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Abstract 

Lightweight roof and wall structural systems are widely used for cladding of steel portal 

frames. International research started on the stiffening and stabilizing effect of trapezoidal 

sheetings from the middle of the 20th century.  It is a well-known fact, that assembled systems 

of profiled sheeting and purlins show significant stiffness to in-plane loads, which action is 

referred to as stressed skin effect.  Previous studies on stressed skin effect of industrial steel 

buildings showed discrepancies between the current design method and experimental results, 

therefore further investigation is necessary to clarify these inconsistencies.  

My research focuses on the possible improvement of design methods in regards to the global 

restraining effect of steel cladding systems by identifying gaps in the current Eurocode design 

methods. This research aimed to investigate the influencing parameters of stressed skin effect 

in those industrially applied, nonstandard diaphragm constructions, in which seam fasteners 

and other structural elements are omitted in the practice. The “nonstandard” phrase will be used 

for these structural arrangements in the whole thesis.  

A full-scale experimental test series was carried out to investigate the shear flexibility of 

different diaphragm configurations in regards to steel portal frames. The evaluation of full-scale 

test results is detailed by underlining conclusions regarding the effect of change in section size 

of structural components and the number of fixings, and the effect of variation in structural 

arrangements. The results of this investigation show that in nonstandard cases the stiffening 

effect of diaphragms are comparable to the stiffening effect of wind and wall bracings. 

An experimental test program is introduced, that investigated the stiffness of these 

nonstandard, 3.00 x 3.00 m sized diaphragm configurations for in-plane static load. From 

experimental results the main conclusions can be drawn regarding the stiffening effect of 

nonstandard diaphragm, that in nonstandard cases the stiffening effect of shear panels is still, 

considerable, and the fixing number has a dominant effect on panel flexibility. Upon panel 

experimental test results, a verified and validated numerical model was developed, and the 

range of experimental tests was extended by numerical simulations. The conclusions of 

numerical analyses demonstrated, that the effect of purlin section height and thickness is not 

followed by current ECCS provisions. The experimental results were compared against 

analytical results derived from calculated shear flexibilities according to current ECCS 

formulae, and a proposal is made for calculation of shear flexibility of nonstandard diaphragm 

configurations. The research is underlining the importance of extending the applicability of the 

current design formulae to nonstandard cases, which are often applied in industrial practice all 

over Europe.  
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1. Introduction 

1.1. Problem statement and aims  

Steel profile sheets are commonly used to external cladding of industrial buildings from the 

first half of the 20th century. Profile sheets are manufactured in a wide range of different profile 

types, such as trapezoidal or sinusoidal. The widespread of metal cladding is due to its 

lightweight, corrosion resistance, easy and fast assembly, and the excellent material properties 

are combined with economical advantages, such as durability, low cost and sustainability.  

Steel sheeted cladding has gained relevance since the middle of the 20th century, and from 

this time the start of experimental testing of sheetings can be originated. However resistance to 

in-plane shear and stability restraint was previously investigated, still, there are gaps in 

knowledge in shear-resistance of nonstandard diaphragms, which became the main topic of this 

research. With the development of cladding systems the necessity of the development of design 

methods can be underlined, from which this thesis focuses on the investigation of nonstandard 

diaphragm configurations, in which subject currently no research is available.  

According to ECCS [10], methods of stressed skin design may be used only if several 

necessary conditions are fulfilled. One of these requirements is that the spacing of seam 

fasteners should not exceed 500 mm, though in industrial practice (especially in Hungary) the 

seam fasteners between overlapping sheets are often omitted, so these configurations 

denominated as nonstandard constructions. Practical industrial application underlines the 

necessity of extending the domain of ECCS stressed skin design methodology with these cases 

because the stiffening effect of these nonstandard diaphragms is still, considerable. 

The difference between two-side fastened nonstandard and standard shear panels are 

introduced in Fig. 1.  

 

 

Fig. 1. Standard ( left ) and nonstandard ( right ) shear panels  
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The following problems were underlined in the subject of global stability provided by 

trapezoidal sheetings: 

 standards became not adequate to deal with modern cladding systems, and the newly 

developed configurations are out-of-scope of current design procedure; 

 in stressed skin design there is a gap in knowledge of the stiffening effect of 

nonstandard diaphragm configurations, though these type of diaphragms are widely 

used in industrial practice all over Europe; 

 to date, no research has been conducted on full-scale portal frame buildings in order 

to investigate the stiffening effect of nonstandard diaphragms. 

Accordingly, this research focuses on the possible improvement of design method in regards 

to the global restraint of steel cladding system by identifying gap in current Eurocode design 

method.  

The aim of the research is detailed as follows (see Fig. 2.): 

 investigation of global restraint of  sandwich panels in regards to the portal frame to 

in-plane-shear and the possible improvement of stressed skin design method to adjust 

it to nonstandard cladding structural systems, which is out of the domain of current 

standard. 

 

 

Fig. 2. Scope of the research  
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1.2. Solution strategy 

At the beginning of the research, preliminary review of international research projects in the 

state of the art was performed, which is introduced in Chapter 1. On these bases, it was 

concluded, that some parameters, which are influencing stressed skin effect, are out-of-scope 

from existing ECCS design method. It was underlined, that even if research on shear flexibility 

of cladding systems started from the middle of the 20th century, still, nonstandard configurations 

are out-of-scope of these investigations.  

In Chapter 2 a full scale experimental program is detailed [44-46], which was conducted to 

analyze the stiffening effect of nonstandard diaphragm constructions, and the effect of different 

variables on shear flexibility. The details of the test set-up and the results of the experimental 

test series is detailed in Chapter 2. The change in section size of structural components is 

analyzed and the effect of structural arrangement to shear flexibility is discussed. After the 

evaluation of test results, the effect of each influencing parameter is examined, and the major 

influencing parameters on shear flexibility are selected. 

In Chapter 3 a 3.00 x 3.00 m sized panel experimental program is detailed [43], which served 

as a basis for investigation of current stressed skin design procedure. In the test series trough 

fixed constructions were investigated, as this type of configuration is used commonly in 

industrial practice in Hungary. The results of the tests are presented in details with the 

corresponding results, and the comparison of experimental results with the results derived from 

the current ECCS formulae are evaluated, underlining the non-negligible stiffening effect of 

nonstandard diaphragms, and the importance of the extension of current formulae to 

nonstandard cases. 

This research aimed to introduce the results of the panel experimental tests in comparison 

with the analytical results derived from the current ECCS design method. After the development 

and verification of the FE model upon experimental results, a numerical study is completed on 

shear panels, for those section sizes which are out of the domain of the experimental tests. The 

results of the parametric study are introduced, and a comparison is made with the analytical 

results in Chapter 4. Consequently, a proposal is made to develop current ECCS formulae to 

incorporate nonstandard diaphragm configurations in the same chapter. The results well 

confirm, that the amended formulae give a good approximation for shear flexibility of 

nonstandard diaphragm configurations, so the amended formulae can be applied to nonstandard 

cases, which are out-of-scope of the existing ECCS design method. The further aim of the 

research is to extend the results to non-tested section sizes and configurations which might be 

relevant in engineering practice.  
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1.3. Research background and problem statement 

International research started on shear stiffness of diaphragms in the middle of the 20th 

century [1-2]. Buildings, which are not conceived as stressed skin structures, may still carry 

relatively high diaphragm forces. Diaphragm effect develops in cladded buildings, even if this 

effect is not taken into consideration, which might lead to underestimation of stresses and 

deflections at gable frames. Diaphragms can be used to stabilize structural elements even in 

fire, to save construction cost by decreasing the quantity of structural steel with eliminating of 

bracing elements, and increase strength and stiffness of steel structures [3-8]. 

The European design methodology which quantifies the stresses and deformations is called 

“stressed skin design”. Stressed skin effect was observed by Bryan, and the first design 

treatment of stressed skin theory providing design method was published in 1972 [9]. After 

Bryan’s early research a pre-normative document was prepared and published in state of art by 

ECCS in 1977 [10]. It composes the basis of the current design procedure and methodology 

with small changes, and it has become the model for other codes including Eurocode [11] and 

British Standard, BS 5950: Part 9 [12], which are currently including design method only for 

single skin and cassette construction.  

In 2002 a manual was compiled by Höglund in cooperation with the Swedish Institute of 

Steel Construction [7], which is an extended design guide, and gives examples for different 

diaphragm configurations.  

Taking into account this effect on steel halls requires the calculation of various components, 

which contains the flexibility of sheeting, purlin, fasteners and connections between these 

elements.  

The ECCS formulae incorporates the effect of 5 deformation components: 

 distortion of the profile (c1,1), 

 shear strain in the faces of the profile (c1,2), 

 deformation in the sheet to support member fasteners (c2,1). 

 deformation in the seam fasteners (c2,2). 

 deformation in the gable connections (c2,3). 

 axial strain in the edge members, bending in the plane of the diaphragm (c3). 

Components of shear flexibility according to ECCS is detailed on Table. 1.  [13]. 
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Components of shear 

flexibility 

Sheeting spanning perpendicular to 

span of the diaphragm 

Sheeting spanning parallel to span of the 

diaphragm 

Sheet deformation   

Profile distortion 
𝑐1.1 =

𝛼1 ∙ 𝛼4 ∙ 𝑎 ∙ 𝑑2.5 ∙ 𝐾

𝐸 ∙ 𝑡2.5 ∙ 𝑏2
 𝑐1.1 =

𝛼5 ∙ 𝑎 ∙ 𝑑2.5 ∙ 𝐾

𝐸 ∙ 𝑡2.5 ∙ 𝑏2
 

Shear strain 

𝑐1.2 =
𝛼2 ∙ 2.6 ∙ 𝑎 ∙ (1 +

2 ∙ ℎ
𝑑

)

𝐸 ∙ 𝑡 ∙ 𝑏
 𝑐1.2 =

2.6 ∙ 𝑎 ∙ (1 +
2 ∙ ℎ

𝑑
)

𝐸 ∙ 𝑡 ∙ 𝑏
 

Fastener deformation   

Sheet to purlin fasteners 
𝑐2.1 =

𝛼3 ∙ 2 ∙ 𝑎 ∙ 𝑠𝑝

𝑏2
 𝑐2.1 =

2 ∙ 𝑎 ∙ 𝑠𝑝

𝑏2
 

Seam fasteners 
𝑐2.2 =

2 ∙ 𝑠𝑠 ∙ 𝑠𝑝 ∙ (𝑛𝑠ℎ − 1)

2 ∙ 𝑛𝑠 ∙ 𝑠𝑝 + 𝛽1 ∙ 𝑛𝑝 ∙ 𝑠𝑠

 𝑐2.2 =
2 ∙ 𝑠𝑠 ∙ 𝑠𝑝 ∙ (𝑛𝑠ℎ − 1)

2 ∙ 𝑛𝑠 ∙ 𝑠𝑝 + 𝛽1 ∙ 𝑛𝑝 ∙ 𝑠𝑠

 

Connection to rafters 4-side fastened 4-side fastened 

 
𝑐2.3 =

2 ∙ 𝑠𝑠𝑐

𝑛𝑠𝑐

 𝑐2.3 =
2 ∙ 𝑠𝑠𝑐

𝑛𝑠𝑐

 

 2-side fastened 2-side fastened 

 
𝑐2.3 =

2

𝑛𝑝

∙ (𝑠𝑝𝑟 +
𝑠𝑝

𝛽2

) 𝑐2.3 = 𝑠𝑝𝑟 +
𝑠𝑝

𝛽2

 

Total flexibility in true 

shear 
𝑐′ = 𝑐1.1 + 𝑐1.2 + 𝑐2.1 + 𝑐2.2 + 𝑐2.3 𝑐′ =

𝑏2

𝑎2
∙ (𝑐1.1 + 𝑐1.2 + 𝑐2.1 + 𝑐2.2 + 𝑐2.3) 

Flange forces  

Axial strain in the edge 

members 

Diaphragm beam Diaphragm beam 

 
𝑐3 =

𝛼3 ∙ 𝑛2 ∙ 𝑎3

4.8 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 𝑐3 =

𝑛2 ∙ 𝑎3

4.8 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 

 Cantilever diaphragm Cantilever diaphragm 

 
𝑐3 =

𝛼3 ∙ 𝑛2 ∙ 𝑎3

2 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 𝑐3 =

𝑛2 ∙ 𝑎3

2 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 

Total shear flexibility 𝑐 = 𝑐′ + 𝑐3 𝑐 = 𝑐′ + 𝑐3 

 

Table. 1.  Components of shear flexibility according to ECCS [13] 

 

The principal aim of the research program introduced in the dissertation, is studying the 

shear flexibility of nonstandard diaphragms, and to refine the current design procedure to 

incorporate nonstandard cases. Nevertheless investigating nonstandard cases allows studying 

the effect of other shear flexibility components by excluding the seam fastener flexibility 

component. 

Full-scale testing of steel building systems comprising hot-rolled sections for studying 

stressed skin effect has been limited, due to its expense and time-consuming nature, as well as 

the lack of facilities [14]. As far as known, no international study was performed to examine 
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the stiffening effect of nonstandard, trough fixed, steel diaphragm constructions in steel portal 

frames. 

Between 1964-72 Bryan et al. [15–17] carried out a full-scale experimental test program in 

order to investigate the stiffening effect of standard cladding systems on steel portal frames, the 

result showed that the cladding decreases the flexibility of the structures significantly. In the 

first tests [15] a theoretical work was verified experimentally, by tests on a 45,7 m (150 ft.) 

span portal frame shed, where the main attention to the moment distribution and collapse was 

paid. In the next test series in 1968 [16] the stiffening effect of standard diaphragms were 

examined in 3 sets of 2,44 m x 3,04 m (8 ft. x 10 ft.) sized, 2 sets of 3,66 m x 3,66 m (12 ft. x 

12 ft.), and 4 sets of 5 m x 3 m sized panel tests, where the test results were compared with the 

calculated values. The conclusion of panel test was that the calculated values are generally in 

satisfactory agreement with the measured values, though the maximum difference between the 

2 values is 64 %, where the assumption of shear flexibility is smaller than the experimental 

value. Among this test series full-scale experimental test was carried out, where a 2,44 m wide, 

94,18 m long and 15,24 m high (80 ft. wide, 309 ft. long and 50 ft. high) steel-framed cladded 

building was analyzed. Conclusion of the analyses is that unless the cladding is taken into 

account, the calculated stresses are “fictitious”. By taking into account the stiffening effect of 

the sheeting greater economy can be achieved, for the design would be based on the actual 

behaviour of the building. In the last test series in 1972 [17] a 12 m x 30 m sized, fully clad 

building (eaves height 3.4 m, building height 5 m) was examined, and loaded by superimposed 

and side loads. The main findings of the experimental tests are: 

 stressed skin design saves about 25 % of the weight of the structural steel in the main 

frames, compared to the conventional design, 

 the experimental test underlines the importance of fasteners in stressed skin design, 

 the design method reflects the actual behaviour of the complete building. 

In 1990 Davies et al. [18] conducted a series of full-scale experiments of portal frames, with 

the span of 12 m and 24 m. This research program aimed to assess the real behaviour of the 

steel portal frame systems. Part of the research was the development of a non-linear finite 

element model, which was calibrated upon experimental results. 

A wide research program was conducted on steel portal frames in 1999 by Mahendran and 

Moor [19], where the stiffening effect of crest-fixed cladding system was examined. The test 

building was a steel portal framed building consisting of 3 steel frames with the span of 12 m, 

which resulted in 12 m x 12 m plan dimensions. The column height at eaves was 4.2 m, and the 

roof pitch was 5°. A conventional cladding system of trapezoidal sheeting with Z purlins and 



11 

 

girts were used. The objective of the tests was the examination of the true, three-dimensional 

behaviour of steel portal buildings typically constructed in Australia, where the application of 

crest-fixed cladding is commonly used. A computer model was also verified upon the results 

derived from the experimental tests, and from this stressed skin action was developed.  

Few similar panel experimental tests were carried out by Davies et al. [6] to investigate the 

nonstandard, steel diaphragms’ stiffening effect. The first test series by Davies and Lawson 

included 8 panel tests, in which the following constructions were investigated: one double-skin, 

three built-up roof systems with different types of spacers, one structural liner tray, one standing 

seam diaphragm, and two sandwich panel constructions. Although these results were significant 

research projects in the state of art, they were not subjected to numerical simulations, so no 

further steps were made to develop a design procedure. 

In 2004 a test series was executed by Dubina et al. [20], including 6 no. of full-scale wall 

tests with different claddings (OSB and perforated sheeting). The aim of the research was to 

investigate the shear behaviour of shear panels of most popular panel technologies. In these 

tests seam fasteners were applied.   

The stabilizing role of shear was underlined in a research project executed by Lange and 

Naujoks [21] in timber framed constructions. Diaphragm action was examined in different 

configurations (mostly with chipboards and gypsum fibreboard), but timber studs and framing 

were used instead of cold-rolled sections. 

The stiffness and strength characteristics for walls comprised of cold-formed steel studs 

stabilised by OSB or gypsum board sheeting were studied by Schafer and Vieira [22].   

Further studies were made in 2010 by Yu et al.[23-24]. Monotonic and cyclic tests were 

conducted in order to specify shear strength of specified shear walls. As the specimen size was 

designed to fit one sheet width, so the seam fasteners are not relevant in these experimental 

tests. Shear strength and peak load values were derived from the tests, each configuration was 

designed according to AISI Lateral Design Standard. 

Wrzesien et al. conducted ten 3.00 x 3.00 m sized, standard roof tests using top-hat purlins 

[25] and six similar experimental tests were carried out with numerical model development and 

validation [26], although in none of these panel test series were nonstandard configurations 

investigated. 

Several experimental tests were conducted by Wrzesien et al. in recent years to investigate 

stressed skin effect in cold-formed steel portal frames [27-28], however, the subject of the 

investigation included standard diaphragm constructions, which is a different domain from the 

nonstandard cases introduced in this research (see Fig. 3. ). 
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Fig. 3. Frame of the experimental full-scale tests conducted by Wrzesien et al. [27] 

 

An experimental study on the structural strength of cold-formed steel shear wall frames with 

sheeting was conducted by Pan and Shan [29]. The sheeting type in these test series were 

gypsum board, calcium silicate board and oriented strand board. 

Five full-scale cantilever aluminum roof diaphragm tests were conducted by Avci et al.[30] 

in accordance with the AISI “Cantilever Test Method 1 for Cold-Formed Steel Diaphragms”. 

