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1. Introduction  

1.1. Background of the research 

The cold-formed profiles and sheetings are frequently used structural elements in the field of 

industrial and dwelling type buildings. The application field of these elements is growing 

nowadays due to their numerous favourable properties. The most important advantages are 

the resistance against weathering conditions (weather tightness, durability), resistance 

against corrosion, reliability and recyclability. Furthermore the prefabricated cold-formed 

elements with the designed dimensions lead to simple and fast building process what results 

in a cost-effective construction method. Through the development of these roof structures 

and cladding systems the cold-formed profiles and sheeting elements have been modified to 

fit the requirements needed from the constructional and stability point of views. The 

developed cold-formed cross-sections require associated connections usually both have 

complex geometry or behaviours. These result in complex behaviour gathering the 

behaviours of the different structural elements used in roof systems in addition to the 

interaction effect between them.  

The Z-purlins in the roof systems are usually used as secondary load bearing elements to 

support the cladding. The structural behaviours of these elements should be investigated and 

the effects of the different connection types between the purlins and the sheetings should be 

studied in details on the structural behaviour. Beside that the different loads acting on the 

purlins (snow load and wind suction) results in different loading conditions which are acting 

on a completely different static model due to the different supporting conditions on the upper 

and lower side of the purlin. It means that the structural behaviour of the purlin is completely 

different in the two loading directions what should be always taken into considerations in the 

design process. The previous investigations (Laboube 1991, Kemp et al. 1995, Katnam et al. 

2008) showed that the supporting conditions and the connection type between the purlin and 

the sheeting are strongly affecting the behaviour of the static system. 

The behaviours of the roof systems are the interaction originated to the behaviour of the 

individual structural elements with complex geometries and to the load direction with 

different supporting systems. Due to these conditions and keeping in mind the non-

homogeneous material properties through the cross-section of the used profiles the 

development of new design methods are needed (Vrany 2006, Werner 2008, and Joó 2008).  

1.2. Motivation of the research 

The EN 1993-1-3 (2005) standard proposes analytical methods to analyse and design the 

cold-formed roof systems. The proposed methods are based on the design of Z-purlin 

connected to corrugated sheets. The effect of the cladding system on the load carrying 

capacity is substituted by lateral and rotational springs and bars in the design method as 

shown in Fig. 1. The previous investigations showed that the load carrying capacity of the 

investigated system is depending strongly on these spring coefficients.  
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Figure 1: Design models of cold-formed purlins 

These spring coefficients are depending on the applied purlin, cladding system and on the 

connection between them, therefore the springs can have different characters for different 

structural layouts and for different roof systems. To be able to design the purlin, the spring 

coefficient should be known for each applied purlin, cladding system and for each 

connection types.  

To determine the spring coefficients experimental investigations are needed. In the frame of 

the current PhD research three experimental programs are designed and executed on Z-

purlins connected to corrugated sheeting having different geometries, supporting systems 

and different loading conditions. The experimental research programs are executed on three 

different cladding systems with several different geometric parameters. The aim of the tests 

is to investigate the structural behaviour of these complex static systems, to determine the 

spring coefficients which are needed to the design of the cold-formed purlins and to give the 

bases of new design methods. 

2. Summary of the research program  

2.1. Experimental study of purlin/sheeting direct connection  

In the frame of the experimental study the effect of purlin/sheeting direct connection is 

tested and analysed in laboratory conditions. This cladding system is the most widespread in 

all over the world because of its numerous advantages. Due to its light weight it is easy to 

install and maintain, the used elements are reliable and recyclable and the erection is fast and 

cost-effective. Against the simple layout and numerous advantages this purlin and sheeting 

system has a complex statical behaviour due to local buckling, biaxial bending, torsion 

effects, combinations of bending and axial forces and lateral torsional buckling. The 

behaviour is strongly influenced by the interaction between the system components what is 

not or only partially investigated in the previous studies (Kemp et al. 1995, Georgescu and 

Ungureanu 2008, Schueremans 2008, Katnam et al. 2008). The current research focuses 

on the determination of lateral spring stiffness of these roof systems, with the aims as 

follows:  

- investigation of the interaction phenomena between the purlins and sheets, 

- determination of the effect of the different parameters on the lateral spring stiffness, 

such as: (i) depth and thickness of Z–purlins, (ii) thickness of trapezoidal sheets, (iii) 

numbers of fasteners, (iv) loading directions, 

- to provide verification background of the newly developed design models. 

