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Abstract. The paper presents the influence of the diaphraffect on the behavior of pitched roof
portal frames, having Z purlins and corrugated divege as cladding. The paper highlights the
stabilizing effect in terms afc, on portal frames by taking into account the latecanstraints
ensured by a typical cladding system — Z purlinth wne layer of sheeting panels. The purpose of the
paper is to make a comparison between the simplifiesign model of a portal frame, where the
supports simulating the purlins are considered viittinite axial rigidity and a portal frame design
model where the calculated stiffness of the clagldiam the lateral supports is introduced manually.
The obtained results highlight the importance & diaphragm effect and refer to the variation & th
load multiplication factom for main structural elements. The fundamental ctibje of this research

is to develop a relatively fast checking procedwrasy to use in the current design process, by
including the diaphragm stiffness in the analysighe pitched roof portal frame. Using Abaqus,
simplified calculation procedures are validateddomplex FEM models.

1 INTRODUCTION

Even since the 1950's, the idea that systems assgfinbm corrugated sheets, used as roof
or wall claddings, which were properly fixed, indittbn to their ability to undertake
perpendicular loads to their plane, can also uaBlerfoads acting in their planar surface
(Johnson [1]). Loads can be a result of wind actearthquake and interaction between the
frames' claddings or of the diaphragm behaviorcgtain types of roofs (Davies and Bryan,
1982 [2]). In all cases, loads applied in the shgeplane lead to stresses. The resulting
stressed membrane is usually defined as a diaphrdgrgeneral, corrugated sheets are
subjected to shear forces, while the axial effemts undertaken by the elements of the
transverse frames. This membrane or diaphragm $fmgthe structure added strength and
stiffness and can be used to stabilize structleshents. In Europe, the design methodology
using this type of action is called “stressed skasign” (Bryan, 1973 [3]) — the diaphragm
effect. The shear or diaphragm panel refers toasrseveral corrugated sheeting’s separated
by structural elements, being part of the shegtaagm.

In reality, the diaphragm effect is present inracture, whether it was taken into account
or not. Economic studies carried out in Europe bganizations such as the European
Convention for Constructional Steelwork (ECCS) loe Constructional Steel Research and
Development Organization (CONSTRADO, 1976 [4]), ioade that it can be saved up to
10% of the total cost of the steel structure if thaphragm effect is taken into account.
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Since the 1980's, in Europe, general prescriptoars be found for the configuration of
diaphragms in order for them to be designed mdieieitly. Bryan and Davies (1982, [2])
prepared recommendations for the size of the paalsgive design rules for the shear and
seam connectors and the connections between puatidsbearing structure. Their book
includes assembling regulations also. Accordinghtese studies, the trapezoidal sheeting is
preferred instead of the sinus shape and has atser blocumented references.

Regarding the testing of the shear diaphragms &edrspanels, among the first well
documented procedures were the ones undertakehebgrherican Iron and Steel Institute
(AISI) in 1987 [5]. Full scale tests were done b@dhregularly in plane shaped models and
irregularly shaped ones. Load bearing capacityfendbility for sheet to sheet and sheet to
bearing structure fastenings are presented in @@3publications (1978, 1984).

Although a 1977 version of the “European Recommeons: for the application of Metal
Sheeting acting as a Diaphragm” was publishedmgumaved version was issued in 1995.

As recommended in the ECCS publication [6], thagiesf structures taking into account
the diaphragm effect involves the cladding struetas an integrating part of the main load
bearing structure and designing it as a diaphragiojested to shear force, which is mainly
used to increase structural stability. Romanianecpibvisions [7] mainly follow the ECCS
recommendations [6].

The primary role of roof and wall cladding systeismiso ensure water and air tightness for
the building, while the diaphragm effect transforthem into main structural elements. This
conversion of secondary structure into primaryctral components must keep focus on the
usual cladding details, with the typical sheetihgknesses and the applied sheet-to-purlin
screws and seam fasteners. Starting from these dgia and accepting that supplementary
measures will generate higher cladding costs,dh@¥ing questions can be raised:

* How relevant is the type of trapezoidal sheetingrther to account for the diaphragm
effect?

* How much is the final stiffness of the diaphragmmgia influenced by the way of
fastening the corrugated sheeting?