The tests supporting the proposed use of panel edge term for aluminum diaphragms. 

A series of shear wall tests were conducted in Canada to develop a design method for steel 

sheathed cold-formed steel frame walls by Balh et al.[31]. Similar configurations were 

examined by Tian et al.[32], where additional steel trusses were installed in diaphragms.  

To summarize the international research projects including experimental tests in state of the 

art, several full-scale tests were conducted to examine the shear stiffness of shear walls, but all 

of the above included standard configurations with different type of load bearing elements and 

sheetings. No international study was executed in order to examine the stiffening effect of 

nonstandard diaphragms in cold-formed steel framed structures, which is the novelty of our 

research program, and filling a gap in this research field. 

Beside full-scale tests, further observations were made internationally in the study of stressed 

skin design over the period of the last 15 years. Since standards were developed, industrial halls 

became larger and more flexible, while cladding systems became highly integrated with steel 

frames interacting with the structural system, consequently it may be assessed that standards 
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became out-of-date, not adequate to deal with modern cladding systems, and the newly 

developed configurations are out-of-scope of current design procedure [33-34].  

In recent years, several research groups underlined the importance of updating the current 

formulae [13, 35-36], with the following conclusions. 

Davies in 2006 [13] highlighted the most problematical aspects of the current version of 

design expression in stressed skin design methodology. Davies underlined that the shear 

flexibility components should be the same for the two different types of diaphragms (cantilever 

and beam diaphragm) except for axial strain in the edge members, although in the current design 

procedure this is not the case. For cantilever diaphragms, the design formulas are identical to 

the basic shear panel formulas in its two different orientations, excluding those cases where 

cantilever diaphragm is composed of two or more panels. One of the most problematical aspects 

of stressed skin design is the prediction of shear distortion of profile. Accordingly, further 

innovative development in the subject was suggested. 

According to an international research project by Wrzeslen et al. [35] it was shown, that 

leaving stressed skin effect out of consideration leads to the underestimation of forces at gable 

ends. Cladding can be utilized as a structural element, thus with considering diaphragm effect, 

a lighter internal frame can be designed providing a cost-effective solution. 

The below tendencies were recognized by a Romanian research group in 2016 [36]:  

 shear resistance of the roof panels depends on the seam fasteners capacity, type and 

thickness of sheeting and side fixings, the shear capacity can increase 4-times from 

two-sided fastenings to four-sided ones, 

 flexibility of roof shear panel increases by 60-90% if sheeting is fixed in alternate 

corrugations compared to every corrugation. 

These above findings underline the importance of stressed skin design and establish that 

there is an urgent need to develop the ECCS formulae to incorporate the industrially applied, 

nonstandard diaphragm configurations.  

Although numerical modelling techniques are advancing and can follow the behaviour more 

and more accurately, there is still, a need to be validated upon experimental test results. 

In parallel with international research activities, a research program started in order to study 

some of the above uncertainties in ECCS design methodology, to examine the stiffening effect 

of nonstandard diaphragm configurations and to extend the applicability of the current design 

formulae for nonstandard diaphragm configurations [37-40]. 

In stressed skin design there is a gap in knowledge of the stiffening effect of nonstandard 

diaphragm configurations, though these type of diaphragms are widely used in industrial 
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practice all over Europe. To date, no research has been conducted on full-scale portal frame 

buildings in order to investigate the stiffening effect of nonstandard diaphragms. The primary 

objective of the research program is to study the stiffening effect of these nonstandard 

diaphragms and to refine the current stressed skin design formulae to these industrially applied, 

nonstandard cases. 

An extensive research program was carried out to study the principal parameters influencing 

stressed skin effect, which are out of the scope of current ECCS design methodology. The 

research aimed to study the possible refinement of stressed skin design method and to adjust it 

to the nonstandard cladding structural system typically applied in steel constructions. The 

experimental testing in details with the corresponding results are presented, and the comparison 

of experimental results with the results derived from the current ECCS formulae, underlining 

the non-negligible stiffening effect of nonstandard diaphragms, and the importance of the 

extension of current formulae to nonstandard cases. Besides this, the change in section size of 

structural components is discussed and the effect of structural arrangement to shear flexibility 

is detailed. 

The principal aim of the research is to capture the major influencing parameters of shear 

flexibility and to extend the current formulae to industrial applied cases, which are out-of-scope 

of the ECCS design methodology.  

 

2. Evaluation of full-scale test series for investigation of global flexibility of 

various cladding systems 

2.1. Introduction 

This Chapter focuses on the details and the evaluation of results of a full-scale experimental 

test series, which further investigates the global flexibility of nonstandard diaphragm 

configurations  [LA1-2, LA4-5]. The test series was carried out by the Department of Structural 

Engineering of the Budapest University of Technology and Economics without the participation 

of the author, only the evaluation process is introduced in this thesis.  

The international research projects related to full-scale experiments in regards to the 

examination of stressed skin effect are overviewed, however, it was underlined that no 

international study was made in order to examine the stiffening effect of nonstandard 

diaphragms.  
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The goal of the research program is to examine the global stiffening effect of those, 

nonstandard diaphragm configurations, where the application of seam fasteners are rejected, 

and which are typically applied in everyday construction all over Europe. 

As no international study was performed in order to study the global stiffening effect a full-

scale experiment of a single bay steel cladded building was planned and carried out in order to 

capture the major influencing parameters of stressed skin effect in nonstandard configurations.  

Further research needs to capture those parameters, which have an influencing effect on the 

shear stiffness of nonstandard diaphragm configurations.   

Further conclusions are drawn regarding the effect of diaphragm height and fixing number 

and the effect of structural components (purlins, bracing and sheeting) on global flexibility. The 

aim of the evaluation of experimental results is to identify the major influencing parameters in 

regards to the global flexibility of the investigated steel building and prepare a panel test series 

to prove that these parameters influencing the panel flexibility as well. 

The experimental results are used as a basis of further experimental and numerical studies 

with the main goal to improve and extend the available design rules for the typically applied, 

nonstandard structural configurations.  

 

2.2. Full-scale test series  

2.2.1. Test set-up 

The full-scale test arrangement contained two 18.9 m span steel frames made of tapered I-

section, the bay spacing of 6 m and eave height of 6 m. The test arrangement contained a loading 

frame which was subjected to the 2 investigated frames to in-plane shear. The details of the test 

arrangement are shown in Fig. 4. Four main configurations were tested, where two types of 

purlin sections and wall girder heights, and two types of trapezoidal sheeting section types were 

applied. Each configuration contained 8-16 cases, where various components of the system 

were tested such as: with or without bracing, sheeting on the outer side of the purlins, sheeting 

on both sides of the purlins, self-drilling screws in every or every second corrugations of the 

sheeting and these cases applied only in the roof or both in the roof and in the wall as well. The 

self-drilling screw type applied in tests is LD6T with a size of 6.3x25 mm and neoprene washer. 

Altogether 116 tests were carried out on-site, and the global flexibility of the two-frame-steel 

building was determined by the measurement of the columns longitudinal and transverse 

deformations as well.  
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The plan and elevation of the structure can be seen in Fig. 4., while the dimensions of the 

frame are shown in Fig. 5. The span of the frame is 19 m, the eaves height is 5.9 m, the apex 

height is 9.36 m, and the spacing of the frames is 6 meters.  The tapered beams are welded from 

6 and 8 mm thick S355 Grade steel plates (web and flange), with the minimal section height of 

380 mm. The tapered columns are welded from 5 and 8 mm thick S355 Grade steel plates (web 

and flange), with the section height of 380 mm at the support. The distance of the purlin cleats 

is 1.5 m, while the spacing of the side rails is 2.6 and 2.0 m. The wall and wind bracings are 16 

mm diameter steel rods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Test arrangement and the position of measuring equipment 
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Fig. 5. Main frame  

 

Two hydraulic jacks were applied during loading, one frame was loaded by toward frame 

direction (called compression), and the other in the same time by opposite direction (called 

tension). The same loading protocol was applied in all tests, monotonically increasing 

horizontal load with a maximum loading level of 60 kN, all tests were performed in elastic 

domain. The loading frame was designed with significantly higher in-plane stiffness comparing 

to the test building; the stiffness of the loading frame is 60-times higher than the building’s.  

During tests the following values were measured and examined: 

 displacements of columns at eaves height in longitudinal and transverse directions 

(A, B, and X, Y - see Fig. 4.), 

 stresses in 2 wind bracings closest to the loading frame, 

 longitudinal displacements of the loading frame to verify its stiffness.  

 

2.2.2. Test program 

Altogether 116 tests were conducted. The below parameters were varied in the test 

configurations (summary of configurations can be seen in Fig. 5.): 

 application or elimination of bracing (W), 

 application of purlin (P): section sizes Z150/1.5 in wall and Z200/1.5 in roof, or 

Z200/2.0 in wall and Z250/2.0 in roof, (Z height/thickness), 

 application of trapezoidal sheeting: external or internal (E or I), section sizes 

LTP20/0.5 or LTP45/0.5, (LTP – product of Lindab Ltd, height/thickness), 
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 number of fixings applied in alternate or every corrugation (only shown in 6a and 7a 

configurations). 

 

Fig. 5. Summary of test configurations 

 

All configurations are detailed in [LA1], while the set of configurations are shown on Fig. 

6-9. Grey marked cells meaning the presence of structural parts in the tested configurations. 

For example, WPEI-RW means that wind bracing (W), purlin (P), external- (E), and internal 

cladding (I) were applied both in roof (-R) and wall (W).  
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Fig. 6. Configurations, with wall: Z200, roof: Z150, sheeting: LTP45 

 

 

Fig. 7. Configurations, with wall: Z200, roof: Z150, sheeting: LTP20 
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Fig. 8. Configurations, with wall: Z250, roof: Z200, sheeting: LTP20 

 

 
 

Fig. 9. Configurations, with wall: Z250, roof: Z200, sheeting: LTP45 
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2.2.3. Test results 

Due to experimental configuration, global torsion of the specimen occurred, for this reason 

instead of shear flexibility values the global flexibility of the frame was investigated. 

Comparing the experimental in-frame global flexibility results of different configurations, gave 

the opportunity to compare the effect of structural components on global flexibility, 

nevertheless, the results of the experimental test series could be used for validation of numerical 

model in a further numerical study. 

The in-frame displacements of the columns at eaves height was measured (shown on Fig. 

10.) and represented in a force-displacement diagram (see Fig. 11). During evaluation the slope 

of each diagram was determined, which gives the measured stiffness at each point. The 

reciprocal of the stiffness – which equals to flexibility - was calculated in each configuration. 

As all tests were conducted at least twice, all configuration has at least 2 rows in the tables, 

which results were averaged. The average of the experimental in-frame global flexibility values 

are indicated on Table 2-7.  

 

 

Fig. 10. Schematic drawing for representing in-plane and out-of-plane displacements of test No. 24 

(PE-RW, wall: Z200, roof: Z150, sheeting: LTP20) 
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Fig. 11. Force-displacement diagram of test No. 24 (PE-RW, wall: Z200, roof: Z150, sheeting: 

LTP20) 

 

 

 

Configuration 
Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

WPEI-RW 

(1) 

0 0.150 0.089 0.080 0.142 

0.072 0.081 0.072 0.175 1 0.076 0.091 0.060 0.166 

2 0.068 0.071 0.083 0.184 

PEI-RW (2) 

3 0.032 0.087 0.169 0.241 

0.032 0.088 0.165 0.288 
4 0.038 0.088 0.156 0.277 

5 0.021 0.088 0.174 0.272 

6 0.037 0.088 0.163 0.316 

PE-RW (3) 
7 0.025 0.154 0.232 0.377 

0.042 0.193 0.278 0.417 
8 0.060 0.233 0.324 0.458 

WPE-RW (4) 
9 0.045 0.076 0.129 0.139 

0.055 0.066 0.125 0.140 
10 0.066 0.057 0.122 0.142 

WPE-R (5) 

11 0.116 0.466 0.533 0.594 

0.183 0.623 0.572 0.709 12 0.256 0.752 0.621 0.775 

13 0.176 0.652 0.561 0.758 

PE-R (6) 
14 0.196 0.585 0.585 0.765 

0.199 0.590 0.585 0.765 
15 0.201 0.595 0.585 0.765 

PEI-R (7) 
16 0.172 0.529 0.557 0.763 

0.172 0.537 0.562 0.744 
17 0.172 0.545 0.568 0.726 

WPEI-R (8) 
18 0.114 0.608 0.573 0.755 

0.157 0.576 0.587 0.756 
19 0.200 0.543 0.601 0.756 

Table 2. Global flexibilities of diaphragm assemblies – Z200-Z150-LTP45 configurations 
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Configuration 
Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

PEI-RW (2) 
20 0.026 0.070 0.128 0.211 

0.027 0.084 0.139 0.188 
21 0.027 0.099 0.151 0.166 

WPEI-RW 

(1) 

22 0.033 0.051 0.140 0.096 
0.032 0.055 0.145 0.120 

23 0.031 0.060 0.151 0.143 

PE-RW (3) 
24 0.060 0.121 0.241 0.309 

0.051 0.147 0.243 0.293 
25 0.042 0.174 0.246 0.278 

WPE-RW (4) 
26 0.041 0.056 0.152 0.117 

0.067 0.057 0.119 0.127 
27 0.094 0.057 0.087 0.138 

WPE-R (5) 
28 0.249 0.607 0.579 0.736 

0.190 0.648 0.572 0.735 
29 0.131 0.689 0.566 0.734 

PE-R (6) 
30 0.188 0.686 0.543 0.752 

0.164 0.690 0.539 0.736 
31 0.140 0.694 0.535 0.720 

PEI-R (7) 
32 0.138 0.651 0.524 0.717 

0.137 0.661 0.520 0.724 
33 0.136 0.670 0.516 0.731 

WPEI-R (8) 
34 0.126 0.706 0.548 0.545 

0.191 0.720 0.496 0.636 
35 0.256 0.734 0.444 0.728 

Table 3. Global flexibilities of diaphragm assemblies– Z200-Z150-LTP20 configurations 

 

Configuration 
Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

P-R (9) 
36 0.776 1.133 1.019 1.379 

0.796 1.055 1.046 1.303 
37 0.815 0.978 1.072 1.227 

P-RW (10) 

38 0.799 0.965 1.012 1.190 

0.786 1.032 1.030 1.260 39 0.782 1.057 1.040 1.238 

40 0.791 1.073 1.037 1.353 

WP-RW (11) 
41 0.106 0.146 0.092 0.325 

0.094 0.113 0.158 0.243 
42 0.082 0.079 0.224 0.162 

WP-R (12) 
43 0.206 0.810 0.638 0.725 

0.219 0.813 0.584 0.716 
44 0.231 0.816 0.530 0.706 

W-R (13) 
45 0.251 0.849 0.546 0.727 

0.270 0.860 0.546 0.731 
46 0.288 0.870 0.547 0.734 

W-RW (14) 

47 - - - - 

0.098 0.095 0.100 0.183 
48 0.115 0.063 0.085 0.204 

49 - - - - 

50 0.081 0.126 0.114 0.162 

Table 4. Global flexibilities of diaphragm assemblies– Z200-Z150 configurations, no 

sheeting 
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Configuration 
Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

PEI-RW (2) 

51 0.030 0.096 0.152 0.170 

0.030 0.097 0.155 0.201 52 0.031 - 0.155 0.185 

53 - 0.099 0.158 0.247 

WPEI-RW (1) 
54 0.051 0.058 0.150 0.232 

0.058 0.062 0.154 0.185 
55 0.066 0.067 0.158 0.137 

PE-RW (3) 
56 - 0.138 0.263 0.297 

0.119 0.162 0.254 0.313 
57 0.119 0.186 0.246 0.329 

WPE-RW (4) 
58 0.044 0.158 0.196 0.144 

0.063 0.439 0.156 0.135 
59 0.083 0.720 0.115 0.125 

WPE-R (5) 
60 0.167 0.775 0.534 0.711 

0.153 0.752 0.532 0.701 
61 0.138 0.730 0.530 0.691 

PE-R (6) 
62 0.282 0.675 0.534 0.725 

0.282 0.707 0.545 0.758 
63 0.282 0.739 0.557 0.791 

PE-R-a (6a) 
64 0.205 0.775 0.525 0.778 

0.196 0.757 0.530 0.739 
65 0.188 0.740 0.536 0.701 

PEI-R-a (7a) 
66 0.135 0.731 0.522 0.727 

0.137 0.728 0.524 0.725 
67 0.139 0.725 0.525 0.724 

PEI-R (7) 
68 0.213 0.728 0.573 0.760 

0.188 0.751 0.557 0.754 
69 0.163 0.774 0.541 0.749 

WPEI-R (8) 
70 0.143 0.797 0.610 0.802 

0.271 0.771 0.570 0.742 
71 0.399 0.745 0.529 0.682 

Table 5. Global flexibilities of diaphragm assemblies– Z250-Z200-LTP20 configurations 

 

Configuration 
Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

P-R (9) 
101 0.779 1.115 0.990 1.337 

0.779 1.068 1.025 1.290 
102 0.778 1.020 1.059 1.244 

P-RW (10) 
103 0.771 1.040 0.995 1.295 

0.769 1.048 1.005 1.262 
104 0.767 1.057 1.015 1.229 

WP-RW (11) 
105 0.143 0.178 0.196 0.242 

0.112 0.178 0.226 0.208 
106 0.082 - 0.256 0.174 

WP-R (12) 
107 0.393 0.703 0.649 0.808 

0.339 0.691 0.628 0.799 
108 0.285 0.679 0.606 0.790 

W-R (13) 
109 0.193 0.585 0.647 0.840 

0.210 0.630 0.624 0.797 
110 0.228 0.675 0.602 0.753 

W-RW (14) 
111 0.104 0.076 0.113 0.198 

0.080 0.076 0.112 0.222 
112 0.056 - 0.112 0.246 

F-RW (15) 

113 0.801 1.060 1.078 1.232 

0.809 1.079 1.074 1.377 
114 0.829 - 1.078 1.259 

115 0.767 1.131 1.040 1.443 

116 0.839 1.046 1.101 1.572 

Table 6. Global flexibilities of diaphragm assemblies– Z250-Z200 configurations 
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Configuration 

Test 

no. 

