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Abstract

Trapezoidal steel sheets are very popular in the construction industry, they are part of a
structure as walls and roofing systems. It is because its low weight, easy assembly and
durability that they arewidely used in all kinds of building types, ranging from small residential
buildings to big industrial warehouses.

In roofing systems, single overlap joints in the supports are one of the most common ways to
make connections between two profiles, and the location of the fasteners that connect this
profiles vary from different designers and engineers.

By using different positions for the fasteners in the overlap section, the structural behavior of
the system will be different from one to another. For this thesis, a single bay trapezoidal steel
sheet profile (LHP200) is used, which is made by the International Group Lindab.

The goal of thisresearch isto test and analyze the current single overlap connection in order to
get the spring stiffness acting there and see if improvements can be made. Theoretical anaysis,
Finite Element Modelling and an Experimental Test were implemented to do the investigation.
Any differences between the two approaches were avoided to have the most accurate
comparison between the results.
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Symbols and Abbreviations
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Deflection of the Whole System
Total Gap Between the Profiles
Deflection of the Overlap
Theoretical Deflection Without Overlap
Modulus of Elasticity
Overlap Length
Factor that Depends on the Span Configuration
Finite Element Model
Overlap Reaction Force that Depends on the Overlap Connection Screws
Overlap Reaction Force that Depends on the Profiles
Total Gap of the Overlap
Gap on the Bottom of the Overlap
Gap on the Top of the Overlap
Moment of Inertia
Spring Stiffness of the Overlap
Span Length
Bending Moment
Point Load
Nominal Thickness of the Profile
Design Thickness of the Profile




1 Introduction

1.1 Background

1.1.1 Cold-Formed Steel Sections

Cold-formed members are steel based products that are made by putting flat strip of steel coils
into a cold-roll forming machine to get the desired shape, that can have a constant or avariable
cross-section. There are alot of different type of cold-formed structural members, but they are
usually divided into two major types:

e Individual structural framing members
e Panel decks

Theindividual structural framing members, which are also called bar members, are the sections
that include open sections like “C” and “Z” shape channels, open built-up sections, like joining
two “C” shape members back to back, and closed built-up sections, which could be two “C”
shape sections front to front.

In this master thesis, the aim is to study the behavior of a modified overlap joint between two
single bay trapezoidal steel profiles. For this reason, we will be focusing on panel decks, or
more specifically roof decks.

Panel and decks are made from profiled sheets and liner trays, usually with trapezoidal cross
section like shown in figure 1.1. They are widely used in the construction industry as roof
systems and wall cladding thanks to their many advantages that will be mentioned later in this

chapter. The depth of the panels usually ranges from 20 to 200mm, and they have thicknesses
between 0.6 and 1.5mm [1].
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Figure 1.1. Typical Trapezoidal Steel Sheet Cross-Sections




Figures 1.2a, b and ¢, show examples of Rannila corrugated sheets for roofing, wall cladding
systems and |oad-bearing deck panels.

a) b) <)

Figure 1.2. Corrugated Sheets for Roofing and Wall Cladding

Cold-formed steel sections have many advantages in the building construction industry, which
make them very popular all over the world. In general, the main advantages are the following:

Can be manufactured for relatively light loafs and short spans, compared to hot-rolled
sections, which are thicker and heavier.

The way that they can be packed, offer a more efficient way of shipping compared to
other type of section.

Because the sections are produced with cold-forming process, unusual configurations
can be economically made, and favorable strength to weight ratio can be obtained.
Load carrying panels and decks provide useful surfaces for floors, roofs and walls.
Beside of withstanding loads normal to their surfaces, load carrying panels and decks
can act as a diaphragm for the structure if connected properly between the supporting
members.

Cold-formed stedl structural members can al so be compared with other materials such astimber
and concrete, and they have plenty of advantages as well:

Lightness of the elements

High strength and stiffness of the material
Ability to provide long spans, up to 12m
Ease of prefabrication and mass production




Fast and easy erection and installation

Substantial elimination of delays due to weather

More accurate detailing

Non-shrinking and non-creeping at ambient temperatures
Formwork unnecessary

Termite proof and rot proof

Uniform quality

Non-combustibility

Recyclable material

Taking into account all the previous advantages, the use of cold-formed elements in the
construction industry, can lead into a big cost savings [1].

112 Metal cladding

Metal cladding can be used as a building envelope system, in an efficient, appealing and safe
way. For along time, they have been used as part of the agricultural constructions as asingle
skin cladding, but over the years they have evolved into a more sophisticated and developed
systems that are used in industrial buildings. Nevertheless, the functionality of the building
envelope, depend on the correct installation and interaction between al the components of a
building.

Metal cladding can be used in a variety of types for different buildings, which are mainly
divided into two categories:

Single skin trapezoidal sheeting:

In buildings where no insulation is needed, single skin trapezoidal sheeting is used, this
commonly tend to be industrial and agricultural buildings. the sheeting isinstalled by fixing it
directly to the purlins or siderails like shown in figure 1.3.

Figure 1.3. Sngle Skin Trapezoidal Steel Sheet




Built-up double skin cladding:

Built-up double skin cladding systems are usualy used when a middle layer is needed in the
envelope, most commonly for insulation. It is made of a metal liner, a layer of insulation, a
spacer system and an outer metal sheet. Figure 1.4 shows an example of this system [2].

1 Weather sheet 4 Liner sheet
2 Slope 5 Bracket
3 Bar 6 Insulation

Figure 1.4. Built-Up Double Skin Cladding

1.2 LHP 200 Profile

The primary structural function of roof decks is to carry gravity loads, wind loads, and
sometimes, based on the location of the structure, snow loads normal to its plane. Depending
on the cross section and thickness of the sheet, the load capacity of the roofing will be different.
For this reason, there is a wide range of profiles available in the market [3].

LHP200 profile is a single bay trapezoidal steel sheet used for roof decking produced by the
company Lindab, which develops construction products and systems worldwide. Due to its
geometry, this profile is made for large spans, often present in stadiums and other type of large
buildings. It is is mounted with specia supports, or support cleats, which increase the load
capacity of the profile. Figures 1.5, and 1.6 show the geometric properties of the LHP200
profile and its support cleat respectively [4].
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Figure 1.5. LHP200 Profile Cross-Section
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Figure 1.6. Support Cleats Cross-Section

1.3 Aim, scope and limitations

The work done in this thesis, is a research proposal from the Lindab Group located in Luled,
Sweden. They are interested in studying the behavior of a single overlap connection over a
mid-support from the LHP200 profile that it is used for large spans.

The main objective is to find the spring stiffness of this overlap joint, by testing, making a
theoretical analysis based on the test results, and finally to simulate the experimental test in
order to do a parametric study.

The reason of finding the spring stiffness of the overlap joint is because the company needs
this parameter to implement it into asoftware that they use for design. Nevertheless, theinterest
of doing this study is also to understand the behavior of the connection and give room for a
possible optimization of this connection.

11



2 Stateof the Art

2.1 Theoretical Background
2.1.1 Structural Analysis

Structural analysis describes or predicts how a structure will perform under specific loading
and/or external effects, like support movements and temperature changes. Its role is a
fundamental piece in the development of structural engineering projects, assuring a safety
performance in the structure designed.

In structural analysis, the determination of stresses or stress resultants, such as axial forces,
shear forces, bending moments, deflections and support reactions, are the quantities of most
interest to assure a good design, which are caused by a given loading condition [5].

2.1.2 Slope-Deflection Equations

A continuous beam that is under the influence of an external load, it will usualy develop
internal moments at the ends of its individual members. This moments located at the ends, can
be related to the rotations and displacements of its ends, and the external loads acting on the
beam by using the slope-deflection equations.

In order to understand the derivation of slope-deflection equations, we need to define first the
behavior of a structural element, and its response under a given load. Imagining an arbitrary
member AB of a continuous beam (figure 2.1(a)) subjected under external |oads and supported
settlements, the member will deform, and it will consequently generate internal moments at its
ends. Figure 2.1(b) shows the free-body diagram and the elastic curve of member AB, where
we can appreciate the end moments Mas and Mga, which correspond to the end moments of
end A and B, respectively. The end moments have double-subscript notations, where the first
indicate the member end at which the moment is acting and the second subscript indicate the
other end of the member.

