within the EDCAR unit, which was connected to a computer with data 

management software.  Figure 4.19 shows the EDCAR unit and computer system 

setup.  The BLASTRONICS Data Acquisition System is a portable self contained 

unit consisting of data management hardware and software (refer to Figure 4.20).  

During the live load tests, the BLASTRONICS system was connected to the EDCAR 

system to simulaneouldy record results from both data acquisition systems. 
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Figure 4.19 EDCAR Data Acquisition System 

 

Figure 4.20 BLASTRONICS Data Acquisition System 

4.3.1.1 Pre-Test Checks of Data Acquisition System 

Before any of the tests were conducted, the data acquisition system and all of the 

strain gauges that were used for that test were checked to ensure that they were 

functioning correctly.  To check the data acquisition system a shunt calibration was 

conducted on each channel.  To check for correct functionality of the strain gauges, 

three checks were conducted.  The first check was for the resistance of each strain 

gauge with a multimeter.  The voltages of each strain gauge were also checked as the 

second component of the strain gauge testing.  As a final check, strain gauge 

recordings were observed for any unusual results.  If any of these results seemed 

unusual, that particular strain gauge was rechecked with the above methods. 
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It was found throughout the full-scale testing that numerous strain gauges were faulty 

and needed to be replaced.  This was a result of the application process of the strain 

gauges that will be discussed in the following sections, however, it should be noted 

that a majority of the faulty strain gauges needed to be replaced, which delayed the 

testing of the MGA test structure. 

4.3.2 Deflection Measurements 

Deflection behaviour of the MGA test structure was measured by using a number of 

displacement transducers.  To measure the maximum in-plane deflections of the test 

structure, displacement transducers were placed at the Frame 5 knee brackets to 

measure the horizontal deflection at the eaves, and at the apex bracket to measure the 

vertical deflection at the ridge (see Figure 4.27).  These displacement transducers 

were used for all of the tests, however, for the longitudinal wind load tests two 

additional displacement transducers were used.  These extra transducers measured 

the out-of-plane deflection of the front and rear knee brackets on the left hand side of 

the test structure.  A photograph of the horizontal displacement transducers used at 

the knee brackets of the test structure can be seen in Figure 4.21.  Figure 4.22 is a 

photograph of the vertical apex displacement transducer. 

 

 

Figure 4.21 Horizontal Displacement Transducer at the Knee 

Knee 

Bracket 

Displacement 

Transducer 
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Figure 4.22 Vertical Displacement Transducer at the Apex 

4.3.3 Strain Measurements 

Throughout the testing stage of the research project, a total of 78 rosette and 60 

single strain gauges have been applied to the test structure, not including the 

replacement of faulty gauges.  In total, 294 channels were needed, but as the EDCAR 

system could only handle 30 channels at one time, many runs of each load case were 

needed to record all the channels.  To avoid unnecessary damage to the strain gauges, 

they were only applied in a number of stages.  After the application of the strain 

gauges at each stage, they were tested for various load cases.  A brief description of 

the positioning of the strain gauges is given next and a table including the strain 

gauge positions and their types have been provided at the end of this section.  It 

should be noted that strain gauges were applied to both sides of the ribs and flanges 

so that both membrane and flexural strains could be determined. 

 
In order to determine the maximum bending moments that should occur in the Frame 

5 (central frame) brackets (5th row from front of structure) of the test structure, strain 

gauges were applied to the top and bottom flanges of the base, knee and apex 

brackets at the point where maximum bending should occur.  Rosette strain gauges 

String 
Pot 
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were used, as it was not known in which direction the principal strain would occur.  

Single channel strain gauges were also applied to the Frame 3 and Frame 7 brackets 

(see Figure 4.27) to determine their bending moments and axial loads.  In order to 

protect the strain gauges from the damage caused by overlapping the cladding panels 

on to the brackets, strips of Teflon, shims and insulation tape were used to provide 

clearance for the strain gauges and their leads.  Photographs of rosette strain gauges 

on the central knee bracket can be seen in Figure 4.23.  The insulation tape and 

Teflon strips used for protection can be seen in Figure 4.24. 

 

 

Figure 4.23 Rosette Strain Gauges at the Knee 

 

Figure 4.24 Protected Rosette Strain Gauges at the Knee 
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Bracket 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    110 

Strain gauges were also applied to the overlapped ribbed section of the central 

cladding at approximately 100 mm from the top of the left base bracket and 100 mm 

from the bottom of the left knee bracket in order to investigate the transfer of 

moments from the base and knee brackets to the wall sheeting.  A photograph of the 

strain gauges on the left cladding just above the base brackets can be seen in Figure 

4.25 (a) and Figure 4.25 (b). 
  Strain Gauges    Strain Gauges 

       
 
   (a) Rosette Strain Gauges        (b) Protected Rosette Strain Gauges 

Figure 4.25 Rosette Strain Gauges on the Cladding Panels 

To investigate the transfer of moments from the left knee and left base connections to 

the cladding panels, additional strain gauges were also applied at approximately 

50mm from the end of these brackets.  Figure 4.26 (a) shows these additional strain 

gauges and the single strain gauges used can be seen in Figure 4.26 (b).  Strain 

gauges were also applied to the rear gable end wall on the 3rd rib of the cladding 

panel and its base bracket.  Eight rosette strain gauges were applied to the middle of 

the cladding panels and another eight were applied at the top of the cladding panels 

approximately 20 mm from the roof.  Rosette strain gauges were also applied to the 

middle of the pans of the cladding panels at the rear side wall, rear gable end wall 

and the rear roof panel on the right hand side of the test structure so that the 

behaviour of these panels could be investigated.  A diagram of the various groups of 

strain gauges is shown in Figure 4.27. 
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(a) Rosette Strain Gauges   (b) Single Strain Gauges 

Figure 4.26 Strain Gauges at the Base 

Figure 4.27 Strain Gauge Location on the Test Structure 
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Table 4.4 Strain Gauge Location 

Shed 
Position Position Type of 

Gauge Load Cases Arrangement 
Type 

Base 
Left & Right 

6 Singles 
Each 

Longitudinal 
& Cross wind 

Base Type 1 
See Figure 4.28 

Knee 
Left & Right 

6 Singles 
Each 

Longitudinal 
& Cross wind 

Knee Type 1 
See Figure 4.29 

Frame 3 
& 

Frame 7 
Apex 6 Singles Longitudinal 

& Cross wind 
Apex Type 1 

See Figure 4.30 

Left Base 8 Rosettes All Base Type 2 
See Figure 4.28 

Left Knee 10 Rosettes All Knee Type 2 
See Figure 4.29 

Apex 6 Rosettes All Apex Type 2 
See Figure 4.30 

Right Knee 6 Rosettes All Knee Type 3 
See Figure 4.29 

Frame 5 

Right Base 4 Rosettes All Base Type 3 
See Figure 4.28 

Frame 5 
Cladding 

Top & 
Bottom 

8 Rosettes 
for each 

Longitudinal 
& Cross wind 

Cladding 
See Figure 4.31 

Top & 
Middle 

Cladding 

8 Rosettes 
for each 

Longitudinal 
& Cross wind 

Cladding 
See Figure 4.31 Gable End 

Wall 
Base 6 Rosettes Longitudinal 

& Cross wind 
Base Type 1 

See Figure 4.28 

Cladding 
Panels 

Rear Right 
Corner 
Panels 

2 Rosettes 
for each 

Longitudinal 
& Cross wind 

Panels 
See Figure 4.32 

 

 

Figure 4.28 Strain Gauge Arrangement for Base Brackets 
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Figure 4.29 Strain Gauge Arrangement for Knee Brackets 

 

Figure 4.30 Strain Gauge Arrangement for Apex Brackets 
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Figure 4.31 Strain Gauge Arrangement for Cladding Panel Overlaps 

 

 

Figure 4.32 Strain Gauge Arrangement for Cladding Panels 

4.4 Experimental Test Program 

The experimental test program undertaken was comprehensive and consisted of two 

main series of tests.  The first series of tests consisted of non-destructive tests, while 

the second series of tests consisted of a destructive test.  To aid in the understanding 

of the experimental test program undertaken, this section is broken in two sub-

sections.  The first sub-section contains an overview of the non-destructive tests and 

the second sub-section contains an overview of the destructive test. 
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Strain Gauges 
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4.4.1 Non Destructive Test Program 

The non-destructive test program was very thorough and tested the MGA building 

system for a number of load cases while recording data from various components of 

the building system.  Five types of loading conditions were investigated; two cross 

wind load cases (wind direction from the left-hand side and a wind direction from the 

right-hand side); two longitudinal wind load cases (wind direction from the front 

gable end and a wind direction from the back gable end); and a live load case.   

 
Strain readings for these load cases were recorded at the left base, left knee, apex, 

right knee and right base brackets of Frames 3, 5, and 7 of the building system.  

Additional strain readings of the overlapped cladding on Frame 5 were also recorded 

for the left cross wind load, front longitudinal wind load and live load cases.  Strain 

data from the rear gable end wall was also recorded for the left cross wind load, back 

longitudinal wind load and live load cases.  A summary of the non-destructive cross 

wind, longitudinal wind and live load tests is given in Table 4.5 toTable 4.7.   

 
To aid in the reference of these tests in later sections, a code has been given for each 

of the tests.  The first part of the code represents whether it was a non-destructive or 

destructive test (N for non-destructive and D for destructive).  The second part of the 

code represents the load case applied (CW for cross wind load, LW for longitudinal 

wind load and LL for the live load case) and the third part of the code represents the 

wind load direction (L (left hand side) and R (right hand side) for the crosswind load 

case and F (front wall loading) and B (back wall loading) for the longitudinal wind 

load case).   

 
The final component of the code represents the strain gauge locations that were 

recorded for that load case (F3, F5, F7 for Frames 3, 5 ,7 respectively, CL for the left 

hand side Frame 5 overlapped ribbed sections (see Figure 4.27), and BW for the back 

wall strain gauges).  For example Test N-CW-R-F5 indicates that this test was a non-

destructive test, cross wind load case, wind load direction from the right hand side, 

which recorded the strain gauges on Frame 5. 
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Table 4.5 Non-Destructive Cross Wind Load Test Program 

Wind 
Direction 

Position of 
Strain Gauge 

Recording 
Test Code Notes 

Left Base Bracket N-CW-L-F5(1) 
Left Knee Bracket N-CW-L-F5(2) 

Apex Bracket N-CW-L-F5(3) 
Right Knee and 
Base Bracket N-CW-L-F5(4) 

Cladding Top 
(Frame 5) N-CW-L-F5(5) 

Cladding Bottom 
(Frame 5) N-CW-L-F5(6) 

Due to the large number of strain 
channels that needed to be recorded, it 
was not possible to capture all the 
strain channels in one test.  Therefore, 
it was required to capture the required 
data for the Test N-CW-L-F5 over six 
individual tests.  These individual tests 
have been compared in Chapter 5, and 
to aid in this comparison these tests 
have been given a sub-test number 
(e.g. N-CW-L-F5(1), N-CW-L-F5(2), 
N-CW-L-F5(3) etc). 

Frame 3 N-CW-L-F3 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 3. 

Frame 5 N-CW-L-F5 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 5. 

Frame 7 N-CW-L-F7 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 7. 

Back Wall (Base) N-CW-L-BW(1) 
Back Wall 
(Middle of 
Cladding) 

N-CW-L-BW(2) 

Back Wall (Top of 
Cladding) N-CW-L-BW(3) 

As mentioned above, it was not 
possible to capture all the strain 
channels required in one test.  
Therefore multiple tests were also 
required for the N-CW-L-BW test 
case. 

Cladding Bottom 
(Frame5) N-CW-L-CL(1) 

Left Hand 
Side Wind 
Direction 

Cladding Top 
(Frame 5) N-CW-L-CL(2) 

Multiple tests were also required for 
the N-CW-L-CL test case. 

Frame 3 N-CW-R-F3 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 3. 

Frame 5 N-CW-R-F5 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 5. 

Right Hand 
Side Wind 
Direction 

Frame 7 N-CW-R-F7 

No multiple tests required.  Included 
strain readings at the left base, left 
knee, apex, right knee and right base 
brackets of Frame 7. 

 
For each of the test cases, horizontal deflections at the left and right knee brackets 

and vertical deflections of the apex bracket of Frame 5 were recorded.  This allowed 
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a comparison of the deflections for each individual test in a particular load case (say 

cross wind load case), to ensure that the same load was applied for each of the 

individual load cases for that particular load case.  Such a comparison has been 

included in Chapter 5 of this thesis. 

Table 4.6 Non-Destructive Longitudinal Wind Load Test Program 

Wind 
Direction 

Position of 
Strain Gauge 

Recording 
Test Code Notes 

Frame 3 N-LW-F-F3 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 3.

Frame 5 N-LW-F-F5 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 5.

Frame 7 N-LW-F-F7 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 7.

Front Gable 
Wall Wind 

Loading 

Cladding  
(Frame 5) N-LW-F-CL 

No multiple tests required.  
Included strain readings at both the 
top and bottom positions (see 
Figure 4.27). 

Frame 3 N-LW-B-F3 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 3.

Frame 5 N-LW-B-F5 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 5.

Frame 7 N-LW-B-F7 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frame 7.

Back Gable 
Wall Wind 

Loading 

Back Wall N-LW-B-BW 

No multiple tests required.  
Included strain readings at the 
back wall base bracket, back wall 
cladding middle and top positions 
(see Figure 4.27). 

 
For the longitudinal wind load tests additional vertical displacements were recorded 

at the apex brackets of Frames 3 and 7.  For the live load case, additional vertical 

displacements were also recorded at the apex brackets of Frames 3 and 7, and an 
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additional horizontal displacement at the right knee bracket of Frame 3 was also 

recorded. 

Table 4.7 Non-Destructive Live Load Test Program 

Wind 
Direction 

Position of 
Strain Gauge 

Recording 
Test Code Notes 

Frame 3 N-LL-#-F3 
Frame 5 N-LL-#-F5 

Frame 7 N-LL-#-F7 

No multiple tests required.  
Included strain readings at the left 
base, left knee, apex, right knee 
and right base brackets of Frames 
3, 5 and 7. 

Back Wall N-LL-#-BW 

No multiple tests required.  
Included strain readings at the 
back wall base bracket, back wall 
cladding middle and top positions 
(see Figure 4.27). 

Not 
Applicable for 

Live Load 

Cladding 
(Frame 5) N-LL-#-CL 

No multiple tests required.  
Included strain readings at both 
the top and bottom positions (see 
Figure 4.27). 

 
Note: # means not applicable as there is no wind direction for live load case. 

4.4.2 Destructive Test Program 

As for the non-destructive test program, strain readings were recorded at a number of 

locations.  However, unlike the non-destructive test program only a cross wind load 

case applied from the right hand side of the test structure was considered.  The 

rationale for the use of this load case is explained in Section 6 of this thesis.  Strain 

gauge readings were recorded at the left base, left knee, apex, right knee and right 

base brackets for Frames 3, 5 and 7 of the test structure.  The strain readings from the 

back wall and cladding (Frame 5) were also recorded.  Test codes were also given for 

this test as seen in Table 4.8.  Horizontal deflections were also recorded at the left 

and right knee brackets and vertical deflections at the apex bracket of Frame 5.  

Additional vertical deflections were also measured and recorded at the apex brackets 

of Frames 3 and 7.  The horizontal deflection of the right knee bracket of Frame 3 

was also measured and recorded during this test program.  The results of this test 

program are discussed in Chapter 6. 
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Table 4.8 Destructive Test Program 

Wind 
Direction 

Position of 
Strain Gauge 

Recording 
Test Code Notes 

Frame 3 D-CW-R-F3 

Frame 5 D-CW-R-F5 

Frame 7 D-CW-R-F7 

Right Hand 
Side Loading 

Cladding 
(Frame 5) D-CW-R-CL 

No multiple tests were required.  
All of these tests were recorded 
simultaneously.  Included strain 
readings at the left base, left knee, 
apex, right knee and right base 
brackets of Frames 3, 5 and 7, the 
strain readings at both the top and 
bottom cladding positions (see 
Figure 4.27). 

4.5 Summary 

This chapter has given a detailed description of the load simulation, the applied 

loads, and the data acquisition for the testing program.  The load simulation method 

used for this research project comprised of pneumatic actuators with a complex load 

distribution system which accurately simulates the required loading conditions.  All 

applied wind loads were calculated in accordance with AS1170.2 (SA, 1989) and all 

live loads were calculated in accordance with AS1170.1 (SA, 1989).  The data 

acquisition used for both the non-destructive and destructive tests have been 

thoroughly documented. 
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5 Non-Destructive Test Results 

5.1 General Deflection Behaviour 

As the main focus of the testing program was to record as much data as possible, a 

total of 294 strain channels were used for the MGA test structure.  The EDCAR data 

acquisition system was only capable of capturing 30 strain channels at once, and as a 

result, to capture all of the 294 channels, multiple tests were required for each load 

case (Cross wind load and Longitudinal wind load).  To ensure that the same load 

was applied in each of these tests, horizontal deflections at the left and right knee 

brackets, and vertical deflections at the apex bracket of Frame 5 were recorded.  This 

allowed a comparison of these deflections to determine whether the loading system 

used was applying an equivalent load in the multiple tests for each load case.  It also 

allowed meaningful comparisons of bending moment to be made for the multiple 

tests.  Thus the main purpose of this section is to verify that an equivalent load was 

applied to all of the multiple tests for each load case. 
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Figure 5.1 Frame 5 Deflection Results for Cross Wind Load 

Figure 5.1 shows the left knee, apex and right knee deflections of Frame 5 for the N-

CW-L-F5(1) cross wind load case plotted against the ratio of the applied load to the 

design wind load (ie. design wind load is the resultant wind pressures for a design 
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wind speed of 41 m/s; therefore if “Applied Load/Design Wind Load” equals 0.5, 

then only 50% of the design wind load for a 41 m/s wind speed has been applied; ie, 

the applied load is only 50% of the design load).  Three loading repetitions of each 

test were conducted so that average results were recorded in each test for each load 

case and are shown in Figure 5.1.  It can be seen that for each of the loading 

repetitions very similar deflection results were obtained for the left knee bracket, 

showing that a repeatable load could be applied to the test structure using the current 

loading method.   

 
A linear trend is observed for these deflections and it was found that the majority of 

the deflections results followed this trend.  The maximum horizontal left and right 

knee brackets were 18.39 mm and -11.73 mm, respectively.  The maximum vertical 

apex bracket deflection was 68.98 mm.  Due to the extremely large quantity of 

results, it is not practical to present all of the results using the same method used in 

Figure 5.1.  As a result, only the average maximum deflection results for various load 

tests will be discussed in the following sections. 

5.1.1 Cross Wind Deflection Behaviour 

The average maximum deflections of Frame 5 for the N-CW-L-F5(2), N-CW-L-

F5(4), N-CW-L-F5(5), N-CW-L-F5(6), N-CW-L-F3, N-CW-L-F7 and N-CW-L-BW 

tests have been tabulated and plotted in Table 5.1 and Figure 5.2.  It should also be 

noted that throughout this section the left and right knee deflections are horizontal 

deflections and the apex deflections are vertical deflections.  A positive deflection 

corresponds to a right horizontal or upward vertical deflection, while a negative 

deflection corresponds to a left horizontal or downward vertical deflection with 

reference to the front gable end of the test structure. 

 
Figure 5.2 and Table 5.1 show that there were two distinct types of result for these 

cross wind tests.  The first distinct set of results was from the N-CW-L-F5 tests of 

Frame 5, and the second set was from the N-CW-L-F3, N-CW-L-F7 and N-CW-L-

BW test results.  It can be seen that the horizontal left knee deflections for the N-

CW-L-F5 tests were on average about 17% greater than the N-CW-L-F3, N-CW-L-

F7, and N-CW-L-BW test results.  A similar trend was also seen for the vertical apex 

deflections (12% larger) and the horizontal right knee deflections (15% larger).   
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Table 5.1 Average Frame 5 Deflections for Cross Wind Load 

Frame 5 Deflections 
(Positive =Right/Up, Negative= Left/down) Test 

Left Knee 
(Horizontal)(mm) 

Apex 
(Vertical)(mm) 

Right Knee 
(Horizontal)(mm) 

N-CW-L-F5(2) 18.31  71.18  -12.21  
N-CW-L-F5(4) 18.23  68.44  -11.59  
N-CW-L-F5(5) 19.79  80.45  -13.81  
N-CW-L-F5(6) 17.80  69.67  -11.92  

N-CW-L-F3 15.89  65.78  -10.71  
N-CW-L-F7 15.73  63.72  -10.56  

N-CW-L-BW 16.07  64.38  -10.87  
 
It should be noted that during the N-CW-L-F5(1-6) tests a failure occurred in the 

cladding at the left knee bracket (discussed in a later section).  This failure was 

repaired; however, an inherent weakness remained in this bracket.  As a result of this 

failure, two distinct types of deflection results were seen; pre-knee bracket failure 

and post-knee bracket failure.   
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Figure 5.2 Average Frame 5 Deflections for Cross Wind Load 

When the results were divided into these two types of results, it was seen that N-CW-

L-F3, N-CW-LF7 and N-CW-L-BW left knee, right knee, and apex deflections only 

varied by 2%, 3% and 3%, respectively.  This shows that for these tests the same 

load was applied to the test structure.   As a result, the bending moment results for 
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these tests can be compared with the assurance that the same load has been applied to 

the test structure.  The N-CW-L-F5(2, 4, 5 & 6) tests deflection results for the left 

knee, right knee and apex brackets varied by 10%, 19% and 18%, respectively.  

These variations were much larger than those of the other tests and as a result, care 

must be taken when comparing these results with results from the other tests.  This 

increased variation was due to the fact that these tests were the first conducted and as 

a result, it took time to learn the characteristics of each of the pressure regulators, 

which had a direct control on the loading of the test structure. 

5.1.2 Longitudinal Wind Deflection Behaviour 

The average maximum deflections of Frame 5 for the “N-LW-F-F5 test, N-LW-F-F3 

test, N-LW-F-F7 test and N-LW-B-BW tests for the longitudinal wind load case have 

been tabulated and plotted in Table 5.2 and Figure 5.3, respectively.  The same 

directional orientation for the deflections which were used in the cross wind load 

tests have also been used for the longitudinal wind load tests. 

Table 5.2 Average Frame 5 Deflections for Longitudinal Wind Load 

Frame 5 Deflections 
(Positive =Right/Up, Negative= Left/down) Test 

Left Knee 
(Horizontal)(mm) 

Apex 
(Vertical)(mm) 

Right Knee 
(Horizontal)(mm) 

N-LW-F-F5 13.47 69.01 -10.51 
N-LW-F-F3 14.05  71.33  -13.59  
N-LW-F-F7 13.73  69.04  -13.76  

N-LW-B-BW 12.99  65.70  -12.19  
 
As for the cross wind load case results, the longitudinal wind load results shown in 

Table 5.2 and Figure 5.3 indicate that there were two distinct types of results.  These 

were once again for the N-LW-F-F5 tests and for the N-LW-F-F3, N-LW-F-F7 and 

N-LW-B-BW test results.  The main discrepancy between these tests was that the N-

LW-F-F5 test average deflections for the right knee were approximately 20% lower 

than the N-LW-F-F3, N-LW-F-F7 and N-LW-B-BW test average deflections for the 

right knee.  It can be seen that the variations between the left knee and apex 

deflections were only 2% and 1%, respectively.  It should be noted that the 

longitudinal N-LW-F-F5 test was conducted immediately after the N-CW-L-F5(1-6) 

cross wind tests, whereas the longitudinal N-LW-F-F3, N-LW-F-F7, and N-LW-B-
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BW tests were conducted after the right to left cross wind load tests in the testing 

program.  This may have caused the 20% variation in the deflection of the right knee 

bracket, however this is not certain.   

 
For the N-LW-F-F5, N-LW-F-F3, N-LW-F-F7 and N-LW-B-BW tests, the 

deflections of the left knee, right knee and apex for Frame 5 varied by 8%, 31% and 

8%, respectively.  These low variations also confirm that the same load can be 

accurately applied to the test structure, concluding that the load distribution system 

used was capable of providing an accurate and reliable loading to the test structure. 
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Figure 5.3 Average Frame 5 Deflections for Longitudinal Wind Load 

5.1.3 Live Load Deflection Behaviour 

Average maximum deflections for the live load tests are tabulated and plotted in 

Table 5.3 and Figure 5.4, respectively.  It should be noted that for the live load tests, 

a new data acquisition system with 96 strain channels was used.  This allowed for 

greater test accuracy as a greater number of strain readings could be recorded for 

each test, ensuring that the same total load was applied at the time of the recordings.  

Therefore, only two tests were necessary to capture all of the longitudinal strain 

readings for the live load test.  
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The first test recorded the longitudinal strains for the N-LL-#-F3, N-LL-#-F5, N-LL-

#-F7 and N-LL-#-CL tests.  The second test recorded the longitudinal strain readings 

for the N-LL-#-BW test (base bracket, cladding middle and cladding top positions).  

It should be noted that the same directional reference system that is used for the cross 

wind and longitudinal wind load tests apply for the live load results. 

 
To further show that the loading system used was capable of accurately repeating an 

applied test load to the test structure, an increased number of deflection points have 

been included in the discussion of the live load tests.  These extra deflection points 

were the vertical apex deflections of Frames 3 and 7 (see Figure 4.27) and the 

horizontal right knee deflections of Frame 3.  The results show that there was a very 

close agreement in the deflections between the first test (N-LL-#-F3, N-LL-#-F5, N-

LL-#-F7 and N-LL-#-CL tests) and the second test (N-LL-#-BW).  With the 

exception of the right knee deflections of Frame 5 that varied by 7%, the variations 

in the deflections were all less than 2.2%.  It can also be seen that the results for the 

second test (N-LL-#-BW) were only 1.5% (averaged) greater than that of the results 

from the first test (N-LL-#-F3, N-LL-#-F5, N-LL-#-F7 and N-LL-#-CL tests).  This 

confirms that the load method used was capable of applying accurate loads onto the 

test structure. 

Table 5.3 Average Live Load Deflections 

Position 
First Test  

(N-LL-#-F3, N-LL-#-F5, N-LL-
#-F7 and N-LL-#-CL tests) (mm)

Second Test  
(N-LL-#-BW) 

(mm) 
Frame 3 Apex -61.13 -62.53  
Frame 5 Apex -87.92  -89.19  
Frame 7 Apex -74.41  -75.68  

Frame 5 Left Knee  -9.28  -9.35  
Frame 5 Right 

Knee 8.91  8.30  

Frame 3 Right 
Knee 8.18  8.23 
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Figure 5.4 Average Live Load Deflections 

5.1.4 Summary of General Deflection Behaviour 

Deflections at the left and right knee brackets and apex bracket for Frame 5 were 

measured for the cross wind and longitudinal wind load cases.  For the live load case 

the same deflections were measured, however, two additional vertical and one 

additional horizontal deflection were recorded.  These were the vertical apex bracket 

deflections of Frames 3 and 7, and the horizontal deflection of the right knee bracket 

of Frame 3.  The results have showed that the deflections have followed a linear 

trend up to the loads applied.  Each load case was tested a number of times and the 

deflection variations between the tests of each load case were reasonably small.  This 

confirms that the loading system used is capable of accurately repeating the test loads 

of the MGA test structure, allowing for an accurate comparison of test results.  It was 

found from the deflection results that the MGA test structure deflections were 

extremely large, particularly the vertical apex deflections.  The maximum vertical 

apex deflections for the cross wind, longitudinal wind and live load tests were 80.5 

mm, 72.3 mm and -89.2 mm, respectively.  The corresponding maximum horizontal 

knee deflections were 19.8 mm, 14.05 mm and -9.4 mm.  These deflections relate to 

deflection ratios of approximately span/60 for the vertical deflections and height/120 

for the horizontal deflections.  These ratios are much larger than the recommended 

and commonly used ratios of span/250 for vertical roof deflections and height/150 

for horizontal deflections from AS 4100 (SA 1998), and are unlikely to be deemed 
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acceptable.  From these results it was concluded that the MGA test structure is 

extremely flexible and it is likely that this flexibility will cause deflection based 

serviceability issues such as impaired operation of the roller doors during normal 

wind events. 

5.2 Bending Moment and Deflection Behaviour of Frames 3, 5 & 7 

5.2.1 Cross Wind Load Tests 

During the wind load simulation of the MGA test structure, cross wind loads were 

applied from both the left and right hand sides of the test structure.  This allowed for 

a comparison of the results obtained from the left hand side loading to that of the 

right hand side loading.  This comparison includes the maximum bending moments 

at the windward base, windward knee, apex, leeward knee and the leeward base for 

various frames of the test structure.  Maximum deflections for Frame 5 at the 

windward knee bracket (horizontal), leeward knee bracket (horizontal) and the apex 

bracket (vertical), for the N-CW-L-F5(1-4), N-CW-L-F5, N-CW-L-F3, N-CW-L-F7, 

N-CW-R-F5, N-CW-R-F3 and N-CW-R-F7 test cases have also been included.  A 

total of seven complete Frame tests were conducted.  This has allowed an overall 

view of how the MGA test structure is behaving under the applied cross wind load 

case.   

 

Figure 5.5 Local Buckling of Left Knee Connections 
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Shortly after the N-CW-L-F5(1-4) test, a failure of the wall cladding panel occurred 

at the lower bolt connections on the windward knees at Frame 5 and the two adjacent 

frames (see Figure 5.5).  This failure resulted in local buckling and was the result of 

the large compressive strain in the top web of the ribbed section of the wall cladding 

and the rotation of the knee brackets.  The knee/wall cladding connections were 

repaired by bolting a 12 mm thick steel plate over the cladding to reduce the high 

strain at the bolt hole.  Figure 5.6 shows the details of this repair.  As a precautionary 

measure a lower load was applied to the test structure after this failure.  This load 

was 60% of the original wind pressure caused by a 41m/s ultimate wind speed (1.0 

kPa), which results in a reduced wind speed of approximately 31m/s (0.6 kPa).  As a 

result of the reduced wind speed, only results for this reduced wind speed have been 

discussed in this section.  The results obtained are discussed in the following 

sections.  To aid in the discussion of these test results, this section has been divided 

in to two subsections.  The first subsection contains the left to right cross wind 

loading results and the other contains the right to left cross wind loading results. 

 

Figure 5.6 Repaired Knee Connection 

5.2.1.1 Left to Right Cross Wind Loading 

Experimental bending moments at the windward base, windward knee, apex, leeward 

knee and the leeward base have been calculated from the test results of N-CW-L-F3, 

N-CW-L-F7, N-CW-L-F5(1-4) and N-CW-L-F5 (note that N-CW-L-F5(1-4) and N-
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CW-L-F5 are the same frame which was tested twice).  These moments are given in 

Table 5.4 and are plotted in Figure 5.7.  An example calculation of the procedure 

used to convert the recorded experimental strain results into the associated bending 

moments can be found in Appendix C.  Deflections at Frame 5 for each of the above 

tests are also given in Table 5.5 and plotted in Figure 5.8.  Both the bending 

moments and the deflections have also been compared with analytical results. 

Table 5.4 Bending Moments for Left to Right Cross Wind Load 

Position N-CW-L-
F3 (kNm) 

N-CW-L-
F7 (kNm) 

N-CW-L-
F5(1-4) 
(kNm)  

N-CW-L-
F5 (kNm) 

Space Gass 
2D Model 

(kNm) 
Windward 

Base 0.265 0.241 0.562 0.512 0.777 

Windward 
Knee -0.273 -0.367 -0.427 -0.434 -0.567 

Apex -0.093 -0.178 0.130 0.112 0.252 
Leeward 

Knee -0.254 -0.323 -0.189 -0.321 -0.330 

Leeward 
Base 0.160 0.204 0.219 0.229 -0.006 
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Figure 5.7 Bending Moments for Left to Right Cross Wind Load 
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Table 5.5 Deflections for Left to Right Cross Wind Load 

Position N-CW-L-
F3 (mm) 

N-CW-L-
F7 (mm) 

N-CW-L-
F5(1-4) 
(mm)  

N-CW-L-
F5 (mm) 

Space Gass 
2D Model 

(mm) 
Windward 

Knee 15.89 15.72 18.17 16.77 22.20 

Apex 65.81 62.96 68.98 70.08 36.80 
Leeward 

Knee -10.72 -10.56 -11.70 -11.09 9.90 
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Figure 5.8 Deflections for Left to Right Cross Wind Load 

The analytical computer package used was Space Gass.  Space Gass is a general-

purpose structural analysis programs based on the stiffness matrix method that is 

used to solve the elastic behaviour of structures.  Space Gass is capable of solving 

linear static, non-linear static, dynamic frequency, dynamic response, and buckling 

analyses.  The non-linear analysis includes geometric non-linearities that include P-Δ 

effects, P-δ effects, axial shortening, tension/compression only effects, and catenary, 

cable effects.  However, it does not take into account material or boundary condition 

non-linearities.  The buckling analysis performed by Space Gass is only a rational 

elastic buckling analysis.  It can determine buckling load factors, buckling mode 

shapes and effective member lengths.  However, the buckling modes considered by 
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Space Gass are due to axial compression.  It does not include more complex flexural-

torsional buckling which results from flexure. 

 
In this research, both 2-dimensional and 3-dimensional Space Gass models were 

created.  For the 2-dimensional model, a single ribbed segment of the building 

system was modelled as a pseudo frame (see Figure 5.9 (a)).  This pseudo frame was 

divided into panel regions and bracket regions.  The panel regions were given the 

section properties of the overlapped cladding panels (assuming composite behaviour 

between the two cladding panels), and the bracket regions were given the sections 

properties for the profile of the brackets plus the overlap of the cladding panels.  

Fixed base connections were used.   

 
(a) 2-Dimensional Model   (b) 3-Dimensional Model 

Figure 5.9 Space Gass Models 

The 3-dimensional model created was based on the equivalent truss method.  This 

analysis method simulates the effects of diaphragm action with the use of truss 

members that connect the ridges and eaves of adjacent frames (see Figure 5.9 (b)), 

and has been used successfully by researchers such as Davies and Bryan (1982) and 

Moor (1997).  The frames used in the 3-dimensional model are the same as used for 

the 2-dimensional model.  The truss members were given a nominal area of 20 mm2 

and only act in tension.  The area used was based on engineering judgement, 

however, a sensitivity analysis was conducted and it was found that a variation in the 

area of the members used had no significant impact in the analysis results.  As for the 

2-dimensional model, fixed base connections were used. 

 
It was found that the results for the 3-dimensional analysis did not differ greatly from 

the 2-dimensional analysis results.  As a result of this small difference in the 
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analytical results, and for the reason of not overcrowding the graphs in this thesis, 

only the 2-dimensional analytical results are included for a comparison with the 

experimental results. 

 
The N-CW-L-F5(1-4) tests were the first tests conducted in the cross wind series of 

tests, and it is shown in Figure 5.7 and Table 5.4 that the calculated bending 

moments agree reasonably with the analytical Space Gass moments with the 

exception of the leeward base bracket.  However, the corresponding experimental 

and analytical deflections are significantly different (Figure 5.8 and Table 5.5).  This 

is most evident for the horizontal leeward knee deflection (-11.7 mm compared with 

+9.9 mm).  The Space Gass model predicts a deflection of the leeward knee in the 

direction of the cross wind load, which is correct for a typical portal frame structure.  

However, the MGA test structure deflects back towards the ridge of the structure.  

This is due to the extremely large vertical apex deflections of the test structure (68.98 

mm), which is not present in the Space Gass model (36.8 mm).  For this large 

vertical apex deflection to be possible, the leeward knee bracket must be pulled back 

towards the apex of the structure.  This has a greater influence on the horizontal 

leeward knee deflection than the suction load that is pulling the leeward knee away 

from the apex, resulting in this unusual direction of the horizontal leeward knee 

deflection.  Another point of interest is that the left hand base bracket bending 

moment has a reasonable agreement with the 2-dimensional Space Gass model 

(0.562 kNm and 0.777 kNm), which had fixed base connections, thus indicating that 

the MGA test structure also has fixed base connections. 

 
Figures 5.7 and 5.8, and Tables 5.4 and 5.5 also show that the bending moment and 

deflection results from the N-CW-L-F5 test reasonably follow the N-CW-L-F5(1-4) 

test results and the analytical 2D Space Gass analysis results with the exception of 

the Space Gass deflections.  As the N-CW-L-F5 test was conducted after the 

windward knee bracket failure, a comparison of the N-CW-L-F5(1-4) and N-CW-L-

F5 horizontal windward knee deflections shows that the second test had less 

deflection (18.17 mm compared with 16.77 mm).  This results in decreased stiffness 

of the left hand knee bracket, which is freer to rotate, resulting in less horizontal 

deflection.  This also relates to the reduced bending moment at the windward base 

bracket (0.562 kNm reduced to 0.512 kNm) for these two tests.  It is quite clear from 
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these results that the 2-Dimensional Space Gass model is significantly stiffer than the 

MGA test structure, with particular regards to the roof of the structure.  As for the N-

CW-L-F5(1-4) tests, the results indicate that the MGA structure has fixed base 

connections.  It can also be concluded that the experimental bending moments at the 

apex, knee and base brackets follow a similar trend with the analytical moments 

indicating that the in-plane loads are transferred to the foundations by frame action. 

 
Experimental bending moments for both N-CW-L-F3 and N-CW-L-F7 tests have 

also been calculated.  Maximum bending moments and deflections for these tests are 

tabulated and plotted in Tables 5.4 and 5.5, and Figures 5.7 and 5.8, respectively.  It 

can be seen from Figure 5.7 that the bending moments of these frames follow a 

similar trend, which would be expected, as they are equidistant from Frame 5.  With 

the exception of the base brackets, the bending moments for Frame 7 are 

approximately 0.08 kNm greater than Frame 3.  As the deflections for Frame 3 are 

greater than that of Frame 7 (Table 5.5), this increase in bending moment in Frame 7 

is unlikely to be due to increased applied load.   