Flexibility values [mm/kN] Average flexibility [mm/kN] 

A B X Y A B X Y 

WPEI-RW (1) 

72 0.050 0.061 0.125 - 

0.151 0.101 0.128 0.142 

73 0.064 0.202 0.129 0.133 

74 0.377 0.081 0.093 0.143 

75 0.302 0.059 0.098 0.145 

76 0.053 - 0.224 0.138 

77 0.057 - 0.097 0.152 

PEI-RW (2) 
78 0.035 0.161 0.186 0.300 

0.032 0.137 0.205 0.292 
79 0.029 0.113 0.224 0.283 

PE-RW (3) 
80 0.023 0.165 0.248 0.424 

0.050 0.197 0.304 0.454 
81 0.077 0.228 0.359 0.484 

WPE-RW (4) 

82 0.057 0.039 0.120 - 

0.061 0.035 0.174 0.150 83 0.070 0.031 0.185 0.155 

84 0.057 - 0.218 0.145 

WPE-R (5) 
85 0.087 0.541 0.479 0.627 

0.102 0.529 0.454 0.625 
86 0.118 0.517 0.430 0.623 

PE-R (6) 

87 0.288 0.652 0.686 0.764 

0.300 0.653 0.621 0.768 88 0.328 0.661 0.588 0.770 

89 0.284 0.647 0.589 0.771 

PE-R (6a) 

90 0.177 0.557 0.470 0.686 

0.178 0.513 0.461 0.635 91 0.192 0.428 0.443 0.556 

92 0.165 0.556 0.470 0.661 

PEI-R (7a) 
93 0.116 0.558 0.445 0.651 

0.114 0.500 0.433 0.621 
94 0.111 0.442 0.422 0.591 

WPEI-R (8) 
95 0.211 0.742 0.519 0.723 

0.199 0.738 0.511 0.720 
96 0.186 0.735 0.504 0.717 

PEI-R (7) 
97 0.189 0.629 0.587 0.760 

0.187 0.644 0.592 0.762 
98 0.185 0.659 0.597 0.763 

Table 7. Global flexibilities of diaphragm assemblies – Z250-Z200-LTP45 configurations 

 

 

2.2.4. Effect of section sizes and fixing number to global flexibility 

2.2.4.1. Effect of the purlin size on global flexibility 

Next tables indicate the effect of increasing purlin section size to global flexibility. In the 

last row of tables, the change in global flexibility is represented, which is the deviation of 

experimental values from the configurations of Z200-Z150 purlin section sizes (the reference 

configurations are those tests, where Z200 purlins in roof and Z150 purlins in wall were 

applied). In general, it can be determined that the increase of section size increases the global 

flexibility, which means that eccentricity has a principal effect on global flexibility. Exceptions 

are the roof diaphragm configurations where no internal cladding was applied (WPE-R). 



26 

 

Table 8. indicates the results of that configuration, which includes every structural element 

(bracing, inner and outer cladding, purlins – in roof and wall). This case clearly shows the effect 

of increased section height, which is increasing global flexibility up to 110 %. 

 

WPEI-RW (1) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.072 0.081 0.072 0.175 

Z250-Z200 0.151 0.101 0.128 0.142 

LTP20 
Z200-Z150 0.032 0.055 0.145 0.120 

Z250-Z200 0.058 0.062 0.154 0.185 

Change in 

flexibility  

LTP45 110 % 25 % 78 % -19 % 

LTP20 81 % 13 % 6 % 54 % 

Table 8. Purlin size effect on global flexibility WPEI-RW (1) 

 

The same tendency is reflected by Table 9. where bracing was eliminated, so the effect of 

cladding can be seen clearly. Change in purlin section height is affecting in up to 56 % increase 

in global flexibility.  

 

PEI-RW (2) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.032 0.088 0.165 0.288 

Z250-Z200 0.032 0.137 0.205 0.292 

LTP20 
Z200-Z150 0.027 0.084 0.139 0.188 

Z250-Z200 0.030 0.097 0.155 0.201 

Change in 

flexibility  

LTP45 0 % 56 % 24 % 1 % 

LTP20 11 % 15 % 12 % 7 % 

Table 9. Purlin size effect on global flexibility PEI-RW (2) 

 

 

PE-RW (3) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.042 0.193 0.278 0.417 

Z250-Z200 0.050 0.197 0.304 0.454 

LTP20 
Z200-Z150 0.051 0.147 0.243 0.293 

Z250-Z200 0.119 0.162 0.254 0.313 

Change in 

flexibility  

LTP45 19 % 2 % 9 % 9 % 

LTP20 133 % 10 % 5 % 7 % 

 Table 10. Purlin size effect on global flexibility PE-RW (3) 

 

A B X Y

Z200-Z150 0.072 0.081 0.072 0.175

Z250-Z200 0.151 0.101 0.128 0.142

Z200-Z150 0.032 0.055 0.145 0.120

Z250-Z200 0.058 0.062 0.154 0.185

LTP45 109.722% 24.691% 77.778% -18.857%

LTP20 81.250% 12.727% 6.207% 54.167%

LTP45

LTP20

WPEI-RW (1)

Flexibility (mm/kN)

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.032 0.088 0.165 0.288

Z250-Z200 0.032 0.137 0.205 0.292

Z200-Z150 0.027 0.084 0.139 0.188

Z250-Z200 0.030 0.097 0.155 0.201

LTP45 0.000% 55.682% 24.242% 1.389%

LTP20 11.111% 15.476% 11.511% 6.915%

PEI-RW (2)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.042 0.193 0.278 0.417

Z250-Z200 0.050 0.197 0.304 0.454

Z200-Z150 0.051 0.147 0.243 0.293

Z250-Z200 0.119 0.162 0.254 0.313

LTP45 19.048% 2.073% 9.353% 8.873%

LTP20 133.333% 10.204% 4.527% 6.826%

PE-RW (3)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)
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Similarly in Table 10. where only external cladding was applied, the increase in global 

flexibility caused by increased purlin section height is up to 133%. 

Application of bracing in those variations where no internal cladding was installed is not 

showing clear differences, as shown in Table 11.  

 

WPE-RW (4) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.055 0.066 0.125 0.140 

Z250-Z200 0.061 0.035 0.174 0.150 

LTP20 
Z200-Z150 0.067 0.057 0.119 0.127 

Z250-Z200 0.063 - 0.156 0.135 

Change in 

flexibility  

LTP45 11 % -47 % 39 % 7 % 

LTP20 -6 % - 31 % 6 % 

Table 11. Purlin size effect on global flexibility WPE-RW (4) 

 

In Tables 12-13. the influence of roof diaphragms to global flexibility is recognized: increase 

in purlin section height yields to decreased global flexibility, in those cases where only external 

sheeting was installed (configuration No. 5). The decrease is significantly smaller in those 

variations where LTP20 trapezoidal section was installed instead of LTP45, which is 4-20% 

instead of 11-44%.  

In most cases, where bracing is applied in roof diaphragm (configuration No. 8.), the 

increasing section height increases global flexibility. As bracing is installed in these 

configurations, we cannot draw a clear conclusion regarding the stiffening effect of diaphragms, 

because to total global flexibility is influenced by the effect of the pretension force of the wind 

bracing. 

 

WPEI-R (8) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.157 0.576 0.587 0.756 

Z250-Z200 0.199 0.738 0.511 0.720 

LTP20 
Z200-Z150 0.191 0.720 0.496 0.636 

Z250-Z200 0.271 0.771 0.570 0.742 

Change in 

flexibility  

LTP45 27 % 28 % -13 % -5 % 

LTP20 42 % 7 % 15 % 17 % 

Table 12. Purlin size effect on global flexibility WPEI-R (8) 

  

A B X Y

Z200-Z150 0.055 0.066 0.125 0.140

Z250-Z200 0.061 0.035 0.174 0.150

Z200-Z150 0.067 0.057 0.119 0.127

Z250-Z200 0.063 0.439 0.156 0.135

LTP45 10.909% -46.970% 39.200% 7.143%

LTP20 -5.970% 670.175% 31.092% 6.299%

WPE-RW (4)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.157 0.576 0.587 0.756

Z250-Z200 0.199 0.738 0.511 0.720

Z200-Z150 0.191 0.720 0.496 0.636

Z250-Z200 0.271 0.771 0.570 0.742

LTP45 26.752% 28.125% -12.947% -4.762%

LTP20 41.885% 7.083% 14.919% 16.667%

Flexibility (mm/kN)

WPEI-R (8)

LTP45

LTP20

Change in 

flexibility (%)



28 

 

WPE-R (5) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.183 0.623 0.572 0.709 

Z250-Z200 0.102 0.529 0.454 0.625 

LTP20 
Z200-Z150 0.190 0.648 0.572 0.735 

Z250-Z200 0.153 0.752 0.532 0.701 

Change in 

flexibility 

LTP45 -44 % -15 % -21 % -12 % 

LTP20 -19 % 16 % -7 % -5 % 

Table 13. Purlin size effect on global flexibility WPE-R (5) 

 

In roof diaphragms where bracing was eliminated the value of 2-72 % increase in global 

flexibility is recognized due to the increase in purlin section height, results are shown in Tables 

14-15. 

 

 

PE-R (6) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.199 0.590 0.585 0.765 

Z250-Z200 0.300 0.653 0.621 0.768 

LTP20 
Z200-Z150 0.164 0.690 0.054 0.736 

Z250-Z200 0.282 0.707 - 0.758 

Change in 

flexibility  

LTP45 51 % 11 % 6 % 0.4 % 

LTP20 72 % 2 % - 3 % 

Table 14. Purlin size effect on global flexibility PE-R (6) 

 

 

PEI-R (7) 

Flexibility (mm/kN) A B X Y 

LTP45 
Z200-Z150 0.172 0.537 0.562 0.744 

Z250-Z200 0.187 0.644 0.592 0.762 

LTP20 
Z200-Z150 0.137 0.661 0.520 0.724 

Z250-Z200 0.188 0.751 0.557 0.754 

Change in 

flexibility  

LTP45 9 % 20 % 5 % 2 % 

LTP20 37 % 14 % 7 % 4 % 

Table 15. Purlin size effect on glboal flexibility PEI-R (7) 

 

Elimination of cladding is not resulting significant change in global flexibility in those cases, 

where no bracing was applied, as shown in Table 16. 

A B X Y

Z200-Z150 0.183 0.623 0.572 0.709

Z250-Z200 0.102 0.529 0.454 0.625

Z200-Z150 0.190 0.065 0.572 0.735

Z250-Z200 0.153 0.752 0.532 0.701

LTP45 -44.262% -15.088% -20.629% -11.848%

LTP20 -19.474% 1060.494% -6.993% -4.626%

WPE-R (5)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.199 0.590 0.585 0.765

Z250-Z200 0.300 0.653 0.621 0.768

Z200-Z150 0.164 0.690 0.054 0.736

Z250-Z200 0.282 0.707 0.545 0.758

LTP45 50.754% 10.678% 6.154% 0.392%

LTP20 71.951% 2.464% 911.132% 2.989%

PE-R (6)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.172 0.537 0.562 0.744

Z250-Z200 0.187 0.644 0.592 0.762

Z200-Z150 0.137 0.661 0.520 0.724

Z250-Z200 0.188 0.751 0.557 0.754

LTP45 8.721% 19.926% 5.338% 2.419%

LTP20 37.226% 13.616% 7.115% 4.144%

PEI-R (7)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)
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Application of bracing is not showing clear tendencies in regards to global flexibility in the 

function of purlin section height, as Table 17. indicates. 

 

 

P-R (9)/ P-RW (10) 

Flexibility (mm/kN) A B X Y 

P-R 
Z200-Z150 0.796 1.055 1.046 1.303 

Z250-Z200 0.779 1.068 1.025 1.290 

P-RW 
Z200-Z150 0.786 1.032 1.030 1.260 

Z250-Z200 0.769 1.048 1.005 1.262 

Change in 

flexibility  

LTP45 -2 % 1 % -2 % -1 % 

LTP20 -2 % 2 % -2 % 0.2 % 

 

Table 16. Purlin size effect on global flexibility P-R (9), P-RW 

(10) 

 

WP-RW (11)/ WP-R (12) 

Flexibility (mm/kN) A B X Y 

WP-RW 
Z200-Z150 0.094 0.113 0.158 0.243 

Z250-Z200 0.112 0.178 0.226 0.208 

WP-R 
Z200-Z150 0.219 0.813 0.584 0.716 

Z250-Z200 0.339 0.691 0.628 0.799 

Change in 

flexibility  

LTP45 19 % 58 % 43 % -14 % 

LTP20 55 % -15 % 8 % 12 % 

 

Table 17.  Purlin size effect on global flexibility WP-RW (11), 

WP-R (12) 

 

2.2.4.2. Effect of the section size of trapezoidal sheeting on global flexibility 

In this section, the influence of trapezoidal sheeting section height is discussed in 

comparison to the purlin section height. The values are referred to the configuration of Z200-

Z150-LTP20.  

A similar main conclusion can be drawn as in the previous section: the increase in sheeting 

size is increasing global flexibility in general.  

Accordingly to Table 18. the increase in trapezoidal sheeting section height has an 

influencing effect on global flexibility: it resulted in up to 53% increase in the global flexibility 

in those configurations, where no bracing was installed. 

A B X Y

Z200-Z150 0.796 1.055 1.046 1.303

Z250-Z200 0.779 1.068 1.025 1.290

Z200-Z150 0.786 1.032 1.030 1.260

Z250-Z200 0.769 1.048 1.005 1.262

LTP45 -2.136% 1.232% -2.008% -0.998%

LTP20 -2.163% 1.550% -2.427% 0.159%

P-RW

Change in 

flexibility (%)

P-R (9)/ P-RW (10)

Flexibility (mm/kN)

P-R
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PEI-RW (2) 

Flexibility (mm/kN) A B X Y 

Z200-Z150 
LTP20 0.027 0.084 0.139 0.188 

LTP45 0.032 0.088 0.165 0.288 

Z250-Z200 
LTP20 0.030 0.097 0.155 0.201 

LTP45 0.032 0.137 0.205 0.292 

Change in 

flexibility  

Z200-Z150 19 % 5 % 19 % 53 % 

Z250-Z200 7 % 41 % 32 % 45 % 

Table 18. Trapezoidal sheeting size effect on global flexibility PEI-RW (2) 

 

In similar configurations where internal cladding was not applied, generally, a value of 14-

45% increase in the global flexibility was obtained (see Table 19). 

 

PE-RW (3) 

Flexibility (mm/kN) A B X Y 

Z200-Z150 
LTP20 0.051 0.147 0.243 0.293 

LTP45 0.042 0.193 0.278 0.417 

Z250-Z200 
LTP20 0.119 0.162 0.254 0.313 

LTP45 0.050 0.197 0.304 0.454 

Change in 

flexibility  

Z200-Z150 -18 % 31 % 14 % 42 % 

Z250-Z200 -58 % 22 % 20 % 45 % 

Table 19. Trapezoidal sheeting size effect on global flexibility PE-RW (3) 

 

In roof diaphragms, no clear tendency was observed. Similar values of global flexibilities 

were measured with the deviation of -7% to 25%, similarly in both cases: with or without the 

installation of internal cladding, as indicated in Tables 20 - 21. 

 

PE-R (6) 

Flexibility (mm/kN) A B X Y 

Z200-Z150 
LTP20 0.164 0.690 0.054 0.736 

LTP45 0.199 0.590 - 0.765 

Z250-Z200 
LTP20 0.282 0.707 0.545 0.758 

LTP45 0.300 0.653 0.621 0.768 

Change in 

flexibility  

Z200-Z150 21 % -15 % - 4 % 

Z250-Z200 6 % -8 % 14 % 1 % 

Table 20. Trapezoidal sheeting size effect on global flexibility PE-R (6) 

A B X Y

LTP45 0.032 0.088 0.165 0.288

LTP20 0.027 0.084 0.139 0.188

LTP45 0.032 0.137 0.205 0.292

LTP20 0.030 0.097 0.155 0.201

Z200-Z150 18.519% 4.762% 18.705% 53.191%

Z250-Z200 6.667% 41.237% 32.258% 45.274%

PEI-RW (2)

Flexibility (mm/kN)

Z200-Z150

Z250-Z200

Change in 

flexibility (%)

A B X Y

LTP45 0.042 0.193 0.278 0.417

LTP20 0.051 0.147 0.243 0.293

LTP45 0.050 0.197 0.304 0.454

LTP20 0.119 0.162 0.254 0.313

Z200-Z150 -17.647% 31.293% 14.403% 42.321%

Z250-Z200 -57.983% 21.605% 19.685% 45.048%

PE-RW (3)

Flexibility (mm/kN)

Z200-Z150

Z250-Z200

Change in 

flexibility (%)

A B X Y

LTP45 0.199 0.590 0.585 0.765

LTP20 0.164 0.690 0.054 0.736

LTP45 0.300 0.653 0.621 0.768

LTP20 0.282 0.707 0.545 0.758

Z200-Z150 21.341% -14.493% 985.343% 3.940%

Z250-Z200 6.383% -7.638% 13.945% 1.319%

PE-R (6)

Flexibility (mm/kN)

Z200-Z150

Z250-Z200

Change in 

flexibility (%)
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PEI-R (7) 

Flexibility (mm/kN) A B X Y 

Z200-Z150 LTP20 0.137 0.661 0.520 0.724 

 LTP45 0.172 0.537 0.562 0.744 

Z250-Z200 LTP20 0.188 0.751 0.557 0.754 

 LTP45 0.187 0.644 0.592 0.762 

Change in 

flexibility  
Z200-Z150 25 % -19 % 8 % 3 % 

 Z250-Z200 -0.5 % -14 % 6 % 1 % 

Table 21. Trapezoidal sheeting size effect on global flexibility PEI-R (7) 

 

2.2.4.3. Effect of number of fixings on global flexibility 

In configurations 6 and 7 two alternatives were designed in order to study the effect of 

fixings. Variations ‘a’ are those specimens, where fixings were installed in every corrugation 

instead of alternate corrugations. In the tables, the deviation of experimental values is listed 

from the results of those variations, where fixings are applied in alternate troughs (6 and 7). 

In those specimens, where higher trapezoidal sheeting was installed (LTP45), a value of 17-

40% decrease in global flexibility is obtained, as indicated in Table 22. 