Therotations of the member ends A and B areindicated as 6 and g, respectively, and they are
with respect to the horizontal undeformed position of the member. In this samefigure, it isalso
shown arelative tranglation between the two ends A and B of the member, which are denoted
with 4, and it’s in the direction perpendicular to the undeformed axis of the member [5].
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MLt diagram (simple-beam bending moment
diagram due to external loads)

Mga
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Bending moment diagram
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Tangential deviations due to Mga
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Figure2.1

A rotation on the member’s chord is also present, denoted with y, which is caused by the
relative trandation 4. Thisdeformation is assumed to be small, hence the chord rotation can be
expressed as.

=1

(2.1)

In figure 2.1(b), the moments and rotations are shown in the positive sense (counterclockwise
direction). By applying the second moment area theorem, the slope-deflection equations can
be derived by doing a relation between the moments and rotations of the member ends.
Moreover, from figure 2.1(b) we can recognize the following:

g, = 2eatt (2.22)

L
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_ AAB+A

05 ; (2.2b)
By substituting 4/L = y, we write:
0, — = ALﬂ (2.33)
0y —1p = =22 (2.3b)

From the previous equations, and, also illustrated in figure 2.1(b), 4ga represent the tangential
deviations of the end B from the tangent to the elastic curve at end A, and 4 g is the tangential
deviation of the end A from the tangent to the el astic curve at end B. These tangential deviations
can be obtained by applying the second moment-area theorem, where 4ga and 4ag, can be
obtained by summing the moments about the ends A and B, respectively, of the area under the
M/EI diagram between the two ends.

To build the bending moment diagram of the member, Mag, Mga, and the external loading are
applied separately on the member with simply supported ends. The three resultant bending
moment diagrams under the M/EI are then summed about the ends B and A, respectively to
determine the tangential deviations. It isimportant to point out that the member is assumed to
be prismatic, which means that El is constant along the member’s length. Figure 2.1(c) shows
the diagrams obtai ned.

2 2
Aps = R (2.48)

_ MABL2 MBALZ g_A
App = 6EI + 3EI + El (2.4b)

From equations (2.4a) and (2.4b), the three terms shown, are the representations of the
tangential deviations caused by Mags, Mga, and the external loading, acting separately on the
member as illustrated in figure 2.1(d). The negative term represents the tangential deviation
that is opposite to the elastic curve of the member shown in figure 2.1(b). And gg and ga are
the moments about the ends B and A, respectively, of the area under the simple-beam bending
moment diagram due to external loading (M. diagram in figure 2.1(c)).

Making a substitution of the expressions of 4sa and 4ag (equations (2.4)), into equations (2.3),
result in the following:

16



0, — = 2apk _Meal b (2.59)

Op —p = — Bk 4 DO 4 04 (25b)

6E1 3EI EIL

To be able to express the member end moments in terms of the rotations and external loading,
equations (2.5a) and (2.5b) must be solved simultaneously for Mag and Mga, and equation
(2.5a) can now be written as:

Mpal _ 2Mapl _ 2gp _
361 3El EIL 2(64 =)

Now this equation can be substituted into equation (2.5b) and solving the resulting equation
for Mas, we get:

Mup == (20, + 05 — 31) + = (295 — ga) (2.69)

And by substituting equation (2.6a) into either equation (2.5a) or (2.5b), we obtain the
expression for Mga:

2EI

Mg = (64 + 205 — 31) + = (g5 — 294) (2.6b)

Equations (2.6) show the end moments of the member are dependent of the rotations and
trandations on its ends, and of the external loading applied.

So far, the member has been considered as a part of abigger structure, but if thisis changed by
considering it now as an isolated member with its ends completely fixed against rotations and
trandations (figure 2.1(e)), moments would devel op at the end the fixed ends of the beam. This
moments are known as fixed-end moments, and their expressions can be obtained from
equations (2.6) by setting 6a = s =y = O:

2
FEMyp = — (295 — 94) (2.79)

2
FEMp, = Iz (298 — 94) (2.7b)

17



Where FEMag and FEMga are the fixed-end moments caused by the external loading at the
fixed ends A and B. respectively, of the beam AB (figure 2.1(g)).

Checking equations (2.6), we can see that the second terms on the right side are equa to the
fixed-end moments that would develop if the member had fixed ends, restricting rotations and
tranglations (equations (2.7)). Moreover, of equations (2.7) are substituted into equations (2.6)
we will obtain the following:

My =22(20, + 05 — 39) + FEM,5 (2.83)

)

2EI

Equations (2.8), are called the slope-deflection equations, and they express the end moments
of amember in terms of its rotations and translations originated for a defined external loading.
It is important to mention that the slope-deflection equations are valid only for prismatic
members with linear elastic material properties, and that are subjected to small deformations.
These equations take into account the bending deformations of members, for this reason, the
deformations due to axial forces and shears are neglected.

Since equations (2.8) have the same form, both can be obtained one from the other just by
switching the A and B subscripts. For this reason, it is favorable to express them as a single
slope-deflection equation:

__ 2El

Mps == (6n + 26, — 39) + FEM,¢ (2.9)

Where the subscript n and f define the near end of the member where the moment My acts, and
the far (other) end of the member, respectively [5].

Equations (2.8) and (2.9), are the slope-deflection equations considering both ends of the
member rigidly connected to the joints, this means that the member end rotations 6 and 6g are
equal to the rotations of the adjacent joints.

On the other hand, in the situation of having one of the member’s ends with a hinged
connection, the moment at the hinged end will be equal to zero, and the slope-deflection
eguations can be modified to reflect this condition:

3EI FEMp,
My = 22 (6, — ) + (FEM,;, - 5 (2.109)

My, =0 (2.10b)

18



2.1.3 Member Stiffness

A beam AB, which is considered to be prismatic with one end hinged and the other end fixed,
A and B, respectively, isillustrated in figure 2.2(a). In thisfigure, amoment M is applied at the
end hinged A. The moment applied makes the beam rotate by an angle 6 at the hinged end A
and it develops a moment Mga at the fixed end B. By using the slope-deflection derived in
Section 2.1.2, a relationship between the applied moment M and the rotation 6 can be
established. In this manner, substituting Mnt= M; 6n = 6; 0= w = FEMys = O into the slope-
deflection equation, leads to:

M= (ﬂ) 9 (2.11)

L

The moment that must be applied at an end of the member to cause a unit rotation of that end
is called the bending stiffness 'K . Therefore, giving avaueof 8 = 1rad in the equation (2.11),
the bending stiffness of the beam illustrated in figure 2.2(a) will be obtained:

k= (2.12)

M = Applied < - = — Msa = Carryover

moment Y - —~ _ moment

- s D

5 5
L 7.
Y L ‘

El = constant

Beam with far end fixed

@

M = Applied < — - ~
moment — ™~
7 e ~
. A -
\ |
\; . A B =
k ] )

El = constant

Beam with far end hinged

(b)

Figure2.2
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If the modulus of elasticity E of all the members of astructureis constant, it isfavorable to use
the relative bending stiffness K of the members when doing the analysis. This is obtained by

dividing the bending stiffness 'K of the member by 4E. Therefore, the relative bending
stiffness of the beam of figure 2.2(a) will be the following:

(2.13)

Equations 2.11 to 2.13 were obtained from the hinged-fixed beam of figure 2.2(a). Now,
considering a beam with both ends hinged like the one shown in figure 2.2(b), the applied
moment M and the rotation & of the end A of the beam, can be obtained by applying eguations
2.10 (modified slope-deflection equations), defined in section 2.1.2. When substituting Mrn =
M; 6r = 0; and w = FEM:» = FEMn = O into equation (2.10a), equation (2.14) is acquired:

M=(3)e (2.14)

L

As done in equation (2.11), giving a value of 6 = 1rad, will lead to the expression for the
bending stiffness of the beam of figure 2.2(b):

g=3 (2.15)

Looking closely to equations (2.11) and (2.15), it is shown that when the fixed support at the
end B isreplaced by ahinged support, the bending stiffnessis reduced by 25 percent. Similarly
asin eguation (2.13), therelative bending stiffnessis acquired by dividing the bending stiffness
by 4E:

K=2() (2.16)

The relationship between the applied end moment M and the corresponding rotation 6 of
eguations (2.12) and (2.15), can be summarized as shown in equation (2.17).

