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Cold-formed steel pro�les are widely used in the construction industry as members

of light-framed structures. Thermal pro�les are cold-formed pro�les with perforated

webs. The perforations create a tortuous path for heat to travel through the web,

limiting heat transfer between �anges. They are used in applications where limiting

thermal conduction through the structure is desired. Perforating the web also reduces

its shear sti�ness. As cold-formed pro�les are prone to fail via shear buckling of

the web, reduction in the web's shear sti�ness decreases the pro�le's load carrying

capacity. The purpose of this thesis was to study how supporting the thermal web

against buckling a�ects the load carrying capacity of thermal pro�les. The support

was achieved by encasing the pro�le in elastic material, elastic in the sense that the

supporting material has low sti�ness in comparison to the material of the pro�le.

The pro�le studied here was a Ruukki's Termo purlin, and the supporting material

used was polyisocyanurate (PIR) foam.

The e�ect of elastic support of web on thermal pro�les was studied with use of �nite

element method (FEM). Prior to this study, experimental research on the supporting

of Termo purlin's web with PIR foam had been conducted at Oxford Institute for

Sustainable Development (OISD) at Oxford Brookes University. In this study the

numerical FEM model was validated by using the experimental data. With help of

the validated FE model, analytical modeling of the behavior of the thermal pro�le

with supported web was studied.

The FE model presented can be used to simulate the behavior of a thermal pro�le in

good agreement with test data. For the thermal pro�les studied here, supporting the

web with PIR e�ectively changed the failure mode in bending from shear buckling of

the web to buckling of the compressed �ange, greatly increasing the load carrying

capacity. The analytical model proposed can be used to estimate the load-de�ection

behavior and load carrying capacity of such a pro�le in the elastic region.
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1. INTRODUCTION

Failure modes in sheet metal pro�les are dominated by various stability-related

phenomena. When a beam carries a transverse load, the shear force is mainly carried

by its web. A sheared web is prone to fail via shear buckling. The web of thermal

pro�les is perforated in order to reduce heat transfer through the structure. The

perforations also reduce the sti�ness of the web, making thermal pro�les particularly

vulnerable to shear buckling of the web. Shear resistance of such pro�les could

potentially be increased by supporting the web, for example by encasing the pro�le

in elastic foam. The purpose of this study is to use nonlinear �nite element method

(FEM) to research how supporting thermal pro�les with polyisocyanurate (PIR)

foam a�ects their behavior when loaded to failure. Based on what is learned from

the results of the FEM analyses, analytical models to aid in design of thermal pro�le

structures utilizing the supporting e�ect of PIR can potentially be suggested.

In order to ensure that FE models produce reasonably accurate results, they are

to be validated using existing experimental data. The experimental research was

performed at Oxford Institute for Sustainable Development (OISD), Oxford Brookes

University, as part of the TABASCO project [1]. The results of this research will be

further discussed in Chapter 2.

The study consists of three phases:

ˆ Creation of FE models of thermal pro�le structures based on the OISD test

setups.

ˆ Validation of the models with the experimental data.

ˆ Finding an analytical model to approximate the behavior such of structures.

A comprehensive study on the structural behavior of thermal pro�les was performed

by Tom Thöyrä in his 2001 Licentiate Thesis "Strength of Slotted Steel Studs" [9].

1.1 The Ruukki LPT-C225 Termo purlin

The speci�c type of pro�le studied in this thesis is the Ruukki LPT-225 Termo purlin.

It is a 225 mm high and 50mm wide cold-formed C-pro�le with perforated web,
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Figure 1.1 Cross section of LPT-C225 thermal pro�le.

made of 1mm thick sheet steel. The cross section of such pro�le is depicted in

Figure 1.1, and a 3D-model in Figure 1.2.

Figure 1.2 A model of 1 m long piece of LPT-C225 thermal pro�le.

The perforation pattern on the web consists of alternating rows of rectangular slots.

Each slot is 75mm long and 3mm high, and they are separated by 8mm vertically
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and 25 mm horizontally, as illustrated in Figure 1.3. Similar pattern is used in

numerous Ruukki Termo pro�les.

Figure 1.3 The perforation pattern of LPT-C225.
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2. THE OISD TESTS

Oxford Institute for Sustainable Development at Oxford Brookes University conducted

tests on load-bearing behavior of thermally broken C-pro�les with and without PIR

support. The tested structure was essentially a 3000mm long wall panel consisting

of two LPT-C225 Termo pro�les encased in PIR. The ends of the panel were capped

with LPT-U227 pro�les, thermally broken U-pro�les similar to LPT-C225, except

227mm high with only 8 rows of slotting against the 10 rows of LPT-C225. A cross

section of such panel can be seen in Figure 2.1. The tests were also conducted on

bare frames without PIR �lling. The U-pro�les were attached to the C-pro�les with

a single self-drilling screw at upper and lower surfaces of the �anges. Additionally in

the bare bending test frames, the pro�les had 50mm x 50 mm x 1.6 mm L-pro�les

attached to reinforce the connection. In the bare frame tests there were also such

L-pro�les under each load point. These L-pro�les can be seen in Figure 2.10. An

OISD bare frame shear test setup is illustrated in Figure 2.2. [5]

Figure 2.1 Cross section of a tested panel.

Three types of test were performed; bending, shear and connections tests. Each test

was performed separately for PIR supported frames as well as bare frames. Two tests

were performed for each setup. Only the bending and shear tests are considered in

this paper. Panels were initially tested with a moderate cyclic load without causing

failure. The loading was then applied until failure, followed by unloading. The exact

de�nition of failure used is unclear. The loading was applied with hydraulic jacks,

and the loads and displacements were measured electronically at the rate of 2Hz.
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Figure 2.2 A bare Termo pro�le frame for bending test.

2.1 Bending test setup

In the bending tests the goal was to determine the panels' resistance to bending

moment M . The test setup was essentially six point bending, where the bending

moment is at its maximum between the two innermost load points, where shear force

Q is 0. A schematic of the test setup is illustrated in Figure 2.3. Shear force and

bending moment diagrams for the test setup can be seen in Figure 2.4. This test

setup is isostatic and has two planes of symmetry.

Figure 2.3 Bending test setup.

The loading was applied by two hydraulic jacks. From the jacks the load was

transferred to the structure by a system of two longitudinal, and four transverse
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Figure 2.4 Shear force and bending moment diagrams for the bending test setup.

spreader beams. The panel was supported by resting it on transverse beams on each

end. In the bare frame tests the �anges of the purlins were connected with transverse

planks of wood at load points, as seen in Figure 2.2. A picture of the bending test

for PIR-�lled panel can be seen in Figure 2.5.

Figure 2.5 Bending test for foam-�lled panel.
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2.2 Shear test setup

The aim of the shear tests was to determine the resistance of the thermal pro�les

to shear force. In these tests the loading was applied in such a way that shear

forces dominate over bending moment. A schematic of the test setup is illustrated in

Figure 2.6. Diagrams of shear forceQ and bending momentM for the test setup

can be seen in Figure 2.7. These diagrams were drawn with the assumptions of

Euler-Bernoulli beam theory, and thus shear deformation was not taken into account.

As the setup is hyperstatic, shear deformation a�ects the distribution of the support

forces, in this case transferring some of the load from the left-hand support to the

right-hand support in comparison to E-B beam theory prediction.

Figure 2.6 Shear test setup.

The loading was applied by a single hydraulic jack via a transverse spreader beam.

The end of the panel closer to the load point was rigidly supported with two L-shaped

metal cleats, both attached to the panel with self drilling screws. The end of the

panel further from the load point was supported by resting it on top of a steel beam

one sixth of its length towards the middle. In the bare frame tests the �anges of the

purlins were connected with transverse planks of wood, as seen in Figure 2.8.

2.3 Analysis of the test results

In this section the results of the OISD tests will be analyzed in detail.

2.3.1 Bending test results

The failure mode of a bare frame in bending test can be seen in Figure 2.9. Defor-

mation indicative of shear buckling has appeared at the web between a support and
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Figure 2.7 Shear force and bending moment diagrams for the shear test setup.