 

Figure 5.10 Bolt Pull-through at Apex 

It was noticed during a visual inspection of the test structure that a failure of the apex 

bracket adjacent to the Frame 7 apex bracket had occurred.  This failure was the 

result of bolt pull-through that was likely to be caused by the bolt head overlapping 

an existing bolt hole (see Figure 5.10).  However, it is likely that this failure at the 

adjacent apex is redistributing a greater percentage of load onto Frame 7, attributing 
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to the greater bending moment in this frame; particularly at the knee and apex 

brackets. 

 
The bending moments at the windward base and knee brackets of Frames 3 and 7 are 

approximately 47%, 43% and 64%, 86% of the Frame 5 windward base and knee 

brackets moments, respectively.  The horizontal deflection of the windward knee 

brackets of Frames 3 and 7 are approximately 85% of Frame 5, indicating that 

Frames 3 and 7 have a greater restraint against deflection, which causes a decrease in 

the moments at these brackets.  This increased restraint of Frames 3 and 7 is 

provided from the stiff gable end walls of the structure. Another important finding 

from the calculated bending moments of Frames 3 and 7 is that the apex bracket 

moments are in the opposite direction to that of Frame 5 and the analytical 2-D Space 

Gass model apex bracket moments (-0.093 kNm and -0.178 kNm compared with 

0.130 kNm, 0.112 kNm and 0.252 kNm).  This is also a result of the restraint at 

Frames 3 and 7 being greater than that of Frame 5.  In effect, this increase in restraint 

is preventing the apex brackets from freely deflecting in the vertical direction, which 

causes the apex brackets to pull the cladding roof panels back towards the apex of the 

structure, thus resulting in the reversal of moment.  This is not evident in the N-CW-

L-F5(1-4) and N-CW-L-F5 tests as there is less restraint at Frame 5, allowing for 

greater vertical deflection.  The 2-dimensional Space Gass model has not predicted 

this behaviour, as there is no restraint of the apex in this model.  These results also 

support the findings that the test structure has fixed base connections and that frame 

action is present. 

 
It was also observed during this test that the rear gable end wall suffered from large 

deflections on the windward edge.  This large deflection can be seen in Figure 5.11 

and is the result of the large side wall pressure and the lack of a secure connection 

point at the top right corner of the cladding panel.  To reduce this deflection, a Tek 

screw was used at the most upper and right corner of the cladding panel, and into the 

channel section behind the cladding panel.  This simple addition of a Tek screw 

greatly reduced the amount of deflection in this location. 
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Figure 5.11 Rear Gable End Wall Deflection 

Large deflections were also observed in the left and right mullions of the front wall.  

As with the excessive deflection in the rear gable end wall discussed previously, the 

main reason for this large deflection was the lack of fastening.  Figure 5.12 shows 

this large deflection.  To reduce the deflection of the corner mullions, extra bolts 

were added at approximately the mid point of the deflections as shown in Figure 

5.13. 

 

Figure 5.12 Large Deflections of Corner Mullion 
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Figure 5.13 Modification of Corner Mullion 

A local buckling failure also occurred in the centre mullion during the cross wind 

load case.  This failure occurred in the compression flange of the mullion cross-

section and is shown in Figure 5.14.  Permanent in-plane deflection of the centre 

mullion resulted from this failure, which clearly shows that the centre mullion is not 

suitable for the design wind speed.  To repair this failure so the remaining test could 

be conducted, an angle section was welded to the compression flange of the centre 

mullion.  This repair is shown in Figure 5.15. 

 

 

Figure 5.14 Local Buckling of Centre Mullion 
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Figure 5.15 Repair of Centre Mullion 

A large opening between the last apex bracket (at rear gable end wall) and the rear 

gable end wall developed as the cross wind load was increased during these tests (see 

Figure 5.16).  Such openings are a serviceability issue and will not be accepted by 

the end users of this structure.  As a result of the reduced restraint at this location, 

this opening is likely to be one of the factors that have caused the vertical deflection 

of Frame 7 to be greater than the Frame 3 deflection. 

 

Figure 5.16 Opening at Rear End Wall to Apex Connection 
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When inspecting the roof of the structure after these cross wind tests, it was 

necessary to walk on the roof to check for any failures.  This caused a bolt tear out 

failure of the roof cladding panel at the centre of the roof as shown in Figure 5.17.   

 

Figure 5.17 Roof Cladding Pull-out Failure 

This failure was the result of the body weight being placed within close proximity of 

this connection.  This is a major concern as the structure will need to safely carry the 

weight of at least one person so that repairs to the structure can be made.  It was 

observed that the edge distance of the right hand bolt at this connection was not large 

enough and more care may need to be taken during the erecting phase to ensure that 

adequate edge distances are provided. 

5.2.1.2 Right to Left Cross Wind Loading 

Using the same method as used for the ‘Left to Right Cross Wind Loading’ section, 

experimental bending moments at the windward base, windward knee, apex, leeward 

knee and the leeward base have been calculated.  These have been calculated from 

the N-CW-R-F3, N-CW-R-F5 and N-CW-R-F7 test results for Frames 3, 5 and 7, for 

a cross wind load applied from the right hand side of the MGA test structure.  These 

moments have been tabulated in Table 5.6 and have been plotted in Figure 5.18.  

Deflections at Frame 5 for each of these tests (N-CW-R-F3, N-CW-R-F5 and N-CW-

R-F7) have also been tabulated in Table 5.7 and plotted in Figure 5.19.  Both the 

bending moments and the deflections have also been compared with a simple 2-

dimensional Space Gass analysis. 

Pull-out 
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Table 5.6 Bending Moments for Right to Left Cross Wind Load 

Position N-CW-R-F3 
(kNm) 

N-CW-R-F7 
(kNm) 

N-CW-R-F5 
(kNm) 

Space Gass 2D 
Model (kNm) 

Windward 
Base 0.237 0.354 0.393 0.777 

Windward 
Knee -0.376 -0.336 -0.318 -0.567 

Apex -0.138 -0.310 0.128 0.252 
Leeward 

Knee -0.247 -0.242 -0.353 -0.330 

Leeward 
Base 0.136 0.193 0.293 -0.006 

 
It is clearly shown that the Frame 5 bending moments for the right hand side load of 

the test structure follow a similar trend as the Space Gass model (see Figure 5.18).  

However, these results are significantly lower than that of the prediction of the 2-D 

Space Gass model (approximately 65%), with the exception of the leeward knee and 

base brackets (see Figure 5.18), which are greater than the analytical results.  It was 

also observed that the corresponding experimental and analytical deflections are 

significantly different (see Figure 5.19 and Table 5.7).  Once again, it can be seen 

that the leeward knee bracket deflects back towards the ridge of the structure as a 

result of the extremely large vertical apex deflection. 

 

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4

Position 
(0 = Left Base, 1 = Left Knee, 2 = Apex, 3 = Right Knee, 4 = Right Base)

B
en

di
ng

 M
om

en
t (

kN
m

)

Frame 7 Frame 3 Frame 5 SpaceGass 2D

 

Figure 5.18 Bending Moments for Right to Left Cross Wind Load 
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Table 5.7 Deflections for Right to Left Cross Wind Load 

Position N-CW-R-F3 
(mm) 

N-CW-R-F7 
(mm) 

N-CW-R-F5 
(mm) 

Space Gass 2D 
Model (mm) 

Windward 
Knee 15.30 15.01 14.17 22.20 

Apex 68.97 70.45 68.20 36.80 
Leeward 

Knee -9.59 -11.75 -10.35 9.90 

 

The right hand side cross wind loading results have been plotted against the left hand 

side cross wind loading results for the Frame 5 brackets in Figure 5.20.  Figure 5.20 

clearly shows that the bending moments in the Frame 5 brackets follow the same 

predictable trend for both left hand side and right hand side loading.  This is expected 

as the test structure is a symmetrical structure.   
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Figure 5.19 Deflections for Right to Left Cross Wind Load 

It is important to note that the load case test from the right hand side has produced 

values that are significantly lower at the windward brackets and significantly greater 

at the leeward brackets than the left hand side loading, whilst the apex bracket has 

little variability.  One of the main causes of this variability is that it is impossible to 
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place the strain gauges in exactly the same location on both of the left-hand and 

right-hand base and knee brackets.  As a result, different peak strain readings for the 

windward and leeward, base and knee brackets will be recorded during the right-

hand side and left-hand side cross wind load cases.   

 
This variability is not seen in the apex bracket as the same strain gauges are used for 

both left-hand side and right-hand side load cases.  It should also be noted that the 

horizontal deflection of the windward knee brackets for the left-hand side load case 

and the right-hand side load case varies from 14.17mm to 18.17mm (28% increase).  

The other cause of the decrease in moment is due to this decrease in deflection that 

suggests that less load may have been applied to the MGA test structure for this 

particular load case. 
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Figure 5.20 Bending Moments of Frame 5 for Cross Wind Load 

Bending moments for both Frames 3 and 7 are also plotted in Figure 5.18 and show 

that they both follow the same basic trend.  The only noteworthy discrepancy is in 

the apex bracket of Frame 7 that attracts more load because of the failure at the 

adjacent apex bracket.  The reversal in the bending moment at the apex bracket is 

also present for both tests and agrees with the results obtained for the left-hand side 

cross wind load case.  It can also be seen that the bending moments for Frames 3 and 
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7 are not as great as they are for Frame 5, and are significantly less than the 

analytical Space Gass results.  This is once again the result of Frames 3 and 7 having 

a greater rigidity than that of Frame 5, which suggests that diaphragm action may be 

present. 

 
Figure 5.21 contains the bending moments for Frames 3 and 7 for both left to right 

and right to left cross wind loading.  This graph clearly shows that the same trend 

and similar bending moments are achieved for Frames 3 and 7 for both the left-hand 

side loading and right-hand side loading, which indicates that these frames behave 

symmetrically under a cross wind loading.  The bending moments at the apex 

brackets varied by 240% of their lowest value for the right-hand side and left-hand 

side cross wind loading.  It is believed that the extremely high variability in the apex 

bracket is a result of the failure that occurred in the apex bracket, which was adjacent 

to the Frame 7 apex bracket. 
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Figure 5.21 Bending Moments of Frames 3 & 7 for Cross Wind Load 

5.2.2 Longitudinal Wind Load Tests 

During the longitudinal wind load simulation of the MGA test structure, longitudinal 

wind loads were applied from both the front and back gable ends of the test structure.  

This allowed for a comparison of the results obtained for Frames 3, 5 and 7 which 
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were under investigation for loads applied from both directions.  This comparison 

includes the maximum bending moments at the left base, left knee, apex, right knee 

and the right base for the various frames of the test structure.  Maximum deflections 

of Frame 5 at the left knee bracket (horizontal), right knee bracket (horizontal) and 

the apex bracket (vertical) for each of the tests have also been included.  Additional 

vertical deflections have been recorded at the apex brackets of Frames 3 and 7.  A 

total of six complete tests are shown below; three for both the front gable end loading 

(N-LW-F-F3, N-LW-F-F5 and N-LW-F-F7), and three for the back gable end 

loading (N-LW-B-F3, N-LW-B-F5 and N-LW-B-F7).  This has allowed for a 

comprehensive view of how the MGA test structure behaved under the applied 

longitudinal wind load case. 

5.2.2.1 Front Gable Wall Longitudinal Wind Load 

Using the same method used in Section 5.2.1, experimental bending moments at the 

left base, left knee, apex, right knee and the right base brackets have been calculated 

from the test results (N-LW-F-F3, N-LW-F-F5 and N-LW-F-F7) for Frames 3, 5 and 

7, respectively, using the same preceedure as set out in Appendix C.  These bending 

moments have been tabulated and plotted in Table 5.8 and Figure 5.22, respectively.  

Deflections from Frame 5 and the additional vertical apex deflections from Frames 3 

and 7 for each of the longitudinal wind load tests have also been tabulated in Table 

5.9 and plotted in Figure 5.23.  Both the bending moments and the deflections have 

also been compared with a simple 2-dimensional Space Gass analysis. 

Table 5.8 Bending Moments for Front Gable End Longitudinal Wind Load 

Position N-LW-F-F3 
(kNm) 

N-LW-F-F5 
(kNm) 

N-LW-F-F7 
(kNm) 

Space Gass 
2D Model 

(kNm) 
Left Base 0.146 0.224 0.134 0.186 
Left Knee -0.275 -0.618 -0.255 -0.516 

Apex -0.114 0.109 -0.166 0.222 
Right Knee -0.235 -0.381 -0.373 -0.516 
Right Base 0.174 0.217 0.189 0.186 
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Figure 5.22 Bending Moments for Front Gable End Longitudinal Wind Load 

Table 5.9 Deflections for Front Gable End Longitudinal Wind Load 

Position N-LW-F-F3 
(mm) 

N-LW-F-F5 
(mm) 

N-LW-F-F7 
(mm) 

Space Gass 
2D Model 

(mm) 
Frame 5 Left Knee  15.79 13.47 15.11 6.30 

Frame 5 Right Knee -15.84 -10.51 -15.40 -6.30 
Frame  3 Apex 66.54 NA 65.05 NA 
Frame 5 Apex 78.85 69.01 74.10 36.00 
Frame 7 Apex 59.95 NA 53.55 NA 

 
Bending moments for the Frame 5 brackets can be seen in Figure 5.22, and as for the 

cross wind load cases, there is a reasonable correlation between the experimental and 

the analytical 2-D Space Gass values; however the experimental left base and left 

knee bending moments are significantly larger than those of the analytical values 

(0.224 kNm and -0.618 kNm compared with 0.186 and -0.516 kNm, respectively).  

The likely cause of this increase in moment is a result of a failure at the adjacent left 

knee bracket, which is located between the Frame 5 left knee bracket and the Frame 

7 left knee bracket.  As a result of this left knee failure, a percentage of its 

contributing load is transferred to the Frame 5 left knee bracket, resulting in greater 

moment at the Frame 5 left knee bracket.  It can also be seen from Figure 5.23 and 
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Table 5.9 that the corresponding deflection of the Frame 5 left knee bracket is 

significantly greater than that of the Frame 5 right knee bracket (13.47 mm compared 

with -10.51 mm).  These results also support the finding that the base brackets of the 

MGA test structure were fixed and that in-plane loads were transferred to the 

foundations by frame action. 
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Figure 5.23 Deflections for Front Gable End Longitudinal Wind Load 

The bending moments for the Frame 3 brackets are shown in Figure 5.22, and it can 

be seen that the bending moments follow a symmetrical trend.  This is to be 

expected, as both the test structure and the applied longitudinal wind load are also 

symmetrical.  It can be seen that both the left and right knee bracket moments are 

significantly lower than the analytical Space Gass values (-0.275 kNm and –0.235 

kNm compared with –0.516 kNm).  Frame 3 is in the windward region of the front 

gable end longitudinal wind load case, and therefore higher moments than Frame 5 

would be expected.  However this is not the case due to extra restraint provided from 

the front gable end wall that limits this frame’s deflections, and hence reduces its 

moments.  The effect of this extra restraint can also be seen in the reduced vertical 

apex deflection of Frame 3 when compared to that of the Frame 5 vertical apex 

deflection in Figure 5.23 and Table 5.9 (66.54 mm compared with 78.85 mm). 
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Bending moment values for the brackets of Frame 7 can be seen in Figure 5.22 and 

show that they are similar to the values of Frame 3 with the exception of the right 

hand knee bracket.  This is unexpected as Frame 7 is in the leeward region of the 

front gable end longitudinal wind load case, and as a result, lower values than those 

of the Frame 3 brackets are expected.  The corresponding deflections for this load 

case shown in Table 5.9 and Figure 5.23 show that the vertical apex deflection of 

Frame 7 is approximately 85% of that of Frame 3, and confirms that less load was 

applied to the leeward roof of the test structure.   

 
As mentioned in the previous sections, a failure had occurred at the adjacent apex 

bracket of the Frame 7 apex bracket (see Figure 5.10), and as a result, increased load 

was distributed to Frame 7, resulting in greater bending moment.  The other main 

factor that may be influencing the calculated experimental bending moments at the 

right knee bracket is in the location of the strain gauges themselves.  As mentioned in 

the previous section, it was impossible to apply strain gauges in the exact same 

locations, and as a result, peak strain readings may not be read in both the left and 

right knee brackets, resulting in different calculated experimental bending moments. 

 
It should also be noted that after these longitudinal wind load tests it was observed 

that some of the nuts of the bolted connections that hold the brackets and the 

cladding together had worked their way loose.  This was not expected as the tests 

performed were only static tests.  This indicates that during dynamic loading in a real 

wind event, that the bolted connections will become loose.  To overcome this 

problem, spring washers or Nylok nuts will need to be used.  However, for the 

purposes of testing the MGA structure, the loosened nuts were retightened and 

checked at regular intervals for any loosening. 

5.2.2.2 Back Gable End Longitudinal Wind Load 

Using the same method that was used in the previous sections, experimental bending 

moments for the moment resisting brackets have been calculated from the N-LW-B-

F3, N-LW-B-F5 and N-LW-B-F7 test results for Frame 3, Frame 5, and Frame 7, 

respectively, for a longitudinal wind load applied from the back gable end of the 

MGA test structure.  These moments have been tabulated in Table 5.10 and have 

been plotted in Figure 5.24.  Deflections at Frame 5 for each of these tests have also 
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been tabulated in Table 5.11 and plotted in Figure 5.25.  Additional vertical apex 

deflections for Frames 3 and 7 have also been tabulated and plotted in Table 5.11 and 

Figure 5.25 respectively.  A comparison of the experimental results with analytical 2-

dimensional Space Gass results has also been made. 

 

Table 5.10 Bending Moments for Back Gable End Longitudinal Wind Load 

Position N-LW-B-F3 
(kNm) 

N-LW-B-F5 
(kNm) 

N-LW-B-F7 
(kNm) 

Space Gass 
2D Model 

(kNm) 
Left Base 0.096 0.312 0.232 0.186 
Left Knee -0.253 -0.493 -0.338 -0.516 

Apex -0.066 0.151 -0.219 0.222 
Right Knee -0.227 -0.346 -0.424 -0.516 
Right Base 0.111 0.286 0.262 0.186 
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Figure 5.24 Bending Moments for Back Gable End Longitudinal Wind Load 

The Frame 5 (N-LW-B-F5) bending moments in Figure 5.24 and Table 5.10 show 

that they follow a similar trend as predicted in the analytical Space Gass model.  

However, it can be seen that both the left and right experimental base bracket 

moments are considerably larger (base bracket 0.312 kNm and 0.286 kNm compared 

with 0.186 kNm) than the analytical 2-D Space Gass bending moment results.  This 
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same trend was observed for the front gable end longitudinal wind load case, and is a 

result of the knee bracket failure that occurred in the adjacent left knee bracket and 

can been seen in Figure 5.26.  Figure 5.26 shows that the variance in the bending 

moments for the Frame 5 brackets between the front gable end (N-LW-F-F5) and 

back gable end (N-LW-B-F5) wind loadings for the left base, left knee, apex, right 

knee and right base brackets are 39%, 25%, 38%, 10% and 32%, respectively, which 

indicates that the test structure responds differently depending on the direction of the 

wind loading..  A comparison of their corresponding deflections from Table 5.9 and 

Table 5.11 also shows variability in the deflections.   

Table 5.11 Deflections for Back Gable End Longitudinal Wind Load 

Position N-LW-B-F3 
(mm) 

N-LW-B-F5 
(mm) 

N-LW-B-F7 
(mm) 

Space Gass 
2D Model 

(mm) 
Frame 5 Left Knee  15.39 15.24 15.26 6.30 

Frame 5 Right Knee -14.37 -14.18 -14.54 -6.30 
Frame  3 Apex 53.09 53.11 53.10 NA 
Frame 5 Apex 76.09 74.94 75.71 36.00 
Frame 7 Apex NA NA 70.76 NA 
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Figure 5.25 Deflections for Back Gable End Longitudinal Wind Load 
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Figure 5.26 Bending Moments of Frame 5 for Longitudinal Wind Load 

Figure 5.24 also contains the bending moments for Frame 3 and show that they 

follow a symmetrical trend.  It is also seen that these moments are considerably 

lower than the analytical predictions of the 2-dimensional Space Gass analysis.  As 

for Frame 7 of the front gable end wind load tests, this was expected as less load was 

applied to the leeward half of the test structure.  The Frame 7 bending moments 

shown in Figure 5.24 are much higher than that of the Frame 3 bending moments.  

This was expected as Frame 7 was within the windward half for the back gable end 

wind loading, which had a greater load applied.  This greater loading can also be 

seen from the vertical apex deflections of Frames 3 and 7, and can be seen in Table 

5.11 (53.1 mm compared with 70.76 mm). 

 
The bending moments of Frames 3 and 7 for both the front gable end wall and back 

gable end wall longitudinal wind loadings are shown in Figure 5.27.  Figure 5.27 

shows that the bending moments for these frames all follow the same trend and it can 

clearly be seen that Frame 7 for both longitudinal wind directions has greater 

moment at the right hand knee bracket.  The variances of the bending moments of the 

left base, left knee, apex, right knee and right base for the leeward frames (Frame 7 

for front wall loading and Frame 3 for back wall loading) are 40%, 0.5%, 251%, 65% 

and 70%, respectively.  The variances of the bending moments of the left base, left 
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knee, apex, right knee and right base for the windward frames (Frame 3 for front wall 

loading and Frame 7 for back wall loading) are 58%, 23%, 93%, 80% and 51%, 

respectively. 
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Figure 5.27 Bending Moments of Frames 3 & 7 for Longitudinal Wind Load 

It is expected that the variability of the bending moments between the front wall and 

back wall loading for both frames should be zero if the structure is behaving 

symmetrically.  This is not the case for this test structure and the variance in the 

vertical apex deflection seen in Table 5.10 and Table 5.11 for Frames 3 and 7 also 

confirms this finding.  This variance in deflection is not that large and it is therefore 

not considered to be the only factor causing such a large variance in the bending 

moments.  As mentioned in the previous sections, this variance in bending moment 

will also be attributed to the variance in the strain gauge location on the brackets.  It 

should be noted that the variance in the apex brackets is particularly large and is a 

result of the failure of the apex bracket that is adjacent to the Frame 7 apex bracket.  

Another particular point of interest is that the apex moments for Frames 3 and 7 are 

in the opposite direction to those of Frame 5 and analytical Space Gass apex bending 

moments.  This is a result of the increased restraint of these apex brackets, which has 

been discussed in the previous sections. 
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5.2.3 Live Load Tests 

It should be noted that during the live load tests, a failure occurred in the right hand 

side roof cladding at the Frame 5 knee bracket (see Figure 5.28).  Figure 5.28 clearly 

shows that the pan and web have locally buckled on both sides of the ribbed section 

due to large compression forces in this region of the section profile.  The failure has 

occurred just above the point where the knee bracket ends.  Even though there is high 

strain in the cladding that overlaps the knee brackets, failure does not occur at that 

position as the bracket provides restraint against local buckling.  As a result, local 

buckling occurred just past the bracket where the cladding had no restraint against 

buckling.  After this failure occurred, the structure did not continue to fail in a 

progressive manner.  This indicates that a proportion of the load in this area was 

transferred into the adjacent frames, but this increase in moment in the adjacent 

frames was not sufficient to cause further failure in these frames.  This can also be 

seen in the results as the right hand side bending moments were less than that for the 

left hand side bending moments for Frame 5.   

 

Figure 5.28 Local Buckling of Web and Pan at Right Knee 

It was also observed that the bending moments in Frames 3 and 7 of the right hand 

side were greater than the left hand side as a result of attracting more load because of 

this failure.  This failure occurred at the 100% level of the live load and as a result, 

subsequent tests were only loaded to 75% of the total live load (0.38 kPa).  Therefore 

the test results presented in this section will only be for a loading of up to the 75% 

loading (equivalent to 0.285 kPa). 

Rib 
 
Pan 

Local 
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Table 5.12 Bending Moments for Live Load 

Position N-LL-#-F3 
(kNm) 

N-LL-#-F7 
(kNm) 

N-LL-#-F5 
(kNm) 

2D Space 
Gass (kNm) 

Left Base -0.212 -0.244 -0.324 -0.286
Left Knee 0.257 0.244 0.404 0.381

Apex -0.001 0.271 -0.147 -0.190 
Right Knee 0.282 0.261 0.323 0.381 
Right Base -0.160 -0.302 -0.242 -0.286 

 
Table 5.12 and Figure 5.29 summarise the bending moments for Frames 3, 5 and 7 of 

the test structure for the live load case.  Space Gass analysis results have also been 

included.  As was found for the cross wind and longitudinal wind load cases, the live 

load bending moments of Frame 5 follow a similar trend that was predicted by the 

Space Gass analysis.  This was not the case for the bending moment results for 

Frames 3 and 7.  As for the wind load test cases, it was found that the apex bending 

moments for Frames 3 and 7 did not follow the analytical Space Gass results.  This 

discrepancy in results is due to the extra restraint that is provided by the transverse 

metal straps that connect the apex bracket together, which was discussed in the above 

sections. 
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Figure 5.29 Bending Moments for Live Load 
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Figure 5.29 shows that the Frame 5 bending moment results agree well with the 

Space Gass analysis results with the exception of the left base and knee brackets.  

This same trend was also observed for the Frame 5 results for the longitudinal wind 

load tests.  These tests also had a symmetrical load case about the in-plane axis.  It 

can be calculated from Table 5.12 that the bending moments for the right base and 

knee brackets are both 18% lower than the Space Gass results while the left base and 

knee brackets are 13% and 6% greater than the Space Gass bending moments.  The 

apex bracket bending moment was 329% lower than the analytical results.  The 

increase in bending moment of the left hand side base and knee brackets is a result of 

the cladding failure that occurred near the adjacent left knee bracket which is 

discussed in the above sections.  As a result of this failure, a higher proportion of 

load is attracted to the Frame 5 left knee and base brackets. 

 
The Frame 3 bending moment results are also shown in Figure 5.29 and show that 

the right base, right knee, left knee and left base bending moments are 44%, 26%, 

33% and 26% smaller than the analytical bending moments, while the apex bending 

moments are significantly different from the analytical results (-0.001 kNm 

compared with -0.19 kNm).  It was also observed that these results were less than 

that of Frame 5.  This agrees with the reduced deflections found in Frame 3 when 

compared with the deflections of Frame 5 (Table 5.3).  The results for Frame 7 show 

that the bending moment for the right and left knees are 31% and 36% smaller than 

the analytical results while the right and left base results are 6% greater and 15% 

lower than the analytical results.  These results also follow the same trend that was 

observed for the longitudinal wind load case.   

 
As for the previous load cases, the apex results for Frame 7 have reversed.  It was 

noted that the Frame 7 apex moments have reversed further from the analytical Space 

Gass moments than the Frame 3 apex results.  This was also observed in the 

longitudinal wind load tests, and possibly is the result of the strain gauges on the 

Frame 3 apex bracket not being placed in the exact position to record the greatest 

strain. 
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Ribs 

 

Figure 5.30 Local Buckling of Cladding for Live Load 

Two other important observations of a serviceability nature were made during the 

live load tests.  The first was elastic local buckling in the webs of the ribbed section 

of the roof cladding panels that occurred towards the centre of the roof (see Figure 

5.30).  This buckling was caused by the large compressive strain in the top section of 

the ribs due to the live load.  The second observation was the large deflection of the 

pan sections of the roof cladding panels (see Figure 5.30).  A similar observation was 

made for the cross wind and longitudinal wind load tests and is the result of the thin, 

wide pans.  To reduce this deflection, the stiffness of the pans will need to be 

increased.   

5.2.4 Summary of Bending Moment Results 

This section contained the experimental bending moment results for Frames 3, 5 and 

7 (see Section 5.1.4 for the summary of deflection results).  These results were for 

cross wind, longitudinal wind and live load cases.  For the cross wind load cases, the 

load was applied from the left hand and the right hand sides of the test structure.  For 

the longitudinal wind load cases, the load was applied from the front and back gable 

end walls.  Throughout the cross wind load tests, many failures occurred.  These 

failures included cladding failures at the lower bolt of the left knee to cladding 

connections of the central three frames and a local buckling failure of the central 

front mullion.  These failures were repaired so that testing could be resumed.  To 

Elastic 
Local 
Buckling 
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eliminate the chance of further similar failures, the test loads were reduced to 60% of 

the design load.  This resulted in an ultimate design wind speed of 41 m/s reduced to 

31 m/s.  A bolt pull-through failure at the apex bracket in the frame between Frames 

5 and 7 was also observed.  Other observed failures were of a serviceability nature 

such as the large deflections of the front corner mullions and at the windward edge of 

the back gable end wall.  These large deflections were corrected by using additional 

fasteners.   

 
The experimental bending moment and deflection results were compared with the 

results of a 2-dimensional Space Gass anlaysis model.  This showed that the 

experimental bending moment results generally followed the same trend as the 

analytical results.  This showed that the in-plane loads applied to the test structure are 

transferred to the foundations by frame action.  The close agreement of the 

experimental and analytical bending moment results for the base connections also 

showed that the base connections of the MGA test structure are fixed.  However, it 

was noted that the analytical deflections did not match the experimental deflections, 

which were much larger, and it can be concluded that the Space Gass model is much 

stiffer than the test structure.  The results have also shown that when the MGA test 

structure is subjected to a cross wind load it does not sway with the same trend as a 

typical portal frame structure.  This was a result of the extremely large vertical apex 

deflections that pull the leeward knee brackets back towards the centre of the test 

structure.  This also had an influence on the bending moments at the leeward base 

and knee brackets for the cross wind load case.  The bending moments for Frames 3 

and 7 were compared with the bending moment of Frame 5, and they were found to 

be generally less than the Frame 5 bending moments.  This indicates that the gable 

end walls provide extra restraint and that some amount of diaphragm action is 

present. 

5.3 Cladding Results (Frame 5) 

To investigate the moment transfer from the base and knee brackets to the cladding 

of the test structure, experimental bending moments of the cladding panels that span 

between the left base bracket and left knee bracket of Frame 5 were calculated.  For 

this investigation, the bending moments at two locations were investigated.  The first 
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point was approximately 100 mm below the end of the left knee (Cladding Top), and 

the other at approximately 100 mm above the left base bracket (Cladding Bottom) 

(see Figure 4.25).  As the cladding panels were overlapped at these points, strain 

gauges were applied to both cladding panels to determine the amount of bending 

moment in each panel.  The calculated experimental bending moments for each 

cladding panel were then added to find the total bending moment at each point.  This 

investigation has been conducted for cross wind (N-CW-L-CL), longitudinal wind 

(N-LW-F-CL) and live load (N-LL-#-CL) cases.  The cross wind load case 

investigated was for a wind loading from left to right as this cross wind load case 

produced the greatest strain in the cladding panels.  Front gable end loading was used 

for the longitudinal wind load case.  The results are discussed in the following 

sections. 

5.3.1 Longitudinal Wind Load Case (N-LW-F-CL) 

Experimental bending moment results for both the bottom (Cladding Bottom) and 

top (Cladding Top) locations on the cladding panels can be seen in Figure 5.31 and 

Table 5.13.  A comparison of results from a simple 2-dimensional Space Gass model 

is also included.  Figure 5.31 clearly shows that the experimental results have a close 

agreement with the Space Gass analysis results.  This close agreement of the 

experimental and analytical bending moments also shows that frame action is 

present. 

Table 5.13 Cladding Panel Results for Longitudinal Wind Load 

Experimental (N-LW-F-CL) Analytical 
Position 

Inside Panel Outside Panel Combined 2D Space 
Gass 

Cladding 
Bottom 0.118 kNm 0.067 kNm 0.185 kNm 0.162 kNm 

Cladding Top -0.121 kNm -0.149 kNm -0.270 kNm -0.355 kNm 
Rib Membrane 

Strain 
Cladding 
Bottom 

272 micro 
Strain 

166 micro 
Strain NA NA 

Rib Membrane 
Strain 

Cladding Top 

-207 micro 
Strain 

-704 micro 
Strain NA NA 
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Figure 5.31 Bending Moments of Cladding Panels for Longitudinal Wind 
Load 
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Figure 5.32 Cladding Bottom Moments for Longitudinal Wind Load 

In order to investigate whether the overlapped ribbed sections of the cladding panels 

are behaving as two individual panels or as one composite panel, analytical bending 

moments have been calculated using the simple bending theory.  A neutral axis and a 

second moment of area were calculated on the assumption that the overlapped ribbed 

section of the cladding was one piece (i.e., twice the material thickness = 0.84 mm, 

Ixx total = Ixx 0.84 mm) and on the assumption that the cladding was acting as the 

addition of two separate cladding panels (Ixx total = Ixx 0.42 mm + Ixx 0.42 mm).  

These moments were then compared with the calculated experimental bending 

moments and are shown in Figure 5.32 and Figure 5.33.  The experimental bending 

moments have been plotted against “Applied Load/Design Wind Load”.  For further 

details for this refer to Section 5.1. 
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Figure 5.33 Cladding Top Moments for Longitudinal Wind Load 

The figures above show that the assumption of the overlapped section acting as two 

individual panels closely match the experimental moments, thus indicating that the 

overlapped ribbed section of the cladding panels do not act as a composite member.  

It would also be expected that if the “ribbed” sections of the cladding panels were 

acting as a composite member, the membrane strain of the rib of each cladding panel 

would be approximately the same value.  The rib membrane strains for the inside and 

outside cladding panel of the cladding bottom and cladding top positions were 272, 

166, -207 and -704 micro strain, respectively.  This confirms that composite action 

was not present. 
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Figure 5.34 Moments for Inside and Outside Bottom Cladding for 
Longitudinal Wind Load 
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Figure 5.34 shows the experimental bending moments in the inside and outside 

panels for the cladding bottom position and the addition of these moments.  It can be 

clearly seen that for the cladding bottom position, 64% of the total bending moment 

is carried by the inside cladding panel and 36% is carried by the outside cladding 

panel.  The proportion of bending moment that each cladding panel carries appears to 

be related to the second moment of area of each cladding panel.  The inside cladding 

panel has a second moment of area of 58300 mm4 and the outside cladding panel has 

a second moment of area of 46810 mm4 (This variation in Ixx is due to the slightly 

different profile of the ribs on either end of the cladding panel: see Figure 3.3).  Thus 

the inside cladding panel has 56% of the total second moment of area and the outside 

cladding panel contributes 44%, resulting in the inside cladding panel carrying a 

greater proportion of the total bending moment.  This agrees well with the above 

results.  However, this trend was not seen for the cladding top position as shown in 

Figure 5.35. 
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Figure 5.35 Moments for Inside and Outside Top Cladding for Longitudinal 
Wind Load 

Figure 5.35 shows the experimental bending moment in the cladding panel and the 

quantity in the inside and outside panels for the cladding top position.  It can be 

clearly seen that for the cladding top position, 45% of the total bending moment is 

carried by the inside cladding panel and 55% is carried by the outside cladding panel.  

As for the cladding bottom position, the inside cladding panel has a second moment 

of area of 58300 mm4 (56% of the total Ixx) and the outside cladding panel has a 

second moment of area of 46810 mm4 (44% of the total Ixx).  These results were not 
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expected and are believed to be the result of the failure that occurred in the cladding 

at the left knee bracket.  As a result of this failure, the inside cladding panel was 

weakened and had a reduced stiffness, resulting in a greater proportion of the 

bending moment being distributed to the outside cladding panel.  This failure 

occurred after the cross wind load test conducted from the left hand side of the 

structure, and therefore this discrepancy in the load sharing of the cladding panels is 

only seen for this longitudinal wind load case. 