(4—EI) 0 Far end of the member fixed
M = (2.17)

(—) 6 Far of the member hinged

20



And in the same way, based on equations (2.11) and (2.15), the bending stiffness of a member
isgiven by:

_ (E) Far end of the member fixed
_J\eL

K=1 (e (2.18)

(T) Far end of the member hinged
Finally, the relative bending stiffness of a member can be expressed as:
é Far end of the member fixed

K=4,7, (2.19)

" (Z) Far end of the member hinged

2.14 Carryover Moment

When amoment M is applied to a hinged end A of a hinged-fixed beam like the one shown in
figure 2.2(a), the beam generates a moment Mga at the fixed end B. This moment Mga, is
defined as the carryover moment of that member. If we write the slope-deflection equation for
Mga, the relationship between the applied moment M and the carryover moment Mga can be
done, and by substituting Mnt = Mga; 6s= 6; and 6, = w = FEMy = O into equation (2.9) we
have:

Mpa = (%) 0 (2.20)

And substituting 8 = ML/(4EI) from equation (2.1) into equation (2.20), we have:

M
Mgy, ==

- (2.21)

Equation (2.21) shows that when amoment M is applied to a hinged end of abeam, half of the
magnitude of the applied moment is carried over to the far end, with the assumption that the
far end is fixed. It isimportant to notice that the direction of the carryover moment Mga and
the applied moment M are the same.

As seen previoudly, figure 2.2(b) is a hinged-hinged beam. In this situation, the carryover
moment will be equal to zero. Hence, the carryover moment can be expressed as:

My, = {— Far end of the member fixed 2.22)

0 Far end of the member hinged
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The carryover factor (COF) is the ratio of the carryover moment to the applied moment
(Mga/M), and it represents the fraction of the applied moment M that is carried over to the far
end of the member. Thus, the carryover factor of equations (2.22) will be [5]:

Far end of the member fixed (2.23)

Far end of the member hinged

2.1.5 Distribution Factors

To explain how to distribute a moment applied (by moment-distributed method) on a joint
where severa members are connected, ajoint with three members belonging to aframe can be
considered. When applying a moment M to the joint B, a rotation with the angle 6 is caused,
like shown in figure 2.3(a). Each member resists a fraction of that moment M applied, and in
order to determine the corresponding value of each member the drawing of the free-body
diagrams of joint B and for the three members AB, BC and BD must be done (figure 2.3(b)).
By considering the moment equilibrium of the free body of joint B (i.e., ZMg = 0), we write:

M+MBA+MBC+MBD =O
or (2.24)
M = —(Mg, + Mgc + Mpp)

\ L2, I2

C
&w
L1, |1 Ls, I3

E = constant

(@
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Member AB, BC and BD are rigidly connected to joint B, this means that the rotations at the
end B of these members is the same as in the joint. Moreover, by applying equations (2.17)
through (2.19), the moments at the end B of the members can expressed in terms of the joint
rotation 6 to each member.

My, = (‘““1) 0 = Ky,0 = 4EK ;.0 (2.25)

Mpc = (*22) 0 = Kpc = 4EK;c0 (2.26)
L,

Mpp = (*22) 0 = Kppf = 4EK;0 (2.27)
3

And substituting the equations (2.25) through (2.27) into the equilibrium equation (eqg. (2.24)):

M=— (4511 4 4B %) 0 = —(Kpq + Ko + Kzp)0 = —(5K3)0 (2.28)
Ly L, L3
Where X K g isthe sum of the bendi ng stiffnesses of the members connected to joint B.

The moment needed to cause a unit rotation of a joint is defined as the rotationa stiffness.
Equation (2.28) shows that the sum of the bending stiffnesses of the member rigidly connected

23



to the joint is equa to the rotational stiffness acting there. The adopted sing convention
considers the member end moments as positive when are in the counterclockwise direction,
and the moments acting on joints are considered positive when they act in the clock wise
direction.

The member end moments can be expressed in terms of the applied moment M, to accomplish
this, the first thing is to rewrite equation (2.28) in terms of the relative bending stiffness of the
members:

M = —4E(Kg, + Kgc + Kgp)0 = —4E(ZK3)0
Where:

0=— (2.29)

Substituting equation (2.29) into equations (2.25) through (2.27) into the equilibrium equation
(eg. (2.24)), getting:

Mg, = — (%‘) M (2.30)
My = = (55 M (2:31)
Mpp = — (g%g) M (2.32)

As shown in equations (2.30), (2.31), and (2.32), the distribution of the applied moment M is
proportional to the relative bending stiffness of the three members. Where the distribution
factor of that member for end B, is the ratio K/2Kg, and symbolizes the portion of the applied
moment M that is distributed to the end B of the member. Consequently, equations (2.30),
(2.31), and (2.32), can be expressed as:

MBA == _DFBAM (233)

MBC == _DFBCM (234)
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MBD = _DFBDM (235)

Where DFga = Kea/2ZKg; DFec = Kec/2Kg and DFep = Kep/2Kg are the distribution factors for
ends B of the members AB, BC and BD, respectively [5].

2.1.6 Fixed-End Moments

The moment distribution method also takes into account joint translations caused by support
settlements and side-sway, through fixed-end moments. To explain this, a beam fixed at both
ends is taken into consideration (figure 2.4(a)), the beam’s chord is rotating counterclockwise
by the angle w = 4/L, which is caused by a small settlement 4 of the left end A of the beam
with respect to the right end B.

The slope-deflection equation (equation (2.9)), can be written for two end moments with w =
A/L and by setting 64, 6s, and fixed-end moments FEMag, and FEMga due to externa loading
equal to zero, we have:

6EIA

FEMAB = FEMBA Sl L2

FEMag and FEMga define the fixed-end moments caused by the relative translation 4 between
the two ends of the beam. In order to keep the beam’s ends to rotate, the two fixed-end moments
must act in the clockwise (negative) direction (figure 2.4(a)), when a relative displacement
causes a chord rotation in the counterclockwise direction. In the same way, if the relative
displacement creates a clockwise rotation (figure 2.4(b)), then fixed-end moments act in the
counterclockwise (positive) direction [5].

(@
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2.2 Matrix Structural Analysis
2.2.1 Analytical Model

The matrix stiffness analysis, considers the structure to be assembled by straight members
connected all together at its ends to joints. A member, which is aso called element, can be
defined as a part of astructure where the force-displacement relations can be used. This means
that when applying displacements on amember ends, the forces and moments at its ends should
be able to be determined by using the force-displacement relations. A joint, aso referred as
node, isthe structural part of infinitesimal size to which the member ends are connected.

In the anal ytical model, the joints and members of the structure are identified with numbers, in
which the member’s numbers are enclosed by a rectangle, and the joint’s numbers by a circle.
Figure 2.5(a) illustrates a frame, the analytical model of the frame is represented in figure
2.5(b), where members and joints can be distinguished from each other. Also in thisfigure, it
is shown that the frame is composed by four members and five joints. As mentioned before,
the member force-displacement relations can only be used in for prismatic members only, for
this reason, the vertical column of the frame has been subdivided into two members, each with
constant cross-sectional properties (1 and A) along its length [5].

Y 4
2

@

o [o] @79’@

(a) Actual frame

(b) Analytical model
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Figure2.5

2.2.2 Global and Local Coordinate Systems

The stiffness method uses a Cartesian or rectangular global coordinate system to describe the
overall geometry and behavior of the structure. A right-handed XYZ, with the plane structure
on the XY planeis used for the global coordinate system. This can be seen in figure 2.5(b).

To get the basic force-displacement relations in reference of the forces and displacements in
the directions along and perpendicular to members, it is favorable to define aloca coordinate
system for each member of the structure. The local xyz coordinate system’s origin can be
arbitrary positioned in one of the member’s ends, with the X axis directed along its centroidal
axis. To choose the direction of the y axis, its positive direction must be set so that the
coordinate system is right-handed, with the local z axis pointing to the globa Z axis positive
direction.

Each member indicates the positive direction of the x axis with an arrow a ong the member line
diagram of the structure, like shown in figure 2.4(b). In more detail, this figure displays that
the origin of the member 1 islocated at its end on joint 1, and that the direction of the x; axis
is from joint 1 to joint 2. Also, each member has a beginning joint and an end joint. The
beginning joint is defined as the joint in which the end member end with the origin of thelocal
coordinate system is connected, while the end joint is the one adjacent to the opposite end of
the member.