 What is the gain in load carrying capacity if theusture is stabilized by the cladding
system instead of neglecting this effect — expeegs@ercentages?

* s it relevant to have a structural design in whioh steel sheeting is considered to be
acting as a diaphragm, taking into considerati@t tth most design cases the cladding is not
considered as having a structural role?

2 RESEARCH OBJECTIVES

The paper presents the diaphragm effect on thevimhaf pitched roof portal frames,
having Z purlins and corrugated sheeting as clagdime idea of this study emerged from
economical design principles and from the desirguantify the structuratafety reserves
using a more detailed analysis of structural elémen

Taking the example of an existing structure, alsftesned industrial hall with simple
geometry and trapezoidal sheeting as claddingnidger goal was to find the influence of the
roof sheeting acting as diaphragm over the makl steucture, highlighting how the structure
works together with the cladding in order to undlket verticaland horizontal loads and
calibrating an automatic computation procedure itedicated environment, appropriate in
structural design.

There are several analysis parameters to be coedidderiving the following specific
research objectives:
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» type of trapezoidal sheeting — comparison betwberdifferent types of steel sheeting
which can be used for the proposed structure, gaamvariables the trough height
and material thickness;

» fastening of the trapezoidal sheeting and purlire/ery trough fastened or alternate
troughs fastened,;

» supporting of the shear panels — two or four sfdstening of the shear panel.

The following chapters include the assumptionsamalysis criteria, computations and
obtained results together with their graphicalrptetation.

3 STRUCTURAL CONFIGURATION USING A CASE STUDY

The above mentioned parameters monitored in tlsisareh have been analyzed using a
case study on an existing structure located in €xaBihor County, Romania [8]. The focus
of this study is to quantify the stressed skinafia order to obtain better design results for
pitched roof portal frames with corrugated sheetaiagladding.

3.1 Geometrical and structural configuration of the analyzed structure

The object of the study consists of a single st@teel structure. The loadbearing steel
structure is made of portal frames with hinged ouiubases and transverse haunched beams
fixed to the columns and horizontal rulers hingédath ends, placed between the frames.
Initial design of the structure neglects the sedsskin effect, where X roof and wall bracings
were provided.

The original structure has the following charastgcidimensions:

e Span: 2 x12.00m
* Bay: 15 x 6.00m
e Length: 90.00m

* Eave height: +6.00m

« Roof angle/pitch: 8’

The building consists of the office area and thmdpction area (Figure 1). The office area
extends along one bay (6.00m) and over the whodm s the hall (24.00m), while the
production area occupies the rest of the spaceofftoe area has two stories separated by a
steel floor in dry solution, as shown in FigureB2ams situated on the perimeter and those
between the columns are fixed at both ends, whéer¢st of the remaining secondary beams
are hinged.

o : : e
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Figure 1: Architectural plan of the analyzed builgl{8]
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Figure 2: The office area in the modeling stage [8]

3.2 Relevant loads for the structure design

The loadbearing structure of the building is sutgédo the action of its own weight, to
live loads, technological loads, climatic loads a®ismic action respectively. These loads
were determined according to the Romanian regulistim force at the time of designing the
structure.

The loads were considered as follows:

« Permanent and technological loads g=0,50 KN/m

+ Live load on the intermediary floor: g=3,0 kNfm

« Distributed snow load on the roofs1.5kN/n? — characteristic value for snow load
on the ground

+ Distributed wind load: w=0.50 kN/nf — reference pressure

Seismic loads determined according to Romaniaméeisode for the structure's specific
locationy:=1.0 (importance class 3)¢=.15g — peak ground accelerationzd.7s — corner
period. The behavior factor in this particular agafation was considered for low dissipative
structures, g=1.5.

For the detailed analysis and design checks ofsthecture according t&N1993-1-1,
EN1993-1-3 and EN1993-1-8, available with NAD [@JpnSteel 8.0 finite element software
has been used. Thus, calibration of the calculati@thodology to account for the stressed
skin action has been done in the same softwareament.