Figure 2.8 Shear test for the bare frame of the panel.

an outer load point. There also is some sideways bulging on the side of the bottom

�ange below the load point. The failure of the bare frames appear to be shear related,

even though the purpose of these tests were to measure bending resistance.

The apparent failure mode for the PIR-�lled panels in both tests was the local
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Figure 2.9 Failure mode for the bare frame in bending test.

buckling of the compressed upper �anges between the middle load points. An image

of the buckled upper �ange can be seen in Figure 2.10. The blue line in the �gure

indicates one of the inner load points.

Figure 2.10 Buckled upper �ange of the PIR-�lled panel after bending test.

In the shear tests the in�lling appears to have supported the web enough to allow

the upper �ange to reach its compressive capacity. This increased the maximum

load of the frames by 93 % on the average, and more than doubled their sti�ness.
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The measured load-displacement curves for the test are illustrated in Figure 2.11.

What exactly happened at di�erent stages of the tests was not recorded, but some

analysis can be conducted based on the load-displacement curves alone.

Figure 2.11 Load-displacement curves for the bending tests.

2.3.2 Load-displacement curve analysis for bare bending tests

The bending test for bare frames produced very similar results, with only 6 %

di�erence between the maximum loads. The frame of test 1 was initially somewhat

sti�er, but ultimately failed at a lower load value. Test 1 is denoted Bare1R and

Bare2, where the R in Bare1R is due to the test 1 being rerun as documented in the

OISD test report.

Annotated load-displacement curves for the tests can be seen in Figure 2.12. The

curves can be divided into four phases, marked as A, B, C and D. Phase A is the

�rst part of loading with some initial sti�ening, thought to happen due to closing

of any gaps in connections and realignment of contacting surfaces. B is the second

part of loading with gradually decreasing sti�ness. Phase C is the loss of carrying

capacity, which is sudden for test 2 and more gradual for test 1. At this point the

loading was stopped, and unloading phase D followed.
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Figure 2.12 Load-displacement curves for the bare bending tests.

Figure 2.13 Load-displacement curves for the PIR bending tests.
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2.3.3 Load-displacement curve analysis for PIR bending tests

There was little variation between the load-displacement curves for bending test

for PIR-�lled panels. The maximum loads di�ered only by 2 %, and behavior after

initial failure was also similar.

The load curve portrayed in Figure 2.13 can be divided into 3 phases, AB, C and D.

Primary load phase AB shows little variation in sti�ness. Loss of capacity in phase

C occurs in two distinct events, after both of which some capacity was retained.

However, after the second loss of capacity the loading was stopped. D marks the

unloading phase.

2.3.4 Shear test results

Figure 2.14 Failure mode for the bare frame in shear test.

The webs of the bare frames buckled in the area between the rigid support and the

load point, as can be seen in Figure 2.14.

The failure mode of the PIR-�lled panels is more di�cult to assess, because the PIR

was not removed to inspect the frames. The PIR fractured near the load point, but

as the PIR itself carries negligible load, this cannot be the direct cause for failure. As

the top �anges appeared undamaged, the failure can be assumed to have happened

at the web, similar to the bare frames. An image of the damaged PIR-�lled panel

can be seen in Figure 2.15.
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Figure 2.15 Damaged PIR-�l led panel after shear test.

While the failure modes seemed similar for both bare and PIR-�lled panels, the

PIR-�lled panels could support more than 5 times higher load. The PIR-�lled frames

were also signi�cantly sti�er than bare frames. The measured load-displacement

curves for the test are illustrated in Figure 2.16

Figure 2.16 Load-displacement curves for the shear tests.
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2.3.5 Load-displacement curve analysis for bare shear tests

As seen in Figure 2.17, the load-displacement curves are divided into four phases

A, B, C, D; of which phase C is only relevant for test 2. Phase A is the primary

loading with gradual loss of sti�ness. Phase B marks the �rst stability event, after

which both specimens retained most of their capacity. However, the specimen 1

failed soon after. Loading was continued for specimen 2 until a second stability event

occurred at C. This even resulted in larger loss of capacity than the event at B, but

the specimen still retained most of it capacity, even though it too failed soon after.

Phase D is the unloading phase. It is notable that while the di�erence in maximum

load capacities was only 12 %, the failures occurred in clearly di�erent parts of the

load-displacement curve, and displacement at failure was almost 48 % more in test 2

than test 1.

Figure 2.17 Load-displacement curves for the bare shear tests.

2.3.6 Load-displacement curve analysis for PIR shear tests

Annotated load-displacement curves for PIR shear test can be seen in Figure 2.18.

The curves are quite complex, and there is some di�erences between the behavior

of the specimens. However, the curves can again be divided into phases of similar

behavior. Phase A is the initial loading phase, where the specimen 1 showed some
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initial sti�ening, while the specimen 2 started out sti�er. B marks the �rst stability

event after which both specimens retained most of their capacity, but quickly lost

their sti�ness. Both specimens lost capacity at C, specimen 2 more gradually than

specimen 1, until loading was stopped. Unloading phase is marked as D.

Figure 2.18 Load-displacement curves for the PIR shear tests.
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3. FEM MODELING

An approximate solution produced with displacement formulated FEM underesti-

mates strain energy in elastic structural systems loaded with conservative forces [6].

This means that the FEM model solutions converge from the sti� side. While the

matter is complicated by things like plasticity and contact models, the FEM model

is assumed exaggerate sti�ness of the system. Because of this, all simpli�cations

made when creating the models for solving the problem at hand were made in such a

way as to produce excessively sti� results. In this way the general direction of error

can be assumed to be on the sti� side, and any improvements to the model should

reduce the sti�ness of its response.

As the stability of the structure is relative to its sti�ness, by exaggerating sti�ness

we also exaggerate the stability of the structure. This is �ne for the thermal pro�le

itself, as long as we use similar assumptions for tests with and without PIR. However,

any excessive sti�ness in modeling the PIR foam will result in exaggeration of the

foam's e�ect on the thermal pro�les' stability.

3.1 Solver details

Models were solved using the Static Structural module of the ANSYS Workbench

software. This is an implicit FEM implementation which produces approximate

solutions for quasistatic equilibrium of nonlinear systems via Newton�Raphson

method. The load-displacement curve is created by computing a series of consecutive

solutions in relation to a load parameter. Each solution is a separate solution for

an equilibrium path. A suitably short load increment must be used to ensure that

consecutive solutions follow the same equilibrium path, or at least a reasonably

similar one.

Loading was implemented as forced displacements in relation to a load parameter.

Geometric symmetries of the test setup were utilized in order to reduce computational

complexity. These matters are further detailed in Section 3.5.
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The problem has several sources of nonlinearity:

ˆ Geometric nonlinearity due to large deformation formulation.

ˆ Material nonlinearities due to plastic material model.

ˆ Contact-related nonlinearities.

Full Newton-Raphson method was used to solve the nonlinear system, with sparse

direct method used to solve the associated equation systems.

3.2 Geometric models

ANSYS Design Modeler was used to create the geometric models. The objects

modeled consisted of C-pro�les, U-pro�les, the load frame; as well as auxiliary

support structures, such as ties and L-pro�les. PIR foam was added to applicable

analyses. All objects are modeled as solid bodies, and meshed with solid elements,

as described in Section 3.4

All C- and U-pro�les were modeled to have thickness of 0.944mm, corresponding to

tensile test specimen J000210 from material tests done as part of the TABASCO

project. This specimen corresponds to a C-pro�le used in bending PIR1 test. Support

ties were modeled as 100mm by 20 mm planks as long as the panel is wide. The

support plate for shear tests was 228mm by 100mm and 4mm thick. The rectangular

hollow sections of the load frame were 100x100x4mm. PIR was simply modeled as

solids that followed the contours of any enclosed structures.

The bending test setup has two planes of symmetry, and these symmetries were used

in creation of the models. As such, only one fourth of the test setup was modeled.

Overview of the bending model frame can be seen in Figure 3.1.

The shear test setup has a single plane of symmetry, and only half of the setup was

modeled. Overview of the shear model frame can be seen in Figure 3.2.

3.3 Material models

Material models were de�ned using ANSYS built-in tools. All constitutive models

are formulated with the Cauchy stress and logarithmic strain.