 
To investigate the transfer of bending moment from the left base bracket and left 

knee bracket to the left hand side cladding panels of Frame 5, additional strain 

gauges were applied to these brackets.  These gauges were applied at approximately 

50 mm below the end of the base bracket and approximately 50 mm above the end of 

the knee bracket (see Figure 4.28 type 2, and Figure 4.29 type 2).  As for all the other 

strain gauge locations, strain gauges have been used on both sides of the ribs and 

flanges so that both membrane and flexural strains can be calculated, allowing for the 

calculation of the experimental bending moment.  Figure 5.36 shows the 

experimental bending moments of the left hand side base and knee brackets at both 

the bottom and top positions.  The results are also given in Table 5.14. 
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Figure 5.36 Left Base and Knee Bracket Results for Longitudinal Wind Load 
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Table 5.14 Left Base and Knee Bracket Results for Longitudinal Wind Load 

Type/Position Base Bottom Base Top Knee Bottom Knee Top 
Experimental 
(N-LW-F-CL) 0.224 kNm 0.055 kNm -0.037 kNm -0.618 kNm 

2-D Space 
Gass 0.186 kNm NA NA -0.516 kNm 

 
The point of interest of this graph is that the bending moments at the  “base top” and 

“knee bottom” positions are very close to zero (0.0689 kNm and –0.04642 kNm 

respectively).  This indicates that the bending moments in these brackets are 

declining and as a result, they must be transferred elsewhere.  The “base bottom” and 

“knee top” moments have been plotted with the “cladding bottom” and “cladding 

top” bending moments and are shown in Figure 5.37.  This figure shows that the 

bending moment at the “cladding bottom” position (approximately 120mm above the 

“base top” position) is 0.185 kNm, thus indicating that the bending moment is 

transferred from the left base bracket to the left hand side cladding panel.  The same 

figure also shows that the bending moment at the “cladding top” position 

(approximately 120mm below the “knee bottom” position) is -0.27 kNm.  This 

correlates well with the analytical Space Gass value, and also confirms that the 

bending moments are transferred from the brackets of the test structure into the rib 

section of the cladding panels. 
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Figure 5.37 Moments of Base, Knee and Cladding for Longitudinal Wind 
Load 
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5.3.2 Cross Wind Load Case (N-CW-L-CL) 

Using the same method used for the longitudinal wind load case, experimental 

bending moments for both the bottom (Cladding Bottom) and top (Cladding Top) 

locations on the cladding panels were plotted in Figure 5.38.  These results have also 

been tabulated in Table 5.15.  A comparison with the results from a simple 2-

dimensional Space Gass model is also included.  Figure 5.38 clearly shows that the 

experimental results do not have a very close agreement with the analytical Space 

Gass results, in comparison to the longitudinal wind load case results.  Both the 

calculated experimental bending moments for the cladding bottom and cladding top 

positions are significantly lower than the corresponding analytical bending moments 

(0.163 kNm compared with 0.438 kNm and -0.211 kNm compared with -0.475 

kNm). 
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Figure 5.38 Bending Moments of Cladding Panels for Cross Wind Load 

 
The overlapped ribbed sections of the cladding panels were investigated to determine 

if they were behaving as two individual panels or as one composite panel.  Analytical 

bending moments were also calculated using the simple bending theory using the 

same method discussed for the longitudinal wind load case.  These moments were 

then compared with the calculated experimental bending moments and are shown in 

Figure 5.39 and Figure 5.40.   
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Table 5.15 Cladding Panel Results for Cross Wind Load 

Experimental (N-CW-L-CL) Analytical 
Position 

Inside Panel Outside Panel Combined 2D Space 
Gass 

Cladding 
Bottom 0.093 kNm 0.070 kNm 0.163 kNm 0.439 kNm 

Cladding Top -0.126 kNm -0.084 kNm -0.211 kNm -0.474 kNm 
Rib Membrane 

Strain 
Cladding 
Bottom 

295 micro 
Strain 

261 micro 
Strain NA NA 

Rib Membrane 
Strain 

Cladding Top 

-434 micro 
Strain 

-405 micro 
Strain NA NA 

 
Figure 5.39 and Figure 5.40 show that the assumption of the overlapped section 

acting as two individual panels closely match the experimental moments, which 

agrees with the corresponding longitudinal wind load case results.  This provides 

more evidence that the overlapped ribbed sections of the cladding panels do not act 

compositely.  To verify that composite action was not present, the rib membrane 

strains were also compared.  It was seen that the rib membrane strains for the inside 

and outside cladding panel of the cladding bottom and cladding top positions were 

295, 261, -434 and -405 micro strain, respectively (see Table 5.15), thus confirming 

that composite action was not present. 
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Figure 5.39 Bottom Cladding Moments for Cross Wind Load 
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Figure 5.40 Top Cladding Moments for Cross Wind Load 

The proportion of experimental bending moments that is in the inside and outside 

cladding panels for the cladding bottom and the cladding top positions are shown in 

Figure 5.41 and 5.41.  The total combined experimental bending moments are also 

included in these figures. 
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Figure 5.41 Moments for Inside and Outside Bottom Cladding for Cross 
Wind Load 
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Figure 5.42 Moments for Inside and Outside Top Cladding for Cross Wind 
Load 

Figure 5.41 shows that for the cladding bottom position, 57% of the total bending 

moment is carried by the inside cladding panel and that 43% is carried by the outside 

cladding panel.  These proportions of contributing bending moment very closely 

match the proportions of the second moment of area for the inside and outside 

cladding panels (56% of the total Ixx and 44% of the total Ixx, respectively).  This 

confirms that the proportion of bending moment in each cladding panel is 

proportional to their second moments of area.  This same trend can be seen in Figure 

5.42 which shows that for the cladding top position, 60% of the total bending 

moment is carried by the inside cladding panel while 40% is carried by the outside 

cladding panel. Once again, these proportions agree well with the corresponding 

proportions of second moment of area for the inside cladding panel and outside 

cladding panel, supporting the conclusion that the bending moments in each cladding 

panel are related to the proportions of their second moments of area. 

 
Using the same additional strain gauges on the left base bracket and left knee bracket 

as described in the longitudinal wind load case section, an investigation of the 

transfer of bending moment from the left base bracket and left knee bracket to the 

left hand side cladding panels of Frame 5, was also conducted for a cross wind load 
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case.  Figure 5.43 shows the experimental bending moments of the left hand side 

base and knee brackets at both the bottom and top positions.   
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Figure 5.43 Left Base and Knee Bracket Results for Cross Wind Load 

Table 5.16 Left Base and Knee Bracket Results for Cross Wind Load 

Type/Position Base Bottom Base Top Knee Bottom Knee Top 
Experimental 
(N-CW-L-CL) 

0.562 kNm 0.101 kNm -0.258 kNm -0.427 kNm 

2-D Space 
Gass 0.777 kNm NA NA -0.567 kNm 

 
As was seen in Figure 5.36 for the longitudinal wind load case, the bending moments 

at the  “base top” and “knee bottom” positions are reduced and are becoming closer 

to zero (0.1268 kNm and –0.3218 kNm respectively; see Table 5.16).  Therefore, 

these results for the cross wind load case confirm that the bending moment in these 

brackets are declining, and as a result, they must be transferred into the cladding 

panels.  The “base bottom” and “knee top” moments have been plotted with the 

“cladding bottom” and “cladding top” bending moments and are shown in Figure 

5.44.  This figure shows that the bending moment at the “cladding bottom” position 

(approximately 120 mm above the “base top” position) is 0.1632 kNm, confirming 

that the bending moment is transferred from the left base bracket into the left hand 

side cladding panel.   
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Figure 5.44 Moments of Base, Knee and Cladding for Cross Wind Load 

The bending moment at the “cladding top” position (approximately 120 mm below 

the “knee bottom” position) is -0.211 kNm, which also indicates that the bending 

moments are transferred from the brackets into the cladding panels, confirming that 

frame action is present in the test structure.  However, it should be noted that the 

experimental bending moments for the cross wind load case do not match the 

analytical Space Gass predictions as closely as that of the longitudinal wind load case 

results.  

5.3.3 Live Load Case (N-LL-#-CL) 

The investigation of the cladding behaviour of Frame 5 for the live load case has 

been conducted using the same method that was used for both the cross wind and 

longitudinal wind load cases.  Figure 5.45 and Table 5.17 contain the bending 

moment results for both the cladding bottom and cladding top positions and show 

that the experimental results have a reasonable agreement with the calculated 

analytical results.  As for the longitudinal wind load case, these results suggest and 

consolidate the finding that frame action is present.  The investigation into the 

behaviour of the overlapped ribbed sections of the cladding panels for the live load 

test was identical to that of the cross wind and longitudinal wind load cases which 

are discussed in the previous sections.  The results of this investigation are shown in 

Figure 5.46 and Figure 5.47.   
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Figure 5.45 Bending Moments of Cladding Panels for Live Load 

Table 5.17 Cladding Panel Results for Live Load 

Experimental (N-LL-#-CL) Analytical 
Position 

Inside Panel Outside Panel Combined 2D Space 
Gass 

Cladding Bottom -0.061 kNm -0.045 kNm -0.107 kNm -0.165 kNm 
Cladding Top 0.130 kNm 0.100 kNm 0.230 kNm 0.289 kNm 
Rib Membrane 
Strain Cladding 

Bottom 

-215 micro 
Strain 

-193 micro 
Strain NA NA 

Rib Membrane 
Strain Cladding 

Top 

644 micro 
Strain 

532 micro 
Strain NA NA 
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Figure 5.46 Cladding Bottom Moments for Live Load 
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Figure 5.47 Cladding Top Moments for Live Load 

Both of these figures show that the experimental bending moments agree more 

closely with the analytical combined bending moments than that of the analytical 

composite bending moments.  This indicates that composite action is not present and 

agrees well with the findings from the cross wind and longitudinal wind load cases.  

The large difference in the rib membrane strains between the inside and outside 

cladding panels for both the cladding top and cladding bottom positions (Table 5.17), 

consolidates this finding. 

 
Figure 5.48 and Figure 5.49 show the experimental bending moments in the inside 

and outside cladding panels for the cladding bottom and cladding top positions, 

respectively.  Figure 5.46 shows that for the cladding bottom position, 57% of the 

total bending moment is carried by the inside cladding panel and that 43% is carried 

by the outside cladding panel.  For the cladding top position, 56% of the total 

bending moment is carried by the inside cladding panel while 44% is carried by the 

outside cladding panel.  These results agree well with the results from the cross wind 

and longitudinal wind load tests and also show that the moment carried by each 

cladding panel is proportional to their second moments of area. 
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Figure 5.48 Moments for Inside and Outside Bottom Cladding for Live Load 
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Figure 5.49 Moments for Inside and Outside Top Cladding for Live Load 

Figure 5.50 contains the bending moments in the left base, the cladding bottom 

position, the cladding top position, and in the left knee bracket.  This figure clearly 

shows the transfer of the bending moment in the left base bracket (-0.324 kNm) into 

the left wall cladding panels and then into the left knee bracket (0.404 kNm).  This is 

the same trend that was found for both the cross wind and longitudinal wind load 

cases and confirms that bending moments are transferred from the moment resisting 

brackets into the cladding panels and vice versa.  This also confirms the finding that 

frame action is present in the MGA test structure. 
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Figure 5.50 Moments of Base, Knee and Cladding for Live Load 

5.3.4 Summary of Cladding Results 

To investigate the behaviour of the overlapped cladding panels, additional strain 

gauges were used on the left hand wall cladding panels of Frame 5.  The cladding 

panel behaviour was recorded for a cross wind load case (left to right loading), a 

longitudinal wind load case (front to back loading) and a live load case.  As for the 

experimental results of Frames 3, 5 and 7, the experimental cladding behaviour 

results were compared with analytical results.  This showed that in general, a 

reasonable correlation between experimental and analytical bending moments was 

observed.  This helps confirm that the in-plane loads are transferred to the 

foundations by frame action. 

 
An investigation into whether the overlapped cladding panels were acting as a 

composite member was also undertaken.  The results from this investigation showed 

that the overlapped cladding panels act as individual panels and do not act as a 

composite member.  It was also concluded that the bending moment carried by each 

cladding panel was proportional to their second moments of area.  The results have 

also shown that the bending moments in the moment resisting brackets are 

transferred into the ribbed sections of the cladding panels and vice versa. 
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5.4 Back Gable End Wall Results 

To gain an understanding of the general behaviour of the back gable end wall of the 

MGA test structure, strain gauges were applied to the ribbed sections of the second 

and third cladding panels and to their corresponding base bracket.  Six rosette strain 

gauges were applied to the base bracket whereas eight rosette strain gauges were 

applied to each of the cladding panels.  An overall view of the strain gauge locations 

and layouts can be seen in Figure 4.27 and Table 4.4.  In order to record an overall 

representation of possible loading effects, cross wind (N-CW-L-BW), longitudinal 

wind (N-LW-B-BW) and live load (N-LL-#-BW) cases were tested.  A cross wind 

load case that was loaded from the left hand side of the test structure was used as this 

load case produced the greatest suction on the back gable end wall.  To test for the 

greatest positive pressure on the back gable end wall, longitudinal wind loading of 

the test structure from the back gable end wall was used.  The results obtained from 

both of these load cases will be discussed in the following sections. 

5.4.1 Cross Wind Load Case (N-CW-L-BW) 

Experimental bending moments for the base bracket, cladding middle position and 

cladding top position can be seen in Figure 5.51 and Table 5.18.  Table 5.18 also 

contains analytical bending moment values for the cladding middle position and 

cladding top position.  These values are calculated from the assumptions that the 

overlapped ribbed section of the cladding panels are acting as a composite section 

(Ixx based on BMT =0.84 mm) and as the combination of two separate cladding 

panels (Ixx = Ixx 0.42 mm + Ixx 0.42 mm), as discussed in Section 5.3. 

Table 5.18 Back Gable End Wall Results for Cross Wind Load 

Experimental  
(N-CW-L-BW) Analytical Position/Type 

Combined Combined Composite 
Base Bracket -0.224 kNm NA NA 

Cladding Middle 0.063 kNm 0.061 kNm 0.067 kNm 
Cladding Top 0.040 kNm 0.038 kNm 0.042 kNm 
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Figure 5.51 Back Gable End Wall Results for Cross Wind Load 

Figure 5.51 shows that the bending moments at the base bracket (Position 0 on the 

figure) is –0.224 kNm, at the cladding middle position (Position 1 on the figure) is 

0.0633 kNm and at the cladding top position (Position 2 on the figure) is 0.0399 

kNm.  The 2-dimensional analytical Space Gass model does not include the gable 

end walls of the test structure and as a result there are no analytical bending moments 

to compare with the experimental bending moments.  However, Figure 5.51 indicates 

that the experimental bending moments follow the same trend as would be expected 

of a mullion in an end wall of a typical portal frame structure that has a fixed base 

connection and a pinned top connection.  For a beam-column with a fixed base 

connection and a pinned top connection subjected to a uniformly distributed load, it 

would be expected that a negative moment would be produced at the fixed base 

connection while the pinned top connection would have no moment.  The bending 

moment around the middle of the beam-column would be expected to be positive.  It 

has been shown that the base brackets of the MGA test structure are fixed, and as the 

top of the cladding panels are only “Tek screwed” into a channel section at the roof 

of the test structure with two screws, the top connection can be considered pinned.  It 

is seen from Figure 5.51 that the moment at the top of the cladding panel is not zero.   

 
After examination of the strain results of the top cladding it was found that very little 

strain was in the ribs of the two cladding panels; however, it was found that the strain 

results for the flanges of the cladding panels were quite large in comparison (-113.5 
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micro Strain and –82 micro Strain compared with 16.5 micro Strain and 22.5 micro 

Strain).  This was expected as the cladding panels are trying to be pulled off the 

structure as they are resisting a suction pressure for this load case.  This results in 

large strain readings in the flanges of the cladding panels as they are the main 

attachment points for the cladding panels, and as a result, a small amount of bending 

is produced. 

5.4.2 Longitudinal Wind Load Case (N-LW-B-BW) 

Experimental bending moments for the base bracket, cladding middle position and 

cladding top position for the longitudinal load case can be seen in Figure 5.52 and 

Table 5.19.  As for the cross wind load case (N-CW-L-BW), Table 5.19 also contains 

analytical bending moment values for the cladding middle position and cladding top 

position.  These values were also calculated from the assumptions that the 

overlapped ribbed sections of the cladding panels are acting as a composite section 

(Ixx based on BMT =0.84 mm) and as the combination of two separate cladding 

panels (Ixx = Ixx 0.42 mm + Ixx 0.42 mm), as discussed in Section 5.3. 

Table 5.19 Back Gable End Wall Results for Longitudinal Wind Load 

Experimental 
(N-LW-B-BW) Analytical Position/Type 

Combined Combined Composite 
Base Bracket 0.123 kNm NA NA 

Cladding Middle 0.040 kNm 0.038 kNm 0.042 kNm 
Cladding Top -0.004 kNm -0.002 kNm -0.002 kNm 

 
The bending moments at the base bracket (Position 0 on the figure), at the cladding 

middle position (Position 1 on the figure) and at the cladding top position (Position 2 

on the figure) are 0.1539 kNm, 0.0396 kNm and -0.0039 kNm, respectively, and are 

shown in Figure 5.52.  As with the cross wind load case, no analytical Space Gass 

bending moments have been compared with the experimental bending moments.  As 

the applied longitudinal wind load case applies a positive pressure to the back gable 

end wall it would be expected upon first thought that the bending moments should 

follow the same trend as was seen and discussed for the cross wind load case (Figure 

5.51), except that they should be reversed.  However, a very different trend is seen in 

Figure 5.52.   
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Figure 5.52 Back Gable End Wall Results for Longitudinal Wind Load 

Figure 5.52 shows that the back gable end cladding panels are behaving similarly to a 

cantilever.  This is a result of the test structure swaying in the direction of the 

longitudinal wind load (due to the lack of bracing) and as a result, this section of the 

back gable end wall is behaving as a cantilever.  No other tests were conducted on 

the other cladding panels to confirm that all of the cladding panels were behaving 

with this trend.  As the test structure did not sway in the longitudinal direction for the 

cross wind load case, this trend was not seen. 

5.4.3 Live Load Case (N-LL-#-BW) 

Using the same method that was used for the cross wind (N-CW-L-BW) and 

longitudinal wind (N-LW-B-BW) load tests, experimental bending moments for the 

base bracket, and for the middle and top cladding positions have been calculated and 

are tabulated and plotted in Table 5.20 and Figure 5.53, respectively.  It can be seen 

that bending moments of 0.1278 kNm (base bracket), 0.0310 kNm (cladding middle) 

and 0.0127 kNm (cladding top) have been calculated from the experimental strain 

results.  Figure 5.53 shows that the back gable end wall behaves like a cantilever, 

similarly to the longitudinal wind load case.  However, unlike the cross wind and 

longitudinal wind load cases, the live load test has no load applied to the end wall of 

the test structure.  As a result, any load in the end wall must have been from the roof 

section of the test structure. 
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Table 5.20 Back Gable End Wall Results for Live Load 

Experimental 
(N-LL-#-BW) Analytical Position/Type 

Combined Combined Composite 
Base Bracket 0.102 kNm NA NA 

Cladding Middle 0.031 kNm 0.030 kNm 0.033 kNm 
Cladding Top 0.013 kNm 0.013 kNm 0.014 kNm 

 
As the roof of the test structure is pulled downwards due to the live load, the front 

and rear roof panels are pulled inwards towards the centre of the test structure.  The 

back end gable wall is connected to the rear roof panels and therefore resists the 

inward movement of the roof panels.  It is this resistance that induces a load from the 

roof of the structure into the back gable end wall.  As the end wall deflects towards 

the centre of the test structure along with the roof panels, the end wall behaves like a 

cantilever with a point load at its tip. 
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Figure 5.53 Back Gable End Wall Results for Live Load 

5.4.4 Cladding Behaviour of Back Wall 

Using the same method that was used in determining the cladding behaviour of the 

Frame 5 cladding panels in Section 5.3, experimental bending moments for both the 

cladding middle and cladding top positions were calculated for the cross wind, 

longitudinal wind and live load test cases and have been tabulated and plotted in 

Table 5.21 and Figure 5.54 and Figure 5.55, respectively.  Table 5.21 contains 
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bending moments for inside and outside cladding panels for both the cladding top 

and cladding middle positions for the above test load cases.  The rib membrane 

strains have also been included.  Figure 5.54 and Figure 5.55 also contain the 

bending moments of the inside and outside cladding panels for each load case. 

 
Figure 5.54 shows that the bending moments in the cladding middle position for the 

inside panel and outside panel are 0.03659 kNm and 0.0267 kNm respectively for the 

cross wind load case (N-CW-L-BW).  This corresponds to the inside panel attracting 

58% of the bending moment and the outside panel attracting 42% of the bending 

moment.  It can also be seen in Figure 5.54 that at the cladding top position the inside 

panel has 0.02552 kNm and the outside panel has 0.01435 kNm, which corresponds 

to the inside panel attracting 64% of the bending moment and the outside panel 

attracting 36% of the bending moment.  The results agree well with the finding in 

Section 5.3, which found that the proportion of bending moment in each cladding 

panel is related to the second moment of area of each cladding panel (inside panel 

Ixx = 58300 mm4, outside panel Ixx = 46810 mm4, or 56% and 44% of the total 

second moment of area, respectively).  It should be noted that the results for the 

cladding top position are not as accurate as those for the cladding middle position, 

which is a result of the very small rib strains. 

Table 5.21 Back Gable End Wall Cladding Results 

Cross Wind 
(N-CW-L-BW) 

Longitudinal Wind 
(N-LW-B-BW) 

Live Load 
(N-LL-#-BW) Position 

Inside 
Panel 

Outside 
Panel 

Inside 
Panel 

Outside 
Panel 

Inside 
Panel 

Outside 
Panel 

Cladding 
Middle 

0.037 
kNm 

0.027 
kNm 

0.021 
kNm 

0.018 
kNm 

0.017 
kNm 

0.014 
kNm 

Cladding 
Top 

0.026 
kNm 

0.014 
kNm 

0.001 
kNm 

-0.004 
kNm 

0.006 
kNm 

0.007 
kNm 

Rib 
Membrane 

Strain 
Cladding 
Middle 

43.5 
micro 
Strain 

24.0 
micro 
Strain 

-26.5 
micro 
Strain 

1.5 micro 
Strain 

63.6 
micro 
Strain 

28.7 
micro 
Strain 

Rib 
Membrane 

Strain 
Cladding 

Top 

16.5 
micro 
Strain 

22.5 
micro 
Strain 

-20.5 
micro 
Strain 

12.5 
micro 
Strain 

5.0 micro 
Strain 

4.1 micro 
Strain 
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For the longitudinal wind load case (N-LW-B-BW), the bending moment in the 

cladding middle position for the inside panel and outside panel is 0.02136 kNm and 

0.01823 kNm, respectively (Figure 5.55).  This shows that 54% of the total moment 

for the cladding middle position is in the inside cladding panel and that the remaining 

46% is in the outside cladding panel.  These results also agree with the finding that 

the amount of bending moment attracted to each cladding panel is related to its 

second moment of area.  Figure 5.55 also shows that at the cladding top position, the 

inside cladding panel has 0.0005 kNm and the outside cladding panel has –0.0044 

kNm.  This corresponds to the inside cladding panel attracting 13% of the bending 

moment and the outside cladding panel attracting 87% of the total bending moment.  

These results do not agree with the above results.  However, it was shown that for the 

longitudinal wind load case that the back gable end wall cladding panels were acting 

as a cantilever, and as a result, the bending moment at the top of the cladding panels 

should be zero.  It can be seen that the bending moment results for the cladding top 

position are very small and therefore should be ignored.  It should also be noted that 

the rib membrane strain results are very small (Table 5.21) and as the resolution of 

the data acquisition system was about ±10 micro Strain, a large inaccuracy may be 

present.  As a result, extreme care must be taken when interpreting the strain results. 
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Figure 5.54 Inside and Outside Cladding Panel Results for Cross Wind 
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Similarly for the live load test case (N-LL-#-BW)(see Figure 5.56), the inside panel 

has 0.0174 kNm, the outside panel has 0.0138 kNm, which corresponds to the inside 

panel and the outside panel attracting 56% and 44% of the total bending moment, 

respectively.  These results also support the finding that the quantity of moment in 

each panel is proportional to its second moment of area.  For the cladding top inside 

and outside panels, the bending moments are 0.00566 kNm (44% of total bending 

moment) and 0.00708 kNm (66% of total bending moment), respectively.  These 

results do not support the above finding; however an explanation for this discrepancy 

is given above in the longitudinal wind load results. 
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Figure 5.55 Inside and Outside Cladding Results for Longitudinal Wind 
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Figure 5.56 Inside and Outside Cladding Panel Results for Live Load 
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Using the analytical combined bending moments and analytical composite bending 

moments from Table 5.18 and Table 5.19, a comparison with the experimental 

bending moments was made using the same method that was used in Section 5.3 to 

determine if the cladding panels at the back gable end wall behave with a composite 

nature.  However only the maximum moments have been plotted in this section.  

Figure 5.57, 5.57 and 5.58 contain the comparison of these bending moments for the 

cross wind, longitudinal wind and live load cases, respectively. 
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Figure 5.57 Analytical Cladding Results for Cross Wind 

Figure 5.57 shows that the experimental bending moment, the analytical combined 

bending moment and the analytical composite bending moment of the cladding top 

position for the cross wind load case (N-CW-L-BW) are 0.0399 kNm, 0.0382 kNm 

and 0.0415 kNm, respectively.  For the cladding top position, the experimental 

bending moment, the analytical combined bending moment and the analytical 

composite bending moment for the cladding middle position are 0.0633 kNm, 0.0613 

kNm and 0.0665 kNm.  These results show that for the cross wind load case the 

experimental bending moments are greater than the analytical combined bending 

moments but are less than the analytical composite bending moments.  With these 

results alone, it is difficult to say whether composite action is present.  However, if 

these results are considered with the rib membrane strains in Table 5.21, which show 

that the membrane strain in each rib of the inside and outside cladding panel vary 
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significantly, it can be concluded that composite action is not present for the cross 

wind load case. 

 
The experimental bending moment, the analytical combined bending moment and the 

analytical composite bending moment for cladding top and cladding middle positions 

for the longitudinal wind load case (N-LW-B-BW) can be seen in Figure 5.58.  

Figure 5.58 shows that the experimental, the analytical combined and the analytical 

composite bending moments for the cladding middle position are 0.0396 kNm, 

0.0383 kNm and 0.0415 kNm, respectively.  These longitudinal wind load results 

follow the same trend as found for the cross wind load case results, and show that the 

experimental bending moment is greater that the analytical combined bending 

moment but is less than the analytical composite bending moment.  Once again, if 

these results are considered with the corresponding rib membrane strains in Table 

5.21, it can be concluded that no composite action is present.  The experimental 

bending moment, the analytical combined bending moment and the analytical 

bending moment for the cladding top position is –0.00393 kNm, -0.00173 kNm and 

–0.00187 kNm, respectively (Figure 5.58).  These results do not follow the same 

trend seen for the longitudinal cladding middle and cross wind results.   
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Figure 5.58 Analytical Cladding Results for Longitudinal Wind 

As mentioned above, the strain results for the cladding top position for the 

longitudinal wind load case are extremely low and as a result, there is a possibility 

for significant inaccuracy in the strain readings and so these results should be used 
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with extreme caution.  It is recommended that no conclusions be made with regards 

to whether composite action is present in the overlapped cladding panels from the 

longitudinal wind load cladding top position results. 
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Figure 5.59 Analytical Cladding Results for Live Load 

Using the same method that was used for the above cross wind and longitudinal wind 

load cases, bending moments for the experimental, analytical combined and 

analytical composite results for the cladding middle and cladding top positions for 

the live load case (N-LL-#-BW) have been calculated.  Figure 5.59 shows that these 

values are 0.0310 kNm, 0.0303 kNm, and 0.0329 kNm, and 0.0127 kNm, 0.0126 

kNm, and 0.0137 kNm, respectively.  As for the cross wind and longitudinal wind 

load cases, it can bee seen that the experimental results more closely follow the 

analytical combined results, than that of the analytical composite results.  When 

these results are also compared with the corresponding rib membrane strains in Table 

5.21, it can also be concluded that composite action is not present in the back gable 

end wall. 

5.4.5 Summary of Back Gable Wall Results 

The behaviour of the back gable wall was investigated for cross wind, longitudinal 

wind and live load cases.  For the cross wind load case the load was applied from the 

left hand side and for the longitudinal wind load case the load was applied from the 

rear of the test structure.  Bending moments were calculated on the 3rd base bracket 
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from the left hand side of the test structure and on the ribbed sections of the 

corresponding gable end wall panels at the top and mid positions.   

 
The results showed that under cross wind loading the gable end wall followed the 

same trend as would be expected for an end wall mullion in a typical portal frame 

structure.  It was also shown that the base connection was fixed and that the gable 

end wall to roof connection was pinned.  For a longitudinal wind load case it was 

shown that the back gable end wall behaved in a similar manner to a cantilever due 

to the relative in-plane deflection of the back gable wall.  This same behaviour was 

also seen during the live load case.  The cladding behaviour of the back gable end 

wall was also investigated and it was shown that overlapped ribbed sections acted as 

individual panels and did not act as a composite member.  It was also shown that the 

bending moment carried by each panel was proportional to their second moments of 

area.  These results followed the same trend as was seen for the cladding results of 

Frame 5. 
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6 Destructive Test Results 

6.1 General 

In any full-scale testing of a prototype structure or structural component, it is very 

important that it is tested to destruction.  Such tests provide information on the 

structure’s ultimate behaviour, unlike the non-destructive tests discussed in the 

earlier chapters of this thesis, that only provide information on the elastic response of 

the test structure.  This information includes the ultimate capacity of the test structure 

and what wind speed will achieve this failure, the structure’s behaviour up to and 

during the structural failure (linear and non-linear behaviour) and what the failure 

modes and mechanisms for the MGA test structure are.  With the results and 

knowledge obtained from the destructive test, it will be known which components or 

areas of the MGA test structure should be improved or modified to achieve greater 

capacity with regards to both strength and serviceability limit states. 

6.2 Applied Load Case 

As the destructive test could not be repeated, it was important to ensure that the load 

case applied would produce the failure mode or mechanism which is likely to be first 

induced during the structure’s natural loading conditions.  From the general wind 

load and live load tests that were conducted earlier in the testing program, it was 

observed that the cladding panels of the test structure were the weakest link.  As a 

result, a local buckling failure of the cladding panel occurred at the bolted cladding 

to knee bracket connections.  It would be expected that this should be the first failure 

mechanism of the destructive test and therefore the load case used to load the 

structure should induce this failure mechanism.  To achieve this, the load case used 

for the destructive test must produce the greatest strain in the cladding panels and the 

greatest moment in the brackets of the test structure.  This was achieved by using a 

cross wind load case. 

 
Unlike the non-destructive cross wind tests discussed in the previous chapters that 

used pressure coefficients based on a 150 roof pitch (reasoning given in Chapter 4), 

the pressure coefficients for the destructive test were based on a 100 roof pitch.  As 
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the test structure had a roof pitch of 100, it was justified to use pressure coefficients 

based on this roof pitch as it was essential to load the structure to destruction using a 

load case which would naturally occur in real life conditions.  It should be noted that 

the same methodology used in Section 4.2.2 for modifying the length of the pressure 

zones to be compatible with the loading system was used for the destructive test.  

The full cross wind external pressure coefficients used for the destructive test are 

shown in Figure 6.1.  The internal pressure coefficient Cpi values were determined 

using Table 3.4.7 of AS1170.2 condition 5, which is used for similar portal frame 

structures and which was recommended by the industry partner.  This results in a Cpi 

value of -0.2 or 0.0, depending of which is more severe for the combined wind 

loadings.  Typical combined wind loadings have been discussed in Section 4.2 and 

using the same methodology used in this section, it has been shown that a Cpi value 

of 0.0 for a cross wind load case is more severe, and hence will be used for the 

destructive load case. 

Figure 6.1 Pressure Coefficients for Destructive Test 

During the previous tests of the MGA test structure, significant local buckling of the 

cladding panels had occurred on its left hand side.  Also, as the maximum strain in 

the cladding panels and moment in the brackets should occur in the windward knee 

connection (where the first failure should occur), it was decided to apply the 
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destructive load case from right to left.  This allowed for the first failure mechanism 

to be observed without the direct influence of the previous cladding failures.  Load 

steps in increments of 10% of an ultimate design load corresponding to a 41 m/s 

wind speed were used for the cross wind destructive load case until no more load 

could be applied.  This allowed for a more controlled loading than used for the 

general test conducted earlier in the test program.  

 
It should be noted that a live load case was not used as the structure did not suffer 

any failures during the initial live load tests.  These test loads were also factored up 

by 1.48 times the nominal live load to allow for any material and manufacturing 

variation in accordance with AS4600 (1996).  Considering that the live load was 

already factored up, it was considered unlikely that the test structure would be further 

overloaded in a live load condition in comparison with a cross wind loading which 

can occasionally be experienced in extreme wind events.  As a result, the live load 

case was not used for the destructive test. 

6.3 Data Acquisition 

As the destructive test was the final test, it could only be conducted once.  Therefore, 

care had to be taken in deciding what data to record, as there was only one chance to 

record any data.  Consideration was also given to the fact that the number of strain 

channels that could be recorded was limited.  Before a sound decision could be 

made, consideration also had to be given to the objectives of the destructive test.  The 

main objectives were to record the test structure’s overall behaviour up to and during 

failure while capturing the strain data from the region where the first failure was 

expected.  To achieve these objectives it was decided to record the strain channels on 

Frames 3 and 7, while only capturing the longitudinal strain channels on Frame 5.  

The longitudinal strain channels on the Frame 5 left wall cladding panels were also 

recorded.  Only the longitudinal strain channels were recorded to reduce the total 

number of strain channels used, whilst providing the maximum amount of useable 

information.  No failures were expected on the back gable end wall and therefore no 

strain channels from this region were recorded.  This gave a total of 96 strain 

channels, which was the recording limit of the new data acquisition system used for 

the destructive test. 
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Deflections were recorded with the use of displacement transducers at the same 

locations as for the non-destructive test series.  This allowed a direct comparison of 

the deflections to be made.  These locations were at the apex brackets of Frames 3, 5 

and 7 (vertical measurement), and at the right knee brackets of Frames 3 and 5, and 

at the left knee bracket of Frame 5 (horizontal measurements).  The locations of the 

displacement transducers and the strain channels recorded are shown in Figure 6.2. 

Figure 6.2 Strain Gauge and Deflection Transducer Locations 

6.4 Destructive Test Results 

This section contains the results of the destructive test that was performed as the final 

test in the testing series of the MGA test structure.  A cross wind load case was used 

and strain readings were recorded at the base, knee and apex brackets of Frames 3, 5 

and 7.  These recordings allowed for the bending moment at each of the brackets to 

be calculated and the relevant sample calculations are shown in Appendix C.  

Vertical deflections were also recorded at the Frame 3, 5 and 7 apex brackets while 

horizontal deflections were recorded at the left and right Frame 5 knee brackets and 

at the right Frame 3 knee bracket.  The results contained in this section have been 

presented using a different format to that used in Chapter 5.  Unlike the results in 

Frame 3 

Frame 5 

Frame 7 

Vertical 
Measurement 

Horizontal 
Measurement 

Frame 5 
Cladding 
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Chapter 5, the complete loading results for the deflections and bending moments of 

each recorded bracket are provided.  This allows for a more detailed discussion of the 

behaviour of the MGA test structure up to and during any failures that have occurred 

throughout this test case.  This method of presenting the results was not used in the 

previous sections as it contained too much information to be presented in this way.  

Also, to present the destructive test results in the clearest format possible, this section 

has been sub-divided into a number of sections, namely, the ‘Deflection Results’, 

‘Bending Moment Results’, and ‘Test Observations’.  These sections are presented 

next in the above sequence. 

6.4.1 Deflection Results 

All the experimental deflection results for the destructive test are given in Table 6.1.  

Predicted analytical deflections for Frame 5 have also been determined using Space 

Gass (for details refer to Chapter 5) and are contained in Table 6.2.  Visual 

representations of the vertical and horizontal deflections are shown in Figure 6.3 and 

Figure 6.5, respectively.  Space Gass (2-dimensional model – refer to Chapter 5 for 

details of model) analytical values have also been included. 

Table 6.1 Deflections from Destructive Test 

Vertical  
(Apex Bracket)(mm) 

Horizontal  
(Knee Bracket)(mm) Load 

Step 
Frame 3 Frame 5 Frame 7 Frame 7 

Right Knee 
Frame 5 

Right Knee 
Frame 5 

Left Knee 
0.0 0.00 0.00 0.01 0.00 0.00 0.00 
0.1 6.93 9.77 8.99 1.80 2.08 -1.23 
0.2 18.71 25.70 22.42 4.18 4.82 -3.56 
0.3 37.84 52.03 41.36 7.39 8.82 -7.99 
0.4 51.09 69.74 54.53 6.99 11.63 -10.92 
0.5 68.96 92.63 71.80 6.48 15.11 -14.45 
0.6 84.78 113.72 88.85 5.97 16.88 -16.13 
0.7 99.95 134.07 105.80 3.86 18.68 -16.08 
0.8 117.48 158.21 125.33 1.46 21.11 -16.06 
0.9 129.75 175.36 140.17 0.59 21.68 -15.34 
1.0 159.04 214.32 164.66 -2.83 25.79 -15.83 
1.1 175.19 236.86 182.41 -3.99 26.57 -16.17 
1.2 190.54 258.09 196.76 -4.88 30.57 -16.11 
1.3 202.08 275.79 207.91 -7.85 31.67 -15.84 
1.4 203.92 279.59 210.85 -8.46 31.27 -14.94 
0.0 89.00 135.10 90.56 -1.90 -9.65 14.60 
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Table 6.2 Space Gass Analysis Results for Destructive Test 

Bending Moments (kNm) Deflections (mm) Load 
Step Right 

Base 
Right 
Knee Apex Left 

Knee 
Left 
Base 

Right 
Knee Apex Left 

Knee 
0.0 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 
0.1 0.133 -0.111 0.051 -0.073 0.020 3.10 7.50 0.50 
0.2 0.265 -0.221 0.101 -0.145 0.040 6.10 14.90 1.10 
0.3 0.396 -0.330 0.150 -0.217 0.060 9.20 22.30 1.60 
0.4 0.526 -0.438 0.200 -0.289 0.079 12.50 29.60 2.10 
0.5 0.655 -0.546 0.248 -0.361 0.099 15.11 36.90 2.60 
0.6 0.783 -0.653 0.296 -0.432 0.118 18.50 44.00 3.10 
0.7 0.911 -0.760 0.344 -0.502 0.137 21.50 51.20 3.60 
0.8 1.037 -0.866 0.391 -0.573 0.156 24.40 58.30 4.00 
0.9 1.163 -0.971 0.438 -0.643 0.175 27.30 65.30 4.50 
1.0 1.288 -1.076 0.484 -0.713 0.193 29.40 72.20 4.90 
1.1 1.413 -1.180 0.530 -0.782 0.212 32.10 79.10 5.30 
1.2 1.536 -1.283 0.575 -0.851 0.230 34.90 86.00 5.70 
1.3 1.659 -1.369 0.620 -0.920 0.248 38.60 92.80 6.10 
1.4 1.781 -1.489 0.664 -0.989 0.266 41.40 99.60 6.50 
0.0 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 
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Figure 6.3 Vertical Deflections for Destructive Test 

Figure 6.3 shows the vertical deflections for the destructive test and clearly shows 

that the vertical deflections are linear up to 130% of the cross wind load.  Past this 

point the curve drops off, however, this is due to the actuators running out of 
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allowable travel.  Therefore, the deflections at the 140% load step are not the true 

deflections for this load step and as a result, only the results up to 130% load step are 

correct.  The apex deflections at the 130% load step of Frames 3 and 7 are 73% and 

75% of the Frame 5 apex deflection (202.08 mm, 207.91 mm and 275.79 mm, 

respectively).  This reduction was expected and was due to the extra restraint from 

the gable end walls and indicated that diaphragm action must be present.  The 

deflection at the Frame 7 apex was 3% greater than that at the Frame 3 apex, which 

indicates that the rear gable end wall was not as stiff as the front wall.  These 

deflections are extremely large and are inadequate from a serviceability point of view 

(see Figure 6.4).  This same trend was also seen in the tests contained in Chapter 5.  

It is also clearly seen that as for the non-destructive cross wind and longitudinal wind 

load tests conducted in Chapter 5, the Space Gass analysis model does not predict the 

experimental deflections, and shows that the analytical model is significantly stiffer 

than the test structure. 