3.3 Cladding acting as a diaphragm system

According to ECCS - “European Recommendations lier Application of Metal Sheeting
acting as a Diaphragm — Stressed Skin Design, 1885the cladding systems can act as
diaphragms, which represent a plane assembly matdef panel sheets, purlins and rafters.
The sheeting panels are fixed only to the purlgasé¢ of diaphragms fixed only on two sides)
or to purlins and rafters (case of diaphragms figadour sides). The side overlaps are fixed
together with seam fasteners. The diaphragm maspob®wosed of a single panel or multiple
panels.
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Figure 3: Typical shear pénel [7]

Legend: a = dimension of the shear panel in a tireerpendicular to the corrugations;
a = width of a sheeting panel; b = dimension @f shear panel in a direction parallel to the
corrugations; 1. rafter — main beam; 2m. edge pwisecondary beam; 2i. intermediate purlin
— secondary beam; 3. corrugated sheeting panshegt/ perpendicular member fastener; 5.

seam or side lap fasteners; 6. shear connect@heét connector fasteners; 8. purlin/ rafter
connection.

Due to various openings which can weaken the wapildagms, the present study focuses
mainly on the roof diaphragms. Their geometry isatibed in Table 1.

Table 1: Geometry of roafiaphragms

Diaph Panel dimensions[m] Number of panels
'a'to rsgm SpanL [m] | Height b [m]
P a b n
Roof 90 12.40 6 12.40 15

The components of the roof shear panels considertb@ models include:

« frame rafters as main beams;

» roof purlins as secondary beams;

» corrugated sheeting;

e shear connectors and seam fasteners.

3.4 Description of the analyzed diaphragm system

In case of roof shear panels, the frame raftersiarat the same level with the diaphragm.
The fastening of the diaphragm can be done eithdéwo sides to the secondary beams or on
four sides: both to secondary and main beams wusingectors.

The cross sections of the main beams are compased Wwelded plates of various
dimensions, with the steel grade of S355J0.
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The secondary beams or purlins are standard Lipdziles Z 200 with a section thickness
of 2,5mm on the first bay and 1,5mm on the resth&f bays. The purlins’ material is
galvanized steel S355 with corrosion protectiombiydip galvanizing layer of 40m [11].

The corrugated sheeting is acting as roof claddmd)is placed on top of the purlins. For
the stressed skin action, two types of sheetinguf€i 4, Table 2) available in Romanian
market were compared, each with several thicknesses

* Lindab corrugated sheeting LTP45 with 0.5, 0.6 @7dmm thickness;
« Megaprofil corrugated sheeting 85.280.1120 [12hvdt75, 0.88, 1.00 and 1.25 mm
thickness.

Figure 4: Geometrical characteristics of corrugateeeting [7]

Table 2: Geometry of roof sheeting

: Height of Sheeting Pitch of the Length of one | Moment of inertia
Sheeting . . corrugated . )
tvpe corrugation | thickness cheet corrugation for the sheeting
yp h [mm] t [mm] d [mm] u [mm] Iy [mm%mm]
0.5 161.06
LTP 45 45 0.6 180 231.437 196.56
0.7 232.44
0.75 774.5
0.88 956.5
85.280.1120 85 280 368.086
1 1125
1.25 1448

The considered fasteners for sheet/rafter conmectame SD5 type with shear strengths
according to SFS Intec Catalogue [13] and the seateners are type SL2-S-4 according to
the same catalogue.

4 EQUIVALENT MODELSAND ASSUMPTIONS.

The calculation of the roof diaphragm strength atiffiness was performed according to
ECCS recommendations [6] and “Manual of stresséwl diaphragm design” - Davies and
Bryan [2], which have also been followed by the Romn code — NP 041 — 2000 [7]. The
studied specific case refers to a roof diaphragthomit openings, supported at both ends and
composed of several shear panels having the shgetnpendicular on the diaphragm’s span.

According to the prescriptions imposed by the abmentioned codes, the study was
conducted for a single storey structure with stgaital frames subjected to vertical and
horizontal loads, having trapezoidal sheeting a$ ctadding. The structure was considered as
a set of elements which work together, having regid frames and flexible intermediate ones,
with pinned column bases and continuous eave joints
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4.1 Design criteria according to ECCS recommendations

According to ECCS provisions [6] the final diaphmagtrength is obtained considering the
following failure modes: a. sheet tearing alongna bf seam fasteners, b. sheet tearing along
a line of shear connector fasteners, c. sheetntgan the sheet/purlin fasteners, d. end
collapse of the sheeting profile, e. shear bucklaighe sheeting, f. failure of the edge
member in tension or compression. The preferredewnod failure are a and b. The minimum
capacity of these failure modes will define thenudtte loadbearing capacity,€

Above mentioned regulations also implement the gulace for calculating the shear panel
flexibility. The total shear flexibility “c” of a pnel represents the sum of the separate
component shear flexibilities due to the followihgformation modes: profile distortion, shear
strain in the sheet, slip in the sheet/purlin fasts, slip in the seam fasteners, slip in the
sheet/shear connector fasteners, purlin/rafter edtrons (in the case of the sheet fastened to
the purlins only), axial strain in the longitudiredge members.