 

PE-R (6-6a) / PEI-R (7-7a) 

Flexibility (mm/kN) A B X Y 

Z250-Z200-

LTP45 

6 0.300 0.653 0.621 0.768 

6a 0.178 0.513 0.461 0.635 

7 0.187 0.644 0.592 0.762 

7a 0.114 0.500 0.433 0.621 

Change in 

flexibility 

6 -41 % -21 % -26 % -17 % 

7 -39 % -22 % -27 % -19 % 

Table 22.  Effect of application of number of  fixings on global  flexibility 

 

By applying smaller trapezoidal sheeting (LTP20) the decrease in global flexibility is 

smaller, between 2-30%, as shown in Table 23. 

A B X Y

LTP45 0.172 0.537 0.562 0.744

LTP20 0.137 0.661 0.520 0.724

LTP45 0.187 0.644 0.592 0.762

LTP20 0.188 0.751 0.557 0.754

Z200-Z150 25.547% -18.759% 8.077% 2.762%

Z250-Z200 -0.532% -14.248% 6.284% 1.061%

PEI-R (7)

Flexibility (mm/kN)

Z200-Z150

Z250-Z200

Change in 

flexibility (%)

A B X Y

6 0.300 0.653 0.621 0.768

6a 0.178 0.513 0.461 0.635

7 0.187 0.644 0.592 0.762

7a 0.114 0.500 0.433 0.621

6 -40.667% -21.440% -25.765% -17.318%

7 -39.037% -22.360% -26.858% -18.504%

PE-R (6-6a) / PEI-R (7-7a)

Flexibility (mm/kN)

Change in 

flexibility (%)

Z250-Z200-

LTP45
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PE-R (6-6a) / PEI-R (7-7a) 

Flexibility 

(mm/kN) 
A B X Y 

Z250-Z200-

LTP20 

6 0.282 0.707 0.545 0.758 

6a 0.196 0.757 0.530 0.739 

7 0.188 0.751 0.557 0.754 

7a 0.137 0.728 0.524 0.725 

Change in 

flexibility  

6 -30 % 7 % -3 % -3 % 

7 -27 % -3 % -6 % -4 % 

Table 23. Effect of application of number of fixings on global flexibility 

 

It can be stated that the number of fixings has primary influencing effect in regards to the 

global flexibility of the building. 

 

2.2.5. Effect of structural members to global flexibility 

2.2.5.1. Effect of purlins on frame’s global flexibility 

To investigate the stiffening effect of purlins a comparison was made between the global 

flexibility of configurations No. 10 (frame with purlins in roof and wall) and 15 (frame). 

The results in Table 24. show that the presence of purlins is decreasing global flexibility by 

0.117-0.023 mm/kN, which is about 3-8 % decrease in global flexibility compared to the 

configuration, where only the frame was examined. 

 

 

 
A B X Y 

F-RW (15) 
 

0.809 1.079 1.074 1.377 

P-RW (10) Z200-Z150 0.786 1.032 1.030 1.260 

P-RW (10) Z250-Z200 0.769 1.048 1.005 1.262 

Change in flexibility  
-3 % -4 % -4 % -9 % 

-5 % -3 % -7 % -8 % 

Table 24. The effect of purlins in roof and wall on global flexibility 

A B X Y

6 0.282 0.707 0.545 0.758

6a 0.196 0.757 0.530 0.739

7 0.188 0.751 0.557 0.754

7a 0.137 0.728 0.524 0.725

6 -30.496% 7.072% -2.752% -2.507%

7 -27.128% -3.063% -5.925% -3.846%

PE-R (6-6a) / PEI-R (7-7a)

Flexibility (mm/kN)

Z250-Z200-

LTP20

Change in 

flexibility (%)
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A similar comparison was made between constructions No. 9 (frame with purlins in the roof) 

and 15 (frame), where the effect of roof purlins was studied. 

The conclusion is that the roof purlins are decreasing global flexibility by 2-6% compared 

to the frame’s global flexibility value, see Table 25. 

 

 

  A B X Y 

F-RW (15) 
 

0.809 1.079 1.074 1.377 

P-R (9) Z200-Z150 0.796 1.055 1.046 1.303 

P-R (9) Z250-Z200 0.779 1.068 1.025 1.290 

Change in flexibility 
-2 % -2 % -3 % -5 % 

-4 % -1 % -5 % -6 % 

Table 25. The effect of purlins in roof on global flexibility 

 

Comparing the above 3 variations it can be stated that purlins has minor effect on the portal 

frame’s global flexibility, due to the missing in-plane sheeting or diaphragm, which would 

provide significant resistance to in-plane shear. 

 

2.2.5.2. Effect of bracing on frame’s global flexibility 

In order to evaluate the effect of bracings to global flexibility, configurations No. 14 and 15 

were examined. The results underlining the primary role of bracing in decreasing the global 

flexibility of the structure, which is between 0.711-1.194 mm/kN, as indicated in Table 26.  

The conclusion is that the usage of bracing is resulting in 8-10-times stiffer frame than 

without bracing. 
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  A B X Y 

F-RW (15) 
 

0.809 1.079 1.074 1.377 

W-RW (14) Z200-Z150 0.098 0.095 0.100 0.183 

W-RW (14) Z250-Z200 0.080 0.076 0.112 0.222 

Change in flexibility 
-88 % -91 % -91 % -87 % 

-90 % -93 % -90 % -84 % 

Table 26.  The effect of bracings in roof and wall on global flexibility 

 

A similar comparison was made between variations No. 13 (frame with bracing in the roof) 

and 15 (frame). The results in Table 27. indicating, that the roof bracing is decreasing by 0.219-

0.646 mm/kN the global flexibility of the structure. This is 20-74 % decrease in global 

flexibility compared to the experimental results of the hall global flexibility. 
 

  A B X Y 

F-RW (15) 
 

0.809 1.079 1.074 1.377 

W-R (13) Z200-Z150 0.270 0.860 0.546 0.731 

W-R (13) Z250-Z200 0.210 0.630 0.624 0.797 

Change in flexibility 
-67 % -20 % -49 % -47 % 

-74 % -42 % -42 % -42 % 

Table 27. The effect of bracings in roof on global flexibility 

 

Summarizing the evaluation of the application of bracing it can be concluded, that bracing, 

especially wall bracing have main influence on global flexibility. While roof bracing is 

increasing hall stiffness 2-3 times, the application of roof and wall bracing is resulting in 8-10-

times stiffer frame. 
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2.2.5.3. Effect of trapezoidal sheeting on frame’s global flexibility 

The stiffening effect of trapezoidal sheeting was examined in various sheeting 

configurations: variation No. 2 (external and internal cladding on roof and wall), No. 3 (external 

cladding on roof and wall) and No. 10 (no cladding), see Table 28. 

The below conclusion can be drawn from experimental test results:  

 Application of external cladding is decreasing global flexibility by 67-95 %. 

 Application of an additional (internal) cladding has a small influence on global 

flexibility, which varies between 1-11 % decrease. 

 The application of internal and external cladding is resulting in 77-96 % decrease in 

regard to the global flexibility of the whole building. It can be stated that the 

application of sheeting has a primary role in decreasing global flexibility. 

The effect of change in purlin section size has a negligibly small effect to change in 

global flexibility in these cases.  

 

  A B X Y 

Z200-Z150 

P-RW (10) 0.786 1.032 1.03 1.26 

PE-RW (3) 0.042 0.193 0.278 0.417 

PEI-RW (2) 0.032 0.088 0.165 0.288 

Change in flexibility due to ext. cladding -95% -81% -73% -67% 

Change in flexibility due to int. cladding -1% -10% -11% -10% 

Change in flexibility due to cladding -96% --91% -84% -77% 

Z250-Z200 

P-RW (10) 0.769 1.048 1.005 1.262 

PE-RW (3) 0.05 0.197 0.304 0.454 

PEI-RW (2) 0.032 0.137 0.205 0.292 

Flexibility of ext. cladding -93% -81% -70% -64% 

Flexibility of int. cladding -2% -6% -10% -13% 

Flexibility of cladding -96% -87% -80% -77% 

Avarage 

Change in flexibility due to ext. cladding -94% -81% -71% -65% 

Change in flexibility due to int. cladding -2% -8% -10% -12% 

Change in flexibility due to cladding -96% -89% -82% -77% 

Table 28. The effect of LTP45 trapezoidal sheeting in roof and wall on global flexibility 
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Similar tendencies were observed by the application of LTP20 trapezoidal sheeting as 

indicated in Table 29. The below tendencies were recognized: 

 Application of external cladding is decreasing global flexibility by 75-89 %. 

 Application of internal cladding has a small influence on global flexibility, which 

varies between 3-10 % decrease. 

 The application of internal and external cladding is resulting in 85-96 % decrease in 

regard to the global flexibility of the whole building, which underlines the primary 

role of sheeting in decreasing global flexibility. 

 Similarly as in LTP45 cases the effect of change in purlin section size has a negligibly 

small effect to change in global flexibility in these cases. 

 

 

  A B X Y 

Z200-Z150 

P-RW (10) 0.786 1.032 1.03 1.26 

PE-RW (3) 0.051 0.147 0.243 0.293 

PEI-RW (2) 0.027 0.084 0.139 0.188 

Change in flexibility due to ext. cladding -94% -86% -76% -77% 

Change in flexibility due to int. cladding -3% -6% -10% -8% 

Change in flexibility due to cladding -97% -92% -87% -85% 

Z250-Z200 

P-RW (10) 0.769 1.048 1.005 1.262 

PE-RW (3) 0.119 0.162 0.254 0.313 

PEI-RW (2) 0.030 0.097 0.155 0.201 

Change in flexibility due to ext. cladding -85% -85% -75% -75% 

Change in flexibility due to int. cladding -12% -6% -10% -9% 

Change in flexibility due to cladding -96% -91% -85% -84% 

Average 

Change in flexibility due to ext. cladding -89% -85% -76% -76% 

Change in flexibility due to int. cladding -7% -6% -10% -9% 

Change in flexibility due to cladding -96% -91% -86% -85% 

Table 29.  The effect of LTP20 trapezoidal sheeting in roof and wall on global flexibility 
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In sheeting configurations, the influence of roof sheeting to global stiffness was examined 

by comparing configurations No. 6 (external cladding in the roof), No. 7 (external and internal 

cladding in roof) and No. 9 (no cladding). Results are indicated in Table 30. with the below 

conclusions: 

 Application of external cladding is decreasing global flexibility by 40-75 %. 

 Application of internal cladding has a small influence on global flexibility, which 

varies between 1-5 % decrease at small purlin profiled cases, and 1-15 % at high 

profiled ones. 

 The application of internal and external cladding is resulting in 40-78 % decrease in 

regard to the global flexibility of the whole building, which underlines the primary 

role of sheeting in decreasing global flexibility. 

The effect of change in purlin section size has a negligibly small effect to change in 

global flexibility in these cases.  

 

  A B X Y 

Z200-Z150 

P-R (9) 0.796 1.055 1.046 1.303 

PE-R (6) 0.199 0.59 0.585 0.765 

PEI-R (7) 0.172 0.537 0.562 0.744 

Change in flexibility due to ext. cladding -75% -44% -44% -41% 

Change in flexibility due to int. cladding -3% -5% -2% -2% 

Change in flexibility due to cladding -78% -49% -46% -43% 

Z250-Z200 

P-R (9) 0.779 1.068 1.025 1.290 

PE-R (6) 0.300 0.653 0.621 0.768 

PEI-R (7) 0.187 0.644 0.592 0.762 

Change in flexibility due to ext. cladding -61% -39% -39% -40% 

Change in flexibility due to int. cladding -15% -1% -3% 0% 

Change in flexibility due to cladding -76% -40% -42% -41% 

Average 

Change in flexibility due to ext. cladding -68% -41% -42% -41% 

Change in flexibility due to int. cladding -9% -3% -3% -1% 

Change in flexibility due to cladding -77% -44% -44% -42% 

Table 30.  The effect of LTP20 trapezoidal sheeting in roof on global flexibility 
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In the above-investigated configurations the below statements can be underlined in regards 

to the effect of trapezoidal sheeting to the frame’s global flexibility: 

 Application of external cladding is decreasing global flexibility by 67-95% on those 

cases where cladding in wall and roof was installed, and a smaller decrease of 40-75 

% was experienced at roof diaphragms. 

 Application of internal cladding has a small influence on global flexibility, which 

varies between 1-11% at those constructions, where roof and wall diaphragm was 

applied. A smaller decrease of 1-5 % was investigated at roof diaphragms in small 

purlin profiled cases, and 1-15 % at high profiled ones. 

 The application of internal and external cladding is resulting in 77-96% decrease in 

regard to the global flexibility of the whole building, and a smaller change of 40-78 

% was introduced at roof diaphragms. This underlines the fundamental role of 

sheeting in decreasing global flexibility, especially roof diaphragms. 

 The effect of change in purlin section size has a negligibly small effect to change in 

global flexibility in these cases.  

 

2.2.5.4. Effect of diaphragm on frame’s global flexibility 

The fundamental aim of the research program is to study the effect of built-up systems from 

cold-rolled sections and trapezoidal sheeting to total frame flexibility, which was examined in 

this subsection. To principal task is to underline the non-negligible stiffening effect of 

diaphragms in nonstandard cases, so a comparison was made between frame flexibility (No. 

15) and those variations where bracings were installed (No. 14 and No. 1), with those 

configurations where only diaphragms were applied to stabilize the structure to in-plane shear 

(No. 2).  

The results are showing, that in each case the application of bracing results in about 90 % 

decrease in global flexibility, compared to the frame’s global flexibility as indicated in Tables 

31-34.  
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A B X Y 

F-RW (15) 0.809 1.079 1.074 1.377 

W-RW (14) 0.080 0.076 0.112 0.222 

WPEI-RW (1) 0.151 0.101 0.128 0.142 

PEI-RW (2) 0.032 0.137 0.205 0.292 

Decrease in flexibility 

(%) 

W-RW (14) 90% 93% 90% 84% 

WPEI-RW (1) 81% 91% 88% 90% 

PEI-RW (2) 96% 87% 81% 79% 

Table 31. The effect of diaphragms on global flexibility, where Z250-Z200 purlin and 

LTP45 trapezoidal sheeting is applied 

 

 

 
A B X Y 

F-RW (15) 0.809 1.079 1.074 1.377 

W-RW (14) 0.080 0.076 0.112 0.222 

WPEI-RW (1) 0.058 0.062 0.154 0.185 

PEI-RW (2) 0.030 0.097 0.155 0.201 

Decrease in flexibility 

(%) 

W-RW (14) 90% 93% 90% 84% 

WPEI-RW (1) 93% 94% 86% 87% 

PEI-RW (2) 96% 91% 86% 85% 

Table 32. The effect of diaphragms on global flexibility, where Z250-Z200 purlin and 

LTP20 trapezoidal sheeting is applied 
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A B X Y 

F-RW (15) 0.809 1.079 1.074 1.377 

W-RW (14) 0.098 0.095 0.100 0.183 

WPEI-RW (1) 0.072 0.081 0.072 0.175 

PEI-RW (2) 0.032 0.088 0.165 0.288 

Decrease in 

flexibility (%) 

W-RW (14) 88% 91% 91% 87% 

WPEI-RW (1) 91% 92% 93% 87% 

PEI-RW (2) 96% 92% 85% 79% 

Table 33. The effect of diaphragms on global flexibility, where Z200-Z150 purlin and 

LTP45 trapezoidal sheeting is applied 

 

 

 
A B X Y 

F-RW (15) 0.809 1.079 1.074 1.377 

W-RW (14) 0.098 0.095 0.100 0.183 

WPEI-RW (1) 0.032 0.055 0.145 0.120 

PEI-RW (2) 0.027 0.084 0.139 0.188 

Decrease in flexibility 

(%) 

W-RW (14) 88% 91% 91% 87% 

WPEI-RW (1) 96% 95% 86% 91% 

PEI-RW (2) 97% 92% 87% 86% 

Table 34. The effect of diaphragms on global flexibility, where Z200-Z150 purlin and 

LTP20 trapezoidal sheeting is applied 

 

The combined application of bracing and diaphragms (No. 1 configurations) is decreasing 

global flexibility by 81-91 % in high profiled cases (see Table 31.). A higher decrease in global 
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flexibility of 86-96 % can be achieved if smaller profiles are installed, as the results underline 

in Tables 31-34. 

The stiffening effect of diaphragms are examined in constructions No. 2. The decrease of 

79-96 % is achieved by the application of diaphragms without bracings, regardless of the 

section height of trapezoidal sheeting and the purlin section size. 

In Tables 35-36. the stiffening effect of sheeting is studied compared to bracing. The 

measured global flexibility values of the diaphragms (No. 2 and 3. configurations) are 45-87 % 

lower close to the loading frame (at position ‘A’), than the configurations including wall bracing 

without sheeting (configuration No. 11). In most cases, the stiffening effect of smaller 

trapezoidal sheeting section is higher by 5-16 %. 

 
 

  A B X Y 

WP-RW (11) Z200-Z150 0.094 0.113 0.158 0.243 

PEI-RW (2) LTP20 0.027 0.084 0.139 0.188 

PE-RW (3) LTP20 0.051 0.147 0.243 0.293 

PEI-RW (2) LTP45 0.032 0.088 0.165 0.288 

PE-RW (3) LTP45 0.042 0.193 0.278 0.417 

Decrease in flexibility (%) 

71 % 26 % 12 % 23 % 

45 % -30 % -54 % -21 % 

66 % 22 % -4 % -18 % 

53 %  -70 % -76 % -72 % 

Table 35. The effect of diaphragms on global flexibility, where Z200-Z150 purlin is applied 
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  A B X Y 

WP-RW (11) 
 

0.112 0.178 0.226 0.208 

PEI-RW (2) LTP20 0.015 0.049 0.093 0.120 

PE-RW (3) LTP20 0.040 0.081 0.127 0.157 

PEI-RW (2) LTP45 0.032 0.137 0.205 0.292 

PE-RW (3) LTP45 0.050 0.197 0.304 0.454 

Decrease in flexibility (%) 

87 % 72 % 59 % 42 % 

64 % 54 % 44 % 25 % 

71 % 23 % 9 % -40 % 

55 %  -11 % -35 % -118 % 

Table 36. The effect of diaphragms on global flexibility, where Z250-Z200 purlin is applied 

 

The overall conclusion is that the stiffening effect of the diaphragm is comparable to bracing, 

so the stiffening effect of diaphragms are non-negligible in nonstandard cases. 