An example of this can aso be seen in figure 2.5(b), where the member 1 begins at joint 1 and
ends at joint 2, and member 2 begins at joint 2 ending at joint 3, and so on. After the local x
axis for the members are determined, by applying the right-hand rule the local y axes are
defined (figure 2.5(c)).
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Finally, when applying the right-hand rule, the extended thumb (pointing out of the plane of
the page) will indicate the local z axis, which is the same as the positive direction of the global
Z axis[5].

2.2.3 Degreesof Freedom

The necessary displacements or trandational rotations to define the deformed shape of a
structure under loading are defined as the structure’s degrees of freedom. The deformed shape
of the frame used in the previous section (figure 2.5(a)) is displayed in figure 2.5(d). In this
figure, the support conditions of the joints of the structure can be visualized, hence the degrees
of freedom of the structure can be obtained. In the left column, joint 1 is located at a hinged
support, which means that the member can freely rotate in the X and Y plane, but it won’t
trandate in any direction, thereforejoint 1 has one degree of freedom d:. Joint 2 is not attached
to any support, so it can freely trandatein X and Y axes (d2 and dz), and rotate about the Z axis
(da), sojoint 2, has three degrees of freedom. Joints 3 and 4 arein the same case asjoint 2 (free
joints), thus, they have three degrees of freedom each. Joint 5, is fully fixed in the support of
the right column, and it will not generate any translations and rotations, hence, it does not have
any degrees of freedom. The frame hasin total ten degrees of freedom, and the displacements
arein accordanceto the global coordinate system. The translations are defined as positive when
in positive directions of the X and Y axes, the rotations are positive when they act on the
counterclockwise direction. The matrix form of the joint displacements can be written as:

[%]

dq
d,

A

Where d is the joint displacement vector of the structure.

d =

In the stiffness method, it is unnecessary to sketch the deformed shape of the structure to
distinguish the degrees of freedom. Usually, they are represented by numbered arrows on each
joint of the line diagram of the structure like is displayed in figure 2.5(b). A suitable way of
numbering the degrees of freedom of joints that have more than one degree of freedom, isto
put first the translation on the X axis, followed by the translation on the Y axis, and finally the
rotation.

In the case of continuous beams, lateral loads do not produce any axial deformations,
consequently, the joint displacements along the centroidal axis of the member are omitted.
Figure 2.6(a) represents a continuous beam with four degrees of freedom shown in figure
2.6(b), it can be noticed that each joint of the beam has up to two degrees of freedom and not
three [5].
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(a) Actual continuous beam

Y
3
ma = N = sl I
ol @ ¥

(b) Analytical model and degrees of freedom

Figure 2.6. Degrees of Freedomin a Continuous Beam

2.3 Member Stiffness Relationsin Local Coordinates

The structure’s joint displacements are obtained by solving a simultaneous system of equations
defined in equation (2.36).

P=sd (2.36)

As mentioned in section 2.2.3, d represents the joint displacement vector, while the effects of
external loads are at the joints are symbolized by P, and Sisthe structure stiffness matrix. To

acquire the structure’s stiffness matrix, it is necessary to assemble the individual member’s
stiffness matrices of the structure. The stiffness matrix of a member expresses the forces at the
ends of the member as a function of its end displacements [5].

2.3.1 ContinuousBeam Members

As mentioned previously, continuous beam member’s degrees of freedom in the direction of
its centroidal axis are not considered. Consequently, the members of plane continuous beams
have only four degrees of freedom to be considered. Figure 2.7(a) show the degrees of freedom
acting in a continuous beam plane member.
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The member’s end displacements with its corresponding end forces are represented by u;
through us and by Q1 through Qa, respectively.

The relationships between the member end forces and end displacements in terms of the
external loads acting on the member, can be arranged by separately subjecting the member to
each of the four end displacements and externa loads, and by expressing the algebraic sum of
the end forces required to cause the individual end displacements and the forces caused by the
external loads, as the total member end forces. And according to figures 2.7(b) through (e), it
can be expressed:

Q1 = k11Uy + kipup + kqzus + kqauy + Qpyq (2.373)
Q2 = kyquq + koo + kazus + kpauy + Qp (2.37b)
Q3 = k3quy + k3ouy + k3szus + kgauy + Q3 (2.37¢)
Q4 = kaquy + kgt + Kkyzts + kyqtly + Qpy (2.37f)

From the previous equations, the stiffness coefficients k;; are the forces at a joint required to
have a unit displacement u; in the direction of Q;, without having any other end displacements.
Finally, the dixed-end forces caused by the external |oads are represented as Q.

Equations (2.37) can be represented in the matrix form by using the matrix multiplication
definition:

Q1 ki1 kiz kiz kia]puy I[Qf1-|
Q2 ka1 kox ko kaa||u QfZ

— +1 741 2.38
Qs k31 ksz ks ksu||Us lesJ ( )

Q4 Qra
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Or, symbolically as:
Q = ku + Qf (2.39)

Where the member end forceis represented as Q, u is the member end displacement vectors, k
represents the member stiffness matrix, and Qr is the member fixed-end force vector, all in the
local coordinate system.

To acquire the stiffness coefficients kij, the four end displacements of the member are subjected
independently to unit values. Then, by applying the principals of mechanic of materials, the
slope-deflection equations and the equations of equilibrium, the member end forces required
to cause the individual unit displacement can be determined, and they represent the stiffness
coefficients for the member.

Figure 2.7(b), displays a beam with its deformed shape caused by aunit displacement uz, while
all the other end displacements are equal to zero. The deflected shape is caused by the end
moments of the member, and they can be determined by using the slope-deflection equations.
Substituting Mag = ko1; Mea = ke1; 6a = 68 = 0; w = -1/L; and FEMag = FEMga = 0 into
equations (2.8) we will have:

6EI

ky = k61 =L_2

And by applying the equilibrium equations the end forces in the y direction can be obtained:

+OIM, =0; 2 (12“) — kg (L) = 0

L2

12E1
us T
. 12E1
+T2Fy:0, L_Z_k31:0
12E1
31— — L3

The member end forces required to cause a displacement us = 1 (figure 2.7(d)) can be
determined in asimilar manner:

12E1 6E1 12E1

13:—T» 23 = K43 = ?2 33:L—3
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Figure 2.7(c) shows the deformed shape of the member caused by the rotation u. = 1, with us,
Uz, Us = 0. The member end moments can be obtained by substituting Mag = k22, Mea = ka2, a
= 1, and 6s = w = FEMag = FEMga = 0 into the slope-deflection equations:

And with the equations of equilibrium, we determine:

6E1 6E1
w= k=

Similarly, the stiffness coefficients corresponding to the unit displacement us =1 (figure (€)),
will be:

6E1] 2EI 4E]
ki = _k34 =7 ks = T kyy =—

L

Substituting the values previously obtained into equation (2.38), will deliver the stiffness
matrix for the members of continuous beamsin local coordinates [5]:

12 6L —12 6L

_El| 6L 412 —6L 22
kF=Gl-12 Zer 12 —6L (2:40)

6L 21> —6L 4lI?

2.4 Membe Stiffness Relationsin Global Coordinates

2.4.1 ContinuousBeam Members

In continuous beams, the local coordinates of the member are oriented in away that the positive
directions of x and y local axes, are in the same direction of the positive X and Y global axes.
For this reason, there is no need to make a transformation of coordinates of the member, being
the stiffness relations in the local and global coordinates the same [5].
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2.5 Clapeyron’s Theorem of Three Moments

A continuous beam with concentrated forces and under a partial uniform distributed load is
shown in figure 2.8. Instead of the beam’s reactions, the bending moments of the continuous
beam are considered to be the unknowns. Next, the deformation equations are written in terms
of these bending moments, that will finally deliver the three-moment theorem:

MaLy + 2Mg(Ly + L) + ML, = —%"1 - 6‘242’“2 (2.41)

Where Ma, Mg, and Mc are bending moments, at the supports A, B and C respectively, the span
lengths are represented as L1 and Lo, the areas of the moment diagrams are defined as A1 and
Az with the temporary assumption that each of the spans of the beam is simply supported, and
the distances of the centroids of each of these moment diagrams from A and C will be x; and
y1 respectively. Whenever a continuous beam has the supports at the same level, the three-
moment theorem is suitable [6].