Following the formulas specified in ECCS provisigf§ both the flexibility and stiffness
of each individual roof shear panel was computeduatly. Obtained results are reported in
chapter 5.

4.2 Calibration of a design procedure: equivalent static models

In the current design practice, 3D analysis ofdtmacture is performed in most situations,
without taking into account the frame stabilizinffeet of the sheeting. This case study
presents the influence of trapezoidal sheetinghgctis diaphragm over an existing single
storey steel structure with portal frames. Sevetalctural models were made, leading to
results in terms of structural performance with amithout taking into consideration the
diaphragm effect of the roof cladding.

The considered static design models are: the grasiel (MB), transition model (MT1,
MT2, MT3) and equivalent models (MEL1...7), as itlefined below.

4.2.1 Gross model

This configuration represents a 3D structural modhlich includes the main bearing
elements:

» transverse frames with pinned base joints

» longitudinal bars at the eave and ridge joint atsl, in the middle of the rafter;
» roof and walls bracing systems;

» flange braces;

« roof purlins positioned only where flange bracesragcessary.
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Figure 5: Gross model (MB) — 3D geometry

4.2.2 Transition models

Transition model has as a starting point the gmedel, including the entire roof purlins
and side rails system. This represents an inteateeditage in which a part of the cladding
system is included, but still neglecting the stiffey effect of the trapezoidal sheeting.

Figure 6: Transition model — MT 1

Starting from the idea of setting up an intermediabdel including the purlin system and
side rails, three variations of the same model Wwerk, namely:

e MT 1 - gross model improved with purlins and sidisr(Figure 6);

e MT 2 — MT 1 model to which supplementary suppomgiast axial rotation were
added on the purlins and side rails (Figure 7a);

e MT 3 —to MT 2 model more supports against axightion were added together with
a system of links to induce a simultaneous movenoérihe side rails and purlins
(displacements and distances between the elememisir constant), without taking
into account the stiffness of steel sheeting (Fgiy)
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Figure 7: Transition models MT 2 (a - left) and NATb - right)

4.2.3 Equivalent models

Compared with the previous models, the equivaleodets (Figure 8) includes the
stiffness of the roof cladding panels. This is jjussby developing equivalent models for the
shear panels in the initial stage and then applsivegn on the 3D model. The step by step
procedure is described in the following subchapters

Depending on the type of trapezoidal sheeting useganel analysis, the configured
models are grouped in the table below.

Table 3: Equivalent model configuration

Cladding | Sheeting tsht:;;etrlgé ME1|ME2|ME3|ME4|ME5|ME6 | ME7

type type ¢ [mm]

0.5 X
LTP 45 0.6 X

0.7 X

Roof 0.75 X

MP 0.88 X
85.280.1120 1.00 %

1.25 X

The equivalent models analysis is performed depgndn the support type of the roof
diaphragm: on two or four sides fastening.

Figure 8: Equivalent model with marked shear panel

9
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4.2.4 Shear panel modeling

Based on the calculation procedure developed by E@] and also included in the
Romanian code NP 041 [7], it is necessary to cateuhdividual shear panels and then create
a shear panel model in the static design softwaoeder to build the equivalent 3D model of
the structure. The stiffness of the roof shear |sawere computed individually for each of the
fastening methods, on two and on four sides.

The stiffness was introduced in the structural nindeconsidering aspects like efficiency
and accuracy in order to find an optimal solutidmew creating the shear panel.

To obtain a shear panel model in the static desajtware, several configurations with
different boundary conditions were made. Link tgo@anections were used at this stage, with
the stiffness introduced according to the manuathifained values, in kKN/mm. Then, on each
panel a unit force in kN was applied to determime displacement in the load direction. As a
result, the panel flexibility values were obtaireed then compared to the manually computed
values. The selection of the proper panel model made based on the above mentioned
aspects. The configuration stages of the staticatsaate presented in the Figure 9.