 

2.2.6. Effect of structural components in wall on global flexibility 

2.2.6.1. Effect of purlins in walls 

In Table 37. the global flexibility results of specimens No. 9 and 10 were compared in 

function of increasing purlin section height. The tables well confirm that by applying purlins 

both in wall and roof is decreasing frame flexibility by 17-40 %, compared to that investigated 

case, where only roof purlins were installed.  

Increasing section height of purlins does not have effect on global flexibility in these cases. 
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Flexibility (mm/kN) A B X Y 

Z200-Z150 
P-R (9) 0.300 0.653 0.621 0.768 

P-RW (10) 0.178 0.513 0.461 0.635 

Z250-Z200 
P-R (9) 0.187 0.644 0.592 0.762 

P-RW (10) 0.114 0.500 0.433 0.621 

Change in 

flexibility (%) 

Z200-Z150 -41 % -21 % -26 % -17 % 

Z250-Z200 -39 % -22 % -27 % -19 % 

Table 1. Effect of application of purlins in wall on global flexibility P-R (9), P-RW (10) 

 

2.2.6.2. Effect of cladding in walls 

In this section the effect of wall cladding is examined, thus the configurations 6 and 3 are 

compared in Table 38, where the deviations of global flexibility values from the configurations 

including roof diaphragm only (PE-R (6)) are listed. The table well confirms that the effect of 

cladding in walls is significant. The application of wall sheeting drastically decreases frame’s 

global flexibility, the amount of decrease varies within 40-83% in the investigated cases. 

 

Flexibility (mm/kN) A B X Y 

Z200-Z150-LTP45 
PE-R (6) 0.199 0.590 0.585 0.765 

PE-RW (3) 0.042 0.193 0.278 0.417 

Z250-Z200-LTP45 
PE-R (6) 0.300 0.653 0.621 0.768 

PE-RW (3) 0.050 0.197 0.304 0.454 

Change in flexibility 

(%) 

Z200-Z150 -79 % -67 % -52 % -45 % 

Z250-Z200 -83 % -70 % -51 % -41 % 

Table 2. Effect of application of wall cladding on global flexibility PE-R (6), PE-RW (3) 
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2.2.6.3. Effect of bracing and cladding in wall  

Application of both cladding and bracing in walls is examined in next tables. The global 

flexibility results of configurations No. 8 and 1 are discussed, the change in global flexibility is 

indicated as the deviation from the results of configuration No. 8.  

Installation of wall sheets yields to a decrease in total frame’s global flexibility by 24-87 %., 

as shown in Table 39.  
 

Flexibility (mm/kN) A B X Y 

Z200-Z150-

LTP45 

WPEI-R (8) 0.157 0.576 0.587 0.756 

WPEI-RW (1) 0.072 0.081 0.072 0.175 

Z250-Z200-

LTP45 

WPEI-R (8) 0.199 0.738 0.511 0.720 

WPEI-RW (1) 0.151 0.101 0.128 0.142 

Change in 

flexibility (%) 

Z200-Z150 -54 % -86 % -88 % -77 % 

Z250-Z200 -24 % -86 % -75 % -80 % 

Table 3.  Effect of application of wall cladding and bracing on global flexibility WPEI-R 

(8), WPEI-RW (1) – LTP 45 sheeting 

 

Similar tendency is recognized with higher deviations of 70-92 % at those configurations, 

where smaller sheets are applied (see Table 40).  
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Flexibility (mm/kN) A B X Y 

Z200-Z150-

LTP20 

WPEI-R (8) 0.191 0.720 0.496 0.636 

WPEI-RW (1) 0.032 0.055 0.145 0.120 

Z250-Z200-

LTP20 

WPEI-R (8) 0.271 0.771 0.570 0.742 

WPEI-RW (1) 0.058 0.062 0.154 0.185 

Change in 

flexibility (%) 

Z200-Z150 -83 % -92 % -71 % -81 % 

Z250-Z200 -79 % -92 % -73 % -75 % 

Table 4. Effect of application of wall cladding and bracing on global flexibility WPEI-R (8), 

WPEI-RW (1) – LTP20 sheeting 

 

It can be stated that wall sheets has principal influence on global flexibility, especially at 

those configurations, where smaller trapezoidal section height is applied. 

 

2.2.6.4. Effect of wind bracing in wall 

The effect of wind bracing is examined by investigating constructions No. 12 and 11. The 

change in global flexibility is indicated as the deviation from the test results of configuration 

No. 12 . Results in Table 41. 

 underlining the significant impact of bracing in decreasing hall global flexibility, which 

value is within 57-86 % if these structural elements are applied both in wall and roof, compared 

to those cases, where only roof bracings are applied. In these investigated cases the change in 

purlin size is not influencing the global flexibility.  
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Flexibility (mm/kN) A B X Y 

Z200-Z150 
WP-R (12) 0.219 0.813 0.584 0.716 

WP-RW (11) 0.094 0.113 0.158 0.243 

Z250-Z200 
WP-R (12) 0.339 0.691 0.628 0.799 

WP-RW (11) 0.112 0.178 0.226 0.208 

Change in 

flexibility (%) 

Z200-Z150 -57 % -86 % -73 % -66 % 

Z250-Z200 -67 % -74 % -64 % -74 % 

Table 5. Effect of application of bracing on global flexibility WP-R (12), WP-RW (11) 

 

Application of bracing in roof is decreasing global flexibility by 21-86 % compared to 

unbraced versions, as indicated in Table 42.  

 

 

Flexibility (mm/kN) A B X Y 

WP- 
RW (11) 0.094 0.113 0.158 0.243 

R (12) 0.219 0.813 0.584 0.716 

P- 
RW (10) 0.786 1.032 1.030 1.260 

R (9) 0.796 1.055 1.046 1.303 

Change in 

flexibility (%) 

P/WP-RW -57 % -86 % -73 % -66 % 

P/WP-R -72 % -21 % -43 % -43 % 

Table 6.  Effect of application of bracing on global flexibility 

 

In Table 43. overall comparison was made regarding the effect of wind bracing. The 

conclusion is, that bracing has principal influencing effect on frame flexibility in those cases, 

where both the roof and wall are braced. The decrease in global flexibility is measured to be 

the maximum of 6 %. 
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In those variations, where bracing is applied in roof only, the stiffening effect of bracing is 

negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flexibility (mm/kN) A B X Y 

WPEI- 
RW  

0.072 0.081 0.072 0.175 

PEI- 0.032 0.088 0.165 0.288 

WPE- 
RW 

0.055 0.066 0.125 0.140 

PE- 0.042 0.193 0.278 0.417 

WPEI- 
R 

0.157 0.576 0.587 0.756 

PEI- 0.172 0.537 0.562 0.744 

WPE- 
R 

0.183 0.623 0.572 0.709 

PE- 0.199 0.590 0.585 0.765 

Change in 

flexibility 

(%) 

PEI/WPEI-RW 125 % -8 % -56 % -39 % 

PE/WPE-RW 31 % -66 % -55 % -66 % 

PEI/WPEI-R -8 % 7 % 4 % 2 % 

PE/WPE-R -8 % 6 % -2 % -7 % 

Table 7.  Effect of application of bracing on global flexibility 

 

2.2.6.5. Effect of inner cladding in wall 

The examination of inner cladding to frame flexibility was evaluated by comparison of 

construction No. 2-3 and 6-7. In general the conclusion can be drawn that inner cladding is 

decreasing frame flexibility by 23-75 % (see Table 44. ). The inner cladding has major influence 

on global flexibility by roof diaphragms.  

 



48 

 

 

Flexibility (mm/kN) A B X Y 

PEI- 
RW 

0.032 0.088 0.165 0.288 

PE- 0.042 0.193 0.278 0.417 

PEI- 
R 

0.172 0.537 0.562 0.744 

PE- 0.199 0.590 0.585 0.765 

Change in 

flexibility (%) 

PE/PEI-RW -24 % -54 % -41 % -31 % 

PE/PEI-R -76 % -64 % -51 % -44 % 

Table 8.  Effect of application of inner cladding on global flexibility 

 

2.3. Comparison of experimental full-scale test results with analytical results 

Diaphragm shear flexibilities from tests are determined according to ECCS 

recommendations: the shear stiffness of the diaphragm is the displacement of the shear 

diaphragm divided by the shear force [10].  

From full-scale tests, the flexibility of diaphragms were determined by eliminating the global 

flexibility of portal frame from the experimental values (Tables 45-46.), which was compared 

with those values derived from the ECCS formulae, according to Table 1. 

The comparison was performed in PE-R (6), and PE-R (6a) configurations, where purlin and 

external sheeting were applied in diaphragms, with fixings in alternate or every trough. In the 

last 2 columns, the change in diaphragm flexibility values is shown, which means the difference 

of values derived from ECCS formulae compared to experimental results.  
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PE-R (6) 

Flexibility  

(mm/kN) 

Change in flexibility 

(%) 

Full-scale test  From ECCS 

formulae 
X Y 

X Y 

Z200-LTP20 1.084 1.582 1.803 66 % 14 % 

Z200-LTP45 1.286 1.721 2.090 63 % 21 % 

Z250-LTP20 1.108 1.688 1.751 58 % 4 % 

Z250-LTP45 1.473 1.740 2.033 38 % 17 % 

 

Table 45. Diaphragm flexibility in PE-R (6) configurations, fixings applied in alternate 

troughs 

 

PE-R (6a) 

Flexibility  

(mm/kN) 

Change in flexibility 

(%) 

Full-scale test  From ECCS 

formulae 
X Y 

X Y 

Z200-LTP45 0.808 1.178 1.615 100 % 37 % 

 

Table 46. Diaphragm flexibility in PE-R (6a) configuration, fixings applied in every trough 

 

By comparing the test and calculated diaphragm flexibilities the following observations can 

be recognized: 

The stiffening effect of the investigated, nonstandard configurations is considerable and 

promises the utilization as diaphragm in stressed skin design. 

The ECCS method underestimates the diaphragm flexibility of the investigated 

configurations; the difference varies within 4-66 % in cases where fixings in alternate 

corrugations were applied, and between 37-100 % in those cases where fixings in every 

corrugation were installed, i.e. the method cannot be directly adapted to these applications, 

further development is needed. 

  

A B X Y

Z200-Z150 0.172 0.537 0.562 0.744

Z250-Z200 0.187 0.644 0.592 0.762

Z200-Z150 0.137 0.661 0.520 0.724

Z250-Z200 0.188 0.751 0.557 0.754

LTP45 8.721% 19.926% 5.338% 2.419%

LTP20 37.226% 13.616% 7.115% 4.144%

PEI-R (7)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)

A B X Y

Z200-Z150 0.172 0.537 0.562 0.744

Z250-Z200 0.187 0.644 0.592 0.762

Z200-Z150 0.137 0.661 0.520 0.724

Z250-Z200 0.188 0.751 0.557 0.754

LTP45 8.721% 19.926% 5.338% 2.419%

LTP20 37.226% 13.616% 7.115% 4.144%

PEI-R (7)

Flexibility (mm/kN)

LTP45

LTP20

Change in 

flexibility (%)
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2.4. Summary and conclusion 

On the bases of the overview of the available research results and design recommendation 

on stressed skin effect a further research program is planned in order to improve and extend the 

current design procedures.  

The global flexibility results are reviewed and evaluated with the comparison of test and 

calculated results. The differences are between 3-100 %, with significant scattering. The 

applicability of current formulae is restricted for standard configurations, and the principal aim 

of the research is to widen the domain of the applicability of current formulae, so it can be 

applied for nonstandard cases.  

In accordance, a full-scale experiment of a single bay steel cladded building was carried out, 

in order to capture the major influencing parameters of stressed skin effect in nonstandard 

configurations. The test arrangement, the experimental test results and conclusions regarding 

the comparison of the experimental results with the results derived from ECCS formulae are 

reviewed, and the conclusions of the full-scale experimental test were evaluated. 

In Section 2.2.4 the effect of the section size and number of fixings on global flexibility are 

detailed; on these bases the following major conclusions can be drawn: 

 Increasing section height of purlins from Z200-Z1500 (roof and wall) to Z250-Z200 

result in increasing global flexibility by 6-109% in full cladded cases. Smaller 

increase, in the range of 1-55% was obtained in those cases where no bracings were 

applied. 

 In roof cladded and braced configurations a different tendency was observed: 

increasing purlin height leads to increased flexibility by 11-44%. Elimination of 

bracing increases flexibility in these cases. 

 The increase in trapezoidal section height from LTP20 to LTP45 generally results in 

increasing flexibility, up to 53%. This conclusion does not apply for diaphragms only 

in the roof. 

 The number of fixings have a principal influence on global flexibility. By applying 

higher sheets the decrease in global flexibility is in the range of 17-40% of those 

cases, where double amount of fixings is applied. This range varies between 2-30% 

by the application of smaller height of sheets. 

The effect of the structural components applied in wall and roof on global flexibility were 

investigated and evaluated in Section 2.2.5 with the below conclusions: 
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 By examining the effect of purlin to the structure’s global flexibility it can be stated, 

that roof purlin has a greater effect in stiffening the building (2-6%), than wall 

purlins.  

 The application of roof bracing is increasing hall stiffness 2-3 times, while the 

application of roof and wall bracing is resulting in 8-10-times stiffer frame. This 

underlines that bracing has a primary influencing effect on the frame’s shear 

stiffness. 

 Application of internal and external cladding is decreasing global flexibility by 40-

78 %, which is underlining the non-negligible stiffening effect of steel cladding. 

 Application of internal cladding has a small influence on global flexibility compared 

to external sheets. This value varies between 1-5 % decrease at small purlin profiled 

cases, and 1-15 % at high profiled ones. 

 By examining diaphragm effect the results underline that in nonstandard cases the 

stiffening effect of diaphragms is comparable to the stiffening effect of bracing.  

Below conclusions were drawn in regard to structural elements applied in wall in Section 

2.2.6: 

 The results well confirm that the presence of purlins in both wall and roof decreasing 

global flexibility by 17-40%. 

 Installation of wall cladding drastically decreases global flexibility by 24-87 %. 

 Cladding and bracing of the structure is decreasing global flexibility by 27-86 %, 

while application only the bracing is causes a decrease of 57-86 % in uncladded 

frames. 

 Inner cladding has a decreasing effect to global flexibility by 23-75 %. 

Results and conclusion derived from full-scale testing were used for the preparation of the 

panel test series, in which the effect of some parameters of the diaphragms on flexibility are 

further investigated (i.e. purlin height, trapezoidal sheet section height). 

Further aim is the development of numerical method and to improve the current formulae of 

stressed skin design, by extending the domain of methodology to nonstandard cases. 
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3. Experimental panel and joint tests for investigation of shear flexibility of 

nonstandard diaphragms 

3.1. Introduction 

In this Chapter, mainly in Subsection 3.2, an experimental panel test series is introduced, 

which is investigating the global restraint of diaphragms to portal frames, i.e. the stressed skin 

effect [LA4, LA6, LA10-12]. 

Conclusions are drawn regarding the shear flexibility of nonstandard diaphragms, and the 

main influencing parameter of stressed skin effect is captured and analyzed. These results serve 

as a basis for further steps of research, i.e. verification of the numerical model, parametric study 

and proposal for developing stressed skin design formulae by incorporating nonstandard 

diaphragms into current standard, which will be introduced in Chapters 4. 

In Subsection 3.3. tensile tests of sheet/purlin joints are detailed to assess the shear flexibility 

of the connection, which is a major parameter in influencing shear flexibility. However there 

are recommendations in ECCS for shear flexibility value of different connections, still, there is 

no data available in the case of the applied self-drilling screw. These results were used to verify 

the numerical model in Chapter 4.  

 

3.2. Panel test series  

The principal objective of this test series is to gain data regarding the shear flexibility of 

nonstandard diaphragm configurations, and to draw conclusions regarding the effect of 

different variables on shear flexibility. In order to calculate shear flexibility from experimental 

results, 3.00 m x 3.00 m sized panel test series of 18 configurations was designed and carried 

out, in which diaphragms were installed on two parallel beams. During testing one beam was 

subjected to axial compression, providing shear force to the diaphragm. In the test procedure 

the axial force of the beam was measured with the corresponding axial displacement, from 

which values the shear flexibility of each configuration was calculated during evaluation. 

The main subject of the investigation is the effect of different variables on shear flexibility, 

i.e. purlin and trapezoidal sheeting section size, number of fixings and the number of applied 

sheeting was varied in the different configurations. The conclusions derived from experimental 

tests were applied to extend current design method of shear flexibility with a defined parameter. 

 

3.2.1. Test set-up 

The 3-dimensional view of the vertical test set-up is indicated in Fig. 10a. The loading frame 

was built up from vertical SHS columns restrained by two U160 bracings, providing a stable 
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loading frame. Two HEA180 beams were fixed horizontally to the lower and upper part of the 

SHS columns of the loading frame, which are composing the rafters of the diaphragm. 

The overall size of the specimens is illustrated in Fig. 10a. The spacing of the horizontal 

HEA180 beams was 3.00 m, to which the three purlins were fixed vertically with 4 No. M12x40 

screws at 1.5 meters spacing. Three 300 mm long U100x50x4 sized purlin cleats were welded 

to each HEA180 beams to provide purlin cleat connection and designed to implement any tested 

variations (see Fig. 10b.). The trapezoidal sheets were connected directly to the purlins with 

6.3x25 mm sized LD6T self-drilling screws [41] in every trough or alternate corrugations, but 

the seam fasteners between overlapping sheets were omitted (see Fig. 10c.). The overall size of 

the sheeted panel was 3,13 m x 3,20 m or 2,76 x 3,2 m (depending on sheet size of the applied 

LTP20 or LTP45 trapezoidal sheeting). No additional bracings were used. Increasing axial load 

was applied by a hydraulic jack to the lower HEA180 beam to provide shear force on the tested 

diaphragms, until total failure of diaphragms. The grade of hot rolled steel profiles was S235, 

while the cold-rolled profiles’ grade is S350. 

The horizontal displacement of the lower beam was measured with inductive transducers, 

meanwhile, the horizontal force applied by the hydraulic jack was recorded. Along with 

measurements failure modes of specimens were monitored and identified during the tests. 