Figure 2.8. Continuous Beam Under Differen Load Conditions

For aroofing system acting as a continuous beam like shown in figure 2.9, the Clapeyron’s
equation applied to a support n would look like:

q, 3
crg et g

1‘ 2‘ n-1
1

1T X
n+1

Ln Ln+1

e T e [N

Lo

L,

9,

Li

Figure 2.9. Roofing System-Continuous Beam Representation

o _Liaa
Slepr

Li_q L; Li _ ' .
6El;_q T ﬁ) + Mi+1a = —(a; + By) (2.42)
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For a continuous beam with more than two supports, the equations can be written as a matrix
[Al [Mg]=[H]:

iy
_2|_0+.2L= L.1 ol | M] =-—u+B o
6El, BEl,  BEl, 1+ Py
b G L w| o
P | W ey
e | TR I LR )

Mn,

Stiffness matrix [A] is built up with terms that depend on the beam stiffness and spans for each
bay. Also, the design of beam joints affects the stiffness.

Support moment matrix [ Mg isthe solution vector for the system of equations. Any cantilever
bending moment at end support, Mo and Mn+1. Notethat if there are cantilever bending moment,
it will affect the beam constants for adjacent support.

Matrix [H] isbuilt up with so called beam constants that is the inclination angle at the support
regardless of the beam continuity. The beam constants are dependent on the type of load that
is acting on the beam.
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3 Experimental Test

For the experimenta test, since we are studying the behavior of the connection in the mid-
support, testing procedures in accordance with the Annex A of EN 1993-1-3 are used. The
company produces four thicknesses of the LHP200 profile: 0.85mm, 1.00mm, 1.25mm, and
1.50mm. In this experiment the lowest and the highest thicknesses are tested to cover the whole
range of the product, and three tests are made for each one. The length of the rea span
considered is of 8m, with asingle overlap of 720mm starting 80mm from the mid-support.

e EN1993-1-3 A.2.1 (3): in this section EN1993-1-3 says that to prevent the spreading
of corrugations, transverse ties or appropriate test accessories such can be applied to
thetest specimen (figure 3.1). In this case “L” shape sections are used as ties and special
supports are delivered from the company to place them at its ends (figure 3.2).

(a) (a) Rivet or screw
(b) (b} Transverse tie

(metal strip)

()

(c) Timber blocks

Figure 3.1 Appropriate test accessories

Figure 3.2 Accessories used in the Test
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e EN 1993-1-3 A.3.2 Double span test: this point gives the appropriate set-up to make
a continuous beam over two or more spans. But since modelling the real span lengths
of thetest isalot of time consuming and occupiesalot of spacein thetest, an alternative
also from EN-1993-1-3 was used to measure test the internal support.

e A.34 Internal support test: EN1993-1-3 gives the alternative test set-up for an
internal support test of a continuous beam with two or more spans. This set-up consists
in using the distance of the points of contra-flexure of the bending moment diagram for
a continuous beam at the support that is going to be studied. The load applied will
simulate the up-lifting force acting in the support generated by the bending moment.

The advantages of this procedure arethat it isalot simpler to analyze, it occupies much
less space in the laboratory and it is easier to assembly, resulting in agood and efficient
way analysis. Figure 3.3 shows this procedure.

Points of

| | contra-flexure
* N S Y T T ¥ ; T T T Y N } 1
ALTERNATIVE
F .
T +

Figure3.3

3.1 Experimental Test Configuration

As mentioned before, since we are looking the behavior of the single overlap joint over the
mid-support, the negative bending moment in that areais the critical action of the system. In
this sense, the segments where the bending moment is equal to zero are considered as ssmply
supported boundary conditionsin the experiment, and instead of amid-support, a displacement
is applied to study the deformation. Figures 3.4 and 3.5 show the distributed load and the
bending moment diagram over the real spans.

Figure3.4
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Figure3.5

In the real structure, both profiles have the same length, but it is because of the overlap
connection that the spans of this system are different. In this case the first span (the one on the
left), has 7.20m in and the second span is 8m (figure 3.6).

Distance from the support to
the end of the overlap: 10% of
Span 2 = 800mm

18200 //
7200 8000

rd
80—y

| | OVERLAP | |

T ——

Overlap starts 80mm from /

the mid-support: Overlap
length = 720mm

Figure 3.6

The distances from the mid-support to where the bending moment is equal to zero are 2m and
1.82m for span 1 and span 2 respectively as shown in figure 3.7. The profileis also set upside
down to avoid any complications and simulate the behavior of the system under a distributed
load.

By applying the testing procedures from EN1993-1-3 to the lengths used for the test, will lead
to the following configuration:

Distance to the point of Distance to the point of contra-
& contra-flexure = 2.00m \ I f flexure = 1.82m
3820
2000 1 1820
P
500—1
| | OVERLAP |

b —— 70— e

Figure 3.7
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As shown in figure 3.8, the profile is turned upside-down to simulate a lifting load that a
negative bending moment will produce in a mid-support. In this figure, we can aso see de
connection details of the overlap. It isimportant to mention that for the thicker profile, three
screws are used in the web of the profile to give more resistance (figure 3.9).

APPLIED
LOAD

APFLIED
[Relip}

L 200 d
STEEL BEAM JL
h e ———

, ,
I 4
SUPPORT ] \ SURPORT
CLEAT ! Y CLEAT

I HPARD BINF
{12 PROFILE)

LHPz00

LHP200 §I0E
{1i2 PROFILE)

K
T

720

Figure 3.8 Overlap Connection Details

Figure 3.9 LHP200 profile, t=1.50mm

Note in figure 3.8 that one haf of the LHP200 profile on each side is also set in the
configuration, the idea of thisisto simulate the continuity of that the roof system will havein
thereal situation.

The displacement will be applied with a hydraulic actuator to the steel beam at a rate of
2mm/min, and 12 points of interest will be chosen to measure the force-displacement relation.
With this relations, stiffness and rotations of the new modified joint, and to find the residual
bending moment in the support after failure will be found.

The points of interest were chosen with the purpose of being able to measure the displacement
of the beam, the displacement of the top flanges and the gap between the profilesin the overlap
(figure 3.10).
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Side view

Figure3.11 LVDT’s placed in position

It isimportant to mention that the behavior of some points should have big similarities to
follow the continuity of the system. For example, point 5 should be really similar to point 7,
and point 10 to point 12, and so on.

The sing convention of the LVDT’s is shown in figure 3.12:

Figure3.12 LVDT’s Sing Convention
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This means that when the LVDT closesit will register a positive displacement, and a negative
displacement when it opens.

3.2 Experimental Test Results

In this section, we will check the similarities between the points that were mentioned before.
There will be shown only some points of some tests, but all the graphs will be included in the

AnNnex.

-60

Force (kN)

Force (kN)

Force-Displacement (Point 1)

50 -40 10
Test1
—Test 2
Test 3
T,
.
:',."&
= 2

Displacement (mm)

Graph 3.1 Force-Displacement of the Three Tests at Point 1

Force-Displacement (Point 2)

-50 -40 -30 -20 -10 j//f) 10
#-5
/ lestl
2 15
. Test 2

> 20 Test 3

-30
Displacement (mm)

Graph 3.2 Force-Displacement of the Three Tests at Point 2

Max. Force | Disp. Point | Disp. Point
Test
(kN) 1 (mm) 2 (mm)
1 -24.648 -44 607 -40.292
-26.028 -47.737 -46.021
3 -25.488 -45.066 -42.504

Table 3.1 Displacements of Points 1 and 2 at the Max. Load

41



As shown in the previous graphs, all the points have almost the same behavior, which means

that the tests were consistent. We can also appreciate this in table 3.1 which shows the
displacements at the maximum load.

The same case is for points 5 and 7, which correspond to the top gap measurement:

Force (kN)

30

Graph 3.3 Force-Displacement of the Three Tests at Point 5 for a Thickness of 0.85mm

Force (kN)

-30

Graph 3.4 Force-Displacement of the Three Tests at Point 7 for a Thickness of 0.85mm

Force-Displacement (Point 5)

Displacement (mm)

Force-Displacement (Point 7)

Displacement (mm)

Test Max. Force | Disp. Point | Disp. Point
(kN) 5 (mm) 7 (mm)
1 -24.648 5.292 4.965
2 -26.028 4.540 3.309
3 -25.488 5.186 3.280

Table 3.2 Table 3.3 Displacements of Points 5 and 7 at the Max. Load for a Thickness of 0.85mm
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Next, the comparison between points 1 and 2 are seen in graph 3.5, and between points 5 and
7 in graph 3.6:

Test 2 - Point 1 vs Point 2

0 10

— Point 1

Farce {kN:I

Point 2

Displacement (mm)

Graph 3.5 Force-Displacement Point 1 vs Point 2; Test 2 for a Thickness of 0.85mm

Test 2 - Point 5 vs Point 7

=——Point 5

Force (kN)
[
o

Point 7

-25

20 . .
Displacement (mm)

Graph 3.6 Force-Displacement Point 5 vs Point 7; Test 2 for a Thickness of 0.85mm

To be able to calculate the stiffness by atheoretical analysis, an average was calculated for the
points that correspond to displacements that will influence the stiffness of the overlap. For
example, theaverage of points1 and 2 will correspond to the displacement of the whol e system,
the average of points 5 to 8 will be the displacement of the top gap and the average from points

9 to 12 is the bottom gap. The following graphs show the displacement and average
displacement of some of the points.