NS S LSRR AR AR RARRNY

Figure 9: Stages in the configuration of the roafigd models

4.2.5 Proposed equivalent roof shear panels fdysina

The components of the roof panels are: the raftemszontal rulers, purlins and link type
connections. The final model (Figure 10) was camig as to obtain the proper flexibility
value and to be able, from the modeling point @wyito include all the existent geometric
elements. It has to be mentioned that the link el@gshave no geometric properties, only the
computed panel stiffness, used as axial stiffness.

Figure 10: Characteristic roof panel with introddidieks in ConSteel software (6.00x12.40m)
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1 — perimeter link type element ; 2 — continuousdipwn 4 or more spans; 3 — X shape
link element on each half of the panel; 4 — raffer; horizontal bar pinned at both ends; 6 —
linear fixed support; 7 — diagonal link element; Bnear link element.

The stiffness of the panels was computed for twi far sides fastening and the main
difference between the two is represented by téeridility of sheeting — rafter fastening
(through shear connectorg)he static model configurations of the panels amesiered the
same, noting that all the link elements have be#&mduced in the software with specific
boundary conditions. The specific boundary condgioefer to implementing the computed
panel stiffness for each panel as axial link st according to the procedure described in [6]
and [7] (Figure 13).

4.3 Combined action between the roof diaphragm and transver se frames according to
ECCSrecommendations and Romanian code NP 041

3D combined action of transverse frames, achieyeodf trapezoidal sheeting diaphragm,
performs only if the structural configuration leadsa differentiated lateral displacement of
the transverse frames and is more active if the raf = ¢ / 5 between the diaphragm
flexibility ¢ and transverse frame flexibility is smaller. The significance of c ard
flexibilities in order to compute th# ratio is presented in Figure 11.

¢(mm/kN) & {mm/km)

T kN I ]: 1kN
S

]
| /
[} !
!
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e Y
A . A
A7 7777777777,
b b
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T N 1kN
-] —— ——

- -

‘ o ]

Figure 11: Graphical representation of flexibikti@ccording to [7]

Pl {".

a — shear flexibility ¢ of the panel; -lexibility of transversal frame

In the analysis software, the flexibility of thefne results by measuring the displacement
in mm when applying a unit horizontal force in kiNthe eave joint, in the direction of the
transverse frame.

Combined action analysis for complex structuredwibre spans is performed following
the ECCS procedure [6]. The modeling of the ro&ashpanels made by trapezoidal sheeting
was introduced in the analysis software in accardawith the panel model presented in
Figure 10.

5 RESULTSAND DISCUSSIONS

Several cases of the diaphragm effect were analfmethe presented single storey steel
structure. The results were compared in terms afldearing capacity and flexibility for
common types of trapezoidal sheeting used for ctaafding.

11



Zs. Nagyet al.

Parameters taken into account are:

» trapezoidal sheeting type: thickness, trough height
» fastening type: each trough and alternate troughs;
» method of supporting: on two or four sides.

According to the obtained results in terms of camedi action between the roof cladding
and structure, it is relevant to take into consitlen the diaphragm effect ensured by the
system of purlins and trapezoidal sheeting. Thalt®sre expressed graphically in terms of
load amplification factoo, for the dominant combination (permanerte¢hnological loads
with snow loads) which designs the structure.

The results obtained from the analysis of diaphragmels were grouped according to:

» load bearing capacity of the diaphragm;
» flexibility and stiffness of the diaphragm.

5.1 Bearing capacity for theroof diaphragm for all studied sheeting types, according to
ECCS recommendations

For the roof diaphragm system, the analyzed casetha ones in which the sheeting is
fastened to the beams in every trough and in atertroughs. The roof diaphragm is
considered to be supported on two sides and oroatl sides. Thus, depending on the
analyzed case, the ultimate bearing capacity otdtaghragm depends on either the strength
of the seam fasteners (case 4L) or on the stresigdheet/ purlin fasteners (case 2L). The
results are presented in Figure 12, depending®slibeting thicknesses.