Material values used for auxiliary structures are rough approximations, but they

were deemed su�cient. These structures are sti� compared to the sheet metal frames,
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Figure 3.1 Model of the bending test frame, representing one fourth of the actual structure,
with the lateral symmetry region highlighted in red and longitudinal in blue. The green
arrows indicate the load points.

and they do not undergo large deformations. Thus their material parameters have

a relatively small e�ect on the overall behavior of the system. Linear isotropic

elastic material models were used for the steel load frames and L-pro�les, as well as

the wooden supports and ties. Load frames and L-pro�les used typical values for

structural steel. Exact material properties for the wooden parts was not known, and

approximate values for pine wood were used. As the lateral support to the frame was

seen as the most signi�cant contribution of the wooden parts, longitudinal elastic

parameters were seen as appropriate. Values used can be seen in Table 3.1.

Table 3.1 Material parameters for linear elastic materials used.

Material Elastic modulus E Poisson's ratio �
GPa

Structural steel 200 0.3
Pine wood 8 0.408
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Figure 3.2 Model of the shear test frame, representing 1/2 of the actual structure, with
the lateral symmetry region highlighted in red. The green arrow marks the load point.

3.3.1 Material for Termo purlin

Nominally the material used for the tested purlins was Ruukki's S350GD+Z, which

is a zinc coated structural sheet steel. The material model for FEM is derived from

material tests done as part of the TABASCO project. The test data used were those

from sample J000208, which corresponds to the PIR bending 1 test.

The material was implemented by using ANSYS multilinear isotropic hardening

model, from here on referred to as MISO. Elastic part is linear in MISO, requiring

two elastic parameters, in this case elastic modulus and Poisson's ratio. Elastic

Young's modulus of 197GPa was obtained from the test data for sample J000208,

and elastic Poisson's ratio was set to 0.3, a typical value for steel. The model uses

von Mises yield criterion, for which the plastic region is incompressible, resulting in

plastic Poisson's ratio of 0.5. Hardening is de�ned by a monotonic piecewise linear

continuous yield stress-plastic strain curve, which can be de�ned by arbitrary number

of points. [8]

For use in ANSYS the nominal stress-engineering strain data from the test is converted

into Cauchy stress-logarithmic strain form. Stress-strain curve so obtained does not
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represent true state of material points in the test specimen, as this would assume

uniform deformation, while the test specimen undergoes necking before failure. The

element and plasticity model combination chosen for the FEM analyses cannot

properly reproduce necking, and thus the curve must be modi�ed in order to avoid

unreasonable behavior at large strains. The problem was solved by adding arti�cial

strain hardening to the model so that necking criterion is not reached. Equation 3.1:

d�
�

= �
dA?

A?
; (3.1)

was used as the necking criterion, where� is a normal component of Cauchy stress in

uniaxial tension, andA? the corresponding area. This criterion means, that necking

will occur whenever the stressed area decreases faster than the material hardens. [2]

By arti�cially increasing the hardening, necking can be prevented. Model so obtained

should represent the material tested up to the point of necking, and overestimate

sti�ness from thereafter, while remaining stable and mesh-independent in analysis.

Figure 3.3 Nominal stress-engineering strain curves for J000208 test and tensile test
model.

Yield stress-plastic strain curve is illustrated in Figure 3.4, and strain curve and

strain component ratios can be seen in Figure 3.5.
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Figure 3.4 MISO material model yield stress-logarithmic plastic strain curve for
S350GD+Z steel.

The model was veri�ed by constructing a solid model of the test of the material

specimen in ANSYS, and modeling the tensile test using the material model obtained

above. Comparison between the test data for sample J000208 and the results of the

tensile test analysis can be seen in Figure 3.3. The process of creating this material

model is further detailed in Appendix A.

3.3.2 Material for PIR foam

No samples were taken from the PIR used in the tested panels. However, the density

of the foam was estimated to be in the order of 40kg=m3. While the mechanical

behavior of the foam can be estimated based on the density, there are numerous

other unknown factors that a�ect it, such as the interaction of the purlins with the

foam. Thus the uncertainties of a model based on solely on the density estimate

are large. PIR foam is also an anisotropic material due to directional nature of the

foam rise. An isotropic material model with constant parameters was chosen for this

study due to simplicity of implementation. This was seen as su�cient considering

the large degree of uncertainty in the material properties of the foam in general.

The analyses were run with two di�erent sets of material parameters for the foam in

order to bracket their e�ects.
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Figure 3.5 Cauchy stress-logarithmic strain curve and strain component ratio for
S350GD+Z MISO model.

The material was implemented using ANSYS bilinear isotropic hardening model.

This bilinear model has a linear elastic region with elastic modulusE, and a linear

plastic region with tangent modulusE t , with von Mises yield criterion at yield

strength � y . An elastoplastic model was chosen to help convergence in post buckling

scenarios; behavior in the plastic region had negligible e�ect on the load-displacement

behavior of the FEM models.

Two di�erent values for E, E t and � y were used, whileE t was one percent ofE for

all models. The values forE were chosen based on values seen in [4] and [11], taking

3 MPa as a reasonable lower value, and 6MPa as an upper one. Values for� y were

derived by assuming a yield strain of 0.3%. Elastic Poisson's ratio was set to 0.25 for
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all PIR models, while with the von Mises yield criterion the plastic Poisson's ratio is

0.5. Material parameters used are collected in Table 3.2.

Table 3.2 Material parameters for PIR.

Material Elastic modulus E Yield strength � y

MPa kPa

PIR upper limit 6 180
PIR lower limit 3 90

3.4 Meshing

Both quadratic and linear solid elements were tested in course of this research.

Initially the purlin was modeled with ANSYS SOLSH190 8-node brick element,

while accessory structures used the similar 8-node brick SOLID185. Ansys 8-node

brick elements use linear interpolation in each direction. SOLSH190 element di�ers

from SOLID185 mainly in that it has additional seven internal degrees of freedom

associated with incompatible modes. This makes the element resistant to locking

in bending dominated problems, and is as such more suitable for modeling of thin

structures [7]. However, they were still found to be excessively sti� for modeling

of the relatively thin sheet metal the purlin comprises of. Even with �ve elements

through thickness, SOLSH190 produced sti�er model than a coarser mesh with

two SOLID186 through thickness, and thus SOLID186 elements were used for all

later analyses. SOLID186 is a quadratic 20-node brick element, whose geometry is

illustrated in Figure 3.6. In the �nal model, all parts used SOLID186 elements.

Figure 3.6 ANSYS SOLID186 20-node structural solid element geometry.
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3.4.1 Mesh for Termo purlins

The thermal pro�les were the most signi�cant structural components of the system,

and thus most of the degrees of freedom of the model were committed to them.

Initial analyses were conducted with relatively coarse mesh, which was then re�ned

based on the results of the analyses. Especially �ne mesh was used on areas where

large strain gradients were expected, such as the areas near the connections between

C- and U-pro�les and areas near load points. All mesh types for the thermal pro�les

were meshed with SOLID186 quadratic 20-node solid elements using default key

options. Di�erent surface meshes for C-pro�les in bending models can be seen in

Figure 3.7. The coarse mesh used for shear model was largely identical to that used

for bending, and the �ne mesh was similarly re�ned in areas of large strain gradient.

Initial mesh for U-pro�le, illustrated in Figure 3.8, was deemed su�cient, and it was

not further re�ned.

Several analyses were run during the meshing process to aid in determination of

su�cient mesh �neness. Three force-displacement curves for bare bending model

with di�erent mesh types can be seen in Figure 3.10. Coarse mesh 1 and 2 used coarse

surface mesh with one and two elements through thickness, while the third analysis

used �ne surface mesh type with two elements through thickness. All analyses

discussed in Chapter 5 used the �ne surface mesh type seen in Figure 3.7, with two

divisions through thickness of the sheet metal of the pro�les.

3.4.2 Mesh for load frames and supports

Meshing the load frame and supports was fairly straightforward, as they are very

sti� relative to the purlins and foam. Thus while coarse mesh will make these parts

sti�er, the e�ect on the total compliance of the system will remain relatively low.