Since we are mainly interested in the behavior of the overlap connection before the failure of
the system, we limit to work with the values that are in the elastic range at around 95% of the
maximum load.
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Force-Displacement P1 and P2

Point 1

Force (kN)

Point 2

Displacement (mm)

Graph 3.7 Displacement of Point 1 and 2 in Test 3 for a Thickness of 1.50mm

Avg. Force-Displacement
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Graph 3.8 Average Displacement of Point 1 and 2 in Test 3 for a Thickness of 1.50mm

Force-Displacement P5, P6. P7 and P8
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Graph 3.9 Displacement of Point 5to 8in Test 3 for a Thickness of 1.50mm




Avg. Force-Displacement

Ave.

Force (kN)

Displacement (mm)

Graph 3.10 Average Displacement of Point 5to 8 in Test 3 for a Thickness of 1.50mm

Force-Displacement P10 and P11

0.4

= Point 9

S

@ Point 10

2

2 Point 11
Point 12

- -60
Displacement (mm)

Graph 3.11 Displacement of Point 9 to 12 in Test 3 for a Thickness of 1.50mm

Avg. Force-Displacement

—_— v,

Force (kN)

Displacement (mm)

Graph 3.12 Average Displacement of Point 9to 12 in Test 3 for a Thickness of 1.50mm
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Graphs 3.8, 3.10 and 3.12 represent the total displacement of the system, the top gap and the
bottom gap respectively at 95% of the maximum load. Remembering the sign convention of
the LVDT’s mentioned before, we can wee that the top gap tends to close and the bottom gap
to open in relation with the systems deflection.

Before continuing with the theoretical analysisfor obtaining the spring stiffnessin the overlap,
it isimportant to understand what happens to the profiles during the tests, and to see the points
of failure and local buckling and deformations.

3.21 Buckling and defor mations

Thefollowing figures are the most significant deformed shapes and buckling, or any significant
behavior that can help to understand what happens in this type of connection.

e {=0.85mm

Figure 3.13 Local Web Buckling of LHP200, t=0.85mm

We can see in figure 3.13 that there are compression forces acting in the web of the profiles
which produce local buckling. First, the buckling starts in the bottom profile and then it
propagates to the top profile until the whole system fails. In this part of the connection, the
upper profile wants to lift the lower one, but the connection screws have reaction forces that
want to keep them apart, therefore we have this behavior.
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Figure 3.14 Pull-Out of the Sde-Overlap Connection Screws

After the failure of the system, the load was still applied, and we can see here that the overlap
connection has a pull-out failure, but it isimportant to be clear that thisis not the reason of
the system failure.

e {=1.50mm

Figure 3.15 Local Web Buckling of LHP200, t=1.50mm
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For this thickness, we can see that we have the same buckling behavior in the bottom profile,
however in this case, the buckling does not propagate to the top profile and instead the side
overlap connection screws have atensile failure which make the whole system fail (figure
3.16).

Figure 3.16 Tensile Failure of the Side-Overlap Connection Screws, LHP200, t=1.50mm

It isimportant to point out that all the tests have exactly the same type of failure in the same
position, and that failure always occurs in the side where the half side profile is on the top
using the test configuration as reference.
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4 Computation of the overlap stiffness

4.1 Contribution of the overlap to the structure’s deflection

Graph 4.1 show the experimental force-displacement of the system and the theoretically
calculated displacement without considering the overlap.

We can notice that there is a difference in the displacement that is due to the contribution of
the overlap, so to be able to calculate this contribution, first we need to understand what
happens in this part of the profiles.

Experimental vs Theoretical
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Graph 4.1 Experimental vs Theoretical Force-Displacement

Aswe mentioned in the previous chapter, the top gap tens to close and the bottom gap tends to
open when the whole structure has a deflection. To understand the behavior of the overlap
under these conditions, we can separate the profiles and evaluate the forces acting in the overlap
due to a global load “P” (figure 4.1).
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Figure4.1 Internal Forcesin the Overlap
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“Fs” is the force that depend on the overlap connection screws that keep the profiles from
separating, and “Fu” is the force that depend on the profiles that prevent the sheets from closing,
while a global force “P” is acting in the system.

The following figure represents the behavior of the overlap, and it’s a simplification of figure
4.1. In here we can see the same forces “Fs” and “Fu” represented as a moment “M” divided
by the overlap length “e”. We can also see that there is a spring stiffness acting in the
connection.

To get these value of the M/e, we would have to compute for the value of the bending moment
acting where the force “Fs” is located, and divide it by the overlap length. Instead, since we
already have the values of the forces of the load “P” applied, and because they are very close
to each other, we compute for the bending moment at the load point by using aformulafor a
simply supported beam shown in figure 4.3, and which will leave usin the safe side.

p e
e

Figure 4.2 Overlap Connection Diagram

L
a 1 b
P Pab
M= ——
$ 7
| | ovwErar |
VAN e

Figure 4.3 Smply Supported Beam Bending Moment

Once we have the bending moment at that point we can have the force acting in the overlap.
Similarly, we could compute for the force “Fs” with the difference that we would need the
bending moment acting where the “Fu” load is.

After thiswe need to computefor afactor “f” that will depend on the spans and overlap lengths,
and it will be the relation between the total gap between the profiles and the overlap
displacement.
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Figure 4.4 Gapsin the Overlap Connection

Figure 4.4 show the two gaps acting on the profile, which with the experimental test results,
saw that one opens and one closes. These two gaps can be added together and take it into
account as asingletota gap to find the relation with the overlap deflection.

==l

X ¥ * g = total gap deflection
T + o = deflection in the overlap
o
é [0 « e = overlap length
DR + Xx=span 1
e *+ y=span?2

Figure 4.5 Relation of Triangles of the Overlap Deflections

Once we have the total gap, we can make the relation between the triangles. In figure 4.5, we
can see that the big triangles represent the overlap displacement, and the small ones the gap
between the profiles. We can also observe that the red triangles are similar and the same for
the blue triangles.

If we want to know how much the overlap displacement will be when the gap has a value of
1mm, we can have the following expressions:

l ' ’ |

T Assuming g = 1mm

— 1

0= ——

e
x oy

Figure 4.6 Computation of Factor “f”
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And by substituting the values of our Test we have:

0=1.32mm
which means that each millimeter in the gap will produce 1.32mm in the overlap, hence:
f=1.32

By using the values from the test and the theoretical value at a certain load, we can check if
the factor is correct:

& = deflection of the whole system (experimental test) = -41.42mm

ot = deflection without considering the overlap (theoretical) = -20.44mm
00 = deflection of the overlap (5 — ot) =-20.98mm

dg = total gap between the profiles (experimental test) = 6.55mm

Should satisfy:
dg - =230
6.66 (1.32) = 8.646

As we can see, by multiplying the gap with the factor, we don’t have the deflection of the
overlap. The possible reasons for thisis that as the system bends, local buckling occursin the

web where the overlap connection in located (figure 4.7). This deformation could be missi
from the deflection measured in the gap.

ng

A better way to measure the gap between the profiles could be by somehow placing the LVDT’s

in away to measure the gap between the webs instead of the flanges.

Another possibility is that as the system bends, the LVDT’s on the top start to rotate, resulti
in possible changes in measurements (figure 4.8). It will be interesting to placethe LVDT’s

ng

in

away that the deformation of the profiles does not affect in any way its position, and see if

there are any significant differences.