400

350 330.49 341.08
=
= 300 — BLTP45 t=0.5mm
& 250 mLTP45 t=0.6mm
= ®LTP45 t=0.7mm
2 200
2, B MPS5 t=0.75mm
op 120 B MPS85 =0.88mm
=
E 100 BEMPS3 t=1.00mm
A MPS85 t=1.25mm

50
21.x2 2L.x1 4L.x2 4L x 1

Figure 12: Loadbearing capacity for the roof diagm

2L x 2 — two sides fastening in alternate troudbadbearing capacity is decided by the
sheeting/purlins fasteners);

2L x 1 — two sides fastening in every troughs (lmeating capacity is decided by the
sheeting/purlins fasteners);

4L x 2 — four sides fastening in alternate trou@ibad bearing capacity is decided by the
seam fasteners capacity) ;

4L x 1- four sides fastening in every trough (Ib&ering capacity is decided by the
seam fasteners capacity).
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5.2 Flexibility variation of the shear panels depending on the sheeting thickness

To account for a certain stiffness of the diaphrgganels in the 3D models' analysis, the
total flexibility and stiffness of the panels wexaculated according to:

* sheeting deformation;
» fasteners deformation;
» axial deformation of the purlins.

It can be noticed that depending on the fasteniathad, the flexibility of the roof shear
panels are significantly smaller for every trougbténing (Cases 1, 3 — Figure)l&mpared
to alternate troughs fastening (Cases 2, 4 — Fi@@)e As sheet thickness increases, the
diaphragm stiffness also increas@he difference between the two sides and four sides
fastening is represented by the flexibility of dimgge — rafter (through shear connectors),
leading to a maximum 10% variation in results foeeting thickness of less than 1 mm. For
thicknesses equal to 1 and 1.25 mm, the flexibdityfluenced by the profile distortion of the
sheeting, leading to higher differences in flexilas of the panels fastened in alternate trough
(approximately 50 % - see Figure 13).

3.5

3.25 3.206 3.138

194 BLTP45t=0.5mm
BLTP45 t= 0.6 mm
LTPA5t=0.7 mm
1.646 1578
EMP85t=0.75 mm
mNMPRS =088 mm
MP85t=1mm
0989
_ EMP85t=1.25 mm
| R0
0.523 C'S';% 0.489 0.524 0,523
367
2 2
2 3

Figure 13: Flexibility variation of the shear pasmdepending on the fastening type

Flexibility ¢ |[mm/kN|
o = = - o v
o & g [CE o
= [ t_n L = n n th [ n tn n Ll

1 — two sides fastening, in every trough;
2 — two sides fastening, in alternate troughs;
3 — four sides fastening, in every trough;
4 — four sides fastening, in alternate troughs.

5.3 Variation of thecritical load amplification factor o«

For different roof diaphragm models, the criticad amplification factor was computed,
monitoring rafter buckling, column buckling and gwigpe frame buckling. The results are
presented in Table 4 and in Figure 14, where represents the ratio between the critical load
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and total load applied on the structure. The mécombination used to compute the values
of the load amplification factor is the one withip@nent and snow loads.

Load amplification factor expresses the bucklingigance of an element as a component
or of the structure as a whole. As the factor iases, the structure is more resistant to
buckling. Therefore, it can be noticed that in dase of gross model — MB, tlag value is
smaller becausthe frameis configured using only the main structural eletaeif the MB
model is improved with all the purlins and sidelgand then with additional supports for
stabilizing the cladding elements, transition meddll are obtained (without the sheeting); in
this way we obtain a gradually increasing vatuefor frame rafter. As the rafter is more
stable, the frame column buckling will occur lates, increasing from 2.27 up to 2.49. Until
the sheeting effect is accounted for in the modéB,(MT1, MT2, MT3 model), there is
almost no influence over the sway type bucklinghef frame. When the roof sheeting effect is
introduced in the model, an important increasecins obtained compared to the gross model
MB. The values obtained in terms of buckling resise in case of equivalent models ME, in
which the shear panels are simulated, are everehighut do not vary among the different
equivalent models considered. MT3 can be consideiguecial case in terms af values for
rafter. The higher value of the amplification fad®due to the use of link type elements with
different axial stiffness values: in case of MT& tinks were considered with infinite axial
stiffness, whereas in the equivalent model the utaled axialstiffness was imposed,
following the procedure described in [6].