Mesh of the load frame was matched with that of the purlin in areas near contacts,

in order to ease convergence of the contact problem. The meshes at the supports

were similarly matched to the purlin's mesh.

3.4.3 Mesh for PIR

Mesh for PIR was matched to that of C- and U-pro�les near the contact areas, and

rapidly coarsened in proportion to distance. PIR is much less sti� than steel, and

thus it's direct e�ect on the results are minimal. However, it's sti�ening e�ect on

the web of the thermal pro�les can be much more signi�cant, and as such the mesh

near the pro�les must not be arti�cially sti�ened using too coarse mesh.
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Figure 3.7 The bending model and details for two surface mesh types tested for the
C-pro�le.

3.5 Boundary conditions, contacts and connections

Simple supports described in Chapter 2 were modeled by setting the displacements

to zero at the bottom surfaces of the support bodies. Symmetries were modeled

by setting displacements normal to symmetry surfaces to zero. It should be noted

that utilization of symmetries in this way can sti�en the model. Contact between
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Figure 3.8 Surface mesh used for the U-pro�le.

Figure 3.9 Mesh at the upper contact area between C- and U-pro�les, with connector
attachment area marked in red. The surface meshes are identical on both sides.

these bodies and the U-pro�les were modeled as frictional nonlinear contacts. In

shear tests the support body was also connected to the U-pro�le via beam-type

connectors, representing screws, that were attached to the bodies by deformable

remote points. Gravity was applied as acceleration on a preliminary step before

loading proper. Loading was applied as forced displacements on the load frame,

simulating the e�ect of the hydraulic jacks on the test setup. In bending test there

are two load points, and the loading was applied to them via a remote point. The
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Figure 3.10 E�ects of mesh on bending analysis without PIR.

remote point is located on the lateral symmetry plane between the load points. The

remote point is coupled to the load points in such a way that it's displacements are

the average of the displacements of the load points, and any load applied to the

remote point is divided equally between the load points. This setup simulates the

behavior of the longitudinal beams of the load structure in the OISD bending tests.

Models are illustrated in Figures 3.1 and 3.2. Lateral and longitudinal symmetry

regions are highlighted in red and blue respectively.

All frictional contacts used augmented Lagrange formulation with friction coe�cient

of 0.2. Upper limit of 0.2 for friction coe�cient was recommended for optimal

convergence by ANSYS manual. This is value is lower than what would be expected

for real life scenarios, but this was not seen as a problem. All relevant contacts with

large tangential forces were also connected with beam-type connections, the combined

e�ect of friction and connectors was su�cient to prevent any major slipping.

3.6 Initial imperfections

Several types of imperfections were tested, it was noted that these type of problems are

not particularly sensitive to imperfections of reasonable size. While some imperfection
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types did alter the load path and lowered the maximum load carrying capacity, none

changed the actual failure mode in any of the analyses. This relative insensitivity to

imperfections is likely due to the inherent asymmetry of the systems tested; load

and support forces are not aligned with either the centroid nor the shear center of

the C-pro�le. The loading tends to twist the pro�le in addition to bending it. Due

to this asymmetry, structural forces dominate over e�ects of small imperfections.

Ultimate failure modes for PIR-supported structures involved large plastic strain,

and were not elastic buckling related.

Figure 3.11 Various imperfection types for C-pro�le in bending models.

Maximum amplitude for imperfections tested was 0.4 times the thickness of the

thermal pro�le, as recommended in [12] for local imperfections, which is 0.378mm

for the 0.944mm thick C-pro�le. Various imperfection types used for the C-pro�le

web in bending tests are illustrated in Figure 3.11. Imperfections can a�ect the

analysis in varied ways. The e�ects of the imperfections from Figure 3.11 on the

load-displacement behavior of the bending models are illustrated in Figures 3.12

and 3.13.
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Figure 3.12 E�ects of the imperfections seen in Figure 3.11 on load-displacement curves
for bare bending models.

No objective way to determine a proper imperfection was found. This presents a

danger, where the models could be �ne-tuned to match the observed results from the

physical tests by using chosen imperfections. Analyses with such �ne-tuned model

could produce apparently good results, while having little scienti�c value. Thus no

imperfections were used in the �nal analyses.
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Figure 3.13 A more detailed look at the curves of Figure 3.12 near failure points.
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4. ANALYTICAL MODEL

The thermal pro�le can be thought to consist of three distinct parts: the thermally

broken web, and the two roughly L-shaped subpro�les that make up the unbroken

top and bottom parts of the pro�le. The thermally broken web is considered to be

the 102mm high portion from the middle of the thermal pro�le, as seen in Figure 1.1.

The upper subpro�le is illustrated in Figure 4.1; details of this �gure are discussed in

the following paragraph. The bottom subpro�le is mirror symmetric with the upper

one, and thus has identical relevant parameters.

Shear sti�ness of the thermally broken web is much less than that of the unbroken

areas. The L-shaped subpro�les have relatively large bending sti�ness, while the

bending sti�ness of the thermally broken web is assumed to be small enough to be

ignored. In Figure 4.1 principal sti�ness coordinate axes� and � are illustrated,

coinciding at the centroid. The location of the centroid measured from the upper

surface isy0, and s is a path coordinate along the pro�le centerline. The location of

the shear centerSC is marked with a � . Axes y and z mark the directions relevant

to our load case, with loading being collinear withz, causing bending moment around

y. The principal axes do not coincide with axesy and z, nor does the shear center

coincide with the centroid. Thus when loaded on its own with a loading collinear to

y, a pro�le like this would undergo either lateral movement or torsion, or both. This

helps to explain the large di�erence between the results of the bare and PIR-in�lled

tests; the PIR restricts these lateral and torsional deformations. In this analytical

approach, the PIR is assumed to render lateral and torsional e�ects negligible, and

the thermally broken web is assumed to restrict the relative axial movement of the

subpro�les with its shear sti�ness. This type of composite pro�le can be modelled as

a thick-skinned sandwich beam, as detailed in the next section.

4.1 Thick-skinned sandwich beam model

The thick-skinned sandwich beam model used here is formulated as shown in [10],

with slight modi�cations for additional clarity in this use case. The model is linear

in both geometric and material sense. In the model the pro�le of the beam is divided

into two layers, top and bottom. These layers are essentially E-B beams one upon

the other. The layers have equal vertical displacement, and their relative axial
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Figure 4.1 Upper subpro�le of the LPT-C225.

displacement is restricted by the shear sti�ness of the core. Setting the shear sti�ness

of the core to in�nity would result in behavior identical to an E-B beam with the

layers bending together as a single cross section. Setting the core sti�ness to zero

would result in bending sti�ness equal to the sum of the layers. In this study the

layer bending sti�ness comes from the subpro�les, while the core shear sti�ness

comes from the thermally broken web. The sandwich beam geometry and force

quantities are illustrated in Figure 4.2, and displacement quantities in Figure 4.3.

The derivation of the di�erential equation can be found in [10], and the most relevant

aspects will be discussed in the following paragraphs.

The total shear forceQ consists of the combined shear forces of the layers:

Q = Q1 + Q2; (4.1)

where Q1 and Q2 are the shear forces of the top and bottom layers respectively.

Shear forces of the layers are:

Qi =
dM i

dx
+ qci ; (4.2)

whereM i is the layer bending moment, andx the axial coordinate. Theci is the

distance from the centroid of subpro�lei to the center of the core, which in a

symmetric case is equal to half of the distance between subpro�le centroidsc. The
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Figure 4.2 Sandwich beam geometry and force quantities. [10]

Figure 4.3 Sandwich beam displacement quantities. [10]

�rst term is as in an E-B beam, while the latter term represents the contribution of

the shear �ux. Note that these shear forces are distinct from the shear forces of the

subpro�les, which are:
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Qpi =
dM i

dx
+ q(ci �

1
2

d); (4.3)

whered is the height of the thermally broken area. The total bending momentM

can be derived from the bending moments of the layers, and the moment from the

top layer axial forceN1:

M = M 1 + M 2 � N1c; (4.4)

Moments for the layers are as those of an E-B beam:

M i = � EI i
d2w
dx2

; (4.5)

wherew is the vertical displacement of the sandwich beam, referred hereafter simply

as displacement. Subpro�le bending moments are equal to those of the layers, as the

core carries no bending moment. The di�erential equation for the normal forceN1

can be obtained from the axial balance of the top layer:

dN1

dx
= � q: (4.6)

Here the shear �ux q is:

q = K � u; (4.7)

whereK is the shear sti�ness parameter of the core, and� u is the shear component

of the relative axial displacement of the layers. The latter can be expressed as:

� u = u2 � u1 +
dw
dx

c; (4.8)

whereu2 and u1 are the axial displacements of the layers. Assuming the relation

between bending moment and curvature from the Equation 4.5 for the outer layer

bending momentsM 1 and M 2 in Equation 4.4, we get:

M = � (EI 1 + EI 2)
d2w
dx2

� N1c: (4.9)
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EI 1 and EI 2 are the �exural rigidities of the outer layers, whilec is the distance

between centroids of the layers.N1 is the normal force of the top layer.