The cladding system used in the currently analysed structural layout is built by the 

application of LTP45 corrugated sheets connected to two types of Z–purlins. Three different 

sheet thicknesses are used in the experimental program with two different purlins having 
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three different thicknesses for each. All together 36 specimens are tested in the arrangement 

proposed by EN 1993-1-3 (2005). The length of the sheets is 496 mm with the width of 

1000 mm. The purlins are fastened to the sheeting by using SFS SD6–T15–5,5x22 self 

drilling and taping screws with EPDM neoprene washers. The specimens are tested applying 

lateral loads to the free flange of the purlin. During the tests the lateral displacements are 

measured at six positions. Four displacements are measured at the top of the free flange, and 

two displacements are measured at the h/6 height from the lower flange of the purlin and 120 

mm from the mid-span of the purlin in both directions. An additional displacement 

transducer is applied to measure the vertical displacement of the sheeting to observe the 

bending effect of the Z–purlins. The test specimen and the test arrangement can be seen in 

Fig. 2.  

       

Figure 2: Test specimen and test arrangement 

The load is distributed into four equal parts by using a hinged beam to distribute the load to 

the top of the free flange. The load is applied in two directions (positive to simulate the 

gravity load and negative to simulate the uplift wind load).  

The force–displacement relationships are determined and evaluated from the experimental 

results, and from these relationships the lateral stiffness of the system are calculated in case 

of all test specimens. The lateral stiffness is determined for both positive and negative 

loading directions and the results are studied and evaluated in the function of the different 

geometric parameters.  

The evaluations of these effects are presented through comparisons of the lateral stiffnesses 

of the tested specimens. Based on the test results the following conclusions are drawn: 

- The results showed that the lateral stiffness of specimens with stronger connection is 

higher by about 10–30% than the lateral stiffness of the specimens with the weaker 

analysed connections.  

- Measurement proved that the purlin height has a dominant effect on the lateral 

stiffness. The lateral stiffness of the specimens with Z–150 purlins is about 40% 

higher than for specimens with Z–200 purlins. This effect is higher with thicker 

plates of sheeting and purlins.  

- In general the stiffnesses of specimens loaded in positive direction are smaller than 

that for the pertinent negative ones by about 5-50% depending on the other 

parameters included. The ratio between them increases with the increment of plate 

thickness and the stiffness increases as well for shorter web height. In case of slender 

purlin web (higher and thinner) the two values are close to each other.  
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- The effect of purlin and sheeting thicknesses on the lateral stiffness of specimens has 

the same tendency, so the thicker the plate the higher the lateral stiffness of 

specimens. 

The obtained results can be directly used in the EN 1993-1-3 (2005) based design of Z–

purlin. On the other hand, the experimental data provides verification background for 

advanced numerical model development and design method improvement. 

Vrany (2001) used the presented test results to determine the rotational stiffness CD 

of the individual tested roof specimens in the frame of the development of the so 

called flexibility method. 

The basis of this method is to determine the rotational stiffness of the different 

layout of the roof specimens, taking into considerations the flexibilities of the 

individual components forming the connections: 

 s vertical deformation of the bottom flange of the sheeting at the point of the 

screw, 

 b local vertical deformation of the top flange of the beam at the point of the 

screw, 

 w vertical deformation of one sheeting web in compression due to the 

contact with the beam, due to the web crippling. 

 Vrany (2002) used the presented results to determine parameter  w considering of 

specimens having the same parameters but with different in the connection types. 

A non–linear finite element model is developed and presented by Katnam et al. 

(2008). This model is capable of predicting the rotational restraint provided by the 

sheeting in single skin purlin–sheeting systems. The model is valid for: (a) both 

gravity and uplift load conditions, (b) first and second generation trapezoidal 

sheeting, and (c) trough–fixed and crest–fixed screw conditions. The model is 

validated by the previously presented experimental test results and found to be in 

good agreement. The results of 12 tests were used from the presented experimental 

program (trough–fixed purlin–sheeting specimens) to calibrate the developed 

model. 

2.2. Purlin-cladding interaction in standing seam roofs  

Roof cladding systems are often built by the application of sliding elements. Without the 

sliding elements the roof system is built by fix connections. Due to the fix connections and 

due to several weathering and loading conditions the cladding system can be forced to 

expand and shrink, resulting local stresses around the connections, what may leads to failure 

at these locations. To prevent the roof structure from these local stresses it is advised to 

allow sliding between the covering sheets and the supporting purlins. For this reason sliding 

clips are introduced in the standing seam roofs. The structural layout of this roof system can 

be seen in Fig. 3.  
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MR24 Sliding clip 

 

Figure 3: Sliding clip and bridge system in Z–purlin/MR24 panel connection 

The cladding system used in the currently analysed structural layout of the standing seam 

roofs are built by the application of panels connected to sliding elements. The sliding 

elements are fixed to the Z–purlins with or without intermediate elements (bridge system). 