Table 4: Critical load amplification factoag) and critical load (F) — computed with

Consteel software

Column

Rafter buckling buckling Frame sway type buckling

— | ]

s z
L.
4
M odel/Element Ogr Oor Oor Po [KN]
MB 3.85 2.27 8.94 3382.22
MT 1 5.70 2.40 8.70 3291.42
MT 2 5.60 2.40 8.71 3295.20
MT 3 8.95 2.49 8.95 3386.00
2L | ME1...7 6.17 4.44 14.90 5637.03
4L | ME 1...7 6.19 4.44 14.92 5644.60
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16 14.9
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EMTI1
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EMT3
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Critical load amplification factor

Raflers Columns Transverse frames

Figure 14: Computed critical load amplification tiars

It is interesting to mention that the value wf among the equivalent models does not
depend on the trapezoidal sheeting profile or tesls or supporting method (two or four
sides).

In terms of column stability, the load amplificatidactor increases gradually from the
values obtained for the gross model towards thévalgnt models values.

As far as the buckling mode is concerned, the ragitesents a lateral torsional buckling,
while the column buckling mode is a torsional flesdtone.

Figure 15: Sway buckling mode for the transveraenfrs

Sway buckling mode occurs at the same timarfost ofthe transverse frames, according
to Figure 15, the intermediate floor effect makingre stable the neighbor frames.

In order to emphasize this aspect, a buckling seigianalysis was performed, obtaining
results in terms of the most relevant buckling eigbapes for columns. Figures 16 and 17
present the difference in termswefbetween the gross MB model, where the diaphrageceff
iIs not applied and the equivalent ME model. It dennoted that the rafter has a higher
buckling resistance compared to the column in tiBerivbdeling stage. This aspect leads to a
specific interaction between the two elementssitiated by the load amplification facios.

In the ME model due to the stabilizing effect o¢ tthiaphragm it can be seen that there is
no relevant buckling mode for the rafteemd, which also increases the value of the
columns.
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Figure 16: MB transverse frame — columyvs. rafterac,
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Figure 17: ME transverse framecolumnae vs. raftero

Considering the transverse frame as a whole,athesalues for sway mode buckling
increase from the gross model to the equivalenteisodVe can observe almost no difference
between basic MB and transition MT models, butrapdrtant increase can be observed if the
stiffness of the roof diaphragm is computed. Instparticular case, there is almost no
difference inac between two sides and four sides diaphragm, ewenmgh important
differencesin stiffness between equivalent models can be gbderlas shown in chapter 5.2.
The averagecr values are presented in the chart (ME 2L, ME 4Ligure 16 and 17.

6 VALIDATION OF ANALYSISRESULTSUSING FEM

6.1 Preliminary numerical analyses

To confirm the analytically evaluated stiffeningfest of trapezoidal sheeting, 3D FE
model of the panel (12.40x6.00m) was developed guABAQUS. The analysis type
conducted is a nonlinear quasi-static displacerhased simulation using explicit dynamics.
The model consists of shell elements considerirgy fbe Z purlins and the corrugated
sheeting. The effect of the support of the purligsa beam or frame was considered using
appropriate boundary conditions. For the modeltihgelf-drilling screw connections between
purlins and sheeting, CONN3D2 connector type hanhgsed. The latter was set up to
provide a semi-rigid behaviour similarly to selffling screws. In order to capture
developments of local instability phenomena indbeugated sheeting, the nonlinearity of the
geometry was specified. The displacement is appbed reference point which in turn is
coupled at the end of the first Z-purlin. Similartye last purlin is attached to a reference
point, restraining all degrees of freedom. In ortepredict the shear stiffness of the model in
transverse and longitudinal direction, two diffdrrad directions were considered.
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Figure 18: Geometry and shear loading of the m(idmhsverse/longitudinal)
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Figure 19: Load — displacement diagram for thesvarse and longitudinal model

According to load-deflection curves computed udtiitM model (Figure 19), the stiffness
for loading parallel with the sheeting (longitudineesulted 2266N/mm (Figure 18 — right).
The flexibility of the shear panel evaluated anelty according to [6] and [7] for one bay
diaphragm was 0.47mm/kN. This value of the flexippitonverted to stiffness has a value of
2127 N/mm, which is in good agreement with the FE®&bult. In case of loading
perpendicular to the sheeting (transverse loadedrspanel) the resulted stiffness is 507
N/mm (Figure 18 — left). The values obtained imternf the panel's shear capacity according
to the manual calculations are satisfactory contptrehe values given by nonlinear analysis
computed in Abaqus (see Figure 19).