 

Fig. 10a. Test set-up - 3D and front view 
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Fig. 10b.  Purlin cleat connection 

 

 
 

Fig. 10c.  Position of sheet/purlin fasteners on diaphragm 

 

 

3.2.2. Test program 

The panel experimental program studies the effect of following influencing parameters of 

shear stiffness: (a) the effect of the purlin’s size and (b) trapezoidal sheet’s profile height, (c) 

the number of fixings and (d) the effect of sheeting (single skin or two-skin constructions). The 

following structural elements were used in the test series: 

 purlin sizes: Z200/1.5; Z250/2.0; Z300/2.0 (see Fig. 11a. for purlin profiles), 

 trapezoidal sheets: LTP20/0.5; LTP45/0.5 (see Fig. 11a. for sheet profiles),  

 fixings applied in every trough (bottom of corrugation) or alternate troughs (see Fig. 

11b.), 

 trapezoidal sheeting: single or two-skin construction (see Fig. 11c.).  
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Fig. 11a. Trapezoidal sheet and purlin profiles used in the test series (all dimensions in mm) 

 

 

Fig. 11b. Fixings in every or in alternate corrugations 

 

Fig. 11c. Single and two-skin constructions 

 

Test configurations are summarized in Table 47, each configuration was tested once. Purlin 

and sheeting section type indicates the height and thickness of section in mm. 
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Test 

No. 

Purlins 

[mm]  

Trapezoidal 

sheeting [mm] 
Fixing number in troughs Sheeting 

1 

Z200/1.5 

LTP20 / 0,5 

Every  Single 

2 
Alternate 

Single 

3 Two-skin 

4 

LTP45 / 0,5 

Every  Single 

5 
Alternate 

Single 

6 Two-skin 

7 

Z250/2.0 

LTP20 / 0,5 

Every  Single 

8 
Alternate 

Single 

9 Two-skin 

10 

LTP45 / 0,5 

Every  Single 

11 
Alternate 

Single 

12 Two-skin 

13 

Z300/2.0 

LTP20 / 0,5 

Every  Single 

14 
Alternate 

Single 

15 Two-skin 

16 

LTP45 / 00,5 

Every  Single 

17 
Alternate 

Single 

18 Two-skin 

Table 47. Test series 

 

During the test series, the horizontal displacements of the lower HEA beam were measured 

together with the corresponding applied panel shear force (see Fig. 12.).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Measured force and displacement  
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These data ranges are illustrated in a typical load-displacement diagram in Fig. 13.; where 

the test results of panel experiment No. 6 (see Table 47.) are shown. In this configuration, 

LTP45 sheets were fixed to the external side of Z200 purlins in alternate corrugations. The 

diaphragm was loaded eight-times, and the load was increased until the failure of the panels 

(reaching the horizontal plateau on the force-displacement diagram). In Fig. 13. the appearance 

of failure modes are marked by letters (A to E), and according to the thick trend lines, the 

stiffness of the diaphragm was determined.  

 

 

Fig. 13. Diagram of panel tests No. 6. 

 

3.2.3. Determination of failure modes 

Typical failure modes are summarized and numbered to later references in Fig. 14. In all 

cases, the combination of failure modes was determined. 

In the majority of experimental tests, the failure of the specimen started with the increase of 

the opening between the overlapping sheets (failure Type A). In stiffer configurations, the 

failure was usually distortional buckling of the upper end of the purlin (failure Type B), which 

continued with horizontal or vertical distortion of sheet edges (failure Type C and D). The end 

failure of the panel occurred typically by hole elongation around self-drilling screws (failure 

Type E). Failure of self-drilling screws was not experienced in tests. 

The failure modes of each experimental tests are detailed on the force-displacement 

diagrams, in Fig. 15a-c. 
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The observation of failure modes showing that failure mode ‘A’ (opening between 

overlapping sheets), which is typical to nonstandard constructions, was not observed in 

configurations No. 1, 11, 12, 16, 17 and 18. Accordingly, in those configurations, where higher 

profiled purlins (Z250 and Z300) with higher profiled sheeting (LTP45) were installed in the 

same configuration, the missing seam fasteners were not effecting the failure of the diaphragm. 

In most cases, in configurations where LTP20 sheeting was applied, failure mode ‘A’ occurred. 

 

 

Fig. 14. Typical failure modes from left to right: Type A): increasing opening between sheets, Type B): 

distortional buckling of purlins, Type C) and D): vertical- and horizontal plate buckling of sheet, Type 

E): hole elongation 

 

3.2.4. Test results 

3.2.4.1. Shear flexibility 

According to ECCS recommendations, the shear flexibility of the shear panel is c = v/V, 

where v is the displacement of the panel under the shear load V [10-11]. The term shear 

flexibility refers to the direction parallel to the corrugations.  

Based on experimental tests the shear flexibilities are calculated and comparison is made as 

follows: in Table 48. the trend line based panel flexibility results are summarized: minimum, 

maximum and mean values. These values were determined by selecting the minimum and 

maximum shear flexibility values from each load step in every configuration. The mean value 

is calculated by the average of shear flexibility values in the specific configuration.  
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The lowest panel flexibilities are marked in bold, in order to select the stiffest constructions 

from the panel test series. Accordingly, the stiffest constructions are those configurations, 

where the smaller profiled trapezoidal sheeting was applied, either in two-skin constructions or 

in those configurations, where fixings in every troughs were applied. 

 

Test 

No. 
Purlins 

Trapezoidal 

sheeting 

Fixing 

number in 

troughs 

Sheeting 

Min. 

flexibility. 

cmin 

[mm/kN] 

Max. 

flexibility. 

cmax 

[mm/kN] 

Shear 

flexibility – 

mean value. 

cmean 

[mm/kN] 

Deviation 

1 

Z
2

0
0

/1
.5

 

L
T

P
2

0
/0

.5
 Every Single 1.93 2.75 2.31 0.31 

2 
Alternate 

Single 3.29 5.33 4.31 1.02 

3 Two-skin 2.62 2.66 2.64 0.02 

4 

L
T

P
4

5
/0

.5
 Every Single 3.26 4.85 3.85 0.54 

5 
Alternate 

Single 6.15 7.59 6.97 0.61 

6 Two-skin 3.69 4.25 3.87 0.17 

7 

Z
2

5
0

/2
.0

 

L
T

P
2

0
/0

.5
 Every Single 1.52 2.32 2.03 0.23 

8 
Alternate 

Single 1.95 2.59 2.37 0.23 

9 Two-skin 1.47 1.84 1.63 0.14 

10 

L
T

P
4

5
/0

.5
 Every Single 2.29 3.22 2.72 0.30 

11 
Alternate 

Single 4.43 7.70 5.87 1.16 

12 Two-skin 3.09 3.52 3.29 0.15 

13 

Z
3

0
0

/2
.0

 

L
T

P
2

0
/0

.5
 Every Single 1.41 2.46 1.92 0.26 

14 
Alternate 

Single 1.83 3.10 2.53 0.48 

15 Two-skin 1.25 2.01 1.57 0.20 

16 

L
T

P
4

5
/0

.5
 Every Single 2.27 3.08 2.59 0.24 

17 
Alternate 

Single 4.71 5.83 5.34 0.38 

18 Two-skin 2.82 3.57 3.24 0.20 

Table 48. Measured flexibilities 

 

The force-displacement diagrams for each tests are detailed in Fig. 15a-c., where the failure 

modes are indicated with the corresponding load values. In those cases, where failure mode ‘A’ 

was identified (in Tests No. 2-10, and in Tests 13-15.), the missing seam fastener of diaphragms 

are determinative, but the shear flexibility is still nonnegliable. These configurations would be 

further examined in order to modify current ECCS design method to extend the applicability of 
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the formulae to nonstandard cases. The experimental values are compared against analytical 

results derived from ECCS formulae in Chapter 4.  

 

Fig. 15a. Force-displacement diagrams of experimental tests, with failure modes 
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Fig. 15b. Force-displacement diagrams of experimental tests, with failure modes 
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Fig. 15c. Force-displacement diagrams of experimental tests, with failure modes 

 

The force-displacement diagrams in some cases showing, that after decreasing the load in 

each loadstep, the horizontal displacement is not changing, which results vertical drop in the 

force-displacement diagram. The reason might be that the hole elongation of purlin-sheeting 

fastener holes, i.e. even if the load decreases, the screw might stuck at the end of the elongated 

hole, which does not allow the decrease of horizontal displacement.  

From experimental results the following conclusions can be drawn:  

 the profile height of trapezoidal sheeting has major influencing effect on shear 

flexibility, 

 the fixing number has a dominant effect on panel flexibility.  

The shear flexibility is decreased by 16-83% by increasing the number of fixings to double. 

The comparison of the tests, which are built from the smallest purlin section and trapezoidal 

sheets (see Table 47. test No 1-3) shows that the single sheeted and in every corrugation fixed 

construction (No. 1) is still, less flexible than the two-skin configuration, which is fixed only in 

alternate corrugations (No. 3). The comparison between shear flexibilities of those single skin 

constructions, which are fixed in every corrugation (comparison between tests No. 1, 7, 13 or 

4, 10, 16 according to Table 47.) shows that the lowest flexibility is resulted in those 

configurations, where LTP20 sheeting was installed. Shear flexibilities are indicated in Fig. 16. 
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Fig.16. Minimum, maximum and mean shear flexibility values (configurations fixed in every 

corrugation) 

By comparing the mean values of shear flexibility results of panels fixed in alternate 

corrugations, it is concluded that the trapezoidal section size has the same effect: application of 

higher trapezoidal sheeting profile decreases the flexibility. In these cases increasing purlin 

section height is not decreasing in shear flexibility in all tests: slight increasing tendency can 

be seen in LTP20 configurations (Fig. 17.).  

 

 

Fig. 17. Minimum, maximum and mean shear flexibility values (configurations fixed in alternate  

corrugations) 
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3.2.4.2. Load bearing capacity 

In Table 49., the ultimate loads of panels are summarized in the las but one column. The last 

“Design capacity according ECCS” column indicates the load carrying capacity in each 

configuration calculated by the ECCS consequently [10]. To determine the design capacity 

from the ultimate test capacity, the below formula can be used: 

 

𝐷𝑒𝑠𝑖𝑔𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝐾𝑡 ×
𝑑𝑒𝑠𝑖𝑔𝑛 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
× 𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑡𝑒𝑠𝑡 𝑙𝑜𝑎𝑑 

 

 

Test 

No. 
Purlins 

Trapezoidal 

sheeting 

Fixing number in 

troughs 
Sheeting 

Ultimate load 

[kN] 

Design capacity 

according 

ECCS [kN] 

1 

Z
2

0
0

/1
.5

 

L
T

P
2

0
/0

.5
 Every Single 19.04 14.22 

2 
Alternate 

Single 11.52 8.61 

3 Two-skin 22.02 16.45 

4 

L
T

P
4

5
/0

.5
 Every Single 12.69 9.48 

5 
Alternate 

Single 9.71 7.25 

6 Two-skin 17.58 13.13 

7 

Z
2

5
0

/2
.0

 

L
T

P
2

0
/0

.5
 Every Single 23.65 17.67 

8 
Alternate 

Single 17.41 13.01 

9 Two-skin 33.03 24.67 

10 

L
T

P
4

5
/0

.5
 Every Single 15.56 11.62 

11 
Alternate 

Single 11.96 8.93 

12 Two-skin 22.35 16.7 

13 

Z
3

0
0

/2
.0

 

L
T

P
2

0
/0

.5
 Every Single 22.41 16.74 

14 
Alternate 

Single 16.91 12.63 

15 Two-skin 28.83 21.54 

16 

L
T

P
4

5
/0

.5
 Every Single 16.15 12.06 

17 
Alternate 

Single 12.21 9.12 

18 Two-skin 22.87 17.08 

Table 49. Measured load-carrying capacities from the test series 

 

In all cases the previously shown flexibility values can be guaranteed in the full loading 

range until the design capacity is reached. 

In general, the highest load-carrying capacity values were observed in those two-skin 

constructions, in which smaller trapezoidal sheet profiles were applied. 
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In single skinned configurations, the application of smaller trapezoidal sheet profile (LTP20) 

increased the load-carrying capacity by 30 % compared to the higher trapezoidal sheet (LTP45). 

The reason might be in connection with the number of fixings, as the shape profile of LTP20 

sheet is designed to have more corrugations than LTP45 sheeting, so more fixings can be 

applied in LTP20 sheets than in LTP 45 ones. The number of fixings has a principal effect on 

the behaviour: decreasing the number of fixings by 50 % results in a decrease in load-carrying 

capacity by 16-36 %. Increasing purlin size and thickness also increase the load-carrying 

capacity by 10-40 %. 

 

3.2.5. Summary and conclusion 

The panel flexibility results can be summarized as: 

 The stiffest constructions were the configurations with two-skin side applied sheets 

in deeper profiled purlins configurations (Z250 and Z300). Application of two-skin 

instead of single sheeting decreased the flexibility by 32-45 %.  

 An increase in purlin size decreases the shear flexibility up to 47 % in single sheeted 

configurations. The increase in purlin size has a major stiffening effect if fewer 

fixings are applied (in alternate corrugations compared to every corrugation). 

 In configurations with smallest section sized purlin (combining Z200 and LTP20 or 

LTP45, cases No 1-3 and No 4-6), the double fixing number has similar stiffening 

effect, as the application of additional sheeting. Application of fixings in each 

corrugation instead of alternate corrugations decreased the shear flexibility by about 

45 %.  

 It can be determined that the application of smaller profiled sheets (LTP20) decreases 

panel flexibility by 25-60% compared to the higher profiled ones (LTP45).  

 Fixing number has major influencing effect on shear flexibility. Increasing fixings to 

double decreasing shear flexibility by 15-54 %. 

All the mean flexibility values evaluated statistically from multiple load steps are shown 

together with the deviations as well on Table 48., indicating minimum and maximum shear 

flexibility values derived from each test. This evaluation method allows checking the flexibility 

according to the requirement of higher safety levels. 

Comparing load-carrying capacities, the following conclusions can be drawn:   

 The load-carrying capacity of smaller trapezoidal sheet profiled panels (LTP20) is 

18-52 % higher compared to higher profiled ones (LTP45). This might be the result 
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of higher fixing number due to trapezoidal sheet profile shape (more corrugations in 

small profile).  

 Increasing purlin section’s height from Z200/1.5 to Z250/2.0 the load-carrying 

capacity increases by 22-51%.   

 Increasing the number of fixings by 50 % the load-carrying capacity increases by 30-

65%. 

Result derived from experimental tests are used for validation of numerical model and the 

development of stressed skin design to incorporate nonstandard cases.  

To develop numerical model the analyses of sheet/purlin connection was necessary because 

the investigated joint constructions are out of the scope of ECCS recommendation. To derive 

data for numerical study, an experimental joint test series was conducted, from which the exact 

shear flexibility of sheet/purlin connection was derived. 

 

3.3. Joint tests 

3.3.1. Introduction 

In this subsection, tensile tests of sheet/purlin connections are detailed, which were 

completed to assess the flexibility of the purlin-sheeting connection [LA12], which is a major 

parameter in influencing shear flexibility. However, there are recommendations in ECCS for 

shear flexibility value of different connections, still, there is no data available in the case of the 

usually applied self-drilling screws. The detailed results were applied to verify the numerical 

model in Chapter 4.  

 

3.3.2. Test program 

Three different types of specimens were designed in order to determine the shear flexibility 

of sheet/purlin joints, including joints with one, two or three self-drilling screws. 

The width of the specimens was 40 mm, while the overall length was varied in the function 

of the applied screw number: 360, 420 or 480 mm (see Fig. 18). The type of the applied self-

drilling screw was LD6T, with a size of 6.3 x 25 mm. Zwick 400 testing machine was applied 

to conduct the experimental tests. Altogether 18 tests were conducted, in which the below 

variables were varied (see test program in Table 50.): 

 thickness of sheeting plate [mm]: 0.4; 0.5; 

 thickness of purlin plate [mm]: 1.5; 2.0; 2.67; 

 number of screws: 1, 2, 3. 
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The lower end of specimens was fixed into the tensile machine, while the upper end was 

subjected to monotonically increasing tensile force, until failure. During testing, the failure 

modes were monitored and the tensile force was measured with the corresponding 

displacements. 

The nominal elongation was measured between the fixed supports of the specimens, but the 

elongation of the plate in elastic zone was deducted from the total nominal elongation, so the 

shear flexibility of the screw was determined (the effect of this decrease was about 2-3 %). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18.  Zwick 400 testing machine and specimens 
 

 

Typical failure modes were considered as follows (see Fig. 19.): 

A. local plate bending around screw head, 

B. bending of free plate edges, 

C. bearing failure of plates around screw head, 

D. leaning of screw. 
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Fig. 19.  Typical failure modes from left to right: Type A): local plate bending around screw head, 

Type B): bending of free plate edges, Type C): bearing failure of plates around screw head, Type D): 

leaning of screw 

 

3.3.3. Test results and conclusions 

The test results regarding ultimate force and shear flexibility are detailed in Table 50.  

 
Test No. Material thickness [mm] Number of 

screws 

Ultimate force [kN] Shear 

flexibility 

[mm/kN] 
Sheeting (t1) Purlin (t2) 

1 0.4 
1.5 1 

1.99 0.758 

2 0.5 2.54 0.549 

3 0.4 
2 1 

1.8 0.422 

4 0.5 2.71 0.311 

5 0.4 
2.67 1 

1.91 0.565 

6 0.5 2.88 0.265 

7 0.4 
1.5 2 

3.72 0.290 

8 0.5 5.24 0.272 

9 0.4 
2 2 

3.86 0.256 

10 0.5 5.87 0.202 

11 0.4 
2.67 2 

4.23 0.235 

12 0.5 6.21 0.177 

13 0.4 
1.5 3 

5.32 0.220 

14 0.5 6.58 0.179 

15 0.4 
2 3 

4.67 0.211 

16 0.5 6.62 0.146 

17 0.4 
2.67 3 

4.87 0.230 

18 0.5 6.94 0.138 

Table 50. Shear flexibility of joints 
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The load-displacement diagrams are shown on two diagrams, where the results of the 

specimens with two different sheet thicknesses are detailed separately (see Figs. 20-21.). 

 

 
 

Fig. 20. Force-displacement diagrams of specimens with 0.4 mm thick sheeting 

 

 
 

Fig. 21. Force-displacement diagrams of specimens with 0.5 mm thick sheeting 
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Conclusions are drawn regarding the shear flexibility in the function of increasing screw 

number, shown on Fig. 22. Shear flexibility decreases by 29-48 % in those cases, where two 

screws were installed instead of one. Further increase in screw number results in further 19-30 

% decrease in shear flexibilities. 

The highest decrease can be determined in those cases, where the thickest sheet was applied. 