Bridge systems are used in the roof system to supply extra space for heat insulations. This 

cladding has one of the most exciting breakthroughs in the roofing technology in the last 

decades. By applying the bridge systems, extra heat insulations can be used to improve the 

energy efficiency of the building. In the previous investigations the standing seam roofs 

were analysed using sliding clips only, without intermediate elements (Serrette and 

Peköz1997, El Damatty et al. 2003, Hosam and Senseny 2003, Farquhar et al. 2005, Surry et 

al. 2007). In the current research program specimens with bridge system are also tested, 

considering the sliding action and gravity load which were not taken into account in the 

previous investigations. The effect of the inner covering is also investigated in addition to 

the previous research activities.  

Investigations showed that the upper flange of the purlin has conditional lateral support due 

to the sliding phenomenon which has a significant effect on the stability behaviour. The 

resulted uncertainties in the lateral stiffness should be considered in the stability analysis of 

the purlins. Therefore experimental research is planned and executed with the aim to clarify 

the complex structural behaviour and to determine the effects of the system components on 

the determined and analysed lateral stiffnesses. 

The stand-alone sliding clips and sliding clips with bridge system are investigated in the Z–

purlin/MR24 cladding system, in addition to the effect of the liner panel on the cladding 

Panel 1 Panel 2

MR24 sliding clip

Z-purlin

bridge clip

liner panel

M24 clip bridge bar

M24 panel



 7 

system. Three test series with different structural layouts (with bridges, without bridges and 

specimens with liner panel directly connected to purlins) are investigated. A total of 182 test 

specimens are examined. The test specimen and the test layout can be seen in Fig. 4.  

    

Figure 4: Test specimen and test arrangement 

The investigated specimens in this experimental program are built with Z–purlins having 

two different heights: 200 and 250 mm, and two different types of panels: MR24 panels and 

liner panels. The panels are fixed to the purlins through the sliding clips without screws. The 

specimens are loaded laterally with the lateral load and vertically by adjustable roof gravity 

loads. From the obtained experimental results the structural behaviour of the specimens are 

determined and evaluated. The lateral displacements of all specimens are measured and 

based on the experimental results the lateral stiffnesses are defined and calculated. Typical 

load–displacement diagrams can be seen in Fig. 5. The first diagram shows the structural 

behaviour without sliding action and the second one shows the behaviour of the system with 

sliding action. These illustrated examples shown in the two diagrams underline the dominant 

differences in the structural behaviour of the Z–purlins under the two conditions. 

    
a, without sliding action           b,  with sliding action 

Figure 5: Typical load-displacement curves 

The lateral stiffness is interpreted on the basis of the EN 1993-1-3 (2005), but the proposal is 

essentially extended in the dissertation according to the novel structural arrangement and the 

sliding phenomena. Two models are developed in the current research and the stiffnesses 

obtained from them are applied in the global stability analysis and design of the Z–purlins by 
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the co–operative research institute and the industrial partner. The test results show that the 

behaviour of the investigated structural detail is quite complex and contain several 

uncertainties due to mainly the sliding/friction phenomena of the sliding clip, to the 

deformation of the bridge system and to the locking phenomenon. The calculated lateral 

stiffnesses demonstrate clearly the tendencies with special attention to the effects of different 

structural details. 

In the standard purlin–sheeting roofs (with direct connection between purlin and sheeting) 

the purlin height has the biggest influence on the lateral stiffness, as it is shown here as well 

in the case of specimens with liner panels. The effect of purlin height showed that the 

stiffness of specimens with higher purlins were about 30-40 % compared to specimens with 

smaller height after softening take place. The effect decreases after hardening and it is about 

75%. In case of the standing seam roof the major affect is governed by the bridge system. 

The bridge arrangement (especially the connection region to the purlin) results in a weak 

lateral support between the adjacent components. The sliding phenomenon of the clip is a 

further uncertainty in the system. The effect of them can be taken into account in the 

developed models by the initial and sliding stiffnesses and the initial sliding force. By the 

evaluation of the test results a big scatter of the model parameters is found due to the 

uncertainties in the phenomena.  