From the axial balance of the top layer, and the compatibility of axial displacements

in Figure 4.3, we can eventually obtain a di�erential equation tying together the

total bending moment and the normal force of the top layer:

d2N1

dx2
� � 2N1 � �M = 0; (4.10)

where parameters� and � are:

� 2 = (
EA 1 + EA 2

EA 1EA 2
+

c2

EI 1 + EI 2
)K;

� =
c

EI 1 + EI 2
K:

(4.11)

By combining equations 4.9 and 4.10 we can obtain the di�erential equation for the

displacement of the sandwich beam:

d4w
dx4

� � 2 d2w
dx2

� � 2 M
EI

+
1

EI 1 + EI 2

d2M
dx2

= 0; (4.12)

whereEI is the total bending sti�ness of the sandwich beam:

EI = EI 1 + EI 2 +
EA 1EA 2

EA 1 + EA 2
c2; (4.13)

The Equation 4.12 can be used to conveniently solve the displacement curve if the

bending moment is known. If a higher degree equation is desired, the following

relation:

d2M
dx2

= � p; (4.14)

can be used by inserting it to the 4th degree di�erential equation 4.12 and di�erenti-

ating two times. Thus the 6th degree di�erential equation can be obtained:



4.1. Thick-skinned sandwich beam model 36

d6w
dx6

� � 2 d4w
dx4

+ � 2 p
EI

�
1

EI 1 + EI 2

d2p
dx2

= 0: (4.15)

As implemented here for the PIR-�lled Termo pro�le panel, this analytical model

does not explicitly take into account the e�ects of the PIR foam. The PIR is simply

assumed to support the steel pro�le; preventing lateral displacement, torsional

e�ects, and any sti�ness reducing local buckling. The shear sti�ness comes from the

perforated web. This is in contrast to foam-core sandwich panels, where the foam

provides the shear sti�ness.

4.1.1 Boundary conditions

In order to solve the displacements, a number of boundary conditions are needed.

Both the bending and shear problems were solved using the 4th degree di�erential

equation 4.12; while the shear problem is hyperstatic, the support force for the left

hand support was treated as a variable.

For the bending problem symmetry at the midpoint was utilized. The displacement

and the bending moment of the layers are assumed to be zero at the left support.

Due to symmetry, rotation and shear force of the layers were assumed to be zero at

midpoint. Thus the boundary conditions are:

w(0) = 0 ;

d2

dx2
w(0) = 0 ;

d
dx

w(
1
2

L) = 0 ;

d3

dx3
w(

1
2

L) = 0 ;

(4.16)

when expressed withw and its derivatives. The axial coordinatex runs from the left

support as in Figure 2.3.

For the shear problem, the displacement and the bending moment of the layers are

also assumed to be zero at the left support. Displacement is likewise assumed zero

at the right support, and bending moment of the layers is assumed zero at the free

end at right. Expressed withw and its derivatives, the boundary conditions for the

shear problem are:
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w(0) = 0 ;

d2

dx2
w(0) = 0 ;

w(
5
6

L) = 0 ;

d2

dx2
w( FL ) = 0 :

(4.17)

The boundary conditions for the left support are less sti� than what Figure 2.6

would imply. This is because the support forces are transmitted from the U-pro�le

to the C-pro�le via single screws at top and bottom. Such connection was deemed

insu�ciently sti� to transmit a meaningful amount of bending moment, and thus the

bending moment is assumed to be zero. This decision was supported by the results

of the FEM analyses.

4.2 Material parameters and cross section quantities

Elastic modulus for the purlin isE = 197GPa. The value is derived from material

test data for sample J000208, as in the FEM model. Using method described in

[3], the e�ective shear modulus of the thermally broken web was determined to be

6.08150GPa. The shear modulus parameter can be expressed as:

K = b
G
d

; (4.18)

whereb is the nominal thickness of the web, andd is the height of the thermally

broken area. For 0.944mm thick web this results in value of 57.9893MPa for K .

In order to use the sandwich model for the thermal pro�le, we need to calculate

associated cross section quantities. In the case of the 0.944mm thick LPT-C pro�le

used in the FEM models, the relevant quantities for the subpro�les are equal. The

quantities for subpro�les can be seen in Table 4.1.

Using these cross section quantities and material parameters, the other terms required

for the solution of the di�erential equations can be calculated.
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Table 4.1 Cross section quantities.

Quantity Symbol Value

Second moment of area I i 4:28402� 104 mm4

Cross section area A i 116:396 mm2

Location of the centroid z0i 16:4324 mm:

4.2.1 Solution process

The system of di�erential equations was solved using MATLAB software Symbolic

Math Toolbox. Sample solution script for the bending test setup can be seen at

Appendix C. Force quantities derived from the solution can be seen in Figure 4.4

Figure 4.4 Sandwich beam force quantities for the bending test setup.

Solution for the shear test can be obtained by modifying the script accordingly.

Solved force quantities for the shear test setup are shown in Figure 4.5.

4.3 Stresses

Being open sheet metal pro�les, the top and bottom subpro�les can be treated as

thin cross sections. It is assumed that stresses are constant through thicknesst. As

the subpro�les act essentially like E-B beams, their stress state can be handled as

such. Axial stresses for each subpro�le can be derived from the equation:

� x (x; s) =
M i

I i
zi (s) +

N i

A i
; (4.19)
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Figure 4.5 Sandwich beam force quantities for the shear test setup.

wherezi (s) is the vertical coordinate from the centroid of the subpro�lei expressed

as a function ofs. By assigning the bending moment from Equation 4.5, the following

equation can be obtained:

� x (x; s) = � E
d2w
dx2

zi (s) +
N i

A i
: (4.20)

Figure 4.6 Pro�le stress element.

Axial and shear stresses for a thin pro�le E-B beam are coupled by the following

equation:
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d� xs

ds
+

d� x

dx
= 0; (4.21)

derivation of which is shown in Appendix B. Assigning the axial stress from Equa-

tion 4.20 into Equation 4.21, the shear stress at an arbitrary points can be obtained

by integral:

� xs (x; s) =
Z s

s0

�
E

d3w
dx3

zi (s) +
q
A i

�
ds; (4.22)

wheres0 is a point where shear stress is know to be zero, such as a free edge. The

choice of positive direction ofs determines the sign of the� xs . If s is chosen to be

positive from the free edge of the upper subpro�le as shown in Figure 4.1, the� xs

will be positive when the shear force of the subpro�le in question is positive.
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5. ANALYSIS RESULTS

In this chapter, �rst the validity of the FEM analyses is examined in relation to

the OISD test. Then the numerical results of the FEM model are compared to the

predictions of the analytical model.

5.1 Results of the FEM analyses

In this section results of the FEM analyses are compared to the results of the OISD

tests. OISD data in the graphs is truncated to the �rst signi�cant loss of capacity.

Full graphs can be reviewed back in Chapter 2. In the sti�ness-load curves the

sti�ness is de�ned as change in load per change in displacement; measured from the

load jack in the case of the OISD tests, and from the load point for FEM analyses.

All FEM data presented in following graphs is from analyses with no imperfections,

due to reasoning presented in Section 3.6.