 

    Large Vertical Apex Deflection 

 

Figure 6.4 Large Vertical Deflection during the Destructive Test 

The horizontal right knee deflections of Frame 5 follow a linear behaviour and are a 

close match to the Space Gass analytical results up to the 50% load step (Figure 6.5).  

Beyond this load step, it can be seen that the rate of deflection drops off at the 50%, 

80%, 100% and 120% load steps.  These sudden drops in the rate of deflection were 

the result of cladding failures that occurred at the right knee brackets throughout the 
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destructive test at these load steps.  These failures are discussed in one of the 

following sections (see Figure 6.18).   
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Figure 6.5 Horizontal Deflections during the Destructive Test 

The horizontal deflections of the right knee of Frame 3 followed the same trend as 

the Frame 5 right knee results up to the 30% load level.  After this load step the 

deflection of the Frame 3 right knee reversed and finally reached a deflection of -

7.85 mm.  This behaviour was unexpected and may have been caused by gradual 

slippage or from an internal influence on the displacement transducer.  The 

deflection of the left knee of Frame 5 is also included in Figure 6.5, and it can be 

seen that the left knee of Frame 5 deflected back towards the centre of the test 

structure.  This does not follow the analytical model that predicted that this bracket 

would deflect in the direction of the wind load.  This same trend was seen in the non-

destructive cross wind and longitudinal wind results contained in Chapter 5, and was 

the result of the extremely large vertical apex deflection pulling the left hand knees 

towards the centre of the structure.  It was also seen that after the 60% load step that 

the deflection has reached a plateau of approximately 16 mm.  This was the result of 

the displacement transducer at this particular location running out of travel. 
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6.4.2 Bending Moment Results 

The bending moment results for the right and left knee brackets are contained in 

Table 6.3, and the bending moment results for the right knee, left knee and apex 

brackets are in Table 6.4.  Analytical bending moment results can be found in Table 

6.2 (for details of model refer to Chapter 5).  Graphs containing the Load Vs Bending 

Moment behaviour for the right base, right knee, apex, left knee and left base are 

given in Figure 6.6, 6.7, 6.8, 6.9 and 6.10, respectively.  Each of these figures contain 

the results for Frames 3, 5, and 7, as well as the Space Gass analysis results for 

Frame 5 for each of the above mentioned brackets. 

Table 6.3 Destructive Test Bending Moment Results for Right and Left 
Base Brackets 

Right Base (kNm) Left Base (kNm) Load 
Step Frame 3 Frame 5 Frame 7 Frame 3 Frame 5 Frame 7 
0.0 0.001 0.002 0.001 0.000 0.001 0.001 
0.1 0.055 0.044 0.045 0.013 0.038 0.027 
0.2 0.077 0.119 0.085 0.032 0.093 0.043 
0.3 0.126 0.230 0.161 0.084 0.194 0.086 
0.4 0.172 0.293 0.218 0.117 0.254 0.113 
0.5 0.264 0.379 0.301 0.152 0.324 0.148 
0.6 0.338 0.473 0.426 0.188 0.394 0.188 
0.7 0.401 0.565 0.516 0.229 0.466 0.240 
0.8 0.472 0.669 0.626 0.277 0.535 0.306 
0.9 0.536 0.732 0.710 0.301 0.579 0.344 
1.0 0.656 0.846 0.802 0.427 0.667 0.426 
1.1 0.745 0.922 0.895 0.473 0.717 0.480 
1.2 0.791 1.023 0.961 0.500 0.756 0.502 
1.3 0.859 1.062 1.009 0.502 0.718 0.516 
1.4 0.875 1.059 1.025 0.479 0.697 0.503 
0.0 0.040 0.048 0.048 0.071 0.190 0.078 

 

Figure 6.6 contains the bending moments of the right bases for Frames 3, 5 and 7 and 

shows that up to the 120% load step (ie. “Applied Load/Design Wind Load” equals 

1.2; ie. The applied load is 1.2 times that of the design wind load resulting from a 

design wind speed of 41 m/s) the bending moments increased in a linear fashion.  

After this load step however it can be seen that the bending moments did not increase 

at the same rate with the load.  This was particularly seen for the Frame 5 results. 

However, it should be noted that at the 140% load step (ie. “Applied Load/Design 

Wind Load” equals 1.4), the actuator used to load the roof of the test structure ran 
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out of travel. As a result, the bending moment calculated at this load step may not be 

correct.  Therefore, caution should be used when interpreting the 140% load step, 

and only the bending moment results up to the 130% load step are discussed.   

Table 6.4 Destructive Test Bending Moment Results for Right and Left 
Knee Brackets and Apex Bracket 

Right Knee (kNm) Left Knee (kNm) Apex (kNm) Load 
Step Frame 

3 
Frame 

5 
Frame 

7 
Frame 

3 
Frame 

5 
Frame 

7 
Frame 

3 
Frame 

5 
Frame 

7 
0.0 -0.001 -0.001 -0.001 -0.001 -0.002 -0.001 0.000 0.000 -0.001 
0.1 -0.026 -0.044 -0.058 -0.016 -0.068 -0.009 -0.013 0.029 -0.036 
0.2 -0.045 -0.101 -0.116 -0.026 -0.148 -0.024 -0.037 0.041 -0.060 
0.3 -0.071 -0.198 -0.210 -0.038 -0.258 -0.047 -0.065 0.050 -0.095 
0.4 -0.089 -0.258 -0.268 -0.055 -0.330 -0.059 -0.079 0.030 -0.124 
0.5 -0.117 -0.339 -0.354 -0.094 -0.414 -0.078 -0.063 0.018 -0.162 
0.6 -0.156 -0.417 -0.447 -0.109 -0.595 -0.094 -0.072 0.026 -0.208 
0.7 -0.192 -0.476 -0.522 -0.128 -0.138 -0.115 -0.093 0.038 -0.252 
0.8 -0.224 -0.543 -0.616 -0.141 -0.327 -0.149 -0.114 0.083 -0.288 
0.9 -0.248 -0.576 -0.116 -0.145 -0.101 -0.166 -0.121 0.092 -0.324 
1.0 -0.284 -0.495 -3710 -0.189 -3710 -0.186 -0.164 0.102 -0.344 
1.1 -0.295 -0.258 -3710 -0.184 -3710 -0.205 -0.203 -0.003 -0.389 
1.2 -0.279 -0.222 -3710 -0.170 -3710 -0.215 -0.246 -0.043 -0.441 
1.3 -0.274 -0.180 -3710 -0.140 -0.362 -0.218 -0.334 -0.062 -0.530 
1.4 -0.274 -0.175 -3710 -0.116 -0.351 -0.220 -0.349 -0.049 -0.557 
0.0 -0.049 0.155 -0.309 -0.010 -0.044 -0.045 -0.256 0.139 -0.099 
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Figure 6.6 Bending Moments of Right Bases during the Destructive Test 
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At the 130% load step the bending moments for Frames 3, 5 and 7 are 1.073 kNm, 

1.327 kNm and 1.261 kNm, respectively.  As the test structure is symmetrical, it 

would be expected that the bending moments of Frames 3 and 7 should be 

approximately the same value, which was not the case.  This is likely to be due to the 

fact that Frame 3 had a greater restraint provided from the front gable end wall than 

Frame 7 had from the rear gable end wall.  Space Gass analysis results have also 

been provided and it is shown that the experimental results are less than these 

analytical results.  This will be due to the fact that the theoretical model was only a 2 

dimensional model that cannot simulate the effects of diaphragm action, which 

would reduce the results.  These results confirm the finding from Chapter 5 that 

diaphragm action was present. 
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Figure 6.7 Bending Moments of Right Knees for Destructive Test 

Before the right knee bending moments are discussed it should be noted that during 

the destructive test a number of strain gauges failed to function correctly.  This may 

have been caused by a number of faults such as the gauges shorting out or pulling off 

the structure as a result of the large deflections.  However, as a result of these faulty 

gauges and incorrect readings, care had to be taken to ensure that correct results were 

obtained.  After analysing the results, it was noted that a fault had occurred in the 

strain gauge of the outside rib on the right knee of Frame 7.  This fault appeared at 
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the 90% load step and as a result, the bending moments above the 80% load step 

could not be calculated, and are therefore not shown in Figure 6.7.  Another fault was 

also found in results for the outside rib of the knee bracket for Frame 3.  The strain 

gauge results at this location were extremely small and this indicated that the gauge 

was not functioning correctly.  As the MGA test structure and the load case used was 

symmetrical, it would be expected that the strain readings of the knee brackets of 

Frames 3 and 7 would be similar (This was seen to be correct for the previous cross 

wind load tests).  As a result, the strain gauge readings of the outside rib of the knee 

bracket of Frame 7 were used in place of the Frame 3 results so that bending 

moments at this location could be calculated.  However, as mentioned above, the 

strain gauge results at this location of Frame 7 were only correct up to the 80% load 

level, and as a result, bending moments up to the 80% load level could only be 

calculated for the knee bracket of Frame 3.  This is shown in Figure 6.7 as the 

‘Frame 3 MOD’ curve.  It can be seen that right knee bending moments of Frames 3 

and 7 are similar, justifying the correcting method used.  For a comparative measure, 

the right knee bending moments of Frame 3 using the faulty outside rib strain 

readings have been included in Figure 6.7 (‘Frame 3’ results).  The inclusion of this 

curve clearly demonstrates that extreme care needs to be taken in interrupting the 

results. 

 
The bending moments of the right knee for Frames 3, 5 and 7 behave linearly up to 

the 80% load level.  Past this loading level the moments for Frames 3 and 7 could not 

be calculated.  It can be seen in Figure 6.7 that there was not a large difference in the 

bending moments up to the 80% level, unlike the moments of the right base moments 

which was unexpected.  As for the right base moments, the experimental results were 

less than the Space Gass analysis results which indicated that diaphragm action must 

be present.  It is shown that the bending moment for Frame 5 reached a maximum 

moment of -0.72 kNm at the 90% load step before suddenly decreasing.  This sudden 

decrease in the moment was due to the cladding failure at the knee to wall cladding 

connection that occurred at this load step (see Figure 6.18).  This local buckling 

failure dramatically reduced the capacity of this section of the structure and is shown 

accordingly by the reduction in the bending moment results at this location.  These 

results clearly show that the cladding thickness was not sufficient for the design wind 

speed of 41 m/s. 
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Figure 6.8 Bending Moments of Apexes for Destructive Test 

Figure 6.8 shows the bending moments for the apex brackets for Frames 3, 5 and 7.  

The first point of interest with bending moment curves is that the behaviour at this 

location was not linear and was quite erratic.  This was particularly noticed in Frames 

3 and 5.  The exact cause of this erratic behaviour is not known but it may be the 

case that the apex brackets are very sensitive to any failures that occurred during the 

loading of the test structure (these failures are discussed in Section 6.4.4).  It can be 

seen however, that like the cross wind tests discussed in Chapter 5, the bending 

moments of the apex brackets for the destructive test followed the same typical trend.  

This trend is that the apex moments for Frame 5 are positive while the apex moments 

for Frames 3 and 7 are negative, which is the result of these apex brackets having a 

greater restraint from deflecting vertically.  This extra restraint from deflecting 

vertically can also be seen in Figure 6.3 as the reduced deflections in Frames 3 and 7 

in comparison to Frame 5.  It is also seen from Figure 6.3 that the apex of Frame 7 

has deflected further than the apex of Frame 3, which may account for the increased 

apex bending moment in Frame 7.  It is also worth noting that the bending moments 

of Frame 5 became negative after the 100% load step.  This may be due to two 

reasons; the first reason being the increased failure of the right knee to wall cladding 

failure; the second being that as the Frame 5 apex bracket vertically deflected further, 
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the restraint that is provided to this bracket is greater, which causes a reversal in the 

moment at this location similarly to the Frame 3 and 7 apex brackets.  A comparison 

has also been made to the Space Gass analysis results, however no reasonable 

correlation with the experimental results can be seen.  This was not unexpected for 

the apex brackets of Frames 3 and 7, however a closer agreement with the Frame 5 

apex bracket would be expected. 
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Figure 6.9 Bending Moments of Left Knees for Destructive Test 

Another strain gauge fault was found at the outside rib of the left knee bracket for 

Frame 5.  It was found that the gauge failed after the 60% load step and as a result, 

no bending moments have been calculated past this point.  Unlike the outside rib 

strain gauge failure of the right knee bracket at Frame 3, no suitable strain gauge 

reading could be substituted from other locations.  It was found that the only strain 

gauge failure occurred on the outside rib knee bracket strain gauges at about the 

same load step.  The cause of this was likely to be due to their common locations.  It 

can be seen from Figure 6.9 that the left knee bending moments of Frames 3 and 7 

follow a reasonably linear trend up to the 100% load level.  They are also 

significantly lower than the bending moments in the left knee of Frame 5 (-0.136 

kNm and -0.118 kNm compared with -0.744 kNm, at the 60% load level).  Such a 

large difference was not expected as neither Frames 3 nor 7 had failures at the left 
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knee, unlike Frame 5.  Therefore, it was expected that more load would have been 

transferred into the Frame 3 and 7 left hand knee brackets due to load shedding.  

However, from the results in Figure 6.9 it must be concluded that a greater amount of 

load was distributed into the left knee bracket of Frame 5.  It can also be seen that the 

bending moment of the left knee in Frame 7 decreased after the 100% load step.  It is 

likely that this was caused by the cladding crushing failure that occurred in the 

adjacent knee bracket at this load step (see Figure 6.20) 
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Figure 6.10 Bending Moments of Left Bases for Destructive Test 

Figure 6.10 contains the bending moments for the left base of Frames 3, 5 and 7 and 

clearly shows that the bending moments have a linear behaviour up to the 120% load 

level.  After this load level the bending moment reduced with increasing load.  This 

was unexpected and may be the result of the cladding failures at the left knees of the 

structure degrading further (see Figure 6.20).  It can also be seen that the bending 

moment at the left base of Frame 5 was approximately 51% greater that the Frame 3 

or 7 results at the 120% load step (0.625 kNm and 0.627 kNm compared with 0.945 

kNm).  This trend was expected and was similar to the trends seen in the cross wind 

results in Chapter 5.  The decrease in the bending moments at the left base of Frames 

3 and 7 was due to extra restraint that was provided by diaphragm action.  Space 

Gass analysis results are also included in Figure 6.10 and it can be seen that the 
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experimental results are much larger than these analytical results.  This is a result of 

the analytical model not simulating the behaviour of the leeward wall of the test 

structure accurately, which can also be seen in the left knee bracket deflections in 

Figure 6.5. 

6.4.3 Recorded Strain Observations 

During the analysis of the strain results to determine the bending moments in the 

base, knee and apex brackets, observations of the strain behaviour at these locations 

were also made.  To determine the bending moments in the brackets, it was 

necessary to split the strain readings of the flanges and ribs of the brackets into their 

flexural and membrane strains components.  It was noted that for the right and left 

base brackets of Frames 3, 5 and 7, membrane strain was dominant and little flexural 

strain was present in the flanges and ribs.  For the left and right knee brackets and the 

apex brackets of these frames, it was found that a large amount of the strain 

component in the flanges and ribs was flexural strain, particularly for the apex 

brackets.   

 
As only membrane strain in the flanges and rib of brackets are used to determine the 

bending moments of the brackets, it was found that large strain recordings on a 

bracket did not necessarily result in a large bending moment for that bracket.  This 

was particularly noticed for the Frame 5 and 7 apex brackets which had the peak 

strain recordings (-1649 and 2558 micro strain, respectively at the 130% load step) 

for all of the recorded brackets, but they did not have the greatest bending moment 

(the right base brackets had the greatest bending moments) (see Figure 6.6 and 

Figure 6.8).  As mentioned, this was a result of the majority of the strain component 

at the flange and rib of these brackets comprising of flexural strain, and is likely to be 

a result of the interaction from the close proximity of the bolted connections. 

 
For the right and left base brackets for Frames 3, 5 and 7, it was found that the peak 

strain reading was -1058 micro strain at the 130% load step (Frame 7 right base 

bracket).  This strain recording clearly shows that a material thickness of 1.5 mm for 

the base and knee brackets is excessive and a reduction in material thickness may be 

made (G450 = 2250 micro strain at first yield for E = 200000 MPa).  Assuming this 

peak strain reading will follow a linear trend and using a kt factor (Section 6 of 
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AS4600) of 1.46, it has been calculated using simple elastic theory, that a material 

thickness of 0.79 mm will cause first yield at the 146% load step (41 m/s ultimate 

wind load multiplied by kt = 1.46).  Relevant sample calculations are given in 

Appendix C.  The next commercially available thickness of G450 sheeting is 1.0 mm 

and using this material thickness for the base brackets would provide a factor of 

safety of 1.26.   

 
The peak strain recording for the right and left knee brackets is not possible to 

establish due to the failures that occurred in the cladding panels close to the knee 

connections at both the left and right hand sides of the test structure.  These failures 

have influenced the strain readings which can increase or decrease depending on 

whether load is shed into or away from the knee brackets depending on the cladding 

failures.  Faulty strain gauges have also made it difficult to ascertain the peak strain 

readings for the knee brackets.  An example can be seen in Figure 6.9 where the 

Frame 5 bending moments are relatively large (resulting from large strains) as the 

result of the cladding failures that occurred at the adjacent knee connections.  

Another example can be seen in Figure 6.7 where it can be seen that the knee 

moments of Frame 5 suddenly drop at the 90% load step as a result of the cladding 

failure which occurred at this load level.  As a result of these failures influencing the 

strain recordings at the knee brackets, no refinement in the material thickness has 

been conducted.  The highest strain measurement recorded was 1006 micro strain. 

 
A similar problem was present when determining the peak strain reading for the apex 

brackets.  As a result of the bolt pull-through failure which occurred early in the test 

program (see Figure 5.10), extremely high strain measurements were recorded at the 

apex bracket of Frame 7 (2558 micro strain at the 130% load step).  This 

measurement is above the first yield value of 2250 micro strain and indicates that 

some amount of local yielding has occurred in the apex bracket of Frame 7 and that a 

material thickness greater than 1.5 mm is required.  It is unlikely that the strain 

measurements at this location would be so high if the bolt pull-through failure at the 

adjacent apex bracket had not occurred, however this is not known for certain.  It 

would be expected that the peak strain should be found in Frame 5 (-1649 micro 

strain at the 130% load step), however this was not the case, indicating that the bolt 

pull-through failure has influenced the Frame 7 apex bracket results.   
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If a linear trend is assumed for the peak strain reading of the Frame 5 apex bracket, at 

the 146% load step, a peak strain reading of -1852 micro strain would be expected.  

This is less than the first yield value of -2250 micro strain, indicating that an increase 

in material thickness or grade is not required.  However, if a linear trend is assumed 

for the Frame 7 apex bracket, a peak strain reading of 2873 micro strain would be 

expected.  Using simple elastic theory, it has been calculated that a material thickness 

of 1.92 mm will cause first yield at the 146% load step for the apex bracket of Frame 

7 (41 m/s ultimate wind load multiplied by kt = 1.46)(sample calculation is given in 

Appendix C).  The next commercially available thickness of G450 sheeting above 

1.92 mm is 2.0 mm, which therefore should be considered for the minimum material 

thickness of the apex brackets.   

 
Another area of critical strain was the new cladding failure which occurred during 

the destructive test.  This cladding failure occurred at the wall panel to knee bracket 

connection of the right hand knee bracket located between Frames 3 and 5 (seeFigure 

6.18) at the 90% load step.  No strain gauges were located at this particular location, 

however, as the steel sheeting used for the cladding panels is manufactured from 

G550 sheeting, it can be assumed that a value of at least 2750 micro strain was 

reached to cause this local buckling failure.  Therefore, it can be assumed that a value 

of 2750 micro strain was reached during the 80% to 90% load step. If it is assumed 

that 2750 micro strain was reached just after the 80% load step and it was assumed 

that the cladding panel had infinite strength and the increase in strain rate followed a 

linear trend, at the 146% load level, the strain would have reached 5019 micro strain.  

Assuming that these assumptions are true, it was possible using simple elastic theory 

to determine the required material thickness to keep the maximum strain under 2750 

micro strain.  The calculated required material thickness to eliminate cladding failure 

based on the above assumptions was 0.77 mm (sample calculation is given in 

Appendix C).  As it will be required to use the next thickness of commercially 

available G550 sheeting, a material thickness of 0.8 mm will be required for the 

MGA building system to withstand the desired cross wind load (ultimate 41 m/s 

wind speed). 
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6.4.4 Visual Test Observations 

During the first four load steps (up to 40%) of the destructive test, no structural 

failures were observed.  During these steps the structure behaved with a linear 

behaviour.  This behaviour can be seen from the deflection and bending moment 

results shown in Figure 6.5 to Figure 6.10.  The only exception to this linear 

behaviour was at the apex brackets where after the 30% load step the bending 

moment in the Frame 5 apex bracket significantly decreased.  This decrease in 

moment was likely to be due to the movement of the test structure as the load was 

‘settling in’.  It was also noted throughout the testing that the structure made a 

significant amount of noise (popping) during the early stages of loading. 

 

 

Figure 6.11 Right Knee to Roof Cladding Failure (local Buckle) 

During the 50% load step two significant observations were made.  The first 

observation was the local buckling failure of the right knee to roof cladding 

connection of the frame located at Frames 4.  Figure 6.11 shows this local buckling 

failure.  This failure was the result of the combination of the high compression strain 

in the top flange of the rib and the tensile bolt force that induced local buckling 

around the bolt hole.  The second observation was the degradation of the existing 

failures of the left knee to wall cladding connections (see Figure 6.12).  These 
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failures were located at the Frame 5 left knee to cladding connection as well as the 

two adjacent knee to cladding connections.  The development of these existing 

failures was not unexpected and is likely to have started in an earlier load step.  The 

bending moment results in Figure 6.9 show that the left knee of Frame 5 had a 

significantly higher moment than the left knees of Frames 3 and 7.  This is due to the 

larger proportion of load that is distributed to Frame 5 from the adjacent frames. 

 

Figure 6.12 Degradation of Left Knee to Cladding Failures 

At the 60% load step the right knee to roof cladding connection failure progressed 

into the right knee to roof cladding connection of Frame 5 and Frames 6.  This 

progression was expected and is due to the load shedding that occurs from the failure 

that occurred during the 50% load step.  The progression of this failure into Frame 5 

can also be seen in the horizontal deflection results in Figure 6.5 as indicated by the 

reduction in the rate of deflection at the 60% load step.   

 
Local buckling in the webs of the ribbed section of the roof cladding panels was 

observed after the 70% load step.  This serviceability and strength issue occurred 

towards the centre of the roof panels where the lower halves of the webs were in 

compression (see Figure 6.13).  This buckling was only elastic and the webs of the 

ribbed sections returned to normal upon the removal of the applied load.  After this 

load step, it was observed that the existing failure of the left knee to wall cladding 
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connection at Frames 6 continued to degrade in the form of material fractures at the 

web to flange corners of the rib (see Figure 6.14). 

 

 

Figure 6.13 Local Buckling of Webs in the Cladding Ribs 

 

Figure 6.14 Fracture of Left Knee to Wall Cladding Connection 
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Figure 6.15 Large Rear Gable End Wall Deflection 

 

Figure 6.16 Large Pan Deflections 

During the 80% load step, possible yielding of the back gable end wall was observed.  

This observation was made at the first windward cladding panel (see Figure 6.15).  
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This possible yielding was the result of the large pan deflection at this particular 

location.  Upon removal of the applied load it was noted that this large deflection 

returned to its normal state and no yielding was present.  It was also observed that 

during this load step the pan deflections of the cladding were becoming extreme as 

shown in Figure 6.16.  These large deflections of the pans are due to the pan of the 

cladding having very little stiffness to resist the applied wind uplift loads.  This is a 

serviceability issue and is very unlikely to be deemed acceptable.  Local buckling of 

the webs and flange of the ribbed section of the cladding at the right knee to roof 

cladding connection was also observed after this load step (see Figure 6.13).  This 

occurred as the top half of the ribbed section of the cladding at these locations 

contain a high compressive strain and have a relatively high b/t ratio. 

 
After the 80% load step, it was observed that the flange of the ribbed section of the 

cladding panels at the knee to wall cladding connections, towards Frame 5 of the 

structure, suffered from local deformation.  This deformation was due to rotation of 

the knee brackets (see Figure 6.17).  Elastic local buckling of the flange of the ribbed 

sections was also observed.  This large deformation and elastic local buckling was an 

indication that these locations of the structure were under extreme stress.  As a result, 

a failure was expected to occur within the next few load increments. 

 

Figure 6.17 Large Flange Deflection of Right Knee Connection 

Deformation 
 
 
Rib 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    208 

 

Figure 6.18 Local Buckling of Right Knee to Wall Cladding Connection 

 

Figure 6.19 Distortional Buckling of Rib 

This failure occurred during the 90% load step at the three most central frames 

(Frame 5 and the two adjacent frames).  Figure 6.18 shows the typical local buckling 

failure of the right knee to wall cladding connection that occurred during the 90% 
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load step.  It is likely that the Frame 5 right knee connection would have failed first, 

followed by the failure of the two adjacent knee connections due to load shedding.  

However, these failures occurred too quickly to visually observe the failure 

sequence.  Distortional buckling of the ribbed section of the right front roof cladding 

panel was also observed during the 90% load step and is seen in Figure 6.19. 

 

 

Figure 6.20 Crushing Failure at Left Knee Connection 

At the 100% load step (41m/s wind speed) the existing failures at the left knee to 

wall cladding connections had degraded further, and a crushing failure occurred in 

the knee connection of Frames 4 (see Figure 6.20).  This crushing failure was due to 

the extremely high compressive strain that was in the top flange of the rib section at 

the knee.  It was found from the experimental strain data recorded at the top of the 

cladding, just below the knee of Frame 5, that the strains reached -2580 micro strain 

(516 MPa).   

 
It was also observed from within the MGA test structure that the apex brackets 

experienced large deformation in the transverse direction (see Figure 6.21).  This was 

a result of the interaction between the large vertical displacement of the roof of the 

structure and the metal straps that connected the apex brackets together.  As the roof 

deflected, it resulted in the metal straps pulling the apex brackets apart.  This 
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deformation of the apex creates large strains in the transverse direction.  The strains 

in the transverse direction were not recorded during the destructive test, however, 

they were recorded during the initial non-destructive cross wind tests of Frame 5 in 

Chapter 5, where the flexural strain in this direction was substantial.  It was also 

noted that upon removal of the test load that the apex brackets returned to their 

original cross section. 

 

 

Figure 6.21 Apex Bracket Deformation 

Also during the 100% load step, local buckling of the pan to rib interface of the 

cladding was observed.  This local buckling indicated that a significant amount of 

compressive strain was present in the lower half of the ribbed section of the cladding 

panels, which was expected.  Figure 6.22 clearly shows this buckling in rib to pan 

interface of both cladding panels.  Distortional buckling of the ribbed section of the 

inside cladding panel was also observed during this load step.  This distortion 

occurred in approximately the mid section of the roof span and indicated that the 

overlapped cladding panels do not act as a composite member.  An example of the 

distortional buckling can be seen in Figure 6.23. 
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Figure 6.22 Local Buckling of Pan to Rib Interface 

 

Figure 6.23 Distortional Buckling of Inside Cladding Panel 
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At the 110% load step it was noticed that the cladding failures that occurred at the 

right knee to wall cladding connection during the 90% load step degraded further.  A 

similar degradation to that which was observed for the left knee to wall cladding 

failures occurred as shown in Figure 6.24.  This was essentially a crushing failure of 

the material that was a result of the increased load.  This type of failure was not 

unexpected, however, as the load was increased it was believed that this load would 

be shed away from these previous failures and into the adjacent frames to produce a 

progressive failure mechanism.  This was not the case at the 110% load step, 

however, this failure mechanism did progress into the right knee to wall cladding 

connection of Frame 3 during the 120% load step.  It did not progress into Frame 7. 

 

 

Figure 6.24 Degradation of Right Knee Bracket Connection 

During the 130% load step a major in-plane buckling failure of the roof cladding 

occurred.  The failure occurred in the overlapped rib section of the roof cladding 

panel that at Frame 4, at about one quarter the length of the roof panel from the apex 

bracket.  Figure 6.25 shows this failure that was the result of high compressive strain 

in this region of the cladding.   

 

Crushing 
Failure 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    213 

 

Figure 6.25 In-Plane Buckling Failure of Roof Cladding 

Local buckling of the pan to rib interface and webs of the ribbed section was 

observed in earlier load steps that indicated high compression strains in these 

regions.  As a result it was not unexpected that the ribbed section finally failed in this 

mode, with increasing load.  This was a permanent deformed shape that remained 

after the load case was removed from the test structure. 

 
The MGA test structure was loaded to a 140% load level, however, it was noted that 

some pneumatic actuators had reached the limit of their travel before this load step 

was completed.  As a result, the results obtained from this load step are not true 

results and the test structure was not loaded past this point.  No new failures were 

observed during this load step.  It should be noted that despite the many failures that 

occurred during this destructive load case, the MGA test structure still resisted the 

full load that was applied.  It was not possible to cause a complete collapse of the 

MGA test structure, as the actuators used could not provide enough travel.  At this 

load step, the vertical deflections were extremely large (approximately 280 mm) and 

were not acceptable (see Figure 6.3).  Upon removal of the destructive load case, it 

was observed that the local buckling of the cladding disappeared with the exceptions 

discussed in this section.  It was noted that after the load was removed from the 

structure a 135.1 mm vertical deflection remained at the Frame 5 apex bracket (see 

Table 6.1).  This permanent deformation of the structure was the result of the 
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inelastic buckling of the cladding panels that occurred during this test and indicates 

that this innovative structure in the form tested, is not suitable in terms of 

serviceability and strength. 

6.5 Summary of Destructive Test 

A cross wind load case was used to load the MGA test structure for the destructive 

test.  This load was applied from the right hand side of the structure.  This resulted in 

the existing cladding failures at the left knee to wall cladding connections having a 

minimum effect on the destructive test results. This allowed for a more accurate 

study of the windward face of the test structure, where the first failure was expected.  

Load steps of 10% of wind pressure corresponding to a 41 m/s ultimate wind speed 

were applied until the 140% load level, where no further load was applied due to the 

actuators running out of travel.  As the actuators ran out of travel before the 140% 

load step, the bending moment and deflections at that step are not accurate and 

therefore only results up to 130% were discussed.  Deflections were recorded at the 

same locations used in the live load case in the earlier sections. 

 
It was found that the vertical apex deflections followed a linear trend up to the 140% 

load level (see Figure 6.3).  The maximum deflection was in the apex of Frame 5 

(275.8 mm at the 130% load level).  At the serviceability level (40% of the ultimate 

design wind speed) the maximum vertical deflection was 69.7 mm.  This results in a 

span to deflection ratio of approximately span/80, which is three times greater than 

the AS4100 suggested limit of span/250 (SA, 1998).  These deflections are extremely 

large and are unlikely to be deemed acceptable by engineering standards.  The 

vertical deflections of Frames 3 and 7 were approximately 75% of Frame 5.  This 

decrease in deflection is the result of the stiffness provided by the end gable walls, 

which showed that some amount of diaphragm action is provided.  The results also 

showed that the Frame 7 vertical deflections are approximately 3% greater than the 

vertical deflection of Frame 3, indicating that the rear gable end wall is not as stiff as 

the front gable wall. 

 
The horizontal deflection results for Frame 5 showed that a linear trend was followed 

up to the 50% load step (see Figure 6.5).  Beyond this level a number of drops in the 

rate of deflection occurred as a result of a number of failures.  The maximum 
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recorded horizontal deflection was 31.7 mm from the right knee bracket of Frame 5.  

At the serviceability level, the maximum horizontal deflection was 11.6 mm.  This 

relates to a height to deflection ratio of approximately height/200 which is less than 

the AS4100 suggested horizontal deflection of height/150 (SA, 1998).  The 

deflection of the right knee of Frame 3 behaved unexpectedly and could not be fully 

explained.  A linear trend was followed for the left knee bracket of Frame 5 up to the 

60% load level where the displacement transducer ran out of travel.  The 

experimental deflections were compared with theoretical deflections from a 2-

dimensional analytical model.  This comparison showed that the analytical model 

was too stiff and was unable to accurately simulate the deflection behaviour of the 

MGA test structure. 

 
Bending moments were calculated at the base, knee and apex connections for Frames 

3, 5 and 7 using the same method that was used for the previous load cases (see 

Figure 6.6 to Figure 6.10).  The destructive test results showed that for the right and 

left base brackets the bending moments followed a linear trend up to the 120% load 

level.  This confirms that the base connections for the MGA test structure are fixed.  

After this level it was shown that the rate of increase in the bending moment 

declined.  This was likely to be due to load being shed into other frames of the 

structure.  The maximum base bracket moment was 1.33 kNm and was found in the 

right base of Frame 5.  This moment was 60% of the maximum bending moment 

capacity of the brackets calculated using simple elastic theory and assuming no axial 

loads.  The caluculation for the section moment capacity of the brackets is given 

below. 
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This shows that the base brackets have a much higher capacity than is required.  As a 

result, a thinner material thickness for the brackets may be considered.  From the 

strain recordings made on the base brackets (includes both flexural and axial strains), 

it was calculated that a material thickness of 1.0 mm (G450) may be considered for 

the base brackets.  This calculation also included the kt factor 1.46 specified in 

Section 6 of AS 4600.  It was also shown that the base bending moments of Frames 3 
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and 7 were less than the base bending moments of Frame 5 (see Figure 6.6 and 

Figure 6.10) due to the extra restraint provided for the gable end walls, showing that 

diaphragm action is present. 

 
Due to strain gauge failures at the right knee brackets of Frames 3 and 7, bending 

moments at these locations could not be calculated past the 80% load level (see 

Figure 6.7).  However, up to this load step the recorded right knee bracket bending 

moments followed a linear trend.  Frame 5 reached a maximum bending moment of -

0.72 kNm at the 90% load step before decreasing as a result of a cladding failure at 

the bracket.  This decrease in bending moment due to the cladding failure clearly 

showed that the cladding thickness is not sufficient for the design wind speed of 41 

m/s.  The left knee bracket bending moments also followed a reasonably linear trend 

up to the 100% load step (see Figure 6.9).  Unlike the strain recording for the base 

brackets, it was not possible to ascertain a peak strain readings.  This was a result of 

the cladding failures having an influence on the strain gauge results.  These failures 

affected both the right and left knee bracket strain gauge recordings and as a result, 

no refinement of the material thickness used for the knee brackets was conducted. 

 
The bending moment results for the apex brackets of Frames 3, 5 and 7 did not 

follow a linear trend (see Figure 6.8).  The behaviour of these brackets was quite 

erratic and was likely to by due to the many failures that occurred throughout the 

destructive test.  As seen in the other load cases, it was found that the Frame 3 and 7 

apex bracket moments were negative while the Frame 5 apex bracket moment was 

positive.  This change in direction of bending moment was due to the extra restraint 

provided by the gable end walls.  It was also noted that a strain gauge recording was 

very large in the Frame 7 apex bracket (2558 micro strain).  This value was above the 

first yield strain value (2250 micro strain) and indicates that some amount of local 

yielding had occurred in this apex bracket.  It is likely that this large strain result is 

caused by extra load being distributed into this bracket as a result of the bolt pull-

through failure that occurred in the adjacent apex bracket (see Figure 5.10), and 

would not be this large if this failure had not occurred, however, this is not known 

for certain.  Therefore the strain recordings from Frame 7 have been used to calculate 

a refined material thickness for the apex brackets.  Using the Frame 7 apex bracket 

strain results, it has been calculated that a material thickness of at least 2.0 mm 
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(G450) is required to withstand the desired cross wind load based on a 41 m/s 

ultimate wind speed (includes kt factor of 1.46). 

 
Many cladding failures occurred during the destructive test of the MGA structure 

while subjected to the destructive load case.  The first failure occurred at the 50% 

load level and more failures continued to the 130% load level.  It could be clearly 

observed that by the 80% load level the MGA test structure was showing many signs 

of distress.  Some of these signs included local buckling and large deflections of the 

cladding panels, as well as distortional buckling.   

 
The destructive tests have shown without any doubt that the critical element 

governing the structural capacity of the MGA building system is the material 

thickness used for the cladding panels.  This testing program has concluded that the 

material thickness of 0.42 mm (BMT) (G550) is not sufficient for the desired wind 

rating.  For the cladding panels to be adequate, the internal strain in the cladding 

panels must not exceed their first yield limit (2750 micro strain).  To achieve this, it 

has been calculated that a material thickness of at least 0.8 mm (BMT) (G550) is 

required.  This increase in material thickness would eliminate the inelastic cladding 

failures, help reduce the elastic local buckling and distortional buckling, help reduce 

the extremely large structural vertical deflections, and help reduce the large local 

deflections that were observed on the rear gable end wall. 

 
The destructive test has shown without any doubt that the MGA test structure in its 

present state is not suitable for a design wind speed of 41m/s.  From the destructive 

test results shown in this section, it was found that the MGA building system in its 

tested state was only structurally adequate up to 40% of the 41 m/s ultimate design 

cross wind load.  Back calculating it was found that the MGA building system is 

only suitable for an ultimate design wind speed of 21 m/s.  This calculation included 

the kt factor that is specified in Section 6.2.4 of AS 4600, and is shown below: 

1=zq kPa (see Section 2.4.2.2) 
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7 Finite Element Analysis 

7.1 General 

This chapter contains the details of the complex finite element analyses conducted.  

The objective of this investigation was to create a detailed model that was capable of 

simulating the observed experimental behaviour and phenomena of the MGA test 

building system.  This was a challenging task as the finite element model was 

required to simulate the overall structural behaviour of the MGA building system, 

including large local and global deformations, local buckling, distortional buckling 

and stress results.  This is quite different to most research projects using FEA where 

the researcher is creating a model to simulate a specific behaviour of a specific 

element such as the work completed by Maharachchi (2003), where he created a 

model to simulate the splitting behaviour of bolt pull through of profiled sheeting or 

that of Nagel and Thambiratnam (2004) where only the behaviour of a single 

structural member was investigated.  Very few research projects have attempted to 

model the whole behaviour of a complete building system.  This is typically due to 

limitation in computing power to practically analyse extremely large models.  