The test results called the attention on some insufficient structural details, which are re–

designed by the industrial partner to improve the structural behaviour. The effect of the 

experimentally derived parameters on the global behaviour are studied by the global analysis 

of purlins applied in the Z–purlin/MR24 cladding system and on the basis of the test results a 

design method is developed by Werner (2008). The design method is based on a 7 DOF’s 

beam finite element, considering the warping effect. The cross-section distortion and the 

cladding deformation are modelled by elastic supports (lateral and rotational springs). The 

spring characteristics are determined on the basis of the experimental values.  

2.3.  Full scale load test of standing seam roof systems  

The standing seam roof system is built on a one bay hall erected from hot rolled I–profiles 

with two intervals. The tested structure can be seen in Fig. 6; the spacing between the 

frames is 7200 mm; the slope of the rafter beam is 1:12 and the height of the outer column is 

2050 mm. Bracing system is used in the first interval.  

Figure 6: Tested sample structure 
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The analyzed cladding system is built from panels connected to sliding elements. The sliding 

elements are fixed to the Z–purlins with or without intermediate elements (bridge system). In 

the tests MR24 sheeting, liner panels and sliding clips are used, besides three types of bridge 

systems and two types of purlins. The effect of these structural elements is investigated in a 

full scale test specimen under gravity loading condition. Four types of roof setups are built 

and tested in the site. The schematic drawing of the different tested cladding systems are 

shown in Fig. 7.  

Figure 7: Tested cladding systems 

The special layout of these roof systems results in complex statical behaviours due to the 

applied structural elements used (panels, sliding clips, the bridge systems and liner panel). 

The characteristics are strongly affected by these structural elements as it is experienced in 

the previous researches. In the current experimental study the behaviour of the complex roof 

system is analysed under gravity load having sliding clips, bridge system and liner panel. 

The experimental program is planned with the following aims: 

- development of test procedure to determine the load bearing capacity of Z–

purlin/MR24 cladding system, 

- to find and explain the experimental behaviour of full scale typical structural 

setups under gravity loads, 

- to find and explain the effect of the main structural parameters on the vertical 

stiffness and ultimate behaviour, 

- to provide experimental data for the analysis and design model development and 

verification of the investigated cladding systems. 

M24 clip
M24 panel

purlin

Z-250 /1.5

100 mm 

bridge clip

liner panel

M24 clip bridge bar
M24 panel

S1.

120 mm 

bridge clip

M24 clip bridge bar
M24 panel

120 mm 

alternative bridge 

M24 clipM24 panel

S2.

S3. S4.

purlin

Z-250 /1.5

purlin

Z-200 /1.8
purlin

Z-200 /1.8
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In the four different test setups three different failure modes are observed depending on the 

analysed cladding system. In case of the test setup #1 and #3 (S1, S3) the failure mode is 

distortional buckling of the purlin upper flange near to the mid-span. This failure mode can 

be seen in Fig 8.  

 

Figure 8: Typical distortional buckling failure of the purlin upper flange 

In the case of test setup #2 (S2) the observed failure mode is web buckling over the support 

and buckling of lip in the mid-span of the purlin. In the case of test setup #4 (S4) strength 

failure is observed with plastic hinge development in the mid-span. Based on the test results 

the following summary and conclusion can be done: 

- Roof structures with bridge systems and liner panels provide the structures with 

extra bending stiffness and extra load bearing capacity compared to the structures 

without them. 

- The application of bridge system and liner panel (S1) increases the stiffness of the 

stand-alone purlin by 44% (S1), 28% (S3) and 30% (S4). The efficiency of the 

bridge system and liner panel, compared to conventional roof (S2, without bridge 

system, with only 15% increase), is remarkable. 

- The measured vertical stiffness of the most powerful setup S1 is higher by about 

25% than that of S2. 

- The closely spaced alternative bridge system is more effective than the normal 

traditional bridge system. 

- The limit loads of S4 are the highest among all the test setups. The ultimate load is 

bigger than the ultimate load for the other setups by about 40 %. The explanation is 

the closely spaced alternative bridge system on the purlins that gives sufficient 

restraint against stability failure of the upper flange of the Z–purlin. 

- A horizontal dynamic movement is experienced even at low load level at S1 setup 

due to the walking of the workers on the roof. To damp this dynamic movement 

structural solutions are applied during the test and proposals are done for the 

industrial partner to improve efficiency of the lateral purlin supports. 

 

 

Distorsional buckling: setup#1
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3. New scientific results 

3.1. Theses of the dissertation 

Thesis 1. 