As preliminary evaluation of the load multiplicatidactor using Abaqus, a 2D frame
model was developed. The model consists of shathehts and Subspace Eigensolver is used
for the buckling analysis. The model has fixed surfgon longitudinal direction and is loaded
with a unit force equal to 1N which is applied taederence point. The reference point is
coupled to the upper chord of the beams using tsiraicdistributing coupling method, as
presented in Figure 20. This loading model is egjeimt with uniform distribution of the unit
load on the upper flange of the beams. The eigaegahus obtained correspondsidcand in
this case this is equal to the critical load.
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Figure 20: FE model for 2D frame with fixed latesalpports

Figure 21: Sway buckling for a 2D frame with fixedpports on longitudinal direction — Abaqus(left),
Consteel (right)

Table 5: Critical load for a 2D frame

Frame sway type buckling
M odel Critical load [kN]
Constesl 3302
Abagus 3787

A buckling analysis on a similar 2D frame model walso computed with Consteel
software. The difference between the two computetical load values is around 15%.
Further studies (Figure 22) are under developnteavaluate thecr value in ABAQUS using
buckling analysis, while considering a FEM modethwiwo frames and the related roof
sheeting. This model will be used as a benchmarkpimpare the results with the simplified
ConSteel bar model. Due to model complexity andyaisatime, results are not yet available.
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T T

Figure 22: Complex frame and roof model and prelany sway buckling computed in Abaqus

7 CONCLUSIONS

The paper focuses on a structural problem with dexpssues,formulating design
procedures developed for a reduced range of asatysdels. The objectives of this study are
based on the assumption that in the case of adteeture, with pitched roof portal frames,
which has corrugated sheeting as cladding, theee sguctural strength reserve due to the
diaphragm effect of the sheeting which increases sfability of the members (rafter and
column) obtaining a higher load carrying capacty the whole frame. This capacity reserve
exists, even if it is not accounted for in the dasprocess. The idea was to quantify these
reserves using the existent design procedures[{[Blby adding a simplified analysis method
to the analytical computations.

After processing the results obtained through mbaalgulations and design models, the
following conclusions can be drawn:

1. From the point of view of load bearing capacitye 8hear resistance of the roof panels
depends on the seam fasteners capacity, type #@tahdbs of the sheeting and side
fixing. The shear capacity can increase four tifiem two sided fastenings to four
sided fastenings, as shown in Figure 12.

2. In terms of shear capacity of the seam fasteneys(fd of the sheeting/purlin fasteners
(Fp), using the design formula recommended by the Rwamacode [7] leads to quite
conservative results. Due to this reason ECCS rewmations [6] and Davies and
Bryan values [2] were used, excluding the valugsmgby the Romanian code. Authors
recommend a revision of the expressions mentiobegeain reference [7], which give
half of the kand ki shear capacity values.

3. The flexibility of roof shear panels increases wab-90% if the sheeting is fastened
only in alternate troughs compared to every trouglyoth cases of support type (two
sided or four sided), as shown in Figure 13;

4. By applying the diaphragm effect on the designédictures, the critical load
amplification factoracr increases significantly from the gross model MB tie
equivalent models ME (Figure 14);

5. Even the computed critical load is a theoretica aich cannot be achieved in reality,
taking into account the stressed skin action, tieeam important increase in the critical
load of the frame, which in this particular cageresents an aproximately 50% increase
compared with the computed critical loads for sifigdd models, where diaphragm
action was not present;
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6. Developed equivalent models seem to be insensttvestiffness variation of the
analyzed roof diaphragms, the computed criticadl lcesulting in all of the cases more
or less the same.

FE models of the shear panels and 2D frame strugtere created in Abaqus. The values
obtained in terms of flexibility of the shear paaeé in good agreemnent with the manual
calculation. In case of the 2D frame, similar burgdleigen shapes and critical load values
were obtained, both in Abaqus and in ConSteel sosftwDue to the particularity of the
case study, conclusions should be relevant onlytHferanalysed structure. To be able to
state general conclusions, the research continugs REM modelling, to validate the
results for other structural configurations andedlént geometries.
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