However, with the advances in more efficient analysis code and recent advancements 

in hardware performance, it is becoming increasingly more possible and practical to 

accurately analyse complete building systems.  Once an accurate model has been 

created, modifications to the sheeting thickness and bracket length can be applied to 

this model, to produce an adequate and more efficient version of the MGA building 

system. 

 
This investigation has considered cross wind, longitudinal wind and live load cases.  

To calibrate the initial finite element models, a comparison with the non-destructive 

and destructive experimental results was made.  A convergence study was also 

undertaken to ensure that a sufficiently refined mesh was used to achieve a 

converged solution.  To ensure that an appropriate element type was used, 

preliminary studies were undertaken to check the adequacy and suitability of the 

element types used.  The material properties used for the finite element models were 

based on the results of tensile test coupons made from the material of the MGA test 

building system. 
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Throughout the developmental stage of this finite element study, a number of 

different model types with varying amounts of complexity were created, and will be 

discussed in detail in the following sections.  However, in general two main model 

types were created.  The first type consisted of a ‘strip’ of the MGA building system 

(Strip model) and the second type modelled the full structure (Full model).  Both of 

these models were further divided into models which contained no contact surfaces 

and more advanced models which contained contact surfaces.  As a result of 

analysing the complete building system, analysis times were considerable, typically 

in the order of weeks for the more advanced finite element models.  Therefore, to 

save on analysis time, symmetry was used where appropriate.   

 
Many commercial finite element analysis packages are currently available; however, 

the finite element package HKS/ABAQUS 5.8 (HKS, 1998) was used for the 

analysis code, during this research project.  ABAQUS is a multipurpose linear and 

nonlinear finite element program.  MSC/Patran 2000 was used for the model 

generation and for the visualisation of the results.  Both programs were run on 

QUT’s High Performance Computing Facility which consists of a Silicon Graphics 

supercomputer.  Irix 6.5 was used for the operating system. 

7.2 Model Types 

In total, six different types of finite element models were created to simulate the 

behaviour of the MGA building system.  However, these six different models can be 

split into two main types of finite element models, namely the ‘strip’ models and the 

‘full’ models.  The ‘strip’ models (see Figure 7.1) model only one bay of the MGA 

building system whereas the ‘full’ models (see Figure 7.2) model the whole building 

system.   
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Figure 7.1 Typical ‘Strip’ Model 

 

Figure 7.2 Typical ‘Full’ Model 

Both of these types of models are then broken down into sub-types.  These sub-type 

models are models that have ‘no contact’, ‘basic contact’ and ‘complex contact’ 

between the structure’s cladding and moment resisting brackets.  Overall, three 

different ‘strip’ models and two different ‘full’ models were created.   

 
To aid in the reference of these models in later sections, a code has been given for 

each of the models.  The first part of the code represents whether it was a ‘strip’ or 
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‘full’ model (S for ‘strip’ model and F for ‘full’ model).  The second part of the code 

represents the contact conditions (N for no contact, B for basic contact and C for 

complex contact).  The six different model types are summarised in Table 7.1.  

Symmetry was used in both model types where it was appropriate.  Full details of 

each of these models can be found in the following sections. 

Table 7.1 Model Types and Codes 

Model Types Strip Models Full Models 

No Contact S-N F-N 

Basic Contact S-B F-B 

Complex Contact S-C F-C 

7.3 Elements 

To accurately model the MGA building system, shell elements were used.  Shell 

elements were used as they provided sufficient degrees of freedom to explicitly 

model the deformations and yielding of the extremely thin steel sheeting used for test 

structure.  Abaqus provides many types of shell element types, so care must be taken 

to ensure that the correct element type is used.   

 
In general the S4R5 element was selected for the analyses of the MGA building 

system models.  This element has 4 nodes and 5 degrees of freedom per node.  It is a 

shear flexible, thin, isoparametric quadrilateral shell with reduced integration and bi-

linear interpolation schemes.  This element imposes the Kirchhoff constraint 

numerically and is typically used when the shell thickness is less than 1/15 of the 

characteristic length on the surface of the shell. 

 
To verify the applicability of the S4R5 shell element, the general purpose S4 shell 

element was used for a number of analyses.  The results from both analyses were 

then compared.  The S4 shell element is a fully integrated finite membrane strain 

shell element that allows for transverse shear.  This element type generally provides 

accurate solutions to in-plane bending problems and is not sensitive to element 

distortion (HKS, 1998). 
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Typically, the S4 element provides greater accuracy than the S4R5 element; 

however, it is significantly more computationally expensive.  The comparative study 

showed that the difference in the ultimate load between the S4R5 and S4 shell 

element analyses was less than 5%, thus indicating that the S4R5 shell element is 

suitable for modelling the MGA building system.   

 
The STRI35 shell element was also used in instances where a coarse S4R5 mesh was 

refined to a denser mesh.  This element is a thin triangular shell element that has 3 

nodes, 5 degrees of freedom per node, and is suitable for thin shell problems.  MPC 

tie elements (makes all degrees of freedom equal at two nodes) were used to simulate 

the bolted connections which connected the roof cladding and brackets together 

(refer to Figures 3.6 and 3.7 for connection details) for the models with basic contact 

and complex contact conditions.  The MPC tie element was the most economically 

practical solution for simulating the bolted connections.  Care was taken when 

generating the mesh on the moment resisting brackets and the corresponding areas of 

the profiled sheeting in contact with the brackets to ensure so that the MPC tie 

elements could be accurately applied in the same locations to that observed for the 

experimental test structure.  The drawback with using the MPC tie constraint to 

simulate the bolted conection is that it can not accurately simulate bolt failures that 

may occur at an extreme loading event.  However, during the full scale testing 

program, it was observed that bolted connection failures were not the governing 

failure mechanism of the MGA building system.  As a result, the MPC tie constraint 

was deemed to be suitable to simulate the bolted connections. 

7.4 Applied Loads and Boundary Conditions 

To simulate the experimental loading conditions, pressures were applied to the pans 

of the cladding in the finite element models for the cross wind, longitudinal wind and 

live load cases.  By only loading the pans of the cladding panels in the finite element 

models, a more accurate comparison of the analytical results could be made with the 

experimental results, as during the experimental tests, only loads were applied to the 

pans on the cladding panels.  As pressure was only applied to the pans of the 

cladding in the finite element models, it was necessary to increase the pressure on the 

pans in the finite element models by a factor of 680/624 (cladding panel width/pan 
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width) so that net effect was equivalent to the pressure applied in experimental tests.  

The equivalent and actual pressures applied to the finite element models are 

summarised in Table 7.2.  It should be noted that gable end wall pressures were only 

applied to the ‘full’ models.  Examples of the applied loads for the live load case for 

a ‘strip’ and ‘full’ model can be seen in Figure 7.3 and Figure 7.4, respectively. 

Table 7.2 Equivalent and Applied Pressures used in Finite Element Models 

Load Case Cross Wind 

(kPa) 

Longitudinal Wind 

(kPa) 

Live Load 

(kPa) 

Position Equivalent Actual Equivalent Actual Equivalent Actual 

Windward Wall 0.70 0.76 0.70 0.76 0.00 0.00 

Windward Roof 0.64 0.70 0.90 0.98 0.38 0.41 

Leeward Roof 0.50 0.54 0.50 0.54 0.38 0.41 

Leeward Wall 0.30 0.33 0.50 0.54 0.00 0.00 

Side wall 0-2720mm 0.65 0.71 0.65 0.71 0.00 0.00 

Side Wall 2720-5440mm 0.50 0.54 0.50 0.54 0.00 0.00 

 
Note: Actual Load is the pressure applied to the pan of the cladding in the finite element 

models. 

 

Figure 7.3 Live Load Condition for ‘Strip’ Model 
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Figure 7.4 Live Load Condition for ‘Full’ Model 

To simulate the full moment connection of the base brackets, fixed boundary 

conditions were used at the base brackets.  As the models created during this research 

project were typically extremely large in terms of total elements, contact surfaces and 

multiple point constraints used, symmetric boundary conditions were utilised where 

possible to reduce the model size and hence decrease the model run times.  More 

details of the boundary conditions used in each of the model types are discussed in 

the following sections.   

 
Contact conditions between the moment resisting brackets and the cladding panels 

for the ‘basic contact’ and ‘complex contact’ models were modelled using surface-to-

surface contact (‘master-slave’ type).  All surface contact was assumed to be 

frictionless.  For the models with ‘basic contact’ conditions, the brackets were made 

the master surface and the contacting area of the cladding panels the slave surface.  

For the models with ‘complex contact’ conditions, the brackets were made the master 

surface and the contacting area of the first cladding panel the slave surface.  For the 

contact between the first cladding panel overlapping the bracket and the second 

cladding panel, the first cladding panel was made the master surface and the second 

panel the slave surface. 
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7.5 Material Properties 

Both elastic and plastic material properties for the MGA building system were 

included in this finite element study.  In all of the analyses, the modulus of elasticity 

(E) and Poisson’s ration (v) were taken as 200 GPa and 0.3, respectively.  For the 

plastic material properties, a perfect plasticity assumption was used with a Mises/Hill 

yield criterion as tensile coupon tests showed little strain hardening.  The actual yield 

stress values were determined from tensile coupon tests.  .   
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Figure 7.5 Stress-Strain Curve for G450 Steel Brackets 
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Figure 7.6 Stress-Strain Curve for G550 Steel Sheeting 

The tensile test coupons were taken from the longitudinal direction of the cladding 

panels (G550, 0.42 mm BMT) and from the longitudinal direction of the brackets 

(G450, 1.5 mm BMT).  The test coupons were made in accordance with AS 1391 

(SA, 1991).  All of the tensile tests were conducted using a Tinius Olsen Testing 

Machine.  Strain was measured using an extensometer (only capable of up to 4% 

strain).  The results of the tensile testing can be seen in Figure 7.5 and Figure 7.6, 

and are summarised in Table 7.3 
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Table 7.3 Yield Stress for G450 and G550 Material 

TEST/MATERIAL YIELD STRESS G450 

1.5MM BMT (MPA) 

YIELD STRESS G550 

0.42MM BMT (MPA) 

Test 1 697 814 

Test 2 694 807 

Test 3 687 802 

Average 693 808 

 
It should be noted that as the extensometer was only capable of recording strain up to 

4%, therefore, stress-strain curves did not include the ultimate stress points.  For the 

1.5 mm BMT G450 brackets and 0.42 mm BMT G550 cladding, average yield 

stresses of 693 MPa and 808 MPa were obtained, respectively.  It was noted that the 

average yield stress value obtained were greater than that recorded by other 

researchers such as Roger and Hancock (1997) (mean yield stress of 658 MPa) and 

Mahaarachchi (2003) which had results varying from 670 MPa to 738 MPa.  

However, considering that a range of yield stresses have been recorded for various 

research projects using G550 steel sheeting, it was decided to still use the values 

obtained from the tensile coupon tests. 

7.6 Analysis 

During the full-scale experimental testing of the MGA building system, it was 

observed that the test structure underwent large structural deformation with the 

application of load.  Therefore, to take into account this geometry change, a non-

linear analysis was required and performed (the RIKS method was also included in 

the analysis).  The ABAQUS STABILIZE command was also included in the 

analyses.  However, preliminary linear analyses were performed and the results 

showed that a linear analysis was not able to accurately simulate the large deflections 

and stress results that were observed during the full scale testing program.  As a 

result, the results of the early linear analyses have not been included or discussed in 

this thesis.   

 
Geometric imperfections are typically required to be included in the nonlinear 

analysis of thin steel sections subject to local buckling effects to provide an accurate 
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solution.  This is particularly found for cold-formed steel sections which can be 

sensitive to imperfections in the shape of it eigenmodes (Schafer and Pekoz, 1998).  

It is often found that the amplitude of imperfections in the lowest eigenmodes is 

adequate to characterise the influential geometric imperfections.  Schafer and Pekoz 

(1998) have recommended that for cold-formed steel members subject to local 

buckling effects, that the imperfection magnitude for local buckling be taken as 

w/167 or t.  Geometric imperfections in cladding panels were applied by scaling 

eigenvectors obtained from an elastic bifurcation buckling analysis of the models.  It 

was found however that the inclusion of the geometric imperfections had a negligible 

effect on the ultimate load obtained from the non-linear analyses.  This trend was 

also found by Mahaarachchi (2003).   

 
The inclusion of residual stresses in finite element modelling resulting from the 

formation process of cold-formed profiled sheeting is extremely difficult and 

complicated due to a lack of data on residual stress.  To date, little information is 

available for residual stress data for thin profiled steel sheeting (0.41 mm BMT).  

However, residual stresses can comprise of both flexural and membrane stresses, 

however, for cold-formed steel sections the membrane stresses are considerably less 

than the flexural stresses and are often ignored (Schafer and Pekoz, 1998).  Schafer 

and Pekoz (1998) state that the primary importance of residual stresses is in how load 

is carried and not in the final magnitude.  Recent research by Mahaarachchi (2003) 

that included flexural residual stresses in cold-formed profiled sheeting (0.42 mm 

BMT) found that the inclusion of flexural residual stresses had negligible effect on 

the ultimate failure load.  A similar result has also been found by Narayanan and 

Mahendran (2003).  As material yielding was only expected to occur in very small 

isolated areas of the finite element models, and due to the findings by Schafer and 

Pekoz (1998), Narayanan and Mahendran (2003), and Mahaarachchi (2003), it was 

decided not to include residual stresses in the finite element models, as it would have 

little impact on their ultimate capacities. 

7.7 Convergence Study 

A convergence study was conducted to ensure that an adequately refined mesh was 

provided for a converged solution.  To reduce analysis time, the strip model with 
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complex contact was used.  As the purpose of this finite element study was to 

simulate the experimental behaviour (stresses, strains and deflections) of the test 

building system, a fine mesh was required in the areas of high stress and large 

deformation.  This resulted in a fine mesh being required for the highly stressed 

ribbed sections of the cladding (towards the ends of the ribbed sections of the 

cladding where the brackets are located) and the brackets.  It was found that a coarser 

mesh was adequate for the pans of the cladding.  Results from this study are shown 

in Figure 7.7.  It was found that a 5 mm x 10 mm mesh for the highly stressed areas 

of the ribbed sections of the cladding was a reasonable trade off between 

convergence accuracy and analysis time.  This mesh density was also adequate to 

model any local deformation in these high stress areas.  A coarser mesh was used in 

the remaining sections of the cladding (varies, but approximately 100 mm x 100 mm) 
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Figure 7.7 Convergence Study Results 

7.8 Strip Models 

As mentioned in Section 7.2, the ‘strip’ models consisted of modelling just one bay 

of the MGA building system.  This type of modelling allowed for a significant 

reduction in the number of elements, and hence analysis time in comparison to the 

‘full’ model type.  This reduction in analysis time allowed for the ‘strip’ models to be 

used as a benchmark model to which to make improvements, so that a more accurate 

finite element model could be produced.  These improvements included two stages of 

adding contact surfaces to a basic ‘strip’ model that had no contact surfaces.  In total 

three strip models were created (S-N no contact, S-B basic contact, S-C complex 

contact).  Each of these ‘strip’ models will be discussed in further detail in the 
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following sections.  Cross wind, longitudinal wind and live load cases were analysed 

for each model type. 

7.8.1 Strip Model with no Contact (Code S-N) 

The S-N model (‘Strip’ model with no contact) is a simplified model assuming that 

the cladding and the brackets of the MGA building system are one entity.  As a result 

of assuming that the overlapping of the cladding and the bracket to cladding 

connection constitute one entity, no contact surfaces are required.  To model the 

effects of the overlapping of the cladding and the brackets into this model, the shell 

elements in these regions have been given a greater shell thickness.  In the regions of 

the overlapped ribbed sections of the cladding, a shell thickness of 0.84 mm (double 

that of the nominal cladding thickness of 0.42 mm) was given to allow for the 

overlap.   

 

Figure 7.8 Shell Thickness Details of S-N Model 

A shell thickness of 1.5 mm (measured bracket thickness) was given to the regions 

that contained the brackets so that the stress results from these regions could be 

directly compared with the experimental stress results for the brackets.  If the 

material thickness of the overlapping cladding panels were included in the region of 

the brackets, a direct comparison of the FEA stress and the experimental results 
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would not be possible.  This was considered acceptable as the exclusion of the 

thickness of the cladding panels in the region of the brackets has negligible impact 

on the stiffness and behaviour of this particular model type.  For the remaining 

cladding a shell thickness of 0.42 mm was used.  The shell thicknesses can be seen in 

Figure 7.8.  Material properties for the G450 and G550 materials were given to the 

bracket regions and cladding regions, respectively (refer to Section 7.5).   

 

Figure 7.9 Mesh and Boundary Condition Details of S-N Model 

Figure 7.9 shows the overall mesh of the S-N model and a close up view mesh of the 

knee can be seen in the insert.  As mentioned previously, a finer mesh was provided 

in the areas where the brackets were located.  This finer mesh was continued for 200 

mm past the ends of the brackets to accurately simulate this high stress region at the 

overlapped cladding/bracket interface.  A coarse mesh can also be seen for the pans 
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of the cladding.  Triangular elements were used for the transition from the dense to 

coarse quadrilateral S4R5 mesh.  The boundary conditions applied to S-N model are 

shown in Figure 7.9.  Symmetrical boundary conditions have been used where 

appropriate.  The inclusion of symmetry is extremely useful as the number of 

elements are reduced and hence the analysis time.  The notation for the constraint 

conditions used by Abaqus for these models are shown as follows: 

 
  1- X axis translation   4- X axis rotation 

2- Y axis translation   5- Y axis rotation 

3- Z axis translation   6- Z axis rotation 

 
On the nodes at the end of the base brackets, the boundary condition, 123456, was 

provided to achieve a fixed base connection (no translations and no rotations).  This 

boundary condition was representative of the base brackets of the experimental test 

structure that were cast directly into concrete slab (see insert of Figure 7.9).  To 

provide the symmetry in the YZ plane, the boundary condition, 156, was applied to 

the nodes of the elements on the YZ plane (see Figure 7.9).  This condition indicates 

that these nodes were restrained from translation in the X direction, and were 

restrained from rotation about the Y and Z axis.  As the longitudinal wind and live 

load models had symmetrical loading conditions, extra symmetry was provided in 

the XY plane to further reduce the number of elements and analysis time (see Figure 

7.10). 

                                 

Figure 7.10 Symmetry Boundary Conditions for Longitudinal Wind and Live 
Load Models 
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7.8.2 Strip Model with Basic Contact (Code S-B) 

The S-B model (‘Strip’ model with basic contact) is a simplified model that assumes 

that the overlapped ribbed sections of the cladding panels are one entity.  The 

moment resisting brackets have been modelled as separate entities to the cladding, 

and contact surfaces have been provided between the brackets and the cladding (see 

Figure 7.12).  Figure 7.11 shows the brackets and the cladding as separate entities 

(note that symmetry has been used where appropriate).  MPC tie elements were used 

to simulate the bolted connections as discussed in Section 7.3. 

 

Figure 7.11 Mesh and Boundary Condition Details of S-B Model 

Figure 7.13 shows an overall view of the mesh for the S-B model with the MPC tie 

elements.  A close up view of the mesh and MPC details at the knee connection can 

be seen in the inserts.  These same details were used for the remaining bracket to 

cladding connections.  For this model, a fine mesh (5 mm x 10 mm) was provided on 

the surface of the cladding where the brackets were in contact.  This dense mesh was 

extended 200 mm past these areas to accurately calculate the results for these high 

strain areas.  As for the S-N model (strip model with no contact), triangular elements 

were used in the cladding surface for a transition from the dense mesh at the ribs of 

the cladding panels to a coarse mesh in the pans of the cladding.  As the theoretical 

strain results of the brackets were required for comparison with the experimental 
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strain results, a fine mesh (5 mm x 10 mm) was given so that accurate results could 

be achieved in these areas. 

 

 

Figure 7.12 Contact Details 

The shell thicknesses used for the S-B model are shown in Figure 7.14.  For the 

brackets, a shell thickness of 1.5 mm was used.  Using the same assumption for the 

S-N model, a shell thickness of 0.84 mm was used for the overlapped ribbed sections 

of the cladding panels.  A shell thickness of 0.42 mm was used for the pans of the 

cladding.  The boundary conditions applied to the S-B model are shown in Figure 

7.11.  The same notation that was outlined in Section 7.8.1 has been used.  To 

provide a fixed base connection, the boundary condition, 123456, was applied to the 

end nodes of the base brackets.  As the brackets used symmetry in the YZ plane 

down the centre line of the brackets, the boundary condition, 156, was applied to the 

edge nodes of the brackets on the YZ plane.  This same boundary condition was also 

applied to the edge nodes on the ribs and pans of the cladding panels as shown in 

Figure 7.11.  Symmetry of the XY plane was also used for the longitudinal wind and 

live load cases. 
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Figure 7.13 Cladding to Bracket Connection Details of S-B Model 

 

Figure 7.14 Shell Thickness for Brackets and Cladding of S-B Model 
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7.8.3 Strip Model with Complex Contact (Code S-C) 

Unlike the previous two simplified model types (S-N and S-B models), the S-C 

model accurately models the overlap of the cladding panels and the cladding to 

bracket connection as separate entities, and therefore no symmetry could be used 

along the center line of the ribs of the cladding panels.  This results in a complex 

model that consists of top cladding panels, bottom cladding panels, and brackets (see 

Figure 7.15).   

 

Figure 7.15 Mesh and Material Thickness of Cladding Panels and Brackets 

As each of these components was modelled as separate entities, the nominal base 

metal thicknesses of these components were used (0.42 mm for all cladding panels 
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and 1.5 mm for the brackets).  This model type contains about twice the number of 

elements as the S-N and S-B models as two sets of ribs are modelled with a fine 

mesh for the model type. 

 

Figure 7.16 Contact Details of Bracket to Bottom Cladding Connection 

 

 

Figure 7.17 Contact Details of Bottom Cladding to Top Cladding Connection 

To construct this model, the brackets were placed in contact with the bottom 

cladding panels, and the ribs of the top claddings were placed in contact with the ribs 
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of the bottom claddings.  The details of the bracket to bottom cladding contact, and 

the details of the bottom cladding to top cladding contact are shown in Figure 7.16 

and Figure 7.17, respectively. 

 

Figure 7.18 Assembled View and Boundary Conditions of S-C Model 

As for the S-B model, MPC tie elements were used to simulate the bolted 

connections (details of the tie element can be found in Section 7.3).  Figure 7.18 

shows the assembled view of the S-C model.  A close up view of the knee connection 

details is shown in the insert.  Approximately 60 MPC tie elements were used in this 

model, including tie elements to simulate the bolted connections used in the middle 

of the cladding ribs to bolt the two cladding panels together.  The mesh details are 

also shown in Figure 7.18.  As for the other two strip models, a fine mesh (5 mm x 
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10 mm) was provided on the ribs at the end of the cladding panels.  A coarser mesh 

(approximately 100 mm x 100 mm) was used in the pans of the cladding, with 

triangular elements used in the transition zone from the fine to coarse meshes.  For 

the brackets, a fine mesh (5 mm x 10 mm) was used.   

 
The boundary conditions applied to the S-C model are shown in Figure 7.18.  As for 

the previous strip models, a fixed base connection was provided to the ends of the 

base brackets (123456).  Symmetry in the YZ plane (156) was used along the edges 

of the top and bottom cladding panels as indicated in Figure 7.18.  For the 

longitudinal and live load cases, symmetry of the XY plane (345) was used to model 

just half of the cross wind model. 

7.9 Full Models (Model Type 2) 

To more accurately model the effects of diaphragm action, three types of ‘full’ 

models were created.  The ‘full’ models modelled the full building system unlike the 

‘strip’ models which only modelled one ribbed section of the building system.  

Symmetry was used for each load case where appropriate so that the total number of 

elements used could be kept to a minimum; however, some of these models still 

contained over 200,000 elements, which had a significant effect on the analysis time.  

Using the same approach that was used for the ‘strip’ models, a number of different 

‘full’ models were created.  These were the F-N model (‘full’ model with no contact) 

and the F-B model (‘full’ model with basic contact).  The F-C model (‘full’ model 

with complex contact) was created and the estimated analysis time was 10,000+ hrs 

(417 days) on QUT’s super computer.  More details of the F-N, F-B and F-C models 

are given in the following sections. 

7.9.1 Full Model with no Contact (Code F-N) 

The F-N model is a simplified model that uses the same basic assumption that was 

made for the S-N model (‘strip’ model with no contact).  That is, the cladding and 

the brackets of the MGA building system are one entity.  As a result of this 

assumption, the overlapping of the cladding panels and the bracket to cladding 

connections are one entity and therefore, no contact surfaces are required.  This 

greatly reduces the analysis time.  As for the S-N model, the shell elements in the 
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regions of the overlapped ribbed sections of the cladding were given a shell thickness 

of 0.84 mm.  For the regions that contained the brackets, a shell thickness of 1.5 mm 

was provided for the same reasons given in Section 7.8.1.  The thickness of the 

overlapping cladding panels was not included in the bracket regions for the same 

reason as discussed for the strip model.  The remaining elements were given a 

material thickness of 0.42 mm.  These shell thicknesses can be seen in Figure 7.19.  

It should be noted that the opening of the MGA building system was not included 

into any of the analytical models.  The primary reason for this exclusion was to not 

over complicate the analytical models, and significantly increase the analysis time. 

 

Figure 7.19 Shell Thickness Details of F-N Model 

Figure 7.20 shows the overall mesh used for the F-N model.  Using the same 

principles used for the S-N model, a fine mesh (5 mm x 10 mm) was provided in the 

areas where the brackets were located.  This dense mesh was also continued for 200 

mm past the ends of the brackets to accurately simulate these high stress regions.  A 
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coarse mesh was used for the pans of the cladding panels.  Triangular elements were 

also used for the transition from the dense to coarse mesh. 

 
The boundary conditions applied to the F-N model for the cross wind load case are 

also shown in Figure 7.20.  For this load case symmetry in the YZ plane (156) has 

been applied to the symmetry edges of the model as indicated.  Fixed base 

connections (123456) have been applied to free nodes of the elements that represent 

the base brackets. 

  

Figure 7.20 Mesh and Boundary Condition Details for Cross wind Load Case 

For the live load case, symmetry was also used in the XY plane (345) as indicated in 

Figure 7.21, ie. Quarter model.  Symmetry in the YZ plane (156) and fixed base 

conditions (123456) were also used.  Symmetry in both the XY and YZ planes could 

be used as the building and the load case were symmetric.  This was not the case for 

the longitudinal wind load case.  Only symmetry in the XY plane could be used as 

the load case was not symmetrical (see Figure 7.22).  Fixed base connections were 

also used for both the live load and longitudinal wind load cases. 
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Figure 7.21 Mesh and Boundary Condition Details for Live Load Case 

 

           

Figure 7.22 Mesh and Boundary Condition Details for Longitudinal Wind 
Load Case 

Symmetry XY  
Plane (345) 

Fixed Base 
Connections (123456) 

Symmetry XY Plane 
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Symmetry YZ Plane 
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During the modelling of the F-N model it was necessary to model the gable end walls 

of the model as a separate surface as a result of misalignment of nodes due to the 

geometry of the structure. Therefore, to connect the top end of the gable end walls to 

the remainder of the structure, MPC tie elements were used to simulate the bolted 

connections used for the experimental structure (refer to Section 7.3 for details of tie 

elements).  A zoomed in view of the MPC tie elements can also be seen in Figure 

7.23. 

 

 

Figure 7.23 Close-Up View of Gable End Wall Connection 

7.9.2 Full Model with Basic Contact (Code F-B) 

Using the same simplifications that were used for the S-B model, the F-B model 

assumes that the overlapped ribbed sections of the cladding panels are modelled as 

Tie MPC’s 
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one entity.  The brackets however, are modelled as separate entities and contact 

surfaces were required.  MPC tie elements were also used to simulate the bolted 

connections.  Symmetry similar to that used for the F-N model was also used where 

appropriate, depending on the load case.  Figure 7.24 shows the mesh and boundary 

conditions for both the brackets and the cladding panels.   

 

 

Figure 7.24 Mesh and Boundary Conditions of Brackets and Cladding (F-B 
Model) 

Brackets 
 
Fixed Base Connections 
(123456) 

Symmetry YZ Plane 
(156) 

Cladding 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    245 

As for the previous models, fixed base connections were provided at the base 

brackets.  For the cross wind load case shown in Figure 7.24, symmetry in the YZ 

plane was used along the symmetry edges of the brackets and cladding as indicated.  

The symmetric load conditions for the live load and longitudinal wind load case are 

similar to those used for the F-N models and can be seen in Figure 7.21 and Figure 

7.22, respectively. 

 
Figure 7.25 shows an overall view of the mesh for the F-B model with the MPC tie 

elements (MPC elements can be seen by the small pink circles).  The MPC tie 

element connections are similar to those used in the S-B model and a close up view 

can be seen in Figure 7.13.  In total, over 300 MPC tie elements were used in this 

model to simulate the bolted connections (refer to Section 7.3 for details of tie 

element).   

 

Figure 7.25 Overall View of Model with MPC Elements for Cross wind Load 
Case 
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As for all the previous model types, a fine mesh (5 mm x 10 mm) was provided for 

the brackets.  This same mesh density was provided on the surfaces of the cladding 

that were in contact with the brackets, and for 200 mm past these areas.  A coarser 

mesh (approximately 100 mm by 100 mm) was used for the pans of the cladding.  

Triangular STRI35 elements were used for the transition from the fine to coarse 

mesh areas.  For the cross wind load case shown in Figure 7.25, over 200,000 shell 

elements were used. 

 
As the F-B model consisted of the full building system, many contact surfaces were 

required between the brackets and the cladding panels.  Figure 7.26 shows the details 

of the master surfaces on the brackets and the slave surfaces on the cladding panels.  

In total 47 contact surface groups were used.  This resulted in a complex model that 

was very time consuming to create and extremely time consuming to analyse.  

 

 

Figure 7.26 Contact Details of Bracket to Cladding Connections (F-B Model) 

The shell thicknesses used for the F-B model are shown in Figure 7.27.  As used in 

the S-B model, the brackets were given a shell thickness of 1.5 mm.  Similarly, the 

overlapped ribbed sections of the cladding were given a shell thickness of 0.84 mm, 

and for the pans of the cladding, a shell thickness of 0.42 mm was used. 

 

 

Slave surfaces on 
cladding 

Master surfaces 
on brackets 
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Figure 7.27 Shell Thicknesses for Brackets and Cladding (F-B Model) 

7.9.3 Full Model with Complex Contact (Code F-C) 

Similar to the strip model with complex contact (model type S-C), the F-C model 

accurately models the overlap of the cladding panels and the cladding to bracket 

connection as separate entities.  The complete structure is also modelled to include 

the effects of diaphragm action.  This results in an extremely large, complex model 

that consists of top cladding panels, bottom cladding panels, brackets and end walls. 

 

Figure 7.28 Assembled View of F-C Model 

Rib Thickness 
0.84 mm 

Pan Thickness 
0.42 mm 

Bracket Thickness 
1.5 mm 
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As for the S-C model the nominal base metal thickness of the cladding panels was 

0.42 mm and 1.5 mm base metal thickness was used for the brackets.  The only 

boundary conditions applied to this model were to the base brackets (fixed base 

conditions 123456).   

 
To construct this model, the brackets were placed in contact with the bottom of the 

cladding panels, and the ribs of the top cladding panels were placed in contact with 

the ribs of the bottom cladding panels.  The details of the bracket to bottom cladding 

contact and the details of the bottom cladding to top cladding contact are similar to 

that used for the strip model with complex contact (model S-C) and can be seen in 

Figure 7.16 and Figure 7.17, respectively. 

 
MPC tie elements were used in this model to simulate the bolted connections used in 

the middle of the cladding ribs to bolt the two cladding panels together as well as the 

bolted connections of the cladding panels to the moment resisting brackets.  In total, 

over 600 MPC elements were used.  As for the other two full models, a fine mesh (5 

mm x 10 mm) was used on the ribs and the end of the cladding panels.  A coarser 

mesh (approximately 100 mm x 100 mm) was used in the pans of the cladding 

panels, with triangular elements used in the transition zone from the fine to coarse 

meshes.  For the brackets a fine mesh was used (5 mm x 10 mm).  The F-C model 

contained approximately 1,000,000 elements. 

 
This model was extremely large and the analysis time required was estimated to be in 

the vicinity of 60 weeks on the QUT High Performance Super Computer.  As a 

result, this model was not run on the QUT super computer.  A small amount of time 

was granted on the Super Computer at the Australian National University in 

Canberra, and the Abaqus input file was submitted a run for a period of 48 hrs.  

During the analysis time no errors were reported and the model appeared to run 

successfully.  However, with the limited time available on the Australian National 

University computer, it was not possible to completely run the model, and as a result, 

no analytical results for this model are included in the following sections. 
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8 Finite Element Analysis Results 

8.1 General 

This section contains a discussion and comparison of the experimental and analytical 

results for the finite element models discussed in Chapter 7.  The following 

discussion will primarily focus on the cross wind load case, as this load case most 

clearly demonstrates the advantages and disadvantages of each of the various model 

types, without overwhelming the reader with a plethora of results.  Results from the 

live load and longitudinal wind load cases are also discussed to reinforce the results 

of the cross wind load case or to demonstrate a new point of information not seen for 

the cross wind load case.   

 
The discussion of the finite element analysis results has been divided into two major 

sections.  The first major section contains the comparisons of the non-destructive test 

results with the nonlinear finite element analyses, and the second major section 

contains the comparison of the destructive test results with the nonlinear finite 

element analysis results. 

 
For the non-destructive test results comparison, only results for deflections and 

membrane stresses up to 60% of the design wind load are compared and discussed.  

This is due to the fact that the non-destructive experimental tests only included 

results up to 60% of the design wind speed due to a cladding failure that occurred 

during testing (discussed in Chapter 5).  However, the comparison of these results is 

still sufficient to gain a significant and meaningful comparison between the 

experimental and analytical results as is discussed in the following sections.   

 
After the discussion of the comparison between the non-destructive experimental and 

nonlinear analytical results, it will become evident that out of the various analytical 

models created (as discussed in Chapter 7), the most suitable analytical model to 

simulate the experimental results is the ‘strip model with complex contact’.  As a 

result, for the comparison of the analytical and experimental results for the 

destructive loads case, only the ‘strip model with complex contact’ has been used, 

and hence, only results for this model type are included in the ‘Destructive Test 

Results’ Section. 
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8.2 Comparison of Non-Destructive Test and FEA Results 

8.2.1 Deflection Results 

8.2.1.1 Cross wind Deflection Results 

Experimental and nonlinear finite element analytical deflection results for the 

windward knee, apex and leeward knee brackets are compared and a number of 

observations are made and discussed.  Figure 8.1 compares the average experimental 

vertical apex deflection with the analytical results (in figure, “Applied Load/Design 

Load” is a ratio of the applied load to the design load resulting from a design wind 

speed of 41 m/s).  It is seen that the ‘No Contact’ and the ‘Basic Contact’ models (S-

N, S-B, F-N and F-B models) significantly underestimated the experimental 

deflection (25 mm, 29 mm, 29 mm and 34 mm, respectively, compared with 68 mm 

for the experimental value).  However, it is shown that the ‘Strip Model with 

Complex Contact’ (S-C model) more closely matched the experimental deflection 

(52 mm compared with 68 mm deflection).  This indicates that the assumption used 

for the ‘No Contact Model’ and ‘Basic Contact Models’ (overlapped ribs of the 

cladding having an equivalent material thickness double to that of the cladding 

panels) results in both types of these models having a greater stiffness than the 

experimental test structure. 
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Figure 8.1 Cross Wind Vertical Apex Deflection 
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Figure 8.2 Cross Wind Windward Knee Deflection 

A similar trend was seen for the horizontal windward knee deflections shown in 

Figure 8.2 where the ‘No Contact Models’ and ‘Basic Contact Models’ have less 

deflection (7-17 mm) than the ‘Strip Model with Complex Contact’ (S-C model, 29 

mm deflection).  It is also shown for the windward knee deflection that the ‘S-N’, ‘S-

B’ and ‘S-C’ models deflected further than the ‘F-N’ and ‘F-B’ models, which was a 

result of the ‘Full’ models including the effects of diaphragm action, reducing the 

total horizontal deflection.  The importance of including the effects of diaphragm 

action was particularly seen for the leeward knee deflection.   
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Figure 8.3 Cross Wind Leeward Knee Deflection 
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Figure 8.3 shows that for the horizontal leeward knee deflection, the ‘Strip’ models 

(S-N, S-B or S-C models) cannot predict the direction of the sway of the 

experimental test building (-5.5 mm and -7.9 mm, respectively, compared with 11.2 

mm for the experimental result) as a result of not including the effects of diaphragm 

action.  However, both the ‘Full’ models (F-N and F-B models) which include the 

effects of diaphragm action can predict the direction of the horizontal deflection of 

the leeward knee bracket.  Thus, for the analytical models to accurately simulate the 

sway of the testing structure, the effects of diaphragm action must be included in the 

analytical models. 

 
It can also be seen that the analytical models presented in the previous sections do 

not accurately simulate the experimental deflections.  This is a result of not 

adequately simulating the correct structural stiffness of the experimental structure.  

To accurately simulate the stiffness of the experimental structure, an analytical 

model which includes both the effects of diaphragm action (eg. ‘Full’ model) and 

actual contact conditions (‘Complex Contact’ model) must be created.  If such a 

model was able to be created, it would more accurately simulate the experimental 

deflection results. 

 
Predicted results of such a model can be calculated from the results of the analytical 

models presented above.  The calculation can be made by multiplying the deflection 

results of the ‘F-B’ model by the factored increase in deflection from the ‘S-B’ 

model to the ‘S-C’ model.  Predicted deflection results for a Full model with 

Complex Contact are contained in Table 8.1.  It must be noted that these deflections 

are only approximations.  However, it can clearly be seen that an ‘F-C’ model would 

better predict the experimental results. 