I completed an experimental program on 36 Z–purlin – LTP45 sheet specimens with direct 

screwed connection between them, in order to study the interaction phenomenon. On the 

basis of the experimental results I reached the new scientific results as follows: 

I determined the lateral stiffness of Z–purlin – LTP45 corrugated sheet cladding system 

under different arrangements; the obtained values can be directly used in the Eurocode 3 

based design method of Z–purlins. By the evaluation of the experimental results I 

determined the effects of (i) sheet and (ii) purlin thicknesses, (iii) purlin height, (iv) 

connection type and (v) direction of loading on the lateral stiffness of the tested cladding 

system. 

Related publications: Kachichian et al. (1999), Kachichian and Dunai (2002). 

 

Thesis 2. 

I completed an experimental program on standing seam roof specimens to investigate the Z–

purlin and cladding interaction. I designed the test specimens which reflect the typical 

behaviour of the non-conventional arrangement, by the application of sliding clip 

connections, with or without bridge system. I developed a new test setup and measuring 

system for the experimental investigation of the specimens, in which the effect of gravity 

loading on the sliding phenomenon can be simulated. I completed 182 tests and identified 

and characterized the typical, previously not published behaviour modes. 

Related publications: Kachichian and Dunai (2001), Kachichian and Dunai (2012). 

 

Thesis 3. 

I evaluated the results of standing seam roof tests and I reached the new scientific results as 

follows: 

3.1. I developed Model #1 to determine the lateral stiffness of the investigated system for 

behaviour mode without sliding action (54 tests); the model covers the observed 

softening and hardening phenomena of the load–displacement relationship. I calculated 

the model parameters and on this basis I obtained the effect of (i) purlin height, (ii) 

bridge system, (iii) sliding clip and the (iv) direction of load on the lateral stiffness of 

the system (free flange). 

3.2. I developed Model #2 to determine the lateral stiffness of the investigated system for 

behaviour mode with sliding action (128 tests); the model covers the observed stick-

slip phenomenon observed in the load–displacement relationship, under different 

gravity loads. I calculated the model parameters and on this basis I obtained the effect 

of (i) purlin height, (ii) bridge system, (iii) sliding clip and the (iv) gravity load on the 

lateral stiffness of the system (restrained flange). 

Related publications: Kachichian and Dunai (2001), Kachichian and Dunai (2012). 
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Thesis 4. 

I completed an experimental program on full scale standing seam roof systems to investigate 

the stiffness and the ultimate behaviour of them. In the four test roof non-conventional 

arrangements are used and resulted in complex interaction phenomena between the purlin 

and cladding. I identified the typical behaviour modes of the different test roofs. I developed 

a method to transform the applied uniformly and partially distributed loads into equivalent 

distributed load. On the basis of equivalent load and measured displacements/stresses I 

characterized the experimentally observed behaviour modes. 

Related publications: Kachichian et al. (2002), Joó et al. (2002). 

 

Thesis 5. 

I evaluated the results of full scale standing seam roof system tests and I reached the new 

scientific results as follows: 

5.1. I determined the vertical bending stiffness of the different roof systems. I determined 

the composite effect of the different cladding elements and purlins on the stiffness by 

the comparison of the results to each other and to stand-alone purlin. The increased 

stiffness can be utilized in the serviceability limit state design of the purlins applied in 

the studied systems.  

5.2. I determined the effect of the main structural parameters of the tested roof systems on 

the ultimate behaviour. On the basis of the evaluated displacement and stress results I 

explained the cause of the experienced behaviour modes. The observations can be 

utilized in the ultimate limit state design of the purlins applied in the studied systems.  

Related publications: Kachichian et al. (2002), Joó et al. (2002).  

 

3.2. Application of the results 

The results of the dissertation are directly applied in the development and design of cold-

formed roof systems, as follows: 

- The lateral stiffnesses related to Thesis 1 are applied in Eurocode 3 based new 

design method developments by Vrany (2006) and Katnam et al. (2008). 

- The experimentally derived parameters of standing seam roof system related to 

Theses 2 and 3 are applied to develop advanced design methods for purlins by Joó 

(2008) and Werner (2008). 

- The purlin design methods of Joó (2008) and Werner (2008) are verified on the 

basis of results related to Theses 4 and 5. The methods are applied in the practical 

design of Lindab roof systems. 

- On the basis of the observations during the full scale testing of the roofs proposals 

for modified structural details are given to the designers and fabricators in order to 

improve the unfavourable dynamic behaviour of the tested roofs (Thesis 4). 
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