Application of 2.00 mm thick sheeting instead of 1.50 mm thick, results in 16-41 % decrease 

in shear flexibility, while a further increase in sheet thickness results in only 5-14 % decrease 

in shear flexibility. 

Highest decrease was determined in those cases, where only one screw was applied. 

 

 
  

Fig. 22. Shear flexibility of specimens with 0.5 mm thick sheeting in function of screw number 

 

After evaluation of the experimental panel test series, a full-scale experimental test series 

was carried out to further investigate the stiffening effect of different parameters on shear 

flexibility.   
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4. Numerical analyses and proposed design method to determine shear flexibility 

of nonstandard diaphragms 

4.1. Introduction of numerical analyses  

This Chapter details the numerical model verified upon panel experimental test series in 

Subsection 2.2 [LA3, LA7-8], with the application of the flexibility value of the purlin-sheeting 

connection derived from joint tests, summarized in Subsection 2.3 [LA12]. 

A parametric study is performed, and conclusions are drawn regarding an extended domain 

of parameters influencing stressed skin effect. 

The results introduced in this chapter composing the bases of formulae development of 

stressed skin design, which is assessed in this chapter. 

 

4.2. Numerical model development and verification 

Wide range of numerical simulations was performed in Ansys 14.5 Workbench [42] to 

simulate the experimental behaviour of shear panels, and to extend the range of investigated 

cases with virtual experiments [LA8]. 

The HEA180 beams and the purlins were represented by 10-node SOLID187 elements with 

three translation degree of freedom per node, while the sheeting is modelled with by 4-node 

linear SHELL181 elements. Fixed supports were applied on the top HEA180 beam, and the 

lower HEA180 beam was unrestrained in the direction parallel to beam, but fixed in all other 

directions, no global rotation was allowed. The stiffness of the purlin-trapezoidal sheeting 

connection was tested in previous laboratory experiments, these values are used in numerical 

simulations, and were modelled with spring elements (COMBIN39). 

The connection between the purlin and hot-rolled steel beams were simulated by 

CONTA178 elements. The horizontal load was applied at the end of the lower hot rolled 

HEA180 beam with SURF156 element representing sliding and contact between any two nodes 

of any types of elements (properties of finite elements are described in Table 51.).  
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 SHELL181 SOLID187 CONTA178 

Description Four-node element with six 

degrees of freedom at each 

node 

3D 10-Node Tetrahedral 

Structural Solid 

Two node element with three 

degrees of freedom at each node 

with translations in the X, Y, and 

Z directions  

Number of 

nodes 

4 10 2 

Degrees of 

freedom  

x, y, and z translational and 

rotational displacements 

x, y, and z translational 

displacements 

x, y, and z translational 

displacements 

Table 51. Properties of the finite elements used 

 

For material properties, 235 MPa yield stress was applied for hot rolled steel sections, 350 

MPa yield stress for trapezoidal sheets, and the same for the purlins. Linear elastic material 

model was applied in the simulation with the modulus of elasticity of 210 GPa since the 

flexibility of panels can be investigated in elastic range. 

To find the optimum mesh size mesh convergence study was carried out with reasonable 

computing speed, with the conclusion, that the automatically generated mesh typology provided 

sufficient accuracy (see. Fig. 23.). 

 

 

Fig. 23.  Mesh sensitivity study (No. 1 experimental test) 

 

The applied mesh of the panel is visualized on Fig. 24., altogether 46642 nodes and 27476 

elements were generated (one rib of the sheeting included about 270 elements). The difference 

between the experimental result and the FE model with automatically generated mesh is 1.6 % 

in the case of experimental test No. 1. 
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Fig. 24.  FE model - meshing 

 

The entire panel assembly with deformed shape is introduced in Figs. 25-26. The 

monotonically increasing load is horizontally applied step by steps at the end of the lower 

HEA180 beam. In the analyses, the horizontal deflection of the lower HEA180 beam was 

computed, and the local failure types were identified in comparison with the laboratory results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25.  FE model of test No. 10 (Z250/LTP45) 
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Fig. 26.  FE model of test No. 11, deformed shape (Z250/LTP45) 

 

The comparison of load-deflection curves for experimental tests and numerical studies is 

shown on Fig. 27., which indicates that the verified FE model shows good agreement with the 

experimental results, confirming the accuracy of the numerical model. The purlin-sheeting 

fasteners was modelled with spring elements, where a small gap at the last sheeting was 

sheeting, so at the beginning of the numerical study a sliding occurred, which caused hardening 

at the beginning of the analyses. The linear range of the analyses was nearly identical to the 

mean value of the shear flexibility of the experimental test (the difference is 1.6 %). 

 

 

Fig. 27.  Load-deflection curve of FE model and experimental test of specimen No. 1 
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Parametric study was performed to examine the stiffening effect of different parameters, in 

which about 45 different simulations were performed. Following variables were examined (see 

Fig. 28.):  

 fixing number (in the case of LTP20 sheeting): 36; 45; 54; 63; 72; 78; 81 fixings; 

 sheeting section height (section types are shown on Fig. 28.): 60; 43; 33; 17,4 mm; 

 purlin thickness: 3; 2; 1,5; 1mm; 

 purlin section height: 300; 250; 200; 150 mm; 

 sheeting thickness: 1,0; 0,9; 0,8; 0,7; 0,6; 0,5 mm; 

 

 

Fig. 28.  Parametric study – section sizes 
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4.3. Parametric study 

4.3.1. Effect of fixing number 

Our results from parametric study showing, that shear flexibility is decreased by 40.4 % if 

fixing number is increased to double (Fig. 29.). 

The effect of fixing number to shear flexibility in the current design procedure is taken into 

account by three parameters: p (pitch of sheeting to purlin fasteners), and β1 and β2 parameters 

which are taking into account the number of fixings per sheet width (β1 and β2 are factors to 

allow for the number of sheet to purlin fasteners per sheet width). In this study analytical results 

are about 50 % lower than results derived from numerical simulations. 

Accordingly, test results showing that a linear trend can be observed between shear 

flexibility and fixing number. 

 

Fig. 29.  Parametric study – effect of fixing number to shear flexibility 

 

4.3.2. Effect of sheet thickness 

Configurations with varying sheet thicknesses were compared (LTP20 / Z200 

configurations). Accordingly, shear flexibility decreases by 10,1 % if sheet thickness is 

increased to double, in those cases where fixings were applied in 3rd corrugations (Fig. 30.).  

In this case also a linear trend can be seen between shear flexibility and sheet thickness. The 

results showing, that in those cases, where fixings in every corrugation are applied, the effect 

of sheet thickness is less, that in those cases where less fixings are installed (only in alternate 

or in 3rd corrugations). 
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Fig. 30.  Parametric study – effect of sheet thickness to shear flexibility 

4.3.3. Effect of sheet section size 

FE analyses showing that increasing the sheeting height is significantly increasing shear 

flexibility (using the same amount of bolts, Fig. 31. Shear flexibility increases by 50 % if the 

section size of sheeting is increased from LTP20 to LTP60. This effect is taken into account in 

the ECCS design procedure. 

Similarly, as in previous cases, linear trend can be observed between sheet section size and 

shear flexibility. 

 

 

Fig. 31.  Parametric study – effect of trapezoidal sheet height to shear flexibility (Z200 purlin, 36 

fixings) 
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4.3.4. Effect of the thickness of purlin 

According to numerical results the increase in purlin thickness in the case of small 

trapezoidal sheet profiled (LTP20) diaphragms decreases flexibility by 24 %. In those 

configurations, in which higher purlin profile was installed, the purlin thickness is increasing 

shear flexibility by 13 % (Fig. 32.). Accordingly, the purlin thickness has greater effect on 

decrease shear flexibility in those cases, where smaller sized sheets are installed. In the case of 

high sheet profile the increase in purlin thickness is not decrease shear flexibility. 

According to ECCS, the increase in purlin thickness has an effect on the value of c1 

component, the change in total shear flexibility is less than 2,5 %.  

 

 

Fig. 32.  Parametric study – effect of purlin thickness to shear flexibility (experiments No. 02 and 05, 

i.e. Z200 purlin with LTP20 or LTP45 sheeting, fixed in alternate corrugations) 

 

4.3.5. Effect of the section size of purlin 

According to numerical results the increase in section size of purlin from Z150 to Z300 in 

the case of small trapezoidal sheet profiled (LTP20) configurations decreases shear flexibility 

by 16.7 %. In high trapezoidal sheet profiled versions (LTP45) the increase in purlin section 

size is causing about a 42 % decrease in shear flexibility (Fig. 33.). 

According to ECCS the increase in purlin height is changing the value of c3 component. 

Since the effect of this component is small on total shear flexibility, the change in total shear 

flexibility derived from this component is less than 1 %, though numerical simulations 

underline the importance of taking into account the effect of this parameter.  
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Fig. 33.  Parametric study – effect of purlin section size to shear flexibility (fixings in alternate 

corrugations) 

 

4.4. Conclusions of numerical analyses 

Upon experimental results, a verified and validated numerical model was developed, and a 

parametric study was performed to capture the major influencing parameters of stressed skin 

effect and to extend the standard design procedure to nonstandard diaphragm configurations 

[22]. Based on the results of the numerical analyses and proposed methodology the following 

conclusions can be drawn: 

 The investigated, nonstandard configurations are out-of-scope of current ECCS 

method. 

 Number of purlin to sheeting fasteners has a significant effect on shear flexibility, 

although this is included in the ECCS method, but the effect of this parameter is 

higher, than it is taken into consideration in the current design method. 

 In ECCS expressions purlin thickness and section height are not taken into account, 

although they have a major role in shear flexibility. 

The first step of the research was to investigate the shear flexibility of trapezoidal sheeting 

in different diaphragm constructions by numerical simulations, where the following tendencies 

were observed: 

 An increase in the thickness of purlin has an increasing effect on stiffness. 

 ECCS design formula does not take into account that increasing diaphragm 

eccentricity decreases the shear stiffness. 
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 The shear flexibility is underestimated by the ECCS method in the investigated 

configurations; the difference varies within 4-66 % in cases where fixings in alternate 

corrugations were applied, and between 37-100 % in those cases where fixings in 

every corrugation were installed, i.e. the method cannot be directly adapted to these 

applications, further development is needed. 

The validated and verified numerical model can be used as a design tool for engineers. 

The conclusions derived from numerical simulation was applied to improve design method 

of stressed skin effect, by extending it to nonstandard cases. 

 

4.5. Introduction of design method 

The stressed skin effect is based on the idea, that the roof under horizontal loads acts like a 

deep plate girder, resisting horizontal forces [10]. The flanges of this deep plate girder are 

identical to the longitudinal edge members of the steel hall, see Fig. 34.  

 

 
Fig. 34.  Stressed skin design in buildings [10] 
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The design procedure of stressed skin design is based on a basic shear panel, which is shown 

on Fig. 35. The basic shear panel is constructed of some or all of the following structural 

elements:  

1. profiled sheets, 

2. perpendicular member (purlin), 

3. parallel member (rafter), 

4. sheet/purlin fasteners, 

5. seam fasteners, 

6. shear connector, 

7. sheet/shear connector fasteners, 

8. purlin/rafter connection. 

 
 

Fig. 35.  Basic shear panel [10] 

 

Stressed skin design quantifies the stresses and deflections in a sheeted steel building. During 

calculation of shear flexibility of roof diaphragm, the roof has to be divided into rectangular, 

basic shear panels, which are either characterized as diaphragm beams or cantilever 

diaphragms, depending on the direction of the span of the sheeting in comparison with the span 

of the diaphragm (i.e. perpendicular or parallel, see Fig. 36.).  
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Fig. 36.  Direction of span of sheeting [10] 

Diaphragms may be installed with two or with four sides to the primary structure, see Fig. 

37.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 37.  Fastener arrangements [10] 
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After dividing the roof to basic shear panels, and defining the type of diaphragms, the shear 

flexibility can be determined as the sum of the following components (see Table 52.): 

 distortion of the profile (c1,1), 

 shear strain in the faces of the profile (c1,2), 

 deformation in the sheet to support member fasteners (c2,1). 

 deformation in the seam fasteners (c2,2). 

 deformation in the gable connections (c2,3). 

 axial strain in the edge members, bending in the plane of the diaphragm (c3). 

 

Components of shear 

flexibility 

Sheeting spanning perpendicular to 

span of the diaphragm 

Sheeting spanning parallel to span of the 

diaphragm 

Sheet deformation   

Profile distortion 
𝑐1.1 =

𝛼1 ∙ 𝛼4 ∙ 𝑎 ∙ 𝑑2.5 ∙ 𝐾

𝐸 ∙ 𝑡2.5 ∙ 𝑏2
 𝑐1.1 =

𝛼5 ∙ 𝑎 ∙ 𝑑2.5 ∙ 𝐾

𝐸 ∙ 𝑡2.5 ∙ 𝑏2
 

Shear strain 

𝑐1.2 =
𝛼2 ∙ 2.6 ∙ 𝑎 ∙ (1 +

2 ∙ ℎ
𝑑

)

𝐸 ∙ 𝑡 ∙ 𝑏
 𝑐1.2 =

2.6 ∙ 𝑎 ∙ (1 +
2 ∙ ℎ

𝑑
)

𝐸 ∙ 𝑡 ∙ 𝑏
 

Fastener deformation   

Sheet to purlin fasteners 
𝑐2.1 =

𝛼3 ∙ 2 ∙ 𝑎 ∙ 𝑠𝑝

𝑏
 𝑐2.1 =

2 ∙ 𝑎 ∙ 𝑠𝑝

𝑏
 

Seam fasteners 
𝑐2.2 =

2 ∙ 𝑠𝑠 ∙ 𝑠𝑝 ∙ (𝑛𝑠ℎ − 1)

2 ∙ 𝑛𝑠 ∙ 𝑠𝑝 + 𝛽1 ∙ 𝑛𝑝 ∙ 𝑠𝑠

 𝑐2.2 =
2 ∙ 𝑠𝑠 ∙ 𝑠𝑝 ∙ (𝑛𝑠ℎ − 1)

2 ∙ 𝑛𝑠 ∙ 𝑠𝑝 + 𝛽1 ∙ 𝑛𝑝 ∙ 𝑠𝑠

 

Connection to rafters 4-side fastened 4-side fastened 

 
𝑐2.3 =

2 ∙ 𝑠𝑠𝑐

𝑛𝑠𝑐

 𝑐2.3 =
2 ∙ 𝑠𝑠𝑐

𝑛𝑠𝑐

 

 2-side fastened 2-side fastened 

 
𝑐2.3 =

2

𝑛𝑝

∙ (𝑠𝑝𝑟 +
𝑠𝑝

𝛽2

) 𝑐2.3 = 𝑠𝑝𝑟 +
𝑠𝑝

𝛽2

 

Total flexibility in true 

shear 
𝑐′ = 𝑐1.1 + 𝑐1.2 + 𝑐2.1 + 𝑐2.2 + 𝑐2.3 𝑐′ =

𝑏2

𝑎2
∙ (𝑐1.1 + 𝑐1.2 + 𝑐2.1 + 𝑐2.2 + 𝑐2.3) 

Flange forces  

Axial strain in the edge 

members 

Diaphragm beam Diaphragm beam 

 
𝑐3 =

𝛼3 ∙ 𝑛2 ∙ 𝑎3

4.8 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 𝑐3 =

𝑛2 ∙ 𝑎3

4.8 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 

 Cantilever diaphragm Cantilever diaphragm 

 
𝑐3 =

𝛼3 ∙ 𝑛2 ∙ 𝑎3

2 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 𝑐3 =

𝑛2 ∙ 𝑎3

2 ∙ 𝐸 ∙ 𝐴 ∙ 𝑏2
 

Total shear flexibility 𝑐 = 𝑐′ + 𝑐3 𝑐 = 𝑐′ + 𝑐3 

 

Table. 52.  Components of shear flexibility according to ECCS [ 13] 
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4.6. Comparison of experimental panel test results with analytical results 

Experimental shear flexibility results are evaluated according to ECCS recommendations: 

shear flexibility is calculated by dividing the displacement of shear panel with shear force. 

Results are summarized in Table 53. The aim of the experimental tests is to analyze these values 

in comparison with the results calculated from ECCS formulae (calculation method detailed in 

Section 6). The results derived from ECCS formulae are listed under Shear flexibility - ECCS 

in Table 53. 

 

Test 

No. 
Purlins 

Trapezoidal 

sheeting 

Fixing 

number in 

troughs 

Sheeting 

Experimental results Shear 

flexibility – 

ECCS 

[mm/kN] 

Min. shear 

flexibility 

[mm/kN] 

Max. shear 

flexibility 

[mm/kN] 

Shear 

flexibility – 

mean value 

[mm/kN] 

1 

Z200/1.5 

LTP20 / 0.5 

Every Single 1.93 2.75 2.31 1.05 

2 Alternate Single 3.29 5.33 4.31 1.84 

3 Two-skin 2.62 2.66 2.64 1.60 

4 

LTP45 / 0.5 

Every Single 3.26 4.85 3.85 1.83 

5 Alternate Single 6.15 7.59 6.97 5.63 

6 Two-skin 3.69 4.25 3.87 3.78 

7 

Z250/2.0 

LTP20 / 0.5 

Every Single 1.52 2.32 2.03 0.97 

8 Alternate Single 1.95 2.59 2.37 1.83 

9 Two-skin 1.47 1.84 1.63 1.59 

10 

LTP45 / 0.5 

Every Single 2.29 3.22 2.72 1.80 

11 Alternate Single 4.43 7.70 5.87 5.63 

12 Two-skin 3.09 3.52 3.29 3.76 

13 

Z300/2.0 

LTP20 / 0.5 

Every Single 1.41 2.46 1.92 0.96 

14 Alternate Single 1.83 3.10 2.53 1.82 

15 Two-skin 1.25 2.01 1.57 1.58 

16 LTP45 / 

00.5 

Every Single 2.27 3.08 2.59 1.80 

17 Alternate Single 4.71 5.83 5.34 5.63 

18 Two-skin 2.82 3.57 3.24 3.77 

Table 53. Experimental results in comparison with analytical shear flexibility values 

 

According to ECCS method, those fasteners cannot be taken into account, which are fixing 

the two sheetings to purlins, when calculating the number of seam fasteners. In the investigated 

cases no seam fasteners were applied, so all configurations are nonstandard diaphragms, which 

are often used in industrial practice.  
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From panel experimental results the stiffening effect of these nonstandard configurations is 

shown in Table 53. The difference between analytical and experimental results is between 14-

117%, which means, that in these configurations in most cases the ECCS method is giving 

smaller shear flexibility results than experienced in tests. However the difference is significant, 

but the stiffening effect of these diaphragms is still, non-negligible. 