Table 8.1 Predicted Deflection for ‘F-C’ Model 

DEFLECTIONS (MM) 

Model Type ‘S-B’ ‘S-C’ Increase ‘F-B’ ‘F-C’ Exp 

Windward Knee -17 -29 71 % -7 -12 -17 

Apex 29 52 80 % 34 61 69 

Leeward Knee -6 -8 34 % 6 8 11 
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8.2.1.2 Longitudinal Wind Deflection Results 

Experimental and FEA deflection results for the knee and apex brackets are 

compared and a number of observations are made and discussed.  Figure 8.4 and 

Figure 8.5 compare the average experimental vertical apex deflection and horizontal 

knee deflections, respectively, with the FEA results.  Following a similar trend to the 

cross wind results, it is seen that the ‘No Contact’ and the ‘Basic Contact’ models (S-

N, S-B, F-N and F-B, models) significantly underestimated the experimental 

deflection for both the vertical apex and horizontal knee deflections.  However, as 

was seen for the cross wind results, the ‘Strip Model with Complex Contact’ (S-C 

model) more closely matched the experimental deflection (68 mm compared with 71 

mm for the vertical apex deflection, and -13.2 mm compared with -16.8 mm 

deflection for the horizontal knee deflection).   
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Figure 8.4 Longitudinal Wind Vertical Apex Deflection 

These results support the conclusion that the models with ‘No Contact’ and ‘Basic 

Contact’ are stiffer than the experimental test structure, and to accurately model the 

experimental deflections it is necessary to model the overlapping of the cladding 

panels.  However, the results for the longitudinal wind load case show that the 

modelling of the ‘Full’ model does not have a great effect on the displaced shape of 

the overall structure, unlike the cross wind results which are significantly affected by 

the effect of diaphragm action from the end wall of the structure.  As a result, it is not 

as important as in the cross wind load case to include the effects of diaphragm action 

for the longitudinal wind load case. 
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Figure 8.5 Longitudinal Wind Horizontal Knee Deflection 

8.2.1.3 Live Load Deflection Results 

Following a similar trend to the longitudinal wind deflection results, it can be seen 

that only the deflections of the ‘Simple’ model with ‘Complex Contact’ can 

accurately simulate the experimental live load deflections (up to 40% of the design 

load case, refer to Figure 8.6).  These results confirm the importance of including the 

overlap of the cladding panels in the finite element models.   
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Figure 8.6 Live Load Vertical Apex Deflection 
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It should be noted however, that the rate of increase of the experimental deflection 

above the 40% design load is high.  This was due to local buckling of the cladding 

panels which occurred during the full-scale testing.  As was seen in the longitudinal 

wind results, the need to analyse the test structure with a ‘Full’ model was not as 

important as including the overlap of the cladding panels. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10
Deflection (mm)

Ap
pl

ie
d 

Lo
ad

/D
es

ig
n 

Lo
ad

S-C Exp

F-B S-B

S-N F-N

 

Figure 8.7 Live Load Horizontal Knee Deflection 

8.2.2 Membrane Stress Results 

8.2.2.1 Cross Wind Membrane Stress Results 

Analytical membrane stresses in the longitudinal direction of the ribs and flanges of 

the windward base, windward knee, apex, leeward knee and leeward base brackets 

have been compared with experimental results to investigate the adequacy of the 

analytical models to accurately simulate the stress behaviour of the experimental test 

structure.  Membrane stresses for the windward and leeward base brackets are shown 

in Figure 8.8 and Figure 8.9, respectively.   
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Figure 8.8 Cross Wind Membrane Stresses for the Windward Base Bracket 

It can be seen that with up to 60% of the design load, the stress behaviour of both the 

experimental test structure and the analytical model typically follows a linear trend.  

Figure 8.8 shows that the analytical membrane stresses for the windward base 

bracket have a reasonable agreement with the measured experimental results.  It can 

also be seen that analytical results from the ‘Strip’ models are greater than those 

from the ‘Full’ model which is a result of the greater sway found in the ‘Strip’ 

models (see Figure 8.2).  A similar trend was also observed for the windward knee 

bracket (see Figure 8.10).   
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Figure 8.9 Cross Wind Membrane Stresses for the Leeward Base Bracket 

It was found that for the windward base and knee brackets, that the ‘Strip’ models 

with basic and complex contact conditions typically gave the most conservative 

(greatest) results, which were typically greater than the experimental values.  This 

over calculation of the rib and flange membrane stresses is a result of the strip 

models over predicting the horizontal deflections of the windward knee, which is a 

result of these models not taking into account the effects of diaphragm action and 

load sharing between adjacent ribs. 
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Figure 8.10 Cross Wind Membrane Stresses for the Windward Knee Bracket 

Similarly for the leeward base brackets (see Figure 8.9), the ‘Strip’ models could not 

simulate the experimental results.  Only the ‘Full’ models could adequately predict 

the direction of the experimental membrane stresses.  Once again, this is a result of 

only the ‘Full’ models being able to predict the correct direction of the sway of the 

leeward wall (see Figure 8.3). 
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Figure 8.11 Cross Wind Membrane Stresses for the Leeward Knee Bracket 

Figure 8.11 contains the membrane stress results for the leeward knee bracket.  As 

for the windward knee bracket, the analytical stresses typically follow a linear trend.  

It can be seen particularly for the rib stresses that the ‘Full’ models more accurately 

simulate the experimental stresses.  However, it can be seen that neither the ‘Full’ 

nor ‘Strip’ models follow the experimental flange stresses.  This is a result of the 

experimental flange stresses changing from a tensile stress to a compressive stress, 

which is due to an unknown mechanism. 
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Figure 8.12  Cross Wind Membrane Stresses for the Apex Bracket 

This mechanism could be due to load being shed into adjacent ‘frames’, or the result 

of the leeward knee bracket shifting slightly.  A similar trend was also observed for 

the experimental rib and flange stresses for the apex bracket (see Figure 8.12).  It can 

be seen for both the rib and flange experimental membrane stresses that a reduction 

in the rate of increase of the membrane stresses occurs.  As for the leeward knee 

bracket, this is likely to be due to load shedding into adjacent ‘frames’, or 

redistribution of stress from the apex bracket into the leeward knee bracket due to 

local movement of the apex bracket. 
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8.2.2.2 Longitudinal Wind Membrane Stress Results 

Analytical membrane stresses in the longitudinal direction of the ribs and flanges of 

the base, knee, and apex brackets were compared with experimental results to 

investigate the adequacy of the analytical models to accurately simulate the stress 

behaviour of the experimental test structure for the longitudinal wind load case.  

Membrane stresses for the base and knee brackets are shown in Figure 8.13 and 

Figure 8.14, respectively.  Similar to the cross wind results, it can be seen that with 

up to 60% of the design load the stress behaviour of both the experimental test 

structure and the analytical model generally follows a linear trend.   
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Figure 8.13 Longitudinal Wind Membrane Stresses for the Base Bracket 
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Figure 8.14 Longitudinal Wind Membrane Stresses for the Knee Bracket 

Figure 8.13 shows that the analytical membrane flange stresses for the base bracket 

have a reasonable agreement with the measured experimental results.  A similar trend 

was observed for the rib stresses for the knee brackets.  However, the rib stresses for 

the base bracket (see Figure 8.13) and the flange stresses for the knee bracket (see 

Figure 8.14), are highly variable depending on each model type.  As was seen for the 

deflection results, it is found that the ‘Simple’ model with ‘Complex’ contact most 

accurately simulates the flange and rib stresses for the base and knee brackets.  

Similar results can be seen for the apex bracket in Figure 8.15. 
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Figure 8.15 Longitudinal Wind Membrane Stresses for the Apex Bracket 

8.2.2.3 Live Load Membrane Stress Results 

Live load results for the flange and rib stresses for the base, knee and apex brackets 

are shown in Figure 8.16, Figure 8.17 and Figure 8.18, respectively.  Similar to the 

cross wind and longitudinal wind results, it can be seen that with up to 60% of the 

design load the stress behaviour of both the experimental test structure and the 

analytical model generally follows a linear trend.  The figures show that the 

analytical membrane flange and rib stresses for the base, knee and apex brackets 

have a reasonable correlation with the measured experimental results.  Unlike the 

results for the wind load cases and particularly the cross wind load case, it is shown 
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that the different levels of contact conditions are less significant to the analytical 

stress results for the base bracket.  This is not the case for the knee bracket results 

which vary significantly with each model type (see Figure 8.17).  This trend was also 

observed for the apex flange stress. 
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Figure 8.16 Live Load Membrane Stresses for the Base Bracket 
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Figure 8.17 Live Load Membrane Stresses for the Knee Bracket 
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Figure 8.18 Live Load Membrane Stresses for the Apex Bracket 

8.2.2.4 Discussion of Buckling Mode 

During the full-scale test program, local buckling deformation of the cladding panels 

at the windward knee brackets was observed and resulted in a local buckling of the 

knee bracket to cladding connection (see Figure 8.19 and Chapter 5).  A comparison 

of the local deformations of the top cladding panel of the ‘Strip” model with complex 

contact (S-C model) was made with the experimental deflected shape for the cross 

wind load case.   
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Figure 8.19 shows that a good correlation between the experimental and analytical 

deflected shape of the windward knee bracket was achieved.  A comparison of the 

analytical and experimental membrane stresses of the top cladding panel at a location 

of 100 mm below the bolted connection has also been made in Figure 8.20.  This 

figure shows that the analytical results are slightly greater than the experimental 

results which are a result of the increased sway of this model as the effects of 

diaphragm action were not included.  However, a reasonable correlation between 

results can still be seen, indicating that the ‘S-C’ model was capable of simulating 

the first failure mode of the experimental test building.  It should be noted that a 

comparison was not made with the models with no contact or basic contact as these 

models have an increased cladding thickness, and therefore are not capable of 

simulating this buckling mode due to their cladding thicknesses. 

 

`  

Figure 8.19 Experimental and Analytical Local Buckling Deformation 
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Figure 8.20 Membrane Stress in Rib of Wall Cladding Panel 

8.2.3 Summary of Non-Destructive Model Results 

This chapter has discussed and compared the results of the finite element models 

discussed in Chapter 7 with the experimental results of the non-destructive tests.  The 

comparisons of the analytical and experimental results have shown that the ‘Strip’ 

models (S-N, S-B and S-C models) overestimate the sway of the windward wall, and 

do not simulate the direction of the sway of the leeward wall for the cross wind load 

case.  This was a result of the ‘Strip’ model’s inadequacy when taking into account 

diaphragm action which is present in the experimental test structure.  A similar trend 

was also seen for the windward base and knee stresses, where the results from the 

‘Strip’ models were typically greater than the experimental and ‘Full’ model’s (F-N 

and F-B models) results as a result of the overestimation of the sway of the structure. 

 
The effects of ‘Strip’ models not being able to simulate the effects of diaphragm 

action was also seen in the leeward knee bracket deflection results.  It was found that 

the ‘Strip’ models were not able to simulate the direction of sway of the experimental 

structure, whereas the ‘Full’ models which included the effects of diaphragm action 

could simulate the direction of the experimental sway.  Thus, it can be concluded, 

that for a finite element model to accurately simulate the sway and stresses of the 

experimental test structure for the cross wind load case, diaphragm action must be 

included, hence, a ‘Full’ model is necessary.  However, it was shown that for the 

longitudinal wind and live load cases, the use of a ‘Full’ model had less impact on 

the experimental results. 
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It was also observed from the comparison of the experimental and analytical results 

that not only the type of model (ie. ‘Strip’ model or ‘Full’ model) had a significant 

influence on the analytical results for the cross wind load case but also the 

complexity of the model (ie. No Contact, Basic Contact and Complex Contact).  This 

was particularly seen for the windward knee deflections for the cross wind load case.  

The results showed that as the models included greater detail of the overlapping of 

the cladding panels and brackets, that the analytical models became more flexible 

and had a more accurate correlation with the experimental results.  This trend was 

generally true for all load cases. 

 
This trend was expected as the models with no contact conditions (S-N and F-N 

models) assume that the overlap of the ribs of the cladding act compositely and that 

the overlap of the cladding and the brackets have perfect fixity.  Similarly, for the 

models with basic contact conditions (S-B and F-B models), the models assume that 

the overlap of the ribs of the cladding panels act compositely.  The experimental test 

results concluded that the overlap of the cladding panels do not act compositely, and 

therefore, to accurately simulate the flexibility of the MGA test structure, full contact 

conditions are required.  The only model which included full contact conditions that 

accurately modelled the overlapping of the cladding panels was the ‘S-C’ model, and 

therefore, this model typically had greater deflection and stress results than that of 

the ‘S-N’ and ‘S-B’ models. 

 
It was also shown that the ‘S-C’ model was also capable of predicting the failure 

mode of the test structure and accurately simulates the buckled shape of the cladding 

panels at the windward knee of the structure that was observed during the full-scale 

tests.  Neither one of the models with no contact or basic contact conditions was 

capable of simulating the buckled shape of the cladding panels as a result of the 

increased thickness of the ribs of the cladding panels (twice the cladding thickness to 

represent the overlap of the ribs). 

 
It becomes clear from the above discussion that a ‘Full’ model with ‘Complex 

Contact’ conditions (‘F-C’ model) needs to be created to accurately predict the sway, 

flexibility, stresses and the failure mode of this complex building system.  Such a 

model was created and discussed in Chapter 7.  However, due to the number of 

elements, contact surfaces and MPC elements used, the model was extremely large 
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and a significant amount of processing power and time was required to run this 

model.  It was not possible to gain sufficient access to a super computer that had the 

resources to run such a large finite element model.  Therefore, no results of this 

model have been included in this thesis. 

 
It should be noted however, that when considering the lack of tolerance with the way 

the MGA test structure was both manufactured and constructed (as described in 

Chapter 3), when compared with the precision in which the finite element models 

have been created, there will be an inherent discrepancy between the experimental 

and analytical results.  When taking the above point into consideration, the finite 

element analysis results in general have a good correlation with the experimental 

results.  It is believed that the finite element models and analysis techniques 

described in Chapter 7 can be used to modify and improve the efficiency of the MGA 

building system, as well as develop other innovative cold-formed building systems. 

8.3 Comparison of Destructive Tests and FEA Results 

8.3.1 General 

As discussed in the beginning of this chapter, this section only contains results of a 

comparison between the experimental destructive test results, and the finite element 

analysis results for the ‘strip model with complex contact’ conditions.  The decision 

to use the ‘strip model with complex contact’ to simulate the experimental test results 

was based on the findings of the previous section of this chapter.  The advantage of 

only using one model type to simulate the experimental destructive test results is that 

it has significantly reduced computational requirements and time, and reduced time 

spent in comparing experimental results with numerous analytical results for many 

model types.  Such a comparison of analytical and experimental results for the 

various model types as described in Chapter 7 would be pointless, as the previous 

section clearly demonstrated that the ‘strip model with complex contact’ is the most 

suitable model created and able to be analysed for a cross wind load case.  As a 

result, the ‘strip model with complex contact’ was used for the experimental 

destructive test. 
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8.3.2 Deflection Results 

Experimental deflection results for the apex, windward knee and leeward knee 

brackets are compared with the analytical results for the ‘strip model with complex 

contact’, and are discussed next.  Figure 8.21 contains the comparison for the vertical 

deflection of the apex bracket.  Following a similar trend as observed with the non-

destructive test comparison, it can be seen that the ‘strip model with complex 

contact’ under-estimates the experimental vertical deflection.  Another important 

observation from Figure 8.21 is that the analytical model only ran up to 84% of the 

design load case.  This was due to the top cladding failure of the windward knee 

bracket that occurred during this analytical time step (refer to Section 6.4 for more 

details).  This failure created a geometric instability of the ‘strip model with complex 

contact’ and as a result, no further time steps were achieved.  All of the analytical 

results contained in this section only reach a time step of 84% of the design load.  

This trend can also be seen in the deflection comparison for the windward knee and 

leeward knee brackets (see Figure 8.22 and Figure 8.23, respectively). 
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Figure 8.21 Destructive Test Case Vertical Apex Deflections 

Figure 8.22 contains the deflection comparison for the windward knee bracket and 

shows that the analytical results are approximately 100% greater than the 

experimental results (21 mm at 80% of the design load for the experimental results 

and 39 mm for the analytical results).  This follows a similar trend as seen with the 

non-destructive test comparison for the ‘strip model with complex contact, and hence 

was expected.  As discussed in the previous sections, the overestimation of the 

horizontal windward knee deflection is due to the fact that the ‘strip model with 

complex contact’ does not include the effects of diaphragm action, and as result, it 
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does not accurately simulate the horizontal knee deflection.  This can be particularly 

seen in the results for the horizontal leeward knee deflection (see Figure 8.23). 
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Figure 8.22 Destructive Test Case Windward Knee Deflections 
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Figure 8.23 Destructive Test Case Leeward Knee Deflections 

Figure 8.23 shows that the analytical ‘strip model with complex contact’ was not 

able to predict the experimental deflection.  This was also seen for the cross wind 

results for the non-destructive test comparison, and once again, is a result of the 

‘strip model with complex contact’ not including the effects of diaphragm action.  

Even though this analytical model was not capable of simulating the experimental 

results for the leeward knee bracket, Section 8.2 clearly demonstrated that it is the 

most appropriate model to simulate both the higher stress regions of the MGA test 

structure (windward side of structure) and the failure modes (with the exception of a 

‘full model with complex contact’).  However, this inability of the ‘strip model with 

complex contact’ to accurately simulate the leeward knee bracket deflections is one 
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shortcoming of this model, and the results from the leeward side of the structure 

should be used with caution and engineering judgement. 

8.3.3 Membrane Stress Results 

Experimental longitudinal membrane stresses of the ribs and flanges for the 

windward base, windward knee, apex, leeward knee and leeward base brackets are 

compared with the analytical results from the ‘strip model with complex contact’.  

Figure 8.24 and Figure 8.25 contain the results for the windward and leeward base 

brackets. 
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Figure 8.24 Destructive Test Case Membrane Stresses for Windward Base 
Bracket 

The analytical membrane stress results for the windward base bracket followed a 

similar trend to the experimental results; however, generally the analytical results 

were greater than the experimental results.  This was a result of the analytical model 

predicting a greater sway of the windward side of the MGA test structure than the 
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experimental test.  The analytical membrane stress results significantly differ from 

the experimental results for the leeward base bracket.  This trend was not unexpected 

and was also seen with the non-destructive test results comparison, and is a result of 

the ‘strip’ model not being able to accurately predict the sway for the leeward side of 

the MGA test structure. 
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Figure 8.25 Destructive Test Case Membrane Stresses for Leeward Base 
Bracket 

Figure 8.26 contains the results for the windward knee bracket and shows that the 

analytical model follows a similar trend to the experimental test, however, as for the 

windward base bracket, the analytical results were greater than the experimental 

values (approximately 25% greater for the rib stresses and approximately 33% for 

the flange stresses).  Once again this is due to the greater predicted sway of the 

analytical model.  Because of the plastic hinge that was formed at the windward knee 

bracket at a load step of 84% of design load (see Section 6.4), it would be expected 

that the membrane stresses should significantly reduce for both the rib and flange of 
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the windward knee bracket at this time step.  This result is not seen in the analytical 

results, as the finite element model has difficulty in converging to a solution due to 

this global instability.  However, as this failure occurred in the analytical model, the 

start of a hinge was formed at the lower side of the knee bracket in the cladding 

panels (see Section 6.4).  This hinge will cause the windward knee bracket to rotate 

and redistribute a portion of load back to the windward base bracket.  This 

redistribution of load should be seen as a rapid increase in both the rib and flange 

stresses in the windward base bracket results (see Figure 8.24).  This trend is not seen 

and is expected to be due to the analytical model having difficulty converging to a 

solution due to the start of the formation of a plastic hinge at the windward knee 

bracket. 
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Figure 8.26 Destructive Test Case Membrane Stresses for Windward Knee 
Bracket 
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However, this trend is also seen for the experimental results.  The failure on the 

cladding panels during the experimental test occurred at 90% of the design load case.  

This was likely to be due to the fact that the experimental test structure could 

redistribute some portion of load in the central frame into the adjacent frames, and 

hence, results in the MGA test structure being able to carry a greater load than the 

analytical model which did not include the effects of diaphragm action resulting in an 

earlier failure.  It is worth noting from Figure 8.24 that the experimental rib and 

flange stresses of the windward base bracket did not significantly increase after the 

cladding failure as was expected for the analytical results.  This was also likely to be 

due to the fact that the MGA test structure was able to redistribute load to adjacent 

frames.  The analytical model is not capable of doing this as there were no adjacent 

frames, and as a result, it was expected that the analytical model would have to 

redistribute load back to the windward base bracket.  More details of this cladding 

failure will be discussed in the following section of this chapter. 
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Figure 8.27 Destructive TestCase Membrane Stresses for Leeward Knee 
Bracket 
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Figure 8.27 contains the membrane rib and flange stress results for the leeward knee 

bracket.  As for the leeward base bracket results, the analytical results do not fully 

correlate well with the experimental results, particularly for the flange membrane 

stress results.  As discussed for the leeward knee bracket results, this is due to the 

inability of the ‘strip model with complex contact’ to accurately simulate the sway of 

the MGA test structure.  It should also be noted that only results up to 60% of the 

design load for the experimental load case have been included due to the strain gauge 

failures that occurred at the leeward knee bracket after this load step (refer to Chapter 

6 for more details). 

 
The rib and flange membrane stress results for the apex bracket are shown in Figure 

8.28 and it can be seen that the experimental stress results are quite erratic.  As 

discussed in Chapter 6, the erratic behaviour of the stress results was likely to be due 

to the apex bracket results being sensitive to any failures that occurred during the 

loading of the MGA test structure.  This can particularly be seen in the rib stress 

results at the 90% load step where the membrane stresses suddenly reduce.  This was 

the same load step where the cladding failure at the windward knee bracket occurred.  

The analytical results follow a somewhat similar trend to the experimental results up 

to the point where the cladding failure occurred and have a reasonable correlation 

when considering the imperfections of fabrication and erection in the MGA test 

structure.   

 
Following the same trend as seen in the windward base bracket results, a sudden 

increase in the rib and membrane stresses at the 84% load step were not observed in 

the analytical results (see Figure 8.28).  As discussed for the windward knee bracket 

results, this is due to the analytical model not running far enough to show these 

expected results.  However, it is believed that the analytical model would show this 

trend if the model was able to complete further time steps. 
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Figure 8.28 Destructive Case Membrane Stresses for Apex Bracket 

8.3.4 Discussion of Failure Modes 

During the experimental destructive test of the MGA building system, the structural 

behaviour and failure modes were observed and recorded (see Chapter 6.4.4).  This 

section compares the observed experimental behaviour and failure modes with those 

observed for the finite element model.  The experimental destructive test of the MGA 

building system revealed that the test structure suffered from excessively large 

deflections and buckling.  A number of buckling modes were observed including, 

elastic local buckling, global buckling, elastic distortional buckling and plastic global 

buckling.  Thus, to ensure that an accurate and suitable finite element model of the 

test structure has been created, it is important to check that the finite element model 

is capable of simulating these failure modes and observations.  Once it is confirmed 

that a suitable model has been created, this model can be used to optimise the MGA 

building system for its desired target design wind speed of 41m/s. 
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Figure 8.29 Overall Stress Results on Deflected Shape of S-C Destructive Test 
Model 

 

Figure 8.30 Local Buckling of Webs in the Cladding Ribs 

Local 
Buckling 
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Figure 8.29 shows the overall von-Mises stress results plotted on the deflected shape 

of the analytical model at the load step of 84% of the design wind speed.  As 

discussed earlier in this chapter, this was the maximum time step achieved by the 

analytical model.  The general overall deflection of the model and the large pan 

deflections are clearly demonstrated in this figure, and it can be seen that the 

windward knee area of this model is the most highly stressed region of the model, 

reaching stresses of up to 805 MPa (yield stress of the 0.42 BMT cladding panels).  

However, to aid in the comparison and discussion of the stress results and buckling 

modes of the cladding panels, the top and bottom cladding panels have been shown 

separately in Figure 8.31 and Figure 8.34, respectively. 

 

Figure 8.31 Top Cladding Panel Stress and Deformation Results 

Deformation 
 
 
Local 
Buckling 

Local  
Buckling 
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During the destructive experimental test, it was observed that the webs of the top 

cladding roof panels experienced elastic local buckling at the 70% load step (refer to 

Figure 6.13).  This local buckling phenomenon was also observed in the analytical 

model and can be seen in the top left hand insert of Figure 8.31, clearly 

demonstrating that the analytical model is capable of predicting and simulating this 

behaviour.  Note that to aid in the visual comparison of results, stresses were not 

always shown to provide greater visual clarity. 

 

Figure 8.32 Large Flange Deflection of Right Knee Connection 

After the 80% load step of the destructive experimental test, it was observed that the 

flange and webs of the ribbed section of the top cladding panel at the knee 

connection on the wall of the structure suffered from large local deformation (refer to 

Figure 6.17).  The analytical ‘strip model with complex contact’ was also able to 

predict and simulate this behaviour and can be seen in the bottom right hand insert of 

Figure 8.31.  The analytical model only ran up to the 84% load step as the top 

cladding panels started to yield and form a plastic hinge in the cladding at the 

windward knee connection.  This formation of a plastic hinge in the top cladding 

panel can be seen in the left hand bottom insert of Figure 8.31 (note that the red areas 

are at yield of 805 MPa).  During the destructive experimental test, this failure 

occurred at the 90% load step (refer to Figure 6.18).  Thus there is a close correlation 

Deformation 
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between the first failure mode type and the load step of occurrence, between the 

MGA test structure and the ‘strip model with complex contact’ finite element model. 

 

Figure 8.33 Local Buckling of Right Knee to Wall Cladding Connection 

Elastic local buckling of the webs of the bottom cladding panels in the roof panels of 

the test structure were also observed during the destructive test.  This behaviour was 

observed in the analytical model and can be seen in the lower insert of Figure 8.34.  

Distortional buckling of the bottom cladding panels were observed during the 

experimental destructive test at the 100% load step (refer to Figure 6.23).   

 
The analytical ‘strip model with complex contact’ was able to simulate this elastic 

buckling deformation and can be seen in the top insert of Figure 8.34.  It should be 

noted that the distortional buckling shown in Figure 8.34 is at a load step of 84% 

(maximum load step achieved for the analytical model), which is lower than when 

the visual observation was made during the experimental test.  However, there is still 

a close correlation between the experimental destructive test and the analytical 

model. 

 

Local 
Buckling 
Failure 
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Figure 8.34 Bottom Cladding Panel Stress and Deformation Results 

Distortional 
Buckling 
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Figure 8.35 Distortional Buckling of Inside Cladding Panel 

 

Figure 8.36 Large Pan Deflections 
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Buckling 
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Figure 8.37 Pan Deflection and Apex Deformation Results 

It was observed during the experimental destructive test of the MGA test structure 

that the pans of the cladding panels experienced extremely large vertical deflections 

(refer to Figure 6.16).  The analytical model also simulated these large pan 

deflections and is shown in Figure 8.37 (note; front elevation of analytical model 

shown to clearly show large pan deflection of roof panels).  Significant deformation 

of the apex brackets was also observed during the experimental destructive test in the 

form of the apex bracket opening out (refer to Figure 6.21).  This behaviour was also 

simulated by the analytical ‘strip model with complex contact’ and is shown in 

Figure 8.37.  A view of the apex bracket in an unstressed state is shown in the top 

right hand insert.  The deformed apex bracket is shown in the bottom right hand 

insert and clearly demonstrates the deformation of the stressed apex bracket. 

 

Unloaded

Loaded
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Figure 8.38 Apex Bracket Deformation 

8.3.5 Summary of Comparison with Destructive Test Model Results 

This Section has discussed and compared the results of the ‘strip model with 

complex contact’ finite element model discussed in Chapter 7 with the experimental 

results for the experimental destructive tests.  The decision to use the ‘strip model 

with complex contact’ to simulate the experimental test results was based on the 

findings of the previous chapter.  The reason for only using one model type to 

simulate the experimental destructive test results was to reduce the computational 

requirements and time required in comparing experimental results with numerous 

analytical results.  It was determined, after the comparison of the results of the non-

destructive experimental tests with the analytical models, that the ‘strip model with 

complex contact’ was the most suitable model created to simulate a cross wind load 

case.  As a result, this model type was used to simulate the experimental destructive 

test. 

 
Experimental deflection results for the apex, windward knee and leeward knee 

brackets have been compared with the analytical results for the ‘strip model with 

complex contact.  Following a similar trend as observed with the non-destructive test 

comparison, it was seen that the ‘strip model with complex contact’ under-estimated 
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the experimental vertical deflection, while overestimating the horizontal deflection of 

the windward knee deflection and not accurately simulating the horizontal deflection 

of the leeward knee deflection.  As discussed in the summary of the non-destructive 

test results, this was due to the ‘strip model with complex contact’ not including the 

effects of diaphragm action.  However, in a general sense, the analytical model had a 

reasonable correlation with the destructive experimental results. 

 
Experimental longitudinal membrane stresses of the ribs and flanges for the 

windward base, windward knee, apex, leeward knee and leeward base brackets were 

also compared with the analytical results from the ‘strip model with complex 

contact’.  Following a similar trend to that found with the comparison for the non-

destructive test results, the analytical results for the ‘strip model with complex 

contact’ had a good correlation with those for the experimental destructive test, with 

the exception of the leeward knee and base brackets.  Once again, the major reason 

for the discrepancy between the analytical and experimental results for the leeward 

side of the structure was due to the fact that the analytical model used did not include 

the effects of diaphragm action. 

 

Figure 8.39 In-Plane Buckling Failure of Roof Cladding 

A comparison of the observed experimental behaviour and failure modes with those 

observed for the finite element model was also made.  The experimental destructive 

test of the MGA building system revealed that the test structure suffered from 

In-Plane 
Buckling 
Failure 
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excessively large deflections and a number of buckling modes were observed 

including, elastic local buckling, global buckling, elastic distortional buckling and 

plastic global buckling.  It was shown in the previous section that the ‘strip model 

with complex contact’ was able to simulate and predict many of these buckling 

modes, including the first major failure mechanism (cladding failure at the windward 

knee bracket).  It was not able to predict the second major failure mechanism 

(cladding failure near the apex bracket on the windward half of the experimental 

structure, see Figure 6.25) that was observed in the experimental tests.  This was a 

result of the analytical model not being able to converge to a solution after the first 

failure mechanism (cladding failure at the windward knee bracket).  This was due to 

the instability of the analytical model past that load step.  However, this comparison 

has confirmed that the ‘strip model with complex contact’ is a suitable model to 

simulate the observed failure models of the MGA building system.  Thus, it has been 

shown that of the analytical models created, the ‘strip model with complex contact’ 

is a suitable model to be used to optimise the existing MGA building system, so that 

it is adequate to be able to withstand the desired target ultimate design wind speed of 

41 m/s.  This optimisation is discussed in the following chapter. 

8.4 Summary 

This chapter has discussed the comparison of the analytical results for the various 

finite element models discussed in Chapter 7, with the non-destructive and 

destructive test results discussed in Chapters 5 and 6, respectively.  For a summary of 

the findings found for these comparisons of the non-destructive and destructive load 

cases, refer to Sections 8.2.3 and 8.3.5, respectively. 
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9 FEA Optimisation of MGA Building System 

9.1 General 

After the completion of the experimental destructive test, it was evident that the 

MGA building system in its original form was not structurally adequate to withstand 

an ultimate design wind speed of 41 m/s.  This inadequacy was confirmed from the 

local cladding buckling failure that occurred at the 50% load step at the right knee to 

roof connection (refer to Figure 6.11, Chapter 6), and particularly, in the local 

buckling at the right knee to wall cladding connection at the 90% load step, and the 

in-plane buckling failure that occurred at the 130% load step (refer to Figures 6.18 

and 6.25, respectively).  Also many serviceability issues, such as large global 

deflections and local elastic buckling and distortional buckling of the cladding panels 

were observed during the experimental destructive test, reinforcing the conclusion 

that the MGA building system in its present form is not suitable for the desired 

ultimate wind speed of 41 m/s.  Therefore, before the MGA building system is 

adequate for use in the domestic market, it must be both improved and optimised to 

primarily eliminate any structural failures, and reduce the serviceability issues 

observed during the experimental destructive test.  As a secondary objective, it is 

required to determine the ultimate design wind speed achievable, utilizing the 

moment resisting brackets in their original configuration.  This chapter contains the 

results and discussion of the undertaken optimisation of the MGA building system. 

9.2 FEA Model Selection and Optimisation Parameters  

In order to effectively optimise the MGA building system, it is necessary to use a 

model which is capable of accurately simulating the failure modes and deformed 

shapes and buckling that were observed during the destructive experimental testing.  

From the findings concluded from the previous two chapters, it is evident that the 

most appropriate model created to use for optimisation of the MGA building system, 

is the ‘strip model with complex contact’.  It has been clearly demonstrated in the 

previous two chapters that this model is capable of simulating the failure modes and 

deformed shape of the MGA building system.  As a result, the ‘strip model with 
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complex contact’ has been used for the optimisation.  The load case selected for the 

optimisation was the destructive load case. 

 
To efficiently optimise the MGA building system so that it is adequate for an 

ultimate design wind speed of 41 m/s, it is required to focus the optimisation on the 

components of the MGA building system which had the greatest influence on the 

overall behaviour and failure mechanisms observed during the experimental 

destructive tests.  After the discussion in Chapter 6, it is clear that the most critical 

element having the greatest influence on the performance and behaviour of the MGA 

building system is the cladding panels.  It was observed from the experimental 

destructive tests that the brackets were not highly stressed and were not loaded 

beyond their structural capacity.  As a result, it was decided to only modify the 

cladding panels to increase the structural capacity of the MGA building system as the 

cladding panels had the greatest influence on the structural behaviour as discussed. 

 
The optimisation of the cladding panels consisted of analysing three finite element 

models with varying cladding thicknesses which had the same profile as the original 

cladding panels.  These cladding thicknesses were 0.6 mm BMT, 0.8 mm BMT, and 

1.0 mm BMT.  A finite element model using the original 0.42 mm BMT is also 

included in this chapter to use as a benchmark for the results of the three modified 

models.  The original cladding profile was not modified to optimise b/t ratios due to 

time limitations and was considered beyond the scope of this research project.  It was 

also considered that significantly changing the cladding panel profile was a part of 

developing a new improved innovative cold formed steel building which is discussed 

in the following chapter. 

9.3 FEA Optimisation Results and Discussion 

This section contains the results and discussion of the finite element models with 

varying cladding thicknesses of 0.42 mm BMT, 0.6 mm BMT, 0.8 mm BMT and 1.0 

mm BMT, as discussed in the previous section. 
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9.3.1 Deflection Results 

Finite element analysis deflection results for the windward knee, apex and leeward 

knee brackets for the four cladding thicknesses are compared and a number of 

observations are made.  Figure 9.1 compares the vertical apex deflection results for 

the four cladding thicknesses (in figure, “Applied Load/Design Load” is a ratio of the 

applied load to the design load resulting from a design wind speed of 41 m/s). 
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Figure 9.1 Vertical Apex Deflection 

Figure 9.1 shows that the vertical apex deflections follow a linear trend and as the 

cladding thickness of the cladding panels increased, the vertical apex deflection 

decreased.  This was not unexpected and was a direct result of the overall stiffness of 

the MGA building system increasing with the increasing cladding thickness.  It is 

shown that the finite element models with 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm 

BMT are approximately 50%, 111%, and 141% stiffer than the 0.42 mm BMT finite 

element model, respectively.  At the serviceability level (40% of the ultimate design 

wind speed) the span to deflection ratios are approximately span/136, span/204, 

span/286, and span/328, for the finite element models with 0.42 mm BMT, 0.6 mm 

BMT, 0.8 mm BMT, and 1.0 mm BMT, respectively.  However, when taking into 

account that the ‘strip model with complex contact’ results for a cladding thickness 

of 0.42 mm BMT for the destructive load case was approximately 70% stiffer than 

the experimental destructive test results, the corrected span to deflection ratios are 

span/80, span/120, span/169, and span/192, for the finite element models with 0.42 

mm BMT, 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT, respectively.  These span 

to deflection ratios are still greater than the limit of span/250 as suggested in AS 

4100. 
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Another analytical result finding that must be discussed is the maximum time step 

that each model achieved.  As discussed in Chapter 8, the 0.42 mm BMT finite 

element model reached a maximum time step of 84% of the ultimate design wind 

speed, which correlated well with the first major cladding failure that was observed 

in the experimental destructive test results.  This failure was at the windward knee of 

the structure, and was also observed in the 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm 

BMT models, causing instability of the finite element models, and hence termination 

of the analyses.  The failure mechanisms of the different finite element models will 

be discussed in greater detail later in this chapter.  However, it can be observed that 

the maximum load step achieved by the 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm 

BMT models was 131%, 204%, and 287% of the ultimate design wind speed, 

respectively.  Thus it can clearly be observed that increasing the material thickness of 

the cladding panels had a significant influence on the overall stiffness and load 

carrying capacity of the MGA building system. 
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Figure 9.2 Horizontal Windward Knee Deflections 

The horizontal windward knee deflections results can be seen in Figure 9.2 and 

follow a similar linear trend to that found with the vertical apex deflections.  These 

results also show that as the cladding thickness increased the horizontal deflection 

decreased, which was not unexpected.  It is shown in Figure 9.2 that the finite 

element models with 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT are 

approximately 61%, 126%, and 166% stiffer than the 0.42 mm BMT finite element 

model, respectively.  These increases in stiffness were similar to those found with the 

vertical apex bracket, reinforcing the finding that increasing the material thickness of 
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the cladding panels had a significant effect on the overall stiffness of the MGA 

building system. 
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Figure 9.3 Horizontal Leeward Knee Deflection 

Figure 9.3 contains the horizontal deflection results for the leeward knee bracket and 

it is shown that the results do not follow a linear trend.  This is due to the ‘strip 

model with complex contact’ not including the effects of diaphragm action, and as a 

result, not being able to accurately predict the sway of the leeward side of the MGA 

building system.  It was also observed that the cladding thickness had a significant 

influence on the behaviour of the leeward knee bracket.  It is seen in Figure 9.3 that 

the models with the cladding thicknesses of 0.6 mm BMT, 0.8 mm BMT, and 1.0 

mm BMT, better predicted the trend of the sway of the leeward knee bracket 

measured during the experimental destructive tests.  However, as discussed for the 

results in Chapter 8, the results from the leeward side of the structure should be used 

with caution and engineering judgement. 