5.1.1 Results for bare frames in bending

The load-displacement behavior of the FEM model for the bare frame in bending

is well in line with the OISD test results, as apparent in the curves in Figure 5.1.

Maximum load in the FEM analysis was 16.75kN, compared to 15.49kN and

16.41kN in OISD tests Bare1R and Bare2 respectively. Thus FEM gave 8.14 %

and 2.08 % higher maximum loads correspondingly. As seen in Figure 5.2, the FEM

model exhibited much higher sti�ness than the tests at low load values, while being

only slightly sti�er at load values near failure.
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Figure 5.1 Load-displacement curves for bare frame bending tests from an FEM analysis
and OISD tests.

Figure 5.2 Sti�ness-load curves for bare frame bending tests from an FEM analysis and
OISD tests.

Failure mode in the FEM analysis involved shear bucking of the web between the

outer load point and support, as well as lateral movement of the upper subpro�le. It

would appear that the ultimate loss of capacity occurred due to the upper subpro�le
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shifting and twisting under the outer load point, which was instigated by the shear

buckling of the web. The deformed model is illustrated in Figure 5.3. The buckled

web would transfer less load from the upper subpro�le to the lower subpro�le, leading

to increased stress on the upper subpro�le under the load point. The shear failure of

the web would appear to correspond to the failures of the OISD test frames.

Figure 5.3 Deformed shape of the FEM bending bare model between the left support and
the leftmost load point immediately after loss of capacity, at load value of of 14.43kN and
23.63 mm displacement. The L-pro�les are hidden.

5.1.2 Results for bare frames in shear

In analysis of the bare frame in shear, the ultimate loss of capacity occurred at

much higher force and displacement than in the OISD tests. The FEM result load-

displacement curve can be seen in Figure 5.4 alongside the corresponding OISD test

data. In the FEM model the failure occurred at load of 7.533kN, which is 2.03 times

the maximum load of 3.717kN in the Bare1 test, and 1.82 times the 4.15kN in the

Bare2 test.
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Figure 5.4 Load-displacement curves for bare frame shear tests from an FEM analysis
and OISD tests.

Figure 5.5 Sti�ness-load curves for bare frame shear tests from an FEM analysis and
OISD tests.

The deformation of the web in the analysis after the �rst stability event seen in

Figure 5.6 looks outwardly similar to the apparent failure mode in the OISD test

seen in Figure 2.14. In the FEM model, while the event produced a dip in the

load-displacement curve, the model recovered, and ultimately lost load carrying
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capacity only after nearly complete plasticization of the upper subpro�les of the U-

and C-pro�les around their connection point at the left support. Maximum load

corresponding to this �rst stability event in the FEM model was 4.500kN. This

is 21.1 % and 22.7 % higher than the loads of 3.717kN and 3.668kN at the �rst

stability events of OISD shear tests Bare1 and Bare2 respectively. The stability

event for the OISD tests refers to the dips in force curves in phase B as discussed in

Subsection 2.3.5.

Figure 5.6 Deformation of the web of the FEM shear bare model between the left support
and the load point, at load value of of 4.438kN and 17.95mm displacement.

This analysis was also run with several di�erent types imperfections described in

Section 3.6, but they did not markedly alter the results. The maximum load was

reduced at most by 14 % compared to the model with no imperfections. Without more

accurate information of the behavior of the test setups, it is di�cult to determine

why the FEM model predicts so much higher load carrying capacity. It is possible

that the boundary conditions used were too restrictive, the symmetry condition

being one possible factor.

Overall the FEM model showed similar but consistently higher sti�ness behavior

compared to bare frame shear test results, as seen in Figure 5.5. The curve for FEM

analysis is only up to the �rst stability event.
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5.1.3 Results for PIR-in�lled frames in bending

FEM analyses replicated the results of the OISD shear tests with PIR quite well,

as illustrated in Figure 5.7. Both FEM models underestimated the failure loads of

OISD tests, the model with upper limit PIR by 2.55 % and 4.50 %, and the model

with lower limit PIR by 11.1 % and 12.9 %, for OISD test bending PIR1 and bending

PIR2 respectively.

Figure 5.7 Load-displacement curves for PIR-in�lled frame bending tests from FEM
analyses and OISD tests.

Failure mode in both of the FEM models was buckling of the upper subpro�le under

the inner load point, which is the rightmost load point in the model with symmetry,

as illustrated in Figure 5.8. This mode is similar to the buckling of the upper

subpro�le observed in all OISD tests with PIR, an instance of which is illustrated in

Figure 2.10. There was negligible plastic strains in the failure area before the failure,

while after the failure the upper subpro�le was completely plasticized under the

load point, with plastic strains of 0.4 % to 4 % across the cross section. As growth

of plastic strains was seen only past the point of maximum load, the buckling was

judged to elastic in nature.
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Figure 5.8 Buckled upper subpro�le of the FEM bending upper limit PIR model, with
shadow of the load structure visible, and the foam hidden.

Sti�ness behavior of the FEM models closely follows that of the OISD test data, as

seen in Figure 5.9.

Figure 5.9 Sti�ness-load curves for PIR-in�l led frame bending tests from FEM analyses
and OISD tests.
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5.1.4 Results for PIR-in�lled frames in shear

The FEM analyses for the PIR-in�lled frames in shear did not reproduce the sudden

failure observed in OISD tests. The FEM models instead lost their load-bearing

capacity gradually, as can be seen from the load-displacement in Figure 5.10. Failure

mode in both of the FEM models was visually similar to that of the bending test,

illustrated in Figure 5.8. However, in the shear analyses the cross section plasticized

gradually, so this failure mode is deemed to be plastic rather than elastic buckling.

Figure 5.10 Load-displacement curves for PIR-in�lled frame shear tests from FEM
analyses and OISD tests.

Sti�ness behavior seen in the OISD test data is well replicated by the FEM model

with lower limit PIR, as seen in Figure 5.11, until the sudden failure seen in the tests.

The model with upper limit PIR signi�cantly exaggerates the sti�ness.
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Figure 5.11 Sti�ness-load curves for PIR-in�lled frame shear tests from FEM analyses
and OISD tests.

5.2 Comparison of analytical and numerical models

In this section the results of the numerical models of the PIR tests are compared with

the predictions of the analytical model. The bare frames are not discussed here, as

the analytical model is not expected to predict their behavior well. The di�erential

equations of the analytical model were solved with Matlab symbolic toolbox. A

sample solution script can be seen in Appendix C. The numerical (FEM) model was

solved using ANSYS software, as detailed in Chapter 3.

Data from FEM models were taken as delta values, that is the change in the quantity

for a given change in load. This was done to disregard the e�ects of gravity, as well

as any looseness in connections and contacts. Thus the FEM model displacements

presented are of the form� w(� F ) = w(F2) � w(F1), where� F = F2 � F1. Axial

stresses� � , as well as shear stresses� � , were treated similarly. The values forF1

and F2 depend on the model, and are chosen so that the loading is substantial, but

the subpro�les are not yet plasticized signi�cantly. The values used can be seen in

Table 5.1. These values roughly represent the load phases AB seen in Figure 2.13

for the PIR bending analyses, and A seen in Figure 2.18 for the PIR shear. The

analytical model is itself linear, thus the total loads are simply equal to� F . OISD

test data was treated similarly where applicable.

Some di�erences between the analytical and numerical models arise from the inherent

di�erences in their implementation. In the analytical model the displacement and its
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Table 5.1 Delta values for loading used for FEM results.

Model type F1 F2 � F
PIR bending 1 kN 11 kN 10 kN
PIR shear 2 kN 12 kN 10 kN

derivatives are identical for the bottom and top layers, and thus boundary conditions

are also identical. No such restriction exist in the numerical model. In the analytical

model load and support forces act equally through the centroids of both subpro�les;

while in the numerical model load forces act on the top surface of the upper subpro�le,

and support forces on the bottom surface of the lower subpro�le.

The x-axes in all graphs have their origin at the left hand support. Graphs for

bending tests show only the left half of the model due to symmetry. While the shear

test setup is not symmetric, only the data for the left half of the model is displayed

in most graphs. This is due to the nature of the test setup: the most interesting

area is between the left support and the load point, where the largest curvatures and

shear forces occur. Results were taken at 12.5mm intervals along the x-axes.