For this reason, the purpose of our research is to recommend modification to ECCS method, 

so the formulae will be able to follow the behaviour of any type of diaphragms. 

The comparison of experimental and analytical results demonstrates that some tendencies in 

shear flexibility values are not incorporated in the current ECCS expressions. Fig. 38-40 

illustrate that change in section size of purlins does not affect the values derived from ECCS, 

although from experimental results a descending tendency can be monitored. 

 

 

 

 

 

 

 

Fig. 38.  Shear flexibilities of LTP45 constructions (fixed in every trough) 

 

 

 

 

 

 

 

 

 

 

Fig. 39.  Shear flexibilities of LTP20 constructions (fixed in every trough) 
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Fig. 40.  Shear flexibilities of LTP20 constructions (fixed in alternate troughs) 

 

4.7. Proposal for modification of design method 

Comparing the analytical and numerical results our conclusions are as follows. 

As concluded from the experimental and numerical studies, the effect of purlin-sheeting 

fasteners has significant effect on shear flexibility. Although this effect is taken into 

consideration in the ECCS method, still the shear flexibility of this effect is higher, than it is 

currently concluded. The observed influence of trapezoidal sheeting profile height is in line 

with the ECCS methodology. Trapezoidal sheeting thickness does not have a great effect on 

flexibility. Section height and thickness of purlin has important role in the shear flexibility; 

however, they are not addresses in the ECCS recommendation. Increasing the purlin height is 

decreasing shear flexibility in the investigated cases. 

The appeared failure modes occurred in experimental test are connected to some specified 

components of shear flexibility [10]: 
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Fig. 41. Typical failure modes from left to right: Type A): increasing opening between sheets – seam 

fasteners, Type B): distortional buckling of purlins – edge member forces, Type C) and D): vertical- 

and horizontal plate buckling of sheet – profile distortion, Type E): hole elongation – purlin-sheeting 

fasteners [10] 

 

Accordingly, simple modifications are suggested to the current ECCS formulae, in terms of 

modifying the following components of shear flexibility, connected to the above mentioned 

failure modes appeared in nonstandard experimental tests: c1,1m (profile distortion), c2,1m (sheet 

to purlin fasteners deformation) and c3m (axial strain in edge members). The revised formulae 

shall include the effect that profile distortion and sheet to purlin fasteners deformation are 

depending in the function of fastener number. I have included this effect by adding a parameter 

which is the pitch of sheet to purlin fasteners per pitch of corrugations (p/d ). 

Summarizing the above mentioned effects, which should be modified or taken into 

consideration in the new method: (i) the shear flexibility of purlin-sheeting fasteners (c2m) 

should be much higher by applying more fixings, with the similar decreasing tendency as in 

ECCS; (ii) increasing the section height of purlin should result in a decreasing shear flexibility, 

which results in a change in the axial strain in edge member component (c3m); (iii) shear 
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flexibility from profile distortion (c1m) should be taken less into consideration, so this value 

should be decreased. 

As profile distortion (c1m) and purlin-sheeting fastener deformation (c2m) depending on the 

number of purlin-sheeting fixings, this two shear flexibility values were modified by adding the 

new p/d parameter. The last shear flexibility component is depending on the position and height 

of purlin, so this was modified by adding the purlin height (Hp) and the purlin distance (b1)  

beside the new parameter. 

The proposed modified components are as follows: 

 

𝑐1.1𝑚 =
𝛼1∙𝛼4∙𝑎∙𝑑2.5∙𝐾

(
𝑝

𝑑
)

0.5
∙𝐸∙𝑡2.5∙𝑏2

 (1)                                                         

𝑐2.1𝑚 =
𝛼3∙𝑎∙𝑠𝑝∙

𝑝

𝑑

𝑏
 (2) 

 

𝑐3𝑚 =
𝛼3∙𝑛2∙𝑏1∙𝑎3

𝐸∙𝐴∙𝑏2∙𝐻𝑝∙
𝑝

𝑑

 (3) 

 

              

where 

a width of the shear panel in the direction perpendicular to the corrugations 

A cross-sectional area of a longitudinal edge member 

b  depth of the shear panel in the direction parallel to the corrugations 

b1 distance between longitudinal edge members 

c1.1, etc.  component shear flexibilities 

d  pitch of the corrugations 

E  modulus of elasticity of the sheet material 

Hp height of a longitudinal edge member 

K1 and K2  sheeting constant which is a function of the shape of the cross-section 

np  total number of purlins (edge+intermediate) 

p  pitch of the sheet to purlin fasteners 

sp  slip per sheet to purlin fastener per unit load 

t  net sheet thickness, excluding coatings 

α1–α5  factors to allow for the number of purlins and sheet lengths 

β1 and β2  factors to allow for the number of sheet to purlin fasteners per sheet width. 
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The new parameter including the effect, that the geometrical shape of the sheeting has effect 

on the maximum number of applied fastenings (width of corrugation per sheet width).  

The other idea creating the new parameter was, that the value of this parameter in standard 

cases is 1, so no change has resulted from the application of modified formulae regarding 

standard cases, the revised formulae will give the same results, as in current ECCS design 

method. 

The main purpose of revised formulae development was the extending of the current domain 

of stressed skin design to nonstandard cases, while not changing the bases of current 

methodology in standard cases, which is ensured with the proposed parameter. 

  

4.8. Comparison of experimental panel test results with results derived from the 

modified design method 

In Table 54. the new values derived from proposed formulae are indicated beside the 

experimental results.  
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Table 54. Proposed formulae of shear flexibility in comparison with experimental results  

 

Applying the proposed formulas the difference is between 0,5-28 % from mean experimental 

values. In most cases, all results derived from new formulae are included in the range of 

experimental results. 

As the ECCS formulae give the maximum of 117 % difference from mean experimental 

results, the proposed values are giving a better approach. 

  

Test 

No. 
Purlins 

Trapezoidal 

sheeting 

Fixing 

number 

in 

troughs 

Sheeting 

Experimental results 
Proposed 

formulae 

of shear 

flexibility 

[mm/kN] 

Shear 

flexibility 

[mm/kN] 

- ECCS 

Min. shear 

flexibility 

[mm/kN] 

Max. shear 

flexibility 

[mm/kN] 

Shear 

flexibility 

– mean 

value 

[mm/kN] 

1 

Z200/1.5 

LTP20 / 0.5 

Every Single 1.93 2.75 2.31 2.93 1.05 

2 
Alternate 

Single 3.29 5.33 4.31 3.16 1.84 

3 Two-skin 2.62 2.66 2.64 2.08 1.60 

4 

LTP45 / 0.5 

Every Single 3.26 4.85 3.85 3.16 1.83 

5 
Alternate 

Single 6.15 7.59 6.97 6.10 5.63 

6 Two-skin 3.69 4.25 3.87 3.91 3.78 

7 

Z250/2.0 

LTP20 / 0.5 

Every Single 1.52 2.32 2.03 2.16 0.97 

8 
Alternate 

Single 1.95 2.59 2.37 2.78 1.83 

9 Two-skin 1.47 1.84 1.63 2.09 1.59 

10 

LTP45 / 0.5 

Every Single 2.29 3.22 2.72 2.54 1.80 

11 
Alternate 

Single 4.43 7.70 5.87 5.48 5.63 

12 Two-skin 3.09 3.52 3.29 3.10 3.76 

13 

Z300/2.0 

LTP20 / 0.5 

Every Single 1.41 2.46 1.92 1.60 0.96 

14 
Alternate 

Single 1.83 3.10 2.53 2.49 1.82 

15 Two-skin 1.25 2.01 1.57 2.03 1.58 

16 
LTP45 / 

00.5 

Every Single 2.27 3.08 2.59 2.72 1.80 

17 
Alternate 

Single 4.71 5.83 5.34 5.57 5.63 

18 Two-skin 2.82 3.57 3.24 3.41 3.77 
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4.9. Summary on design method development 

Proposal is made to the current ECCS components to extend the current design methodology, 

and it is concluded that these modified formulas are proven efficient for taking the effect of 

influencing parameters into account, and yields to a better fit on the experimental results with 

the proposed new parameters. 

 

5. Summary and conclusions 

Summarizing the research presented in the thesis regarding stressed skin design, the 

following conclusions can be drawn.  

A research program started to develop the current design method regarding stressed skin 

design, i.e. to extend the applicability of the methodology to nonstandard cases.  

Although standard diaphragm configurations’ stiffening effect was widely investigated by 

experimental tests and numerical simulations internationally, as far as known to date no study 

was performed to establish the shear flexibility of nonstandard diaphragm constructions. To 

examine this effect, an extensive research program was conducted. The applicability of existing 

ECCS formulae is restricted for standard constructions, the research aimed to examine the 

stiffness tendencies in commonly used, nonstandard configurations, and to extend the range of 

parameters which affects stiffness. On the other hand, the further benefit of omitting seam 

fasteners is that the effect of other flexibility components can be investigated. The principal aim 

of the research is to incorporate typical nonstandard configurations and all influencing 

parameters that are out-of-scope of existing the ECCS stressed skin design method. 

The intended purpose of the research is to develop the current ECCS stressed skin design 

method to incorporate nonstandard diaphragm constructions, which are commonly used in 

industrial practice in Europe. The innovative feature of formulae improvement is to comprise 

the effect of those parameters, which are influencing shear flexibility and are not addressed in 

the current ECCS design methodology. Upon experimental, analytical and numerical results a 

modification is presented to current formulae of shear flexibility, which gives a better approach 

in nonstandard cases. 

A further aim of the research is that upon the experimental results numerical analyses can be 

conducted and based on an extended numerical research program a proposal can be formulated 

in order to take into consideration the stabilizing effect of claddings in regards to the primary 

structural members, which is out-of-scope of the current standards. 
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5.1. New scientific results 

5.1.1. Theses of the dissertation in English 

 

Thesis 1 

I evaluated an experimental full-scale test series of 116 configurations, which investigated 

the global flexibility of industrially applied, nonstandard steel diaphragms.  

a) Based on the experimental full-scale test series, I determined the significant effect of 

the section size of structural members and the number of fixings on global flexibility, 

as well as the effect of the presence of structural members. My conclusions are drawn 

for nonstandard diaphragms, which were previously not investigated and are out of 

the domain of current standard.   

b) Based on the experimental full-scale test series, I determined the influence of the 

existing parameters of stressed skin design methodology and the new, previously not 

investigated parameters on global flexibility of nonstandard diaphragms.  

c) Based on the results of the  global flexibility values of roof diaphragms, I compared 

the experimental global flexibility results, with the analytical results derived from 

current the stressed skin design method.  

Publications linked to the thesis: [LA1] [LA2] [LA5] 

 

Thesis 2 

I designed and carried out a panel experimental test series, in which 18 nonstandard, 3.00 x 

3.00 m sized diaphragms were subjected to in-plane-shear.  

a) On the basis of the results of the experimental panel test series I determined and 

classified the typical failure modes of nonstandard diaphragms, which are subjected 

to in-plane shear. Besides this, the shear flexibilities and the ultimate load was 

assessed as well.  

b) On the basis of the results of the experimental panel test series, I  defined a new 

parameter influencing shear flexibility (p/d), which is not introduced in the ECCS 

standard. I determined the influence of the existing parameters of stressed skin design 

methodology to the shear flexibility of nonstandard diaphragms, besides this I 

determined the influence of the new parameter on shear flexibility and I assessed the 

possible improvement of stressed skin design methodology.  

Publications linked to the thesis: [LA6] [LA7] [LA10] [LA11] [LA12]  
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Thesis 3 

I developed an empirical model to determine the shear flexibility of nonstandard diaphragms, 

on which a numerical model validated upon the experimental panel test series was developed. 

The validated numerical model is able to take into consideration the effect of the new parameter 

on shear flexibility.   

I compared the experimental panel test results and the numerical test results with the 

analytical shear flexibility values derived from stressed skin design formulae. Upon 

comparison, I made a proposal to extend the domain of stressed skin design methodology, 

including nonstandard diaphragms investigated in this research.   

a) With the help of validated numerical model, the range of experimental tests was 

extended with the virtual tests of previously not investigated section sizes. Based on 

the extended numerical study, I draw further conclusions on the effect of those 

relevant parameters (i.e. number of fixing, section size and thicnókness of purlin and 

trapezoidal sheeting), which are influencing shear flexibility.   I determined the range 

of parameters for analytic investigation of the nonstandard diaphragms, and the shear 

flexibility values of the virtual tests.  

b) I investigated applicability of standard methodology during comparison of  

experimental, numerical and analytical results, and I established, that current 

methodology is not applicable without any modification to calculate the shear 

flexibility of nonstandard diaphragms. I made a proposal to modify the ECCS 

stressed skin design method. I proved, that the new formulae gives a better approach 

to calculate the shear flexibility of industrially applied, nonstandard diaphragms. I 

determined the required analyzes level for numerical model-based design method of 

nonstandard diaphragms subjected to in-plane shear.  

Publications linked to the thesis: [LA3] [LA7] [LA8]  
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5.1.2. Theses of the dissertation in Hungarian 

 

1. tézis  

Kiértékeltem egy 116 kísérletből álló teljesléptékű kísérletsorozatot, mely nem szabványos 

kialakítású, gyakorlatban sűrűn alkalmazott könnyűszerkezetes diafragmák globális 

merevítőhatását vizsgálta.  

a) A teljesléptékű kísérletek alapján megállapítottam a szerkezeti elemek 

keresztmetszeti méretének, a leerősítésszám változásának jelentős hatását, valamint 

az egyes szerkezeti elemek jelenlétének hatását a globális merevségre vonatkozóan, 

következtetéseimet eddig nem vizsgált és szabványban nem szereplő 

konfigurációkra vontam le. 

b) A teljesléptékű kísérletek alapján meghatároztam a nem szabványos kialakítású 

diafragmák esetén a szabványos kialakítású diafragmákra vonatkozó paraméterek és 

a szabványos kialakításra nem vonatkozó új paraméterek hatását a globális 

merevségre vonatkozóan. 

c) Tetődiafragmák esetén összevetést végeztem a kísérletek során meghatározott 

globális merevségek és a szabványos kialakítású diafragmák esetén számított 

analitikus eredmények között. 

A tézishez kapcsolódó publikációk: [LA1] [LA2] [LA5] 

 

2. tézis  

Megterveztem és végrehajtottam egy 18 kísérletből álló panelkísérletsorozatot 3x3 m-es, 

gyakorlatban sűrűn alkalmazott, de szabványtól eltérő kialakítású könnyűszerkezetes 

diafragmákon, melyeket síkjukban ható nyíróerővel terheltem.  

a) A panelkísérletek alapján megállapítottam és osztályoztam a nyíró igénybevételnek 

kitett, nem szabványos kialakítású diafragmák mértékadó tönkremeneteli módjait, 

valamint meghatároztam a nyírási engedékenység értékeit és teherbírását. 

b) A panelkísérletek alapján definiáltam azt a nyírási engedékenységet befolyásoló új 

p/d paramétert, amely a szabványban nem szerepel, valamint meghatároztam a nem 

szabványos kialakítású diafragmák esetén a szabványos kialakítású diafragmákra 

vonatkozó paraméterek és az általam újonnan definiált paraméterek hatását a nyírási 

engedékenységre vonatkozóan, és meghatároztam a jelenlegi szabványos méretezési 

módszerre vonatkozó fejlesztési irányt. 

A tézishez kapcsolódó publikációk: [LA6] [LA7] [LA10] [LA11] [LA12] 
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3. tézis  

Megalkottam egy empirikus modellt a nyírási engedékenységek meghatározására nem 

szabványos kialakítású diafragmák esetén, amelyre a panelkísérletek alapján validált numerikus 

modellt fejlesztettem. A validált numerikus modell képes figyelembe venni a nyírási 

engedékenységet befolyásoló újonnan definiált paraméterek hatását is. 

A panelkísérletek nyírási engedékenységre vonatozó értékeit, valamint a végeselemes 

modell numerikus eredményeit összevetettem a szabványos kialakítású diafragmák nyírási 

engedékenységre vonatkozó analitikus eredményeivel. Az összevetés alapján javaslatot tettem 

a szabványos eljárás kiterjesztésére nem szabványos kialakítású diafragmák esetén.  

a) A validált végeselemes modell segítségével kiterjesztettem a 

panelkísérletsorozatot egyéb, kísérlettel nem vizsgált keresztmetszeti méretek 

analízisével. A kiterjesztett numerikus vizsgálatok alapján további következtetéseket 

vontam le a nyírási engedékenységet befolyásoló, releváns paraméterek 

(leerősítészám, szelemen és trapézlemez szelvénymagassága és szelvényvastagsága) 

hatásának mértékével kapcsolatban. Meghatároztam a nem szabványos kialakítású 

diafragmák analitikus vizsgálatához szükséges paramétertartományt és azon belül a 

nyírási engedékenységek értékeit.  

b) A kísérleti, analitikus valamint numerikus eredményeket összevetve 

megvizsgáltam a szabványos eljárás alkalmazhatóságát, és megállapítottam, hogy a 

méretezési eljárás módosítás nélkül nem alkalmazható az általam vizsgált 

diafragmák esetén. Javaslatot tettem az ECCS szabványos, nyírási 

engedékenységekre vonatkozó méretezési eljárás módosítására. Bizonyítottam, hogy 

az új méretezési eljárás alkalmas a gyakorlatban alkalmazott, nem szabványos 

kialakítású diafragmák nyírási engedékenységének számítására. Meghatároztam a 

szükséges numerikus analízis szintet a nyíróerővel terhelt, általam vizsgált 

diafragmák numerikus modell alapú méretezési eljárásához. 

A tézishez kapcsolódó publikációk: [LA3] [LA7] [LA8] 
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5.2. Application of the results and proposal for further research 

The results of the research presented in this dissertation can be directly used to improve the 

corresponding parts of the Eurocode.  

Further research can be conducted on several areas of the presented topics. 

Regarding global restraint of sandwich panels or trapezoidal sheeting, further analyzes can 

be assessed evolving numerical analysis of portal frame in the presented configurations, with 

an extended analysis of the applicability of proposed formulae.  
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