9.3.2 Bracket Membrane Stress Results 

Analytical membrane stresses in the longitudinal direction of the ribs and flanges of 

the windward base, windward knee, apex, leeward knee and leeward base brackets 

are compared and discussed for the finite element models with 0.42 mm BMT, 0.6 

mm BMT, 0.8 mm BMT, and 1.0 mm BMT cladding thicknesses.  Membrane 

stresses for the windward and leeward base brackets are shown in Figure 9.4 and 

Figure 9.5, respectively. 
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It can be seen for the windward base bracket results that the results for the four 

models approximately follow the same linear load path.  This result can be explained 

when consideration is given to the fact that the brackets for each of the four finite 

element models were the same length and had the material thickness, and that for the 

applied load to travel to the foundations of the structure, the applied loads must be 

transferred through the moment resisting brackets.  Therefore, as the applied load 

increases in each model type due to the increased cladding thickness, the membrane 

stresses in the brackets will follow the same linear path, but will travel further along 

that path, proportional to the applied load.   
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Figure 9.4 Membrane Stresses for Windward Base Bracket 

The maximum membrane stresses achieved for the models with 0.42 mm BMT, 0.6 

mm BMT, 0.8 mm BMT, and 1.0 mm BMT cladding thicknesses, were 131 MPa, 

172 MPa, 252 MPa, and 347 MPa, respectively.  As discussed in Chapter 3, grade 

G450 (measured yield stress of 693 MPa, refer to Chapter 7) material was used for 
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the moment resisting brackets, thus, from the finite element analysis results, it can be 

concluded that the grade and material thickness used for the windward base bracket 

is still adequate and suitable if a cladding thickness up to 1.0 mm BMT is used for 

the MGA building system. 
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Figure 9.5 Membrane Stresses for Leeward Base Bracket 

A similar trend was seen for the leeward base membrane stresses with the exception 

of the flange stresses (refer to Figure 9.5).  This exception to the trend was not 

unexpected and is similar to the trend of the leeward knee bracket deflection, and is a 

result of the ‘strip model with complex contact’ not accurately simulating the sway 

of the MGA building system on the leeward side of the structure.  It is also shown 

that the grade and material thickness used for the leeward base bracket was still 

adequate and suitable if a cladding thickness up to 1.0 mm BMT is used for the 

MGA building system.  As discussed previously, the results from the leeward side of 

the structure should be used with caution and engineering judgement due to the 
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inability of the ‘strip model with complex contact’ to accurately simulate the leeward 

sway of the MGA building system. 
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Figure 9.6 Membrane Stresses for Windward Knee Bracket 

Figure 9.6 contains the membrane stress results for the rib and flange of the 

windward knee bracket.  Following the same trend seen with the windward base 

bracket, the stresses in the rib of the windward knee bracket for the four models 

follow the same linear path.  This trend is the result of the same reasons explained for 

the windward base bracket discussed earlier in this section.  A similar trend is also 

seen for the flange stress results.  The maximum rib membrane stresses achieved for 

the models with 0.42 mm BMT, 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT 

cladding thicknesses, were 216 MPa, 359 MPa, 514 MPa, and 563 MPa, 

respectively.  As discussed, a grade G450 material (minimum theoretical yield stress 

of 450 MPa) was used for the moment resisting brackets.  However, actual yield 

stress values were determined from tensile test coupons.  These tests revealed that 
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the actual yield stress was approximately 690 MPa (refer to Chapter 7).  Thus, the 

analytical results are greater than the minimum theoretical yield stress of 450 MPa 

for the models with a cladding thickness of 0.8 mm BMT and 1.0 mm BMT, 

however, are lower than the actual measured yield stress.  It can be concluded that 

the grade and material thickness used for the windward knee bracket is still adequate 

and suitable for a cladding thickness up to 1.0 mm BMT, based on the measured 

yield stress.  However, the windward knee bracket is reaching the upper limit of its 

capacity (discussed in greater detail in the following section of this chapter), and an 

increased material thickness for the windward knee bracket should be considered if a 

material thickness of 1.0 mm BMT is used for the cladding panels.  To limit the 

membrane stress to 450 MPa, the material thickness for the windward knee brackets 

would need to be increased to 1.8 mm and 1.9 mm for the 0.8 mm BMT and 1.0 

BMT models, respectively. 
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Figure 9.7 Membrane Stresses for Leeward Knee Bracket 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    298 

 
Figure 9.7 contains the membrane stress results for the rib and flange of the leeward 

knee bracket, and the same general linear trend as seen with the windward base and 

knee brackets can be observed.  Similar to the windward knee bracket results, the rib 

membrane stresses of the leeward knee bracket exceeded the minimum material yield 

stress of 450 MPa for the 1.0 mm BMT model (membrane stress of 498 MPa).  To 

limit the membrane stress to 450 MPa, the material thickness for the windward knee 

brackets would need to be increased to 1.7 mm.  A material thickness of 1.5 mm was 

observed to be adequate for the models with a cladding thickness of less than 0.8 mm 

BMT. 
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Figure 9.8 Membrane Stresses for Apex Bracket 

The membrane stress results for the apex bracket in general followed a linear trend, 

however, unlike the membrane stress results for the windward base and knee 

brackets, the rate of increase of the membrane stress with applied load varied 

significantly between the four analytical models (refer to Figure 9.8), particularly for 
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the flange stresses.  This trend was unexpected and the exact cause of this behaviour 

is unknown.  However, one reason for this behaviour can be explained from the 

significant deformations of the apex bracket, which will influence the rate of increase 

in stresses of the apex bracket. 

 
It can be concluded from the finite element analysis results that for a cladding 

thickness of up to 1.0 mm BMT, a material thickness of 1.5 mm for the moment 

resisting brackets is adequate for an ultimate design wind speed of 41 m/s based on 

the following (based on maximum step achieved of 2.87, refer to Figure 9.8): 
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Therefore, it can be concluded that a material thickness of 1.5 mm for the moment 

resisting brackets is adequate for an ultimate design wind speed of 41 m/s. 

9.3.3 Comparison of Cladding Results and Failure Modes 

A comparison and discussion of the stress results and deformations of the cladding 

panels for the 0.42 mm BMT, 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT 

models has been made and is contained below.  The objective of this comparison was 

to primarily determine at what revised cladding thickness the MGA building system 

would be adequate for an ultimate design wind speed of 41 m/s and will be discussed 

in this section.  The secondary objective was to determine the ultimate design wind 

speed at which the moment resisting brackets were suitable in their original 

configuration and was discussed in the previous section in this chapter.  The finite 

element analysis results for the 0.42 mm BMT model have not been repeated in this 

chapter; however, the results for this model discussed in this chapter can be seen in 

Chapter 9. 

 
Figure 9.9 and Figure 9.10 contain the von Misses stress results for the top cladding 

and bottom cladding of the 0.6 mm BMT model, respectively.  The results shown are 

for the maximum time step achieved for that model (131% of the ultimate design 
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load).  It can be seen in the top cladding results that the stresses in the rib of the 

cladding panel at the windward knee has reached the measured yield stress of 805 

MPa, and has undergone significant local deformation, and is in the initial stage of 

forming a plastic hinge (refer to inserts in Figure 9.9).  This is the same initial failure 

mechanism that was observed in the experimental destructive test and the failure 

mechanism observed with the 0.42 mm BMT model.  However, this failure 

mechanism has occurred at a greater load step of 1.31 times the wind pressure for a 

design wind speed of 41 m/s.  It should also be noted that the local buckling observed 

in the ribs of the cladding panels during the experimental destructive test and the 

0.42 mm BMT model, are reduced.  This can particularly be seen in the webs of the 

ribs.  This is a direct result of the decrease in the b/t ratio of the webs of the cladding 

panels (web b/t = 162 for 0.42 mm BMT model and web b/t = 113 for 0.6 mm BMT 

model). 

 

Figure 9.9 Top Cladding Results for 0.6 mm BMT Model 

A similar decrease in the amount of elastic buckling was also observed in the bottom 

cladding results (see Figure 9.10).  A reduction in the magnitude of the distortional 

buckling observed in the destructive test (see Figure 6.23) and in the 0.42 mm BMT 

model (see Figure 7.31) can be seen in the lower insert of Figure 9.10, and is also a 

result of the increase in cladding thickness.  It should also be noted that a significant 
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reduction in pan deflections were observed between the 0.42 mm BMT and 0.6 mm 

BMT models (refer to Figure 9.16).  Figure 9.16 shows that there was a 67% 

decrease in the vertical pan deflection of the cladding panels when compared to the 

0.42 mm BMT model pan deflections (117 mm deflection for the 0.42 mm BMT 

model at a load step of 0.84, compared with 71 mm deflection for the 0.6 mm BMT 

model at a load step of 0.84). 

 

Figure 9.10 Bottom Cladding Results for 0.6 mm BMT Model 

The results for the 0.8 mm BMT model followed a similar trend to that found with 

the 0.6 mm BMT model.  Figure 9.11 and Figure 9.12 contain top cladding and 

bottom cladding results for the 0.8 mm BMT model, respectively.  As with the 0.6 

mm BMT model, it can be clearly seen that the extent of elastic local buckling of the 

cladding panels is significantly reduced in comparison to the 0.42 mm BMT model.  

As discussed previously, this was a result of the decreased b/t ratio of the webs and 

flanges of the ribs of the cladding panels (web b/t = 162 for 0.42 mm BMT model 

and web b/t = 85 for 0.8 mm BMT model).   
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Figure 9.11 Top Cladding Results for 0.8 mm BMT Model 

 

Figure 9.12 Bottom Cladding Results for 0.8 mm BMT Model 
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The results shown are for the maximum time step achieved for that model (204% of 

the ultimate design wind speed of 41 m/s).  It can be seen in the top cladding results 

that the stresses in the rib of the cladding panel at the windward knee have reached 

the measured yield stress of 805 MPa.  However, the cladding has not undergone as 

severe deformation as the 0.42 mm BMT and 0.6 mm BMT models.  It was observed 

however, that for this model the von Misses stresses in the windward knee bracket 

were reaching the upper limit of the measured yield stress (690 MPa), and also that 

the windward knee bracket was significantly deforming.  Even though the top 

cladding panel at the knee of the structure had reached the measured yield stress of 

805 MPa and was starting the formation of a plastic hinge, it was seen that the 

moment resisting capacity of the cladding panels was beginning to reach the capacity 

of the knee bracket.  The pan deflections of the cladding panels for the 0.8 mm BMT 

model were also significantly reduced.  Figure 9.16 shows that there was a 135% 

decrease in the vertical pan deflection of the cladding panels when compared to the 

0.42 mm BMT model pan deflections (117 mm deflection for the 0.42 mm BMT 

model at a load step of 0.84, compared with 50 mm deflection for the 0.8 mm BMT 

model at a load step of 0.84).  A significant reduction in the distortional buckling of 

the bottom cladding panel was also observed and can be seen in the insert of Figure 

9.12. 

 

Figure 9.13 Top Cladding Results for 1.0 mm BMT Model 
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Figure 9.13 and Figure 9.14 contain the top cladding and bottom cladding results for 

the 1.0 mm BMT model, respectively, and in general, follow similar trends to that 

observed with the 0.6 mm BMT and 0.8 mm BMT models.  The results shown are 

for the maximum time step achieved for that model (287% of the ultimate design 

wind speed of 41 m/s).  It can be seen in the top cladding results that the stresses in 

the rib of the cladding panel at the windward knee have reached the measured yield 

stress of 805 MPa.  However, the cladding has not undergone as severe deformation 

as the 0.42 mm BMT, 0.6 mm BMT and 0.8 mm BMT models.  It was observed that 

for this model the von Misses stresses in the windward knee bracket reached the 

upper limit of the measured material yield stress (690 MPa), and also that the 

windward knee bracket was significantly deforming (refer to Figure 9.15).  Even 

though the top cladding panel at the knee of the structure had reached the measured 

yield stress of 805 MPa and is starting the formation of a plastic hinge, it was 

observed that the windward knee bracket was reaching its capacity, and significant 

yield was commencing. 

 

Figure 9.14 Bottom Cladding Results for 1.0 mm BMT Model 
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As with the 0.6 mm BMT and 0.8 mm BMT models, it can also be clearly seen that 

the extent of elastic local buckling of the cladding panels is significantly reduced in 

comparison to the 0.42 mm BMT model.  However, unlike the previous two models, 

the elastic local buckling was almost eliminated completely.  This again was a result 

of the decreased b/t ratio of the webs and flanges of the ribs of the cladding panels 

(web b/t = 162 for 0.42 mm BMT model and web b/t = 68 for 1.0 mm BMT model).   

 

Figure 9.15 Windward Knee von-Misses Stress Results 
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Figure 9.16 Vertical Pan Deflections 
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The pan deflections of the cladding panels for the 1.0 mm BMT model were also 

significantly reduced.  Figure 9.16 shows that there was a 195% decrease in the 

vertical pan deflection of the cladding panels when compared to the 0.42 mm BMT 

model pan deflections (117 mm deflection for the 0.42 mm BMT model at a load 

step of 0.84, compared with 40 mm deflection for the 0.8 mm BMT model at a load 

step of 0.84).  A significant reduction in the distortional buckling of the bottom 

cladding panel was also observed and it can be seen that the distortional buckling 

was almost eliminated (refer to the insert of Figure 9.14). 

 
The comparison of the cladding stresses, deflections and deformed shapes for the 

four models with varying cladding thicknesses has demonstrated that by increasing 

the material thickness of the cladding panels, it was possible to increase the load 

carrying capacity of the MGA building system.  It was also concluded that the extent 

of elastic local buckling was greatly reduced with the increase in material thickness 

due to the associated decrease in the b/t ratios of the webs and flange of the ribbed 

section of the cladding panels.  A significant reduction in the magnitude of the 

deflection of the cladding panels was observed and discussed.  The results of the 

finite element analyses can be used to determine the maximum ultimate design wind 

speed achieved for the 0.42 mm BMT, 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm 

BMT, and are calculated below. 

 
0.42 mm BMT Model 
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0.6 mm BMT Model 
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0.8 mm BMT Model 
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1.0 mm BMT Model 
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From the above calculations it was concluded both the 0.42 mm BMT and 0.6 mm 

BMT models had insufficient structural capacity from both a strength and 

serviceability approach.  Both of these models were unable to reach a load step 

equivalent to an ultimate design wind speed of 41m/s, and both models experienced 

large global deflections, significant local elastic buckling and distortional buckling, 

clearly demonstrating that both of these models are not suitable for the desired 

ultimate wind speed.  However, it has been shown that the structural strength 

capacity of the 0.8 mm BMT model and the 1.0 mm BMT model both exceed the 

structural capacity required for the desired ultimate design wind speed of 41m/s.  

These results correlate well with the required cladding thickness calculated from first 

principles in Chapter 6.  Thus it has been shown that a minimum material thickness 

of 0.8 mm BMT is required for the desired wind speed of 41 m/s.  It was also shown 

that the serviceability issues such as the elastic local buckling, distortional buckling 

and large deflections were significantly reduced and almost eliminated.   
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The capacity of the bolts used to bolt the cladding panels to the moment resisting 

brackets have not been addressed in any detail, however, research and testing should 

be conducted in the overall fastener capacity and material pull through capacities to 

ensure that fastener failures are not a failure mechanism for the MGA building 

system. 

9.4 Summary 

After the experimental destructive test, it was evident that the MGA building system 

in its original form was not structurally adequate to withstand an ultimate design 

wind speed of 41 m/s.  This was confirmed by a cladding failure that occurred at the 

right knee to wall cladding connection at the 90% load step, and an in-plane buckling 

failure that occurred at the 130% load step.  Many serviceability issues such as large 

global deflections and local elastic buckling and distortional buckling of the cladding 

panels were also observed.  As a consequence of these failures, before the MGA 

building system is adequate for use in the domestic market, it needs to be optimised 

and improved to be adequate for an ultimate design wind speed of 41 m/s. 

 
To optimise and improve the MGA building system, finite element models have been 

created, verified, and then used for this optimisation and improvement.  As the time 

available to optimise the MGA building system was limited, this optimisation and 

improvement was conducted by increasing the material thickness of the cladding 

panels from 0.42 mm BMT to 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT.  No 

optimisation of the moment resisting brackets was conducted as the experimental 

destructive tests showed that the brackets had reserve capacity, and were not likely to 

be the cause of the failure mechanism of the optimised MGA building system.  

Limiting the optimisation to the thickness of the cladding panels also reduced the 

number of models to be created, analysis time, and time required to analyse the finite 

element results. 

 
The optimisation analysis showed that the first failure mechanism of the optimised 

MGA building system occurred at 131% of the ultimate design wind speed for the 

0.6 mm BMT model, at 204% of the ultimate design load for the 0.8 mm BMT 

model, and at 287% of the ultimate design load for the 1.0 mm BMT model.  The 
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failure load for the original 0.42 mm BMT model occurred at 84% of the ultimate 

design load.  Thus it was clearly observed that increasing the material thickness of 

the cladding panels had a significant influence on the overall load carrying capacity 

of the MGA building system.  It was found that the 0.6 mm BMT model was 

adequate for an ultimate design wind speed of 38.6 m/s, while the 0.8 mm BMT 

model and 1.0 mm BMT models were adequate for an ultimate design wind speed of 

48.2 m/s and 57.2 m/s, respectively.  It was also found that the first failure 

mechanism for each of the optimised models occurred as a cladding buckling failure 

at the windward knee bracket, similar to that observed in the experimental 

destructive test. 

 
The optimised models also showed that the overall stiffness of the MGA building 

system was achieved with the increase in the material thickness of the cladding 

panels.  It was found that the finite element models with 0.6 mm BMT, 0.8 mm 

BMT, and 1.0 mm BMT were approximately 50%, 111%, and 141% stiffer than the 

0.42 mm BMT finite element model, respectively.  This significantly reduced the 

deflections of the MGA building system to values more in line with the 

span/deflection ratios suggested in AS4100.  It was also observed that the increased 

b/t ratios of the 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT, significantly 

reduced the elastic local buckling of the webs and flanges in the ribs of the cladding 

panels, as well as significantly reducing the extent of the distortional buckling 

observed in the bottom cladding panel.  A significant reduction in the pan deflections 

were also observed for the 0.6 mm BMT, 0.8 mm BMT, and 1.0 mm BMT models in 

comparison to the 0.42 mm BMT model.  It was also concluded that the material 

thickness of 1.5 mm for the moment resisting brackets was adequate for a material 

thickness of 1.0 mm BMT for the cladding panels, however, yielding of the 

windward knee bracket was in the initial stage. 

 
Thus the optimisation of the MGA building system has shown that for the MGA 

building system to be adequate for an ultimate design wind speed of 41 m/s from a 

strength and serviceability viewpoint, a cladding thickness of 0.8 mm BMT is 

required. 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    310 

 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    311 

10 Development of an Improved Innovative Cold-Formed 
Steel Building System 

10.1 General 

After the optimisation of the original MGA building system, it was concluded that 

for the MGA building system to be adequate for an ultimate design wind speed of 41 

m/s, a cladding thickness of 0.8 mm BMT was required (refer to Chapter 9).  This 

increase in cladding thickness approximately relates to an increase in the total weight 

of steel of 91% over the original building system (using a material thickness of 0.42 

mm BMT for the cladding panels). As the overall cost of a steel structure is 

approximately proportional to the steel weight of the structure, the optimised original 

building system could cost about twice that of the original building structure. Thus 

any savings in weight, and therefore, savings in building costs over a conventional 

portal frame structure, is lost.  Even though increasing the material thickness of the 

original building system can increase the strength and stiffness to be adequate for an 

ultimate design wind speed of 41 m/s, it will have no significant economic 

advantages over a typical portal frame structure.  Therefore, to produce a building 

system which is adequate for an ultimate design wind speed of 41 m/s and which has 

significant economic advantages over a typical portal framed structure, an improved 

innovative cold-formed steel building system needs to be developed.  This chapter 

contains the rationale of the development and finite element analysis results of an 

improved innovative cold-formed steel building system which is adequate for an 

ultimate design wind speed of 41 m/s and which has significant economic advantages 

in comparison to a typical portal framed structure. 

10.2 Shortcomings with the Original MGA Building System 

After the completion of the experimental destructive test of the MGA building 

system, it was evident that this innovative cold-formed steel building system had 

many shortcomings.  The most critical shortcoming of the original MGA building 

system was its inability to adequately carry the loading corresponding to an ultimate 

design wind speed of 41 m/s.  Many serviceability shortcomings were also observed.  

These were seen as extremely large global deflections and were outside the 
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suggested deflection limits given in AS4100 (SA, 1998).  Local elastic buckling 

deformations of the flanges and webs of the ribs of the cladding panels were also 

observed, as well as distortional buckling of the bottom cladding panel.  To 

overcome these shortcomings, many changes to the original MGA building system 

(such as the optimisation in the previous chapter), or alternate building systems could 

be used.  For the purposes of this investigation only a limited number of concepts for 

a new building system has been investigated as it is not possible to include all 

possible new building systems.   

 
To overcome the shortcomings of the original MGA building system, the new 

building system must be suitable for an ultimate design wind speed of 41 m/s and has 

significantly increased structural stiffness to overcome the serviceability issues that 

were observed with the original MGA building system.  One method to achieve this 

would be to change the profile of the ribbed sections of the cladding panels to be 

more suitable for their intended purpose.  This could be achieved by altering the b/t 

ratios of the individual elements of the ribbed sections of the cladding panels to 

produce a more efficient section which would reduce the extent of local buckling.  

Another method would be to totally change the cladding panel profile.  One possible 

alternative cladding profile can be seen in Figure 10.1.  Such a profile with semi-

circular ribs could reduce local buckling effects and enhance the ultimate capacity of 

the building system.   
 

Pan 

Rib Rib 

 

Figure 10.1 Alternative Cladding Panel Profile 

Another possibility to increase the structural capacity and stiffness of the original 

MGA building system would be to introduce another ribbed section into the cladding 

panel as shown in Figure 10.2.  The introduction of another ribbed section would 

significantly reduce the overall deflection of the building system and would also 

increase the structural capacity due to the increase in the number of ‘frames’.  

However, this would result in a significant increase in the number of moment 
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resisting brackets required, and hence, significantly affect the overall cost of the 

building system. 

 Extra Rib 

Cladding Panel Width 
 

Figure 10.2 Alternative Cladding Panel Profile with Extra Rib 

Similarly to increase the structural capacity and stiffness of the building system, it 

would be possible to increase the length of the moment resisting brackets used in the 

original MGA building system so that they overlapped each other, forming a 

complete frame from one side of the building to the other.  Such a system would be 

similar to a conventional portal frame structure, with a continuous frame from one 

side of the structure to the other, which could be designed to carry the required loads.  

However, such a system is moving away from the original design concept of an 

innovative building system which has no conventional frames, purlins and girts.  

Also, such a structure would have a significant increase in the overall building cost. 

 
Another possibility for an alternative system would be to use different materials.  An 

example would be to use sandwich panels (steel sheeted foam panels) for the walls 

and roof sections.  However, a connection system would need to be developed and 

the building system would have a significant increase in cost.  Lining the original 

MGA building system with plasterboard could also be another method to increase the 

structural capacity and reduced the serviceability problems found with the original 

MGA building system.  However, once again this would have a significant increase 

in the overall cost of the building system.   

 
The industry partner for the research project has conducted a cost-benefit study 

which included introducing new building materials or products or systems. They 

concluded that any new building system that leads to increasing the overall weight of 

the building system would not be economically feasible.  Hence, the industry partner 
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has set conditions that the new cold-formed steel building system must not include 

new materials or have a significant increase in the weight of steel.  To conform to 

these requirements, the author has developed a new cold-formed steel building 

system by using the same material (G550 profiled sheeting) with a similar profile to 

that used for the original MGA building system to minimise any increase in the 

weight of steel used in the building.  However, instead of overlapping the cladding 

panels at the ribs of the panels, it was decided to inverse every second panel while 

still connecting the panels together at the ribs of the panels (see Figure 10.3).   

 
68 mm

68 mm
 

Figure 10.3  Cladding Profile for the Improved Innovative Building System 

Connecting the panels this way results in the ribbed section of the cladding panels 

having a depth twice that of the original MGA building system.  Other benefits 

include;  

• A significant increase in the second moment of area of the primary load 

carrying elements, thus increasing structural stiffness, hence reducing 

deflections (i.e. Member flexural
L
EIStiffness = ) 

• Minimal increase in the cross-sectional area of the primary load carrying 

elements resulting in minimal increase in the total weight of the building 

system.  

• For a given ultimate design wind speed, the stresses in the cross-sectional 

elements (the ribs and pans) of the cladding panels (due to increased second 

moment of area) are now reduced, resulting in the reduction of elastic local 

and distortional buckling effects (i.e. 
A
P

I
My

Induced +=σ  ).  

• A closed section which is more efficient with respect to distortional buckling 

in comparison to the original open section used in the original MGA building 

system. 

• No introduction of new building materials or products. 
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• This new cold-formed steel building system still conforms to the original 

cost-benefit study performed by the industry partner. 

• No significant change in the overall structural dimensions in comparison to 

the original MGA building system. 

 
Due to the above benefits, the new improved cold-formed steel building system as 

described above was chosen in this research and investigated using finite element 

modelling, and is detailed in the following sections.  However, it should be noted that 

there are many other different possible innovative building systems that could be 

investigated in future research. These systems may be structurally stronger, but are 

most likely to lead to a higher overall cost. 

10.3 Finite Element Model 

10.3.1 General Model Parameters 

To accurately model the ‘Improved Innovative Cold-Formed Steel Building System’, 

a finite element model using the same details and philosophy as used for the ‘Strip 

Model with Complex Contact’ of the original MGA building system has been 

created.  The details and philosophy of the original ‘Strip Model with Complex 

Contact’ can be found in Section 7.8.3.  Other model details, including the element 

types used, applied loads and boundary conditions, material properties, and analysis 

type can be found in Chapter 7. 

10.3.2 Geometric Details and Model Creation 

As discussed earlier in this chapter, the ‘Improved Innovative Cold-Formed Steel 

Building System’ had the same overall global dimensions as the original MGA 

building system (eaves height of 2300 mm, internal width and length of 5485 mm 

and 100 roof pitch).  Having similar global dimensions for the two building systems 

allowed for an accurate comparison of the finite element analysis results between the 

two building system types.  However, to conduct an accurate comparison of results 

for the finite element models of the two building systems, similar finite element 

model types must be used for each building system.  As it was concluded in Chapter 

8 that the ‘strip model with complex contact’ was the most accurate model type 
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created to simulate the structural behaviour of the MGA building system, it was used 

for the optimisation of the MGA building system.  A similar model has been created 

for the ‘Improved Innovative Cold-Formed Steel Building System’, as it is 

reasonable to assume that this model type will most accurately simulate the 

behaviour of the new building system, based on the conclusions from the previous 

chapters.  A description of the creation of the finite element model used for the 

comparison is given next. 

 

 

Figure 10.4 Mesh and Material Thickness of Cladding Panels and Brackets 

 

 

Figure 10.5 Contact Details of Brackets and Cladding Panels 
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Figure 10.6 Assembled View and Boundary Conditions 

As for the ‘strip model with complex contact’ the cladding panels and brackets have 

been modelled as separate entities (refer to Figure 10.4).  To construct this model, the 

brackets were placed in contact with the internal surfaces of the cladding panels in 

the vicinity of the brackets.  The details of the bracket to cladding contact can be 

seen in Figure 10.5.  MPC tie elements were used to simulate the bolted connections, 

similar to the original strip model with complex contact.   

 
Figure 10.6 shows the assembled view of the finite element model for the ‘Improved 

Innovative Cold-Formed Steel Building System’.  A close up view of the knee 

connection details is shown in the insert.  A total of 23 MPC tie elements were used 

in this model, including tie elements to simulate the bolted connections between the 

cladding panels and moment resisting brackets.  The mesh details are also shown in 

Figure 10.6.  As for the models in the previous chapters, a fine mesh (5 mm x 10 

Fixed Base 

Connections 

Symmetry YZ 

Plane (156) 
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mm) was provided on the ribs at the end of the cladding panels.  A coarser mesh was 

used in the pans of the cladding, with triangular elements used in the transition zone 

from the fine to coarse meshes.  For the brackets, a fine mesh (5 mm x 10 mm) was 

used.  Triangular elements were also used for the knee brackets. 

 
The boundary conditions applied to the model are shown in Figure 10.6.  As for the 

original MGA building system finite element models, a fixed base connection was 

provided to the ends of the base brackets (123456).  Symmetry in the YZ plane (156) 

was used for the cladding panels and brackets to reduce analysis time (refer to Figure 

10.6). 

10.4 Results and Comparison  

A discussion of the deflections, membrane stresses of the brackets and cladding 

panel is given in the following sections for the improved innovative cold-formed 

steel building system.  A comparison has also been made with the results from the 

0.42 mm BMT and 0.8 mm BMT strip models with complex contact.  These models 

have been used for the comparison as the 0.42 mm BMT model allows for a 

comparison of improvement of the improved innovative cold-formed steel building 

system over the original MGA building system.  The 0.8 mm BMT model allows for 

a comparison of the efficiency of an optimised MGA building system (i.e. adequate 

for an ultimate design wind speed of 41m/s) with that of the improved innovative 

cold-formed steel building system. 

10.4.1 Deflection Results 

The deflection results for the cross wind load case for the finite element model 

described above in this chapter are contained within this section.  Results for the 

windward knee, apex and leeward knee brackets are shown and a comparison with 

the 0.42 mm BMT and 0.8 mm BMT models are given as previously discussed. 
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Figure 10.7 Vertical Apex Deflection 

Figure 10.7 contains the vertical apex deflections and shows that the results for the 

new system generally follow a linear trend (in figure, “Applied Load/Design Load” 

is a ratio of the applied load to the design load resulting from a design wind speed of 

41 m/s).  It can be seen that the maximum load step achieved was 2.227 times the 

design wind load.  This is approximately a 165% and 9% increase in load carrying 

capacity over the 0.42 mm BMT model and 0.8 mm BMT models, respectively.  

 
It can also be observed that at the desired ultimate design wind load (146% of the 

design load, inclusive of the factor of 1.46 allowing for limited tests undertaken), the 

new system is 259% (based on extrapolated apex deflection) and 69% stiffer than the 

original MGA building system (i.e. 0.42 mm BMT model) and the optimised MGA 

building system (i.e. 0.8 mm BMT model), respectively.  This increase in stiffness in 

comparison to the original MGA building system and the optimised MGA building 

system is primarily due to the significantly increased second moment of area of the 

ribbed section of the cladding panels of the improved innovative cold-formed steel 

building system.   
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Figure 10.8 Horizontal Windward Knee Deflection 

This increase in overall structural stiffness of the new improved system is the result 

of the increased second moment of area of the primary load carrying members.  

Similar results were also observed for the horizontal deflection of the windward knee 

bracket (see Figure 10.8).  It can be observed from Figure 10.8 that at the desired 

ultimate design wind speed (i.e. load step of 146% of the design load), the improved 

innovative cold-formed steel building system is 249% (based on extrapolated 

horizontal windward knee deflection) and 52% stiffer than the original MGA 

building system (i.e. 0.42 mm BMT model) and the optimised MGA building system 

(i.e. 0.8 mm BMT model), respectively. 

 
Figure 10.9 contains the horizontal deflection results for the leeward knee bracket.  

The results for the new building system show that the horizontal deflection of the 

leeward knee bracket does not follow a linear trend.  This was also found in the 

results for the models of the original MGA building system and the optimised MGA 

building system.  As discussed in previous chapters, the non-linear result was a result 

of the ‘strip’ models not being able to accurately simulate the sway of the leeward 

side of the building system, due to the exclusion of the effects of diaphragm action.  

As a result, these results should be used with caution and engineering judgement. 
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Figure 10.9 Horizontal Leeward Knee Deflection 

The results from Figure 10.7 and 10.8 clearly demonstrate that the cladding profile 

used for the improved innovative cold-formed steel building system is more efficient 

than the cladding profile used for the original MGA building system.  The new 

improved building system is approximately 250% stiffer than the original MGA 

building system, while using the same cladding thickness of 0.42 mm BMT and 

hence, resulting in no significant gain in the overall weight of steel.  Even though the 

optimised MGA building system (i.e. 0.8 mm BMT model) was adequate for the 

ultimate design wind speed of 41 m/s and had significantly reduced deflections, its 

overall weight of steel is approximately 100% greater than the original MGA 

building system.  This clearly shows that the new improved cold-formed steel 

building system is more efficient both structurally and economically than the 

optimised MGA building system. 

10.4.2 Bracket Membrane Stress Results 

Analytical membrane stresses in the longitudinal direction of the inside and outside 

flanges of the windward base, windward knee, apex, leeward knee and leeward base 

brackets are compared and discussed for the new building system and the original 

and optimised MGA building systems.  To allow for easy comparison of the 

membrane stress results between the new building system and the original and 

optimised MGA building systems, the same name convention as used in the previous 

chapters has been used.  Hence the outside flange membrane stresses of the brackets 
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for the new building system are shown in the graphs containing the rib membrane 

stresses (rib of original MGA building system bracket is the outside flange of 

original bracket).  The inside flange membrane stresses of the brackets for the new 

building system are contained in the graphs containing the flange membrane stresses 

(flange results for the original MGA building system bracket in the inside flange of 

the original bracket). 
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Figure 10.10 Membrane Stresses for Windward Base Bracket 

Figure 10.10 contains the longitudinal membrane stress results for the windward base 

bracket.  The results for the new building system typically follow a linear trend and it 

can be observed that the longitudinal membrane results are within the yield capacity 

for the G450 material used.  It is observed that the values of the membrane stress 

results of the new building system are similar to those observed with the original and 

optimised MGA building system, particularly for the rib stresses (169 MPa for the 

new building system compared with 195 MPa and 210 MPa for the original and 

optimised MGA building system, respectively, at the 146% load step).   
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Figure 10.11 Membrane Stresses for Leeward Base Bracket 

This was not expected as the second moment of areas for the brackets of the new 

building system are significantly greater than that of the original and optimised MGA 

building system.  As a result, it was expected that the membrane stresses in the 

brackets of the new building system would have been significantly reduced.  

However, one possible reason for the similar membrane stress results may be due to 

the increased stiffness of the base brackets over the original brackets.  This increased 

stiffness would result in reduced deflections (observed in deflection results in 

previous section) and greater load being attracted to the base brackets.  Similar 

results were observed in the leeward base results with the exception of the flange 

stresses (see Figure 10.11). 
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Figure 10.12 Membrane Stresses for Windward Knee Bracket 

Figure 10.12 and Figure 10.13 contain the longitudinal membrane stress results for 

the windward knee bracket and leeward knee bracket, respectively.  The results for 

the new building system typically follow a linear trend and it can be observed that 

the longitudinal membrane results are within the yield capacity for the G450 material 

used and were significantly reduced in comparison to the FEA results for the original 

and optimised MGA building systems.  The maximum longitudinal membrane 

stresses achieved for the windward knee bracket and leeward knee bracket of the new 

building system were 186 MPa and 137 MPa, respectively. 
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Figure 10.13 Membrane Stresses for Leeward Knee Bracket 

The longitudinal membrane stress results for the apex bracket are contained in Figure 

10.14.  As with the membrane stress results for the base and knee brackets, the apex 

bracket results follow a linear trend.  It can be observed in Figure 10.14 that the 

longitudinal membrane results are within the yield capacity for the G450 material 

used.  The maximum longitudinal membrane stresses achieved for the flange and rib 

of apex bracket of the new building system were -143 MPa and 119 MPa, 

respectively.   
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Figure 10.14 Membrane Stresses for Apex Bracket 

The longitudinal membrane stress results for the brackets of the new building system 

demonstrate that the material thickness and grade used (G450 material and 1.5 mm 

BMT), are adequate for the desired ultimate design wind speed of 41 m/s.  The 

results also suggest that it may be possible to reduce the material thickness and grade 

of the brackets of the improved innovative cold-formed steel building system.  An 

investigation in to the reduction of the material thickness and grade of material of the 

brackets has not been conducted in this research project due to time constraints.  

However, the results show that even though this new building system is clearly more 

efficient than the original MGA building system, the improved building system can 

still be further optimised to produce an even more efficient structure. 
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10.4.3 Cladding Results and Failure Modes 

A comparison and discussion of the stress results and deformations of the cladding 

panels of the improved innovative cold-formed steel building system has been 

conducted and is contained below.  The objective of this comparison was to compare 

the stress results and extent of local buckling of the cladding panels of the new 

building system with the original MGA building system (0.42 mm BMT model) and 

the optimised MGA building system (0.8 mm BMT).  The finite element analysis 

results for the original MGA building system and the optimised MGA building 

system have not been repeated in this section, however, the results of these models 

that are referred to in this chapter can be found in the previous chapters. 

 

 

Figure 10.15 von Mises Stress Results for Cladding Panels 

Figure 10.15 contains the von Mises stress results for the cladding panels of the 

improved innovative cold-formed steel building system.  The results shown are for 

the maximum load step of 2.227 times the design load.  During this load step, the 

maximum stress reached was yield of 805 MPa at the windward knee.  A close up 

view of the stress results at the windward knee can be seen in Figure 10.16.  Figure 

10.16 also contains the deformed shape of the cladding panels at the windward knee.  

Rib 
 
 
Pan 
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It can be seen that significant local buckling has occurred on the compression flange 

of the ribbed section of the cladding panels.  The stress results in Figure 10.16 also 

show the start of a formation of a plastic hinge at the windward knee.  This was the 

same first failure mechanism that was observed with the original MGA building 

system (see Figure 8.30) and the optimised MGA building system (see Figure 9.11).  