5.2.1 Displacement

Displacement curves are the primary results of solving the di�erential equations of

the analytical model. From the FEM models the displacements of the subpro�les

were measured from the centerline at centroid height. Displacement data is shifted

so as to render displacements at the middle of the supports zero for each subpro�le.

This is done in order to discard the vertical compression of the supports and the

panel in the FEM model, e�ects which are not described by the analytical model.

Thus the relative displacements appear larger in the lower subpro�le than in the

upper subpro�le, as the compression of the panel is omitted.

In the case of the bending PIR tests there is OISD data to compare, measured

from the bottom of the panel at the outer supports and mid-panel. Comparison of

displacement curves for the bending test can be seen in Figure 5.12. It can be seen

that the FEM model with upper limit PIR agrees better with the analytical model

and OISD tests than the lower limit model.
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Figure 5.12 Relative displacements at centroid height for PIR bending.

Figure 5.13 Relative displacements at centroid height for PIR shear.

The upper limit PIR FEM model agrees better with the analytical model also in the
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case of the shear PIR test, as can be seen in in Figure 5.13. Displacements were not

measured for the OISD shear tests.

5.2.2 Force quantities

Values in these graphs are for a single thermal pro�le, and its subpro�les. For the

analytical model these quantities were calculated using the solutions of the di�erential

equations as shown in Chapter 4. From the numerical models the quantities were

extracted using ANSYS post processing tools.

From the total bending moment graphs in Figure 5.14 it can be seen that the

boundary conditions for the analytical and numerical models correspond well for the

bending test setup.

Figure 5.14 Total bending moments for PIR bending.

There is some disparity at the left hand support in the models of the shear test, as

can be seen in Figure 5.14. In the analytical model the left hand support has zero

rotational sti�ness, an thus has no moment reaction, while in the FEM model the

support carries some bending moment.

Figure 5.15 Total bending moments for PIR shear.
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In case of the normal forces of the subpro�les, the models agree well in both shear

and bending, as evident in Figures 5.16 and 5.17. Some oscillation is evident in the

ANSYS result graphs, due to the periodic nature of the perforated web.

Figure 5.16 Subpro�le normal forces for PIR bending.

Figure 5.17 Subpro�le normal forces for PIR shear.
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Large discrepancies between the shear forces carried by the upper and lower subpro�les

in the FEM models were observed in both the bending and shear test setups, as

evident in Figures 5.18 and 5.19. In the models of both setups the lower subpro�les

carry a larger fraction of the shear forces imparted by the supports, while the opposite

is true for the load forces, as explained in Section 5.2.

Figure 5.18 Subpro�le shear forces for PIR bending.

Note that some of the total shear force is carried by the web and the PIR foam. In

the lower limit PIR models more force is carried by the lower subpro�les than in the

upper limit PIR models. This is because the less sti� foam carries less shear force by
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itself, and also has less of a sti�ening e�ect on the web, causing the web to also carry

a smaller fraction of the total shear force. The average shear force curves are in good

agreement, di�ering mainly in the way forces are applied; in the FEM models loads

and supports a�ect the beam over a �nite area, and thus their e�ect is distributed

over a certain length of the beam, while in the analytical model the forces are point

like.

Figure 5.19 Subpro�le shear forces for PIR shear.

As could be deduced from the shear moment graphs, the ANSYS models show large

di�erences between the upper and lower subpro�les, with notable oscillations due
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to the perforated web. The subpro�le bending moment graphs are illustrated in

Figures 5.20 and 5.21.

Figure 5.20 Subpro�le bending moments for PIR bending.

The subpro�le bending moments are a small fraction of the total bending moments,

and thus their contribution to the normal stresses of the subpro�les is relatively

small as well.
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Figure 5.21 Subpro�le bending moments for PIR shear.

As seen in the above graphs, the analytical model cannot adequately describe the

distribution of force quantities between the subpro�les of the PIR foam supported

thermal pro�le panels studied here. The main issue appears to be that the foam and

the web lack su�cient vertical sti�ness to distribute load and support forces between

the subpro�les evenly.
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6. CONCLUSIONS

In this study the behavior or PIR foam supported thermally broken sheet metal

pro�les was modelled using analytical and numerical methods. The models were

based on the setups of tests done as part of the TABASCO project [1]. Test setups

considered were six point bending, and shear test. Results of the tests were compared

to the results of the models to ensure reasonable behavior of the latter.

The numerical models were based on FEM, and created using ANSYS Workbench

software using solid elements. Loading was applied as forced displacements simu-

lating the hydraulic jacks used in the tests. The models were nonlinear; with large

deformations, contacts, and elasto-plastic materials. Material model for steel was

isotropic with linear elasticity and multilinear von Mises plasticity, with parameters

based on material test results. For PIR foam a linear elastic, linear von Mises

plastic model was used, with parameters estimated basing on literary sources. Use of

imperfections was considered, and ultimately rejected; because of the relatively small

e�ect on results, and the di�culty of objectively choosing imperfections shape due

to the complex geometry. FEM analyses were run with and without the supporting

PIR foam.

Thick-skinned sandwich beam model was used for analytical treatment of the PIR

supported pro�les. This model was linear in both geometric and material sense.

Elastic behavior of the PIR foam was disregarded in the analytical model. The foam

was only assumed to support the pro�le against buckling su�ciently for the pro�le to

behave according to the linear beam theory. According to the tests, the bare pro�le

without PIR was much less sti� than what the linear theory would predict.

The FEM-analyses replicate the test results reasonably well. For the studied load

cases the thick-skinned sandwich beam is a good analytical model for the global

behavior of the PIR supported thermal pro�les in the linear region, accounting for

the di�erences in boundary conditions. However, there is notable disagreement on

the subpro�le level.
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6.1 Future research

This study was of limited scope into a complicated subject matter. Regarding the

supporting e�ect of elastic foam on thermal pro�les, a number of potential topics for

future research arose:

ˆ E�ect of exact geometry and sheet metal thickness of the pro�le.

ˆ Mechanical properties required of the foam in order to provide support.

ˆ Supporting e�ect was considered only for two load cases, bending and shear.

ˆ Long term durability of the combined structure.

ˆ Applicability of the thick-skinned sandwich beam model for PIR foam supported

thermal pro�le.

This study focused on a single type of thermal pro�le, a single type of PIR foam,

and two load cases. Topics of further study could be for example the e�ect of sheet

metal thickness on the supporting e�ect of PIR; a pro�le made of thinner steel would

be more susceptible to buckling, and thus would require more support from the PIR

foam. Only a limited range of sti�nesses for the supporting foam was considered.

Lighter foam is less sti�, and thus provides less support. However, lighter foam also

uses less material, and has favorable thermal properties. How light can the foam

be while still having su�cient mechanical properties to provide meaningful support

for web? The numerical results of this study would suggest that the foam could be

lighter than what was considered here. Di�erent pro�le geometries could also alter

the requirements for the foam properties.

Only two load cases were considered here. How the foam a�ects the pro�le in for

example torsional or normal force loading should be considered separately.

The C-pro�le studied is mostly used without foam support. Changing the pro�le

geometry could greatly a�ect the combined behavior of the combined structure for

steel and foam. The foam supported pro�le can carry much larger loads than the

bare pro�le. Thus, at capacity, much larger stresses arise in the supported pro�le.

This could be of concern regarding the long term durability. Particularly, the large

stresses around the sharp corners of the slotting of the web seems like an astute topic

for further study.
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Long term durability of the foam should also be considered. However, foam core

sandwich panels are proven concept, and the use case of this paper is potentially less

demanding for the foam, as the foam does not directly carry structural loads.

The thick-skinned sandwich beam model shows promise in describing the global

behavior of the PIR foam supported thermal pro�le panel. However, it does not ade-

quately describe the distribution of internal force quantities of the structure. Either

the structure of the panel must be modi�ed to better conform to the assumptions of

the analytical model, or the analytical model must be supplanted with additional

tools for analysis of the asymmetric application of forces. The former could be

potentially achieved by adding vertical sti�ening to the panels near load an support

points. In any case, further study is needed.
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APPENDIX A: IMPLEMENTATION OF MATERIAL

MODEL FOR TERMO PURLIN

Material tests were conducted as part of OISD test for the Termo purlin material.