Figure 4.7 Web Gap Between the Profiles
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Figure 4.8 Rotation of LVDT

As we mentioned, the overlap has an influence in the deflection of the system, and the
contribution of the overlap to this deflection must be represented:

5_Px2y2 M ”
N 3EIL+ef

(4.1)

And by solving for athickness of 0.85mm k:

k=|6 P7y7 e — 0.0004269 "
|7 3EIL |MfT T N

Experimental vs Theoretical

Experimental

Theoretical No OL

Force (kN)

= Theoretical W/OL

-25
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Graph 4.2 Experimental vs Theoretical vs Theoretical W/Overlap; t=0.85mm
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And for the profile with t=1.50mm:

PX°y7] e —~ 0.0002419 %
3EIL e

k:[‘s_ Mf N

Experimental vs Theoretical

— Experimental

-Theoretical No OL

Force (kN)

-Theoretical W/OL

-60

Displacement (mm)

Graph 4.3 Experimental vs Theoretical vs Theoretical W/Overlap; t=150mm

We can see that for both profiles that when we add the overlap deflection to the theoretical
deflection we have similar results for the Force-Displacement in the experimental test and the

theoretical considering the overlap.




5 Finite Element M odel

The finite element analysis was made using Abaqus/CAE 6.14 software. It is divided into

modules, where each module defines a logical aspect of the modeling process. As you move
from module to module, you build the model from which the software generates an input file
that you submit to analysis. After the analysisis completed, you can visualize adeformed shape
of the of the elements and read the output of the results[7].

5.1 Description

The aim of the Finite Element Model is to do an exact simulation of the experimental test so
that a parametric study can be made later. Thus, the model is made as close as possible to the
test, by using the same thicknesses, span lengths, boundary conditions, material properties and
load application. As mentioned in the previous chapter, the experimental test will be made with
the lowest and highest thicknesses of the LHP200 profiles, that being the case, there will be
two different FE models as well, simulating these two tests.

Since Abaqus software is unitless, a unit configuration must be adopted since the beginning,
and one must be careful to keep track of it to avoid further errors on the analysis. Thefollowing
table shows the units used:

Length Force Stress Time
mm N MPa S

Table5.1. Units Used in the FE Model

511 Part

Since the geometry of the LHP200 profile is a bit complex to create in Abaqus, the different
parts used were first made in Autodesk AutoCAD software, and then imported to the model as
“.sat” files. By doing this, we facilitate the creation of the whole model, and it will give usa
first view of how are model will look.

Two different lengths of LHP200 profileswere used one of 1740mm (figure 4.1(a)) and another
of 2800mm (figure 4.1(b)) which correspond to the spans of 1820mm and 2000mm
respectively.
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(b)

Figure 5.1 LHP200 Profiles

And used in the test, side profiles cut in half in the longitudinal direction for both 1740mm
and 2800mm are created as shown in figure 4.2(a) and (b) respectively.

(b)

Figure5.2
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The support cleats are of 150mm (figure 4.3) and they are placed along the displacement
application area, which is the overlap support. Note that the support cleat does not have the
“ribs” that the real profile has. In order to simulate the rigidity of the real support cleat, a bigger
thicknessis used providing a bigger stiffnes.

Figure 5.3 Support Cleat

And finaly, a hollow section of 200x200mm (figure 4.4) which is used to transfer the
displacement in all the support cleats.

Figure 5.4 Hollow Section 200x200mm
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5.1.2 Property

In this module, the properties of the parts made are defined. First, we start by creating the
material that will be used in our sections. In this case, al the sections are made of steel with a
yield strength of 420M Pa, with the exception of the LHP200 profiles and support cleats with a
thickness of 1.5mm, which have ayield strength of 350M Pa. Table 4.2 shows the properties of
the parts used.

Part Length | Thickness | Modulus of Poisson's
(mm) (mm) |Elagticity (MPa)| Ratio
LHP200 1740 0.85 420 0.3
LHP200 2800 0.85 420 0.3
1/2
LHP200 1740 0.85 350 0.3
1/2
L HP200 2800 0.85 350 0.3
Support 150 3.00 420 0.3
Cleat
Hollow
. . 42 }
Section 3500 6.30 0 0.3

Table 5.2. Part Properties

The values of stress-strain relationship are obtained from a tensile test with a specimen with
the same materia yield strength properties, and it shown in the next graph.

Stress - Strain Curve
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Graph 5.1. Stress-Strain Relationship
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5.1.3 Assembly

The assembly module is where the part instances are created and arranged according to our
specifications, which in this case is the experimental test. This instances come from the parts
created before, and they include all the properties as well.

As mentioned in Chapter 3, only the segment between the points of contra-flexure on each is
arranged, thus the model is assembled the same way (figure 5.5).

Figure5.5. FE Model Assembly

514 Step

The step will define the type of analysis that the software will use. In this master thesis, a
“Static, Riks” procedure was selected, which isaload-displacement analysis, that uses the “arc
length” along the static equilibrium path in load-displacement space. This method provides
solutions whether the response of the structure is stable or unstable.

In this model the following parameters for time incrementation and arc length are used:

Maximum
Number of 200
Increments
Initial Arc
Length 0.01
Increment
Minimum Arc
Length 1E-008
Increment
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Maximum Arc
Length 0.1
Increment
Estimated Total 1
Arc Length

Table 5.3. Parameters for Satic, Riks Analysis.

Thin shell profiles, like the ones used in this model suffer large deformations when aload or a
displacement is applied, and geometric non-linearity is recommended. In order to include a
non-linear geometry in the “Static, Riks” analysis, the NLGEOM optionis activated in the step
definition. This meansthat the load-displacement curve will no longer be proportional, and that
there is geometric non-linearity due to the changes in geometry during the analysis.

5.1.5 Interaction

Surface to Surface Interaction

In this module, the interaction properties of the different instances created previously are
defined. Considering that an overlap joint between the shell profiles is studied, surface
interactions between the elements are very important to take into consideration in the analysis.

In this case, we have different type of material surfaces, that meansthat the interaction between
some elements will behave differently. The LHP200 profiles are galvanized shell elements,
hence a Zinc coat is considered in the stedl. In the case of the Support Cleats and the Hollow
Section, no coating is present in the surface and only the steel is considered.

Due to the different surface materials, three different Interaction Properties are defined, Zinc-
Zinc and Zinc-Sted, for the surface contact of the different materials. Each Interaction Property
has a Normal Behavior, and a Tangential Behavior. The next diagram shows the properties of
the different surface interactions.

Normal {Pressure Overclosure — Hard Contact
Friction Formulation — Penalty

Zinc — Zinc{
Friction Coefficient — 0.6

Tangential {

Normal {Pressure Overclosure — Hard Contact
Friction Formulation — Penalty

Zinc — Steel{
Friction Coefficient — 0.5

Tangential {
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After creating the interaction properties, the surface interactions are defined, this is when the
surfaces that will be in contact are selected in the model. In this case, four interactions are
made, one for the overlap between the LHP200 over the joint, another for the side overlap
between the LHP200 profiles, one for the contact between the support cleats and the LHP200
profiles and one between the hollow section and the support cleats.

Each interaction has its own master and slave surfaces, and the properties vary depending on
the surface materia of the instances.

Interaction Interaction Sliding Discretization
Property | Formulation Method
LHP200 - -
LHP200 Joint | Zinc-zinc | JLimte | Surfaceto
Sliding Surface
Overlap
LHP200 - -
LHP200Side | Zinc-Zinc | Limite | Surfaceto
Sliding Surface
Overlap
LHP200 - : Finite Surface to
Suppor Cleats Zinc - Steel Sliding Surface
Support Cleats - i Finite Surfaceto
Hollow Section Steel - Stedl Sliding Surface

Table 5.4. Interaction Properties According to Each Interaction

Connector Sections and Fasteners

Besides the surface interaction between the instances, in this module, the connector sections
and the fasteners to attach all the instances are defined. According to Lindab’s specifications,
the LHP200 profiles use 6.3D32F Self Drilling Screws to make the connection between the
profiles and between the profile to the support cleats, and fire shot nails to attach the support
cleats to the support.

The connector sections define the design values of the resistance of the screws, which are
derived from EN-1993-1-3: Bearing, Pull Out, Pull Through, Shear and Tensile resistance. In
thiscase, sincethe only relevant failure observed in the experimental test wasthetensilefailure,
only thisis used. These design values were taken from the specifications tables of the fastener
supplier of the company which are shown next.