As a result of the instability caused in the finite element model due to this formation 

of a plastic hinge, it was not possible to get the finite element model to converge to a 

solution at a greater load step.  As a result, a secondary failure mechanism was not 

determined.  However, it must be noted at these high load levels, fastener pull 

through failures should be considered and investigated as they may become critical.  

This failure mechanism has not been addressed in this research project, however, it 

must be addressed before this new building system is considered adequate for use in 

the market place. 

 

Figure 10.16 Stress Results and Local Buckling at Windward Knee 

The finite element analysis results for the improved innovative cold-formed steel 

building system also showed a significant amount of local buckling in the 

compression flange at the apex of the cladding panels (refer to Figure 10.17).  Unlike 

the original MGA building system and the optimised MGA building system, no 

distortional buckling of the new building system was observed in the finite element 

model.  Figures 8.31 and 9.12 show the distortional buckling observed in the finite 

element models of the original and optimised MGA building system, respectively. 

Local 
Buckling 
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Figure 10.17 Local Buckling of Compression Flange at Apex 

Figure 10.18 shows the von Mises stress results for the brackets of the new building 

system.  Generally, the von Mises stress results were less than that found in the 

brackets of the original and optimised MGA building systems.  A peak stress of 667 

MPa was found in the windward knee bracket at the junction between the two 

intersection halves of the bracket (refer to insert of Figure 10.18).  This value is 

within the experimental value obtained from tensile test coupons of the G450 

material and is also in an isolated non-critical location. 

 

Figure 10.18 von Mises Stress Results of Bracket 

Local 
Buckling 
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From the above discussion and comparison of the cladding results, it can be 

concluded that the cladding panels are adequate up to a load step of 2.227 times the 

design load (maximum load step achieved).  This load step results to an ultimate 

design wind speed as follows: 
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Therefore, it can be concluded that the improved innovative cold-formed steel 

building system is analytically more adequate for an ultimate design wind speed of 

41 m/s.  The results contained in this section have also shown that the improved 

innovative cold-formed steel building suffered from fewer serviceability issues, such 

as excessive global deflections, local buckling of the ribbed sections and distortional 

buckling.  Even though it was shown, in the previous chapter, that the optimised 

MGA building system (0.8 mm BMT model) had significantly reduced the 

serviceability issues listed above, it came at the expense of a building system that 

was approximately 91% heavier than the original MGA building system.  This 

clearly demonstrates that the improved innovative cold-formed steel building system 

is a more efficient design, as it has reduced or eliminated the serviceability issue 

whilst not increasing the overall weight of steel in the building system. 

 
As for the brackets of the new building system, no optimisation of the new cladding 

profile of the new building system was performed due to time constraints.  However, 

it is unlikely that the cladding profile of this new system is at its optimum for the 

cladding thickness 0.42 mm BMT) and material used (G550 material).  This can 

particularly be seen from the extent of local buckling in the compression flanges of 

the ribbed sections of the cladding panels.  Optimisation of the cladding panel profile 

should be investigated as part of a future research project using analytical modelling 

to further reduce the serviceability issues and to increase the overall structural 
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capacity of this improved innovative cold-formed steel building system.  Once an 

optimised section is developed it should be tested using a similar full scale test 

program to that used for the original MGA building system. 

 
Fastener pull through failure of the cladding panels has not been specifically checked 

during the analytical modelling of this improved innovative cold-formed steel 

building system.  It is a possibility that due to the increased load capacity of this new 

cold-formed steel building system, fastener failure and fastener pull through of the 

cladding panels may be a new failure mechanism.  As a result, it is recommended 

that fastener pull through failure of the cladding panels be thoroughly investigated 

during a future research project.  This investigation could be conducted using 

analytical modelling and experimental testing. 

10.5 Summary 

After the optimisation of the original MGA building system, it was found that for the 

MGA building system to be adequate for an ultimate design wind speed of 41 m/s, a 

cladding thickness of 0.8 mm BMT was required.  This resulted in the optimised 

MGA building system having no significant economic advantages over a typical 

portal frame structure.  Therefore, to produce a building system which is adequate for 

an ultimate design wind speed of 41 m/s and which has significant economic 

advantages over a typical portal framed structure, an improved innovative cold-

formed steel building system needed to be developed.   

 
The shortcomings with the original MGA building system have been identified, so 

that these shortcomings could be designed out of the improved innovative cold-

formed steel building system.  The most critical shortcomings of the original MGA 

building system were its inability to adequately carry an ultimate design wind speed 

of 41 m/s, and many serviceability issues such as extremely large global deflections, 

local elastic buckling deformations of the flanges and webs of the ribs of the 

cladding panels, and distortional buckling of the bottom cladding panels. 

 
To eliminate the shortcomings of the original MGA building system, engineering 

first principles were used to determine the most effective areas to improve upon the 

original MGA building system.  The most direct method to increase the overall 
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structural stiffness of the building system and reduce the structural stresses to 

increase the overall structural capacity was to increase the second moment of area of 

the primary load carrying members.  By increasing the second moment of area 

without increasing the overall cross-sectional area of the primary load carrying 

members, a stronger, stiffer structure could be created without increasing the overall 

weight of the building system.  This was achieved by using the same cladding profile 

as the original MGA building system.  However, instead of overlapping the ribbed 

sections of the cladding panels, every alternate panel was inverted and the ribbed 

sections of the cladding panels were connected together.  This resulted in the cross-

section of the ribbed sections of the cladding panels having twice the effective depth 

of the original MGA building system. 

 
A finite element model of the improved innovative cold-formed steel building system 

was created.  The model was analysed and the results showed that the improved 

building system was able to achieve a load step equivalent to an ultimate design wind 

speed of 50.4 m/s.  Therefore, it was concluded that the new improved cold-formed 

steel building system was analytically adequate for an ultimate design wind speed of 

41 m/s.  It was found that the new improved building system was approximately 

250% stiffer than the original MGA building system.  The results contained in this 

section also showed that the new improved cold-formed steel building suffered from 

fewer serviceability issues such as excessive global deflections, local buckling of the 

ribbed sections of the cladding panels and distortional buckling.  This clearly 

demonstrates that the new improved innovative cold-formed steel building system is 

a more efficient design, as it has reduced or eliminated the serviceability issues 

whilst not increasing the overall weight of steel in the building system. 

 
No optimisation of the new cladding profile of the new building system has been 

conducted and it is unlikely that the cladding profile of this new system is at its 

optimum for the cladding thickness (0.42 mm BMT) and material used (G550 

material).  It is recommended that optimisation of the cladding panel profile be 

investigated at a later date during a future research project using analytical 

modelling.  This will lead to a further reduction in the serviceability issues and an 

increase in the overall structural capacity of this new improved cold-formed steel 
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building system.  This optimised section should then be tested using a similar full 

scale test program to that contained in this thesis. 

 
Fastener failure and pull through failure of the cladding panels was not investigated 

during the analytical modelling of this new improved cold-formed steel building 

system.  Due to the increased structural capacity of the new building system 

presented in this chapter, it is likely that fastener failure and pull through failure may 

be a new failure mechanism.  Therefore, it is recommended that these failure 

mechanisms be thoroughly investigated during a future research project using 

analytical modelling and experimental testing. 
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11 Conclusions and Recommendations 

This thesis has presented the details of an extensive full scale test program 

undertaken to investigate the structural behaviour of an innovative cold-formed steel 

building system, named the ‘MGA Building System’, and the results. It also included 

test set-up, procedure and the unique load simulation method used.  Analytical 

investigation using finite element models to simulate the experimental test structure 

has also been presented.  This research has considered the required loadings of cross 

wind, longitudinal wind and live load test cases.  The wind loads were calculated for 

a 41 m/s ultimate wind speed. Unlike most other full-scale test programs, this 

investigation has included the effects of the side wall wind pressures where 

appropriate.  To load the MGA test structure accurately, a complex loading system 

was developed.  The details of this complex loading system are also contained within 

this thesis.   

 
A number of complex finite element models have been developed to simulate the 

experimental behaviour so that they can be used to optimise the existing ‘MGA 

Building System’ and develop an improved innovative cold-formed steel building 

system.  Based on the results of the MGA test structure subjected to the required 

wind loading conditions and the finite element modelling, conclusions and 

recommendations regarding the structural behaviour of the MGA test structure and 

the new optimised and improved building systems have been made. Following is a 

list of conclusions and recommendations arising from the research reported in this 

thesis. 

11.1 Full Scale Test Conclusions 

• The full scale test results have shown that in its present form, the MGA building 

system is not suitable for an ultimate design wind speed of 41 m/s.  This finding 

is due to the localised cladding failures that occurred at the knee connections 

during the testing program, starting at 50% of design load level.  These failures 

were the first to occur, as a result of local buckling of the cladding at the lower 

bolt connection on the ribbed section of the cladding panels due to the high 

compressive strains at these locations.  These failures later degraded into 
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crushing failures at these locations, followed by splitting of the rib crest at the 

fastener holes. 

 
• As a result of the many cladding failures that occurred during the full-scale 

testing program, it has been concluded that the G550 cladding material thickness 

of 0.42 mm (BMT) is not sufficient for the desired wind rating (41 m/s ultimate 

wind speed).   

 
• The destructive full scale tests have shown conclusively that the critical element 

governing the structural capacity of the MGA building system is the material 

thickness used for the cladding panels.  High strain regions developed in the early 

stages of the wind loading tests around the knee brackets to roof and wall 

cladding panel connections, towards the centre of the structure.  These high strain 

regions resulted in inelastic local buckling or dimpling of the cladding panels at 

these locations.  For the cladding panels to be adequate for the desired wind 

rating of 41 m/s ultimate wind speed, it has been calculated that a material 

thickness of at least 0.8 mm (BMT) is required (includes kt factor of 1.46 based 

on Section 6.2 of As 4600).  This increase in material thickness would benefit the 

MGA building system in many areas.  It would eliminate the inelastic cladding 

failures, help reduce the elastic local buckling and distortional buckling effects, 

help reduce the extremely large vertical deflections, and help reduce the large 

local deflections that were observed on the rear gable end wall. 

 
• In its present form, the MGA test structure is only suitable for an ultimate design 

wind speed of 21 m/s (refer to Chapter 6).  This wind speed was determined from 

the 40% design load level as no failures occurred up to this point.  A kt factor of 

1.46 was also used in accordance with Section 6.2 of AS 4600.  Up to this wind 

speed, the MGA test structure behaved linearly. 

 
• The test program has also showed that the base brackets have a much higher 

capacity than is required.  As a result, a thinner material thickness for the base 

brackets may be considered.  It has been calculated in Chapter 6 that a material 

thickness of 1.0 mm (G450) may be considered for the base brackets.  This 

calculation also included the kt factor 1.46 specified in Section 6.2 of AS 4600. 
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• It has been concluded that the apex brackets of the MGA building system are not 

adequate for the desired wind speed.  It has been calculated that a material 

thickness of at least 2.0 mm (G450) is required to withhold the desired wind load 

based on a 41 m/s ultimate wind speed (includes kt factor of 1.46). 

 
• As a result of the cladding failures around the left and right knee brackets having 

an influence on the strain gauge results at these brackets, no refinement of the 

material thickness used for the knee brackets was conducted. 

 
 
• The vertical deflections of the MGA test structure were extremely large.  At the 

serviceability level (40% load level), the maximum vertical deflection was 69.7 

mm at the apex bracket of Frame 5 which occurred during the destructive cross 

wind load test.  This deflection corresponds to a span to deflection ratio of 

span/80, which is not acceptable when compared with the suggested limit of 

span/250 in AS 4100 (1998).  Such large vertical deflections are also unlikely to 

be deemed acceptable by end users of the MGA building system. 

 
• The maximum horizontal deflection at the serviceability level (40% load level) 

was 11.6 mm at the right hand knee bracket of Frame 5.  This deflection occurred 

during the destructive cross wind load test.  This deflection is adequate and 

corresponded to a height to deflection ratio of height/200, which is less than the 

suggested limit of height/150 in AS 4100 (1998). 

 
• Despite the failure of the MGA structure to resist the loads corresponding to a 

target design wind speed of 41 m/s, many conclusions with regards to the 

structure’s behaviour have been reached.  It has been shown from the non-

destructive full scale test results that the MGA test structure transfers in-plane 

loads to the foundations by frame action.  

 
• It is also concluded from the close correlation of the experimental and theoretical 

bending moments that the base connections used in the MGA test structure 

behave like fixed connections.  The results also showed that the bending 

moments at the base brackets followed a linear behaviour confirming that they 

are fixed. 



G. Darcy: Structural Behaviour of an Innovative Cold-Formed Steel Building System                    338 

 
• The test results have shown that the MGA test structure acts as a series of closely 

spaced frames, where the overlapped ribbed sections of the cladding panel are 

acting as small cold-formed beams spanning between the moment resisting 

brackets.  Thus, it has been concluded from the experimental results, that the 

bending moments in the ribbed sections of the cladding panels are transferred 

into the moment resisting brackets and vice versa.   

 
• It has also been concluded that the overlapped ribbed sections of the cladding 

panels do not act as a composite member.  It was found that the amount of 

moment attracted into each ribbed section of the cladding panels was 

proportional to its second moment of area.   

 
• The test results have shown that the gable end walls provide restraint to the 

frames.  This restraint has an effect on the deflections and bending moments of 

the frames.  It was shown that the further away a frame is to a gable end wall, the 

less the restraint of the gable end wall affects that frame.  The transfer of this 

restraint into the frames was a result of diaphragm action and from the metal 

straps that connect the apex brackets together. 

 
• The behaviour of the back gable end wall was also investigated and it was 

concluded that when the MGA test structure was subjected to wind uplift with 

suction on the back gable end wall, the overlapped ribbed sections of the 

cladding panels acted similar to a mullion with a fixed base and pinned top 

connection.  However, when the MGA test structure was subjected to wind uplift 

with a pressure on the back gable end wall, the overlapped ribbed sections of the 

cladding panels behaved similar to a cantilever due to the in-plane deflection of 

the back gable end wall.  The test structure also behaved as a cantilever under a 

live load test case.  It was also concluded from this investigation that the base 

brackets of the back gable end wall are fixed and the screwed connections at the 

top back gable end wall to roof interface are only pinned. 

 
• During the destructive test many failures occurred.  However, despite these 

failures, the MGA test structure was still able to resist the applied load after each 

failure.  The test structure was able to achieve this by shedding the load away 
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from these failure zones and redistributing a proportion of these loads into other 

regions of the structure where no failure had occurred.  An example of this was 

the load shedding which occurred after the cladding failures at the knee brackets.  

This has shown that the MGA test structure has considerable redundancy.  

 
• It was shown from the apex bending moment results that the restraint provided by 

the gable end wall had an impact on the bending moment behaviour.  This 

increased restraint of the apex brackets was more evident towards the gable ends 

where the apex bending moments were reversed, due to the restraint pulling the 

apex brackets back towards their normal resting position.  The theoretical two-

dimensional model was not able to simulate this reversal of bending moment at 

the apex of the structure, as the model did not include this restraint at the apex 

bracket. 

 
• Based on the experimental results, it has been shown that a simple two-

dimensional theoretical computer model was not able to simulate the deflection 

behaviour and was much stiffer than the MGA test structure.  This was 

particularly seen for the leeward wall deflection when the test structure was 

subjected to a cross wind load.  Under this load case, the theoretical model was 

not able to predict the direction of deflection.  However, it has been shown that a 

simple two-dimensional theoretical computer model was able to approximately 

simulate the experimental bending moments. 

 
• The destructive test results have clearly shown that the cladding panels are not 

optimised for their intended purpose.  This could be seen from the local buckling 

failures, the distortional buckling, large pan deflections and overall structural 

deflections.  Therefore, it is recommended that the profile of the cladding panels 

be optimised to reduce these effects, with particular attention given to reducing 

the large b/t ratios through increasing the thickness or by including additional 

ribs along the pan.  

 
• During the testing program it was noted that the nuts of the bolted connections 

loosened after a number of loadings.  This has indicated that the bolted 

connections currently used are not suitable for this test structure.  To reduce the 
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occurrence of the loosening of the nuts it is recommended that spring washers or 

Nylok nuts are used. 

 
• A bolt pull-through failure was also observed during the test program.  It is 

recommended that washers underneath the bolt heads be used to eliminate this 

problem. 

 
• To eliminate the roof cladding pull-out failure that occurred at the ridge of the 

test structure, it is recommended that care is taken to ensure that the required 

edge distance is provided. 

 
• To produce an overall structural system which is suitable for wind loading based 

on a 41 m/s ultimate wind speed, it is proposed that a number of simultaneous 

changes be made to the MGA building system, which have been discussed in this 

thesis.  These changes include using at least a 0.8 mm (G550) material thickness 

for cladding panels, using a material thickness of 2.0 mm (G450) for the apex 

brackets, leaving the knee brackets as they are, reducing the material thickness of 

the base brackets to 1.0 mm (G450), using washers under all bolt heads, and 

using spring washers under all nuts. 

 
• Another proposed modification of the MGA building system is to modify the 

length of the base, knee and apex brackets so that these brackets form a complete 

frame spanning from the left hand to right hand base connections, using a 2 mm 

(G450) material thickness.  These frames would produce a more rigid load path 

for the applied loads to transfer to the foundations, leading to a large reduction in 

the deflections, which is a serviceability issue with the present building system.  

With the use of this full frame, it is likely that the current material thickness of 

0.42 (BMT) (G550) for the cladding panels may also be adequate.  As these 

frames would be much stiffer than the cladding panels, the majority of the load 

would be carried by the frames, resulting in fewer or no cladding failures that 

were observed with the current system. 
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11.2 Finite Element Analysis Conclusions 

• The ‘Strip’ finite element models (S-N, S-B and S-C models) are not capable of 

accurately simulating the sway and leeward wall stresses of the experimental test 

structure for the cross wind load case.  To accurately simulate the sway of the 

experimental test structure a ‘Full’ model which includes the effects of 

diaphragm action is required. 

 

• It has been concluded for the longitudinal wind and live load cases, that the use 

of a ‘Full’ model had less impact on the experimental results and that generally a 

‘Strip’ model is adequate to simulate the experimental behaviour. 

 
• The complexity of the finite element models (ie. No Contact, Basic Contact and 

Complex Contact) has a significant influence on the analytical results, 

particularly for the cross wind load case.   

 
• The finite element models which simulate no contact conditions or only basic 

contact conditions do not accurately simulate the sway and stresses of the test 

structure, particularly for the cross wind load case. 

 
• To accurately simulate the sway and stresses of the experimental structure, the 

finite element models must include the contact conditions betweens the cladding 

panels and moment resisting brackets. 

 
• To accurately simulate the failure mode of the test structure and buckled shapes 

of the cladding panels, full contact conditions must be included (i.e. must include 

the overlapping of the cladding panels). 

 
• Due to the increased thickness of the ribs of the cladding panels for the models 

with no contact or basic contact (twice the cladding thickness to represent the 

overlap of the ribs), they are not suitable to simulate the buckled shape of the 

cladding panels. 

 
• To accurately predict the sway, flexibility, stresses and the failure mode of this 

complex building system in a single model, a ‘Full’ model with ‘Complex 

Contact’ conditions (‘F-C’ model) is created. 
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• The finite element analysis results in a general sense have a good correlation with 

the experimental results, when taking into consideration the variation between the 

finite element models with the lack of tolerance in the construction of the 

experimental structure. 

 
• The finite element models and analysis techniques described in thesis were used  

to modify and improve the efficiency of the MGA building system, as well as 

develop an improved innovative cold-formed building systems. 

 
• The ‘strip model with complex contact’ was able to simulate and predict many of 

the failures and buckling modes visually observed during the destructive load 

test.  This included the first major global failure mechanism (cladding failure at 

the windward knee bracket).  This model was also able to accurately predict the 

observed elastic local buckling, distortional buckling, and excessive global 

deformations. 

 
• The analytical investigation into the optimisation of the original MGA building 

system concluded that for the MGA building system to be adequate for an 

ultimate design wind speed of 41 m/s, a cladding thickness of 0.8 mm BMT was 

required.  The analytical investigation showed that the optimised MGA building 

system using a cladding thickness of 0.8 mm BMT was adequate for an ultimate 

design wind speed of 48.2 m/s. 

 
• The optimised model using a cladding thickness of 0.8 mm BMT showed that the 

overall stiffness of the MGA building system was improved with the increase in 

the material thickness of the cladding panels.  The analytical results showed that 

the optimised building system was approximately 111% stiffer than the 0.42 mm 

BMT finite element model.  This significantly reduced the deflections of the 

MGA building system to values more in line with the span/deflection ratios 

suggested in AS4100 (SA, 1998).  A significant reduction in the extent of elastic 

local buckling of the webs and flanges in the ribs of the cladding panels, as well 

as a significant reduction in the extent of the distortional buckling observed in the 

bottom cladding panels were observed for the optimised MGA building system as 
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a result of the reduced b/t ratios of the elements of the ribbed sections of the 

cladding panels. 

 
• An increase in cladding thickness from the original 0.42 mm BMT to 0.8 mm 

BMT approximately relates to an increase in the total weight of steel of 91% over 

the original building system. As the overall cost of a steel structure is 

approximately proportional to the steel weight of the structure, the optimised 

original building system would theoretically cost approximately twice that of the 

original building structure. Thus any savings in weight, and therefore, savings in 

building costs over a conventional portal frame structure, is lost.   

 
• Finite element analysis was used to develop a concept for a new improved cold-

formed steel building system that was adequate for an ultimate design wind speed 

of 41m/s.  It was concluded that the most efficient way to develop a more 

efficient innovative cold-formed steel building system was to significantly 

modify the profile of the primary load carrying path of the building system.  This 

was achieved by inverting every alternate cladding panel, resulting in the depth 

of the ribbed sections of the cladding panels being twice that of the original 

MGA building system. 

 
• The analytical results showed that the new improved building system was able to 

achieve a load step equivalent to an ultimate design wind speed of 50.4 m/s.  

Therefore, it was concluded that the improved innovative cold-formed steel 

building system is adequate for an ultimate design wind speed of 41 m/s.  It was 

found that the new improved building system was approximately 250% stiffer 

than the original MGA building system, which resulted in significantly reduced 

global deflections.   

 
• It was clearly demonstrated that the new improved cold-formed steel building 

system was a more efficient design than the original MGA building system.  

 
• The finite element model of the improved innovative cold-formed steel building 

system showed that it had reduced or eliminated the serviceability issues such as 

large global deflections and local and distortional buckling effects. 
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• The analytical results have shown that it is possible to develop an improved 

innovative cold-formed steel building system which is adequate for an ultimate 

design wind speed of 41 m/s without increasing the overall weight of steel in the 

building system.  This results in an innovative building system which still has 

significant economic advantages over a typical portal frame structure and which 

conforms to the cost-benefit study performed by the industry partner. 

11.3 Recommendations for Future Research 

• No optimisation of the new cladding profile of the new building system was 

conducted and it is unlikely that the cladding profile of this new system is at its 

optimum for the cladding thickness 0.42 mm BMT) and material used (G550 

material).  It is recommended that optimisation of the cladding panel profile be 

investigated at a later date during a future research project using analytical 

modelling.  This could lead to a further reduction in the serviceability issues and 

an increase in the overall structural capacity of this improved innovative cold-

formed steel building system.  This optimised section should then be tested using 

a similar full scale test program to that contained in this thesis. 

 
• Fastener failure and pull through failure of the cladding panels were not 

investigated during the analytical modelling of this new improved cold-formed 

steel building system.  Due to the increased structural capacity of the new 

building system presented in this chapter, it is likely that fastener failure and pull 

through failure may be a new failure mechanism.  Therefore, it is recommended 

that these failure mechanisms be thoroughly investigated during a future research 

project using analytical modelling and experimental testing.   

 
• Future research should also include investigating alternate innovative cold-

formed steel building systems using finite element analysis and/or experimental 

testing.  A number of concepts for alternate innovative cold-formed steel building 

systems have been provided in this thesis. 
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Appendix A 
 

 

 

Construction Sequence Of 

The MGA Test Structure 
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Figure A.1 Layout of Formwork 
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Figure A.2 Insertion of Base Bracket 
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Figure A.3 Connection of Permanent Formwork System 
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Figure A.4 Erection of Back Cladding Panels 
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Figure A.5 Construction of Rear Gable End Wall 
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Figure A.6 Continuation of Erection of Wall and Roof Panels 
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Figure A.7 Completion of Roof and Wall Cladding Panels 
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Figure A.8 Erection of Front Gable Wall Mullion 
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Figure A.9 Completion of Front Gable End Wall 
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Appendix B 
 

 

 

Actuator Calibration 

Results 
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Table B.1 Calibration Results (160 mm Dia/100 mm Stroke) 

(Actuators 1 To 4) 
 

Results From Actuator Calibration For 160 mm Dia/100 mm Stroke 
(Actuators 1 To 4) (Newton) 

Actuator 1 Actuator 2 Actuator 3 Actuator 4 Pressure 
(Bar) 

Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 1239 1330 1280 1326 1303 1326 1319 1348 
2 1280 1307 1331 1295 1298 1260 1305 1391 1 
3 1170 1316 1301 1388 1279 1322 1346 1390 
1 3079 3400 3206 3354 3306 3298 3280 3418 
2 3045 3346 3243 3346 3185 3257 3268 3382 2 
3 3053 3367 3249 3313 3173 3349 3246 3357 
1 4919 5421 5124 5466 5176 5307 5217 5403 
2 4905 5404 5131 5367 5018 5279 5177 5416 3 
3 4917 5401 5119 5364 5061 5286 5164 5396 
1 6861 7466 7109 7499 7064 7280 7159 7503 
2 6810 7491 7086 7467 7003 7306 7138 7467 4 
3 6811 7476 7043 7458 6961 7313 7101 7466 
1 8816 9500 8897 9550 9049 9262 9096 9536 
2 8814 9483 9053 9482 8928 9291 9020 9561 5 
3 8766 9516 8962 9510 8922 9334 9013 9529 
1 10746 11612 10928 11547 11054 11335 11014 11618 
2 10739 11588 11056 11600 10907 11318 11005 11594 6 
3 10745 11615 10935 11500 10882 11313 11010 11575 

 
 

Table B.2 Calibration Results (160 mm Dia/100 mm Stroke) 
(Actuators 5 To 8) 

 
Results From Actuator Calibration For 160 mm Dia/100 mm Stroke 

(Actuators 5 To 8) (Newton) 
Actuator 5 Actuator 6 Actuator 7 Actuator 8 Pressure 

(Bar) 
Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 1406 1405 1402 1350 1370 1358 1192 1349 
2 1323 1376 1335 1345 1321 1366 1225 1357 1 
3 1329 1391 1325 1363 1304 1355 1209 1364 
1 3292 3444 3290 3389 3256 3403 3104 3360 
2 3236 3421 3241 3360 3215 3448 3125 3385 2 
3 3248 3437 3225 3378 3180 3394 3097 3373 
1 5228 5472 5202 5398 5180 5425 5004 5375 
2 5124 5418 5105 5400 5115 5518 5043 5388 3 
3 5142 5462 5125 5483 5104 5370 5046 5388 
1 7165 7519 7145 7474 7141 7506 7059 7463 
2 7091 7554 7071 7475 7088 7478 7034 7569 4 
3 7109 7552 7092 7511 7101 7437 7022 7470 
1 9095 9599 9063 9507 9011 9516 8871 9466 
2 9087 9521 8994 9503 8982 9524 8896 9418 5 
3 8997 9609 9010 9544 8995 9476 8840 9467 
1 10959 11656 10994 11655 10978 11615 10686 11529 
2 10951 11651 10911 11582 10931 11539 10671 11506 6 
3 10957 11624 10947 11608 10983 11552 10710 11500 
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Table B.3 Calibration Results (160 mm Dia/200 mm Stroke) 

(Actuators 9 To 12) 
 

Results From Actuator Calibration For 160 mm Dia/200 mm Stroke 
(Actuators 9 To 12) (Newton) 

Actuator 9 Actuator 10 Actuator 11 Actuator 12 Pressure 
(Bar) 

Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 1456 1631 1605 1636 1580 1642 1576 1676 
2 1457 1633 1432 1625 1588 1662 1572 1692 1 
3 1431 1653 1468 1616 1586 1668 1552 1697 
1 3346 3635 3492 3603 3448 3644 3416 3694 
2 3356 3635 3304 3625 3421 3636 3436 3674 2 
3 3339 3623 3345 3644 3432 3683 3422 3664 
1 5124 5631 5347 5596 5342 5639 5317 5654 
2 5146 5638 5205 5582 5320 5681 5313 5687 3 
3 5189 5593 5231 5594 5308 5688 5296 5681 
1 7072 7709 7310 7651 7243 7684 7253 7698 
2 7058 7683 7079 7638 7213 7690 7241 7727 4 
3 7125 7637 7140 7634 7271 7721 7216 7686 
1 9011 9726 9226 9661 9151 9743 9092 9742 
2 8971 9704 8987 9635 9117 9773 9076 9729 5 
3 9018 9658 9083 9682 9188 9750 9144 9718 
1 10857 11724 11061 11728 11052 11725 10962 11747 
2 10867 11709 11038 11677 11060 11756 10950 11724 6 
3 10887 11701 11096 11673 11056 11733 10954 11732 

 
 

Table B.4 Calibration Results (100 mm Dia/200 mm Stroke) 
(Actuators 13 To 16) 

 
Results From Actuator Calibration For 100 mm Dia/200 mm Stroke 

(Actuators 13 To 16) (Newton) 
Actuator 13 Actuator 14 Actuator 15 Actuator 16 Pressure 

(Bar) 
Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 569 620 595 612 593 603 607 633 
2 549 632 541 616 530 593 527 622 1 
3 552 628 543 609 549 591 588 630 
1 1276 1394 1316 1378 1317 1373 1351 1392 
2 1265 1385 1274 1368 1259 1359 1292 1386 2 
3 1263 1381 1283 1357 1282 1363 1324 1396 
1 2007 2179 2065 2161 2060 2134 2070 2176 
2 1984 2150 2003 2140 1994 2110 2028 2155 3 
3 1983 2144 2013 2135 2016 2128 2044 2164 
1 2737 2925 2790 2932 2816 2903 2812 2928 
2 2721 2919 2756 2916 2750 2883 2762 2921 4 
3 2719 2914 2768 2912 2773 2901 2780 2937 
1 3450 3665 3552 3714 3545 3650 3544 3697 
2 3447 3665 3498 3718 3483 3649 3474 3718 5 
3 3446 3677 3500 3695 3498 3648 3509 3714 
1 4173 4433 4265 4446 4264 4398 4245 4426 
2 4149 4412 4230 4427 4199 4403 4182 4457 6 
3 4157 4416 4229 4442 4215 4397 4221 4446 
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Table B.5 Calibration Results (100 mm Dia/200 mm Stroke) 

(Actuators 17 To 20) 
 

Results From Actuator Calibration For 100 mm Dia/200 mm Stroke 
(Actuators 17 To 20) (Newton) 

Actuator 17 Actuator 18 Actuator 19 Actuator 20 Pressure 
(Bar) 

Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 596 636 601 630 576 623 529 626 
2 548 631 582 646 529 605 536 627 1 
3 549 625 568 643 536 612 535 623 
1 1328 1376 1348 1421 1306 1384 1252 1393 
2 1285 1383 1318 1406 1245 1368 1287 1372 2 
3 1286 1372 1315 1393 1241 1372 1271 1392 
1 2064 2156 2096 2181 2026 2165 1984 2143 
2 2033 2139 2044 2174 1946 2136 1991 2158 3 
3 2044 2134 2056 2172 1958 2156 2020 2137 
1 2827 2923 2833 2974 2752 2910 2733 2928 
2 2777 2938 2792 2952 2684 2948 2748 2899 4 
3 2788 2939 2806 2963 2692 2923 2771 2944 
1 3536 3708 3552 3731 3489 3662 3457 3676 
2 3504 3712 3523 3724 3402 3684 3471 3683 5 
3 3509 3709 3521 3735 3422 3704 3482 3686 
1 4260 4459 4280 4486 4206 4421 4172 4396 
2 4205 4460 4210 4463 4124 4416 4191 4395 6 
3 4224 4456 4246 4455 4174 4413 4193 4445 

 
 

Table B.6 Calibration Results (100 mm Dia/100 mm Stroke) 
(Actuators 21 To 24) 

 
Results From Actuator Calibration For 100 mm Dia/100 mm Stroke 

(Actuators 21 To 24) (Newton) 
Actuator 21 Actuator 22 Actuator 23 Actuator 24 Pressure 

(Bar) 
Test 
No Tension Comp Tension Comp Tension Comp Tension Comp 
1 563 520 496 573 560 608 556 628 
2 451 522 513 541 567 641 573 631 1 
3 445 525 500 537 561 632 566 640 
1 1305 1270 1212 1350 1286 1399 1286 1390 
2 1181 1286 1218 1326 1279 1434 1277 1406 2 
3 1178 1294 1239 1304 1292 1403 1276 1409 
1 2038 2043 1958 2137 2011 2184 2005 2172 
2 1906 2056 1933 2078 2007 2193 2017 2182 3 
3 1902 2069 1948 2064 2013 2179 2011 2188 
1 2782 2838 2721 2940 2742 2971 2768 2943 
2 2654 2839 2667 2868 2749 2976 2767 2994 4 
3 2662 2851 2677 2864 2767 2979 2752 3000 
1 3512 3647 3431 3732 3512 3774 3507 3750 
2 3373 3622 3429 3656 3504 3750 3498 3793 5 
3 3376 3651 3411 3652 3505 3779 3503 3793 
1 4109 4406 4152 4498 4246 4541 4241 4521 
2 4125 4367 4132 4483 4250 4544 4237 4525 6 
3 4121 4390 4159 4472 4242 4529 4242 4536 
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Figure B.1 Calibration Results (160 mm Dia/100 mm Stroke) (Tension) 
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Figure B.2 Calibration Results (160 mm Dia/100 mm Stroke) (Compression) 
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Figure B.3 Calibration Results (160 mm Dia/200 mm Stroke) (Tension) 
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Figure B.4 Calibration Results (160 mm Dia/200 mm Stroke) (Compression) 
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Figure B.5 Calibration Results (100 mm Dia/200 mm Stroke) (Tension) 
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Figure B.6 Calibration Results (100 mm Dia/200 mm Stroke) (Compression) 
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Figure B.7 Calibration Results (100 mm Dia/100 mm Stroke) (Tension) 
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Figure B.8 Calibration Results (100 mm Dia/100 mm Stroke) (Compression) 
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Appendix C 
 

 

 

Example Calculations 
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Example Calculation of Bending Moments from Experimental 

Results 
 

Experimental Results 

 

Flange Strain (inside face) = -548 Micro Strain 

Flange Strain (outer face) = -685 Micro Strain 

Rib Strain (inside face) = 535 Micro Strain 

Rib Strain (outer face) = 513 Micro Strain 

 

Flange Membrane Strain = (-685 + -548)/2 = -616 Micro Strain 

Flange Flexural Strain = (-685 - -548)/2 = -69 Micro Strain 

Rib Membrane Strain = (513 + 535)/2 = 524 Micro Strain 

Rib Flexural Strain = (513-535)/2 = -11 Micro Strain 

 

Convert Membrane Strains to Stresses 

 

Assumed Young’s Modulus = 200 000 MPa 

Flange Membrane Stress = -616 x 0.2 = -124 MPa 

Rib Membrane Stress = 524 x 0.2 = 105 MPa 

 

Bracket Geometry 

 

 
 

68 mm 

34 mm 

30 mm 30 mm 
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Determine Neutral Axis for Stress Distribution 

 

 
 

L1 = 105/(-123 – 105) x 68 = 31.2 mm 

L2 = 124/(-123 – 105) x 68 = 36.8 mm 

 

Determine Areas Above and Below Neutral Axis 

 

A1 = 34 x 1.5 = 51 mm2 

A2 = (31.2 – 1.5) x 1.5 x 2 = 89.1 mm2 

A3 = (36.8 – 1.5) x 1.5 x 2 = 105.9 mm2 

A4 = 30 x 1.5 x 2 = 90 mm2 

 

Calculate Axial Load 

 

Axial Load = 51 mm2 x 105 MPa + 89.1 mm2 x 105/2 MPa  

                    + 105.9 mm2 x -124/2 MPa + 90 mm2 x -124 MPa 

                   = -7694 Newtens 

 

Axial Stress = -7694 Newtens/336 mm2 = -23 MPa 

 

Calculate Bending Stresses 

 

Rib Stress = 105 MPa + 23 MPa = 128 MPa 

Flange Stress = -124 MPa + 23 MPa = -101 MPa 

 

105 MPa 

-124 MPa 

L1 

L2 

A1 

A3 

A2 

A4 
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Recalculate Neutral Axis 

 

L3 = 128/(-101 – 128) x 68 = 38 mm 

L4 = 101/(-101 – 128) x 68 = 30 mm 

 

A5 = 34 x 1.5 = 51 mm2 

A6 = (38 – 1.5) x 1.5 x 2 = 109.5 mm2 

A7 = (30 – 1.5) x 1.5 x 2 = 85.5 mm2 

A8 = 30 x 1.5 x 2 = 90 mm2 

 

 

Calculate Bending Moment 

 

Moment = 51 x 128 x (38-1.5/2) + 109.5 x 128/2 x 2/3 x (38 – 1.5) 

               + 85.5 x 101/2 x 2/3 (30 – 1.5) + 90 x 101 x (30 – 1.5/2) 

                = 761615 Nmm 

                = 0.762 kNm 

 

 

 

 

128 MPa 

-101 MPa 

L3 

L4 

A5 

A7 

A6 

A8 
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Example Calculation of Required Material Thickness to Achieve 

Yield of Material 
 

Recorded strain = 1058 micro strain at 130% load Step 

Required load step for equivalent 41m/s ultimate wind load = 146% 

 

Extrapolate strain for 146% load step = 1058 x 146/130 = 1189 micro strain 

(Assuming linear relationship) 

 

Yield strain for G450 grade material = 2250 micro strain 

Using a linear relationship between material thickness and strain 

 

Material thickness required for yield = 1189/2250 x 1.5 mm = 0.8 mm 
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