Screw diameter ¢ mm
4.8 5.5 6.3 8.0
Carbon steel, case hardened 4,99 | 6.91 | 9.41 | 15.6 .
| Stainless steel 4.42 6.24 8.16 13.7

Screw material

Table5.5. Tensile Design Values
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For a screw with 6.3mm diameter we have atensile design value of 9.41kN
Fasteners

The fasteners used in both models are point based fasteners, which were implemented with
attachment points. There are fasteners for each connection between al the elements of the
structure (LHP200 to LHP200, LHP200 to support cleat, etc.), and each fastener has its
corresponding connector section.

The approach used for the fasteners is “fasten specified surfaces by proximity” which mean
that one specify the surfaces to connect to each other. The they all have a physical radius of
3.15mm which correspond to the 6.3D32F Self Drilling Screws, and they al have URL, UR2,
and UR3 constrained degrees of freedom.

Constraints

In order to truly model a simple supported element, a kinematic constraint is defined for each
LHP200 profile in both ends. First the centroid of the profiles was found using Autodesk
AutoCAD (figures 4.6 (@) and (b)), and 6 reference points were created in the centroid of each
profile at both ends. This reference points are the kinematic constraints master nodes, while the
edges of the profiles are the slave surfaces (figure 4.7).

—
65.463

Command: MASSPROP
Select objects: Specify opposite corner: 1 found

Select objects:

---------------- REGIONS e ——————
Area: 1©38.918@
Perimeter: 2446.2130
Bounding box: X: -444.7851 -- 434.0000
Y: -0.4250 -- 199.425@
Centroid: X: -5.80838
Y: 65.4632
Moments of inertia: X: 10868704.6808
Y: 79919767.9119
Product of inertia: XY: -1176598.3063
Radii of gyration: X: 102.2818
Y: 277.3553

Principal moments and X-Y directions about centroid:

I:
J:

6408179.0525 along [©.9999 -8.0186]
79893093.3240 along [0©.0186 ©.9999]

@
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63.782

Command: MASSPROP
Select objects: 1 found

Select objects:

k 247.435

———————————————— REGIONS S=o=ssssssssoses
Area: 512.8328
Perimeter: 12088.3654
Bounding box: X: -12157.8857 -- -11723.0857
Y: -824.8588 -- -625.0088
Centroid: X: -11909.5884
Y: -760.6520
Moments of inertia:  X: 299813315.1622
Y: 72746519088.4619
Product of inertia: XY: 4649549115.5188
Radii of gyration: X: 764.6058
Y: 1191e.17786
Principal moments and X-Y directions about centroid:
I: 850488.3791 along [©.8595 ©.5111]
J: 9432873.9427 along [-8.5111 ©.8595]

Figure 5.6. LHP200 Centroid
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(b)

Figure 5.7. Kinematic Constraint on LHP200 Profiles

All the degrees of freedom of the kinematic constraints applied to the LHP200 profilesare fully
constrained (U1 =U2=U3 = UR1= UR2 = UR3 = 0). Thisis because the reference points that
are used as master nodes, will have the corresponding boundary conditionsto simulate asimply
supported element.

516 Load

In the load module, the boundary conditions for the reference points used for the kinematic
constraints, as well as the displacement used to analyze the LHP200 profiles are defined. As
mentioned in the previous point, the kinematic constraints degrees of freedom are fully fixed,
S0 no rotations or trandations are allowed. In order to make the profiles smply supported,
boundary conditions are applied to the reference points, constraining the trandational degrees
(U1 = U2= U3= 0) of freedom, allowing only the rotations in the X, Y and Z axes. Also,
boundary condition aong the side edges are used to simulate the L sections used in the
experimental test which prevent lateral displacementsin the X axis (U1=0) (figure 4.8).

Figure 5.8. Boundary Conditions on Reference Points and Sde Edges




As mentioned in Chapter 3, a displacement will be applied to the overlap joint to simulate the
displacement caused by the negative bending moment in the mid-support. In order to have a
similar approach asin the experimental test, instead of aload, a displacement is applied in the
overlap joint by assigning a boundary condition in the Y axis of -1 (U2 = -1). This boundary
condition is applied to the hollow section that will transfer uniformly the displacement to the
support cleats and hence to the LHP200 profiles. Figure 5.9 shows this arrangement.

Figure5.9. Displacement Applied

Figure 5.10. Boundary Conditions and Displacement Applied
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517 Mesh

In the model, the mesh size used in the LHP200 profiles and the hollow section is the same,
which is40mm. For the support cleats, asmaller mesh of 4mm is used due to the difference on
size between the other instances. The following figure shows the mesh used in the model.

Figure 5.11. Mesh Used in the Model

518 Job

After completed all the previous modules, we can now run the analysis in the job module. In
here, severa jobs can be made with different definitions of (boundary conditions, step,
interaction, etc.) and later compare the different results.

As mentioned in point 4.1.4, a “Static, Riks” method will be analyzed, but it is important to
takeinto consideration the possible buckling that the profiles could have when the displacement
is applied. So, in order to include the buckling shape in the analysis, alinear perturbation step
was created for buckle, resulting in negative eigenvalues for this type of analysis. This means
that in order to get the buckled shape of the analysis, the displacement should be applied in the
opposite direction, hence buckling is not taken into account in the “Static, Riks” analysis.

5.1.9 Visualization

After the job is completed, it is possible to visualize the deformed shape of the structure, as
well as the distribution of stresses, displacements, rotations, etc. The following figures show
the output of the analysis.
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Figure 5.12 Deformed Shape FE Modelling

IRANEEEEIRIRNANN Tl L

Figure 5.13 Deformed Shape Sde View FEM
5.1.10 Results

The Force-Displacement graphs of the FEM are shown next and they are compared with the
experimental test to see differences and similarities.

FEM Force-Displacement
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Graph 5.2 Force-Displacement FEM P1 vs P2
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Graph 5.6 Force-Displacement FEM P9 to P12
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Graph 5.7 Force-Displacement P9 to P12

Aswe can see in the figures, the FEM results are different from the experimental test values.
We can easily see that to properly simulate the experimental test, there is a lot of surface

interaction occurring in the overlap between the profiles. Thisinteraction is most certain to be
the reason of the difficulties with the simulation.
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6 Conclusions

Even though we found the stiffness in the overlap connection, it will be good to measure the
bottom gap in another point, preferably in the web, and compare the results, to search for any
significant differences.

As it were showed in the pictures, the LVDT’s start to rotate at a certain deflection, resulting
in possibly inaccurate results of the gap measurement, this could explain why the factor “f”
does not match with the example made in the chapter 4.

Also, both profiles have the same buckling in the web where the overlap connectionsislocated.
In the thinner profile, the buckling startsin the bottom profile and then it propagates to the top
profile causing deformations there leading to the failure of the system.

In the case of the 1.50mm profile the buckling that starts in the bottom profile, does not
propagate to the top, instead, the system fails due to the tensile failure of the side overlap
CONNection screws.

Certainly the behavior is similar between the two thicknesses, but it is because of the screws
capacity in the thicker profile that this don’t reach that point.

Regarding the stiffness calculated, it seems its relation with thickness of the profiles is
somehow linear. The thicker profile is amost two times more stiff, and almost two times
thicker:

¢ t=0.85mm * t=1.50mm
k = 0.4269 k = 02419008
- kN - kN
tg = 0.782mm tyg = 1.424mm
0.782 055 0.2419 056
1.424 0.4269

It would be interesting to find out maybe by testing the remaining thicknesses and see if the
behavior of the relationship thickness-stiffness.

We saw that it is really complex to do aproper simulation of the experimental test, aswe have
seen, the tendency of the deflections seems similar, but the displacements are inaccurate. This
could be mainly because of the surface interaction between the profiles.

It can be good to model the LHP200 profiles without an overlap connection and make a test
like this as well. By this we could start analyzing a much simpler model, to later build a
complex one with the overlap.

Finally, we can see that thereisalot of room for further research and study in this subject, and
there are some things that can be improved, especially in the FEM.
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Annex

Experimental test comparison of similarities graphs on all points of t=0.85mm:
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Test 3 - Point 10 vs Point 12
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Experimental test comparison of similarities graphs on all points of t=1.50mm:
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Experimental test aver age for ce-displacement graphs on all points and tests of L HP200,

t=0.85mm:
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Avg. P1to P8 - Test 1
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Experimental test aver age for ce-displacement graphs on all points and tests of L HP200,

t=1.50mm:
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