In order to be used in ANSYS analyses, test data must be processed to suit the

chosen ANSYS material model, multilinear isotropic hardening (MISO). This material

model has linear elasticity, requiring two elastic parameters; and multilinear plasticity,

requiring a piecewise linear stress-plastic strain curve. For the elastic parameters,

value for elastic modulusE is obtained from the test data, and 0.3 is used for the

elastic Poisson's ratio� e, which is a typical value for steel. The model operates with

Cauchy stress and logarithmic strain. Thus to obtain the stress-plastic strain curve,

nominal stress-engineering strain data from the tests must be converted applicably.

The logarithmic strain must then be separated into elastic and plastic components.

Interpreting the test results as uniform uniaxial tension, converting from engineering

strain "eng to logarithmic strain " is straightforward:

" = ln(1 + "eng); (A.1)

The plastic strain component"p can be obtained from" by subtracting the elastic

component"e:

"p = " � "e: (A.2)

The Cauchy stress and elastic strain are coupled by the equation:

� = "eE: (A.3)

The relation between nominal stress� nom and � is determined by transverse strains

"? :
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� = � nom e� 2" ? ; (A.4)

where the term� 2"? represents the proportional change in transverse areaA? . The

MISO model uses von Mises yield criterion, and thus the plastic �ow is volume

preserving. This means that e�ective plastic Poisson's ratio� p is 0.5. As the elastic

and plastic Poisson's ratios are di�erent, the transverse strain also has distinct elastic

and plastic components:

"? = � (� e"e + � p"p): (A.5)

Combining equations A.3, A.1 and A.5, and inserting them to Equation A.4 yields:

"eE = � nom e2(� e" e+ � p (" � " e)) : (A.6)

This can be further manipulated into:

!" ee!" e = �; (A.7)

where! and � are:

! = 2( � e � � p);

� = !
� nom e2"� p

E
:

(A.8)

Real solution for !" e from Equation A.7 is known as the principal branch Lambert

W function W0(� ), which has no closed-form expression, but can be evaluated numer-

ically. As ! and � contain only known quantities, with Equation A.7 corresponding

values for"e, "p and � can be calculated for an arbitrary (� nom ,"eng) point in the

test data.

Calculating "p from a set of test data for a steel sample yields the �rst curve on

Figure A.1. This curve is not directly usable with ANSYS MISO material model, as

it violates the necking criterion:
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d�
�

= �
dA?

A?
; (A.9)

and would result in an unstable and mesh dependent model.

Interpreting the Equation A.9 for discrete data in a midpoint sense results in the

equation:

� � i
1
2(� i � 1 + � i )

= �
� A? i

1
2(A? i � 1 + A? i )

; (A.10)

which can be used to identify the point when the model begins to violate the necking

criterion. To obtain a stable model, the plastic strain curve is modi�ed by additional

hardening, so as to not violate the criterion. This is achieved by setting the change

of cross sectional area for a given change in stress state to what is mandated by the

equation A.10, and then calculating the required value for the plastic strain. This

yield the second curve on Figure A.1, where the point where the two curves diverge

is marked with a circle.

Figure A.1 Cauchy stress-logarithmic plastic strain curves. Last stable point of the raw
curve is marked with a circle, the point from which on the two curves diverge.
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In order to verify that the material model functions as intended, a FEM analysis is

run with a setup approximating the tensile test from which the original test data is

obtained. Dimensions of the test setup can be seen in Figure A.2.

Figure A.2 Dimensions of the �at tensile test specimen model, approximating those of a
20x80 mm test piece from ISO 6892-1 Annex D

The analysis was run with ANSYS Static Structural with force displacement loading.

Several di�erent mesh densities of SOLID186 20-node brick elements were tested,

with edge lengths varying from 2.5mm to 0.625mm. There was negligible mesh

dependence, and the analysis agreed with the results of the original tensile test

up until the additional hardening started to in�uence the results of the analysis.

Nominal stress-engineering strain curves for the data from the test and analysis can

be seen in Figure A.3.

Figure A.3 Comparison of (� nom ,"eng) curves of the tensile test and FEM analysis of the
test.
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APPENDIX B: RELATION OF SHEAR AND

NORMAL STRESS IN OPEN THIN CROSS

SECTION

Figure B.1 An arbitrary thin cross section and pro�le, with centroid marked with �

Let there be a straight beam with an arbitrary open thin cross section pro�le of

constant thickness. Such pro�le can be described by a single path coordinates tracing

the centerline, as seen in Figure B.1. The pro�le is considered to behave according

to Euler-Bernoulli beam theory, though stresses are assumed to be constant through

thickness due to the pro�le being thin. Torsional e�ects are ignored. The pro�le is

assumed not to distort, and stresses in the plane of the cross section are assumed to

be zero. Thus the only stresses present are bending induced normal stresses� x and

shear stresses� sx , which are illustrated on a stress element in Figure B.2. Herex is

a coordinate in the axial direction of the beam, and� a coordinate in the thickness

direction.
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Figure B.2 Stress element for a point in thin pro�le.

Let us take an in�nitesimal stress element from the pro�le at a point away from any

boundaries. The element can be seen in Figure B.3:

Figure B.3 A dx by ds in�nitesimal stress element viewed from direction � .

Calculating the equilibrium for the element inx direction we get:

d� xds+ d� xsdx = 0; (B.1)

which can be expressed as:

d� xs

ds
+

d� x

dx
= 0: (B.2)
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APPENDIX C: MATLAB SCRIPT FOR SOLVING

SANDWICH BEAM DISPLACEMENT

%this script will solve the differential equations of displacement
%for the bending test

clc; clear variables; close all; disp( ' initializing ' )

% displacements piecewise, utilizing symmetry
syms w1(x) % area 1, from left support to first load point
syms w2(x) % area 2, from first load point to second
syms w3(x) % area 3, from second load point to the middle point
syms x real

Dw1(x) = diff(w1, x); % derivatives of displacements
D2w1(x) = diff(w1, x, 2);
D3w1(x) = diff(w1, x, 3);
Dw2(x) = diff(w2, x);
D2w2(x) = diff(w2, x, 2);
D3w2(x) = diff(w2, x, 3);
Dw3(x) = diff(w3, x);
D2w3(x) = diff(w3, x, 2);
D3w3(x) = diff(w3, x, 3);

% parameters in symbolic form
syms L q alpha EI EI0 K F c L b_supp real

p1=0; p2=0; p3=0; % distributed loading (zero in this case)

% boundaries of the piecewise solution areas. b_supp is support width
x12=0.6-b_supp/2; x23=x12+0.6;

% bending moments, and their derivatives
Mt1(x)=2*F*x;
Mt2(x)=2*F*x12+F*(x-x12);
Mt3(x)=2*F*x12+F*(x23-x12)+0*x;
DMt1(x)=diff(Mt1(x), x);
DMt2(x)=diff(Mt2(x), x);
DMt3(x)=diff(Mt3(x), x);
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% the fourth degree differential equation per area
eqn1 = diff(w1,x,4)-alpha^2*diff(w1,x,2)-alpha^2*Mt1(x)/EI-p1/EI0 == 0;
eqn2 = diff(w2,x,4)-alpha^2*diff(w2,x,2)-alpha^2*Mt2(x)/EI-p2/EI0 == 0;
eqn3 = diff(w3,x,4)-alpha^2*diff(w3,x,2)-alpha^2*Mt3(x)/EI-p3/EI0 == 0;

% boundary conditions
C1 = w1(0) == 0; % displacement at left support
C2 = D2w1(0) == 0; % bending moment at left support
C3 = Dw3(L/2) == 0; % rotation at the middle point
C4 = D3w3(L/2) == 0; % shear at the middle point
% compatibility between areas 1 and 2
C5 = w1(x12) == w2(x12);
C6 = Dw1(x12) == Dw2(x12);
C7 = Mt1(x12) + EI0*D2w1(x12) == Mt2(x12) + EI0*D2w2(x12);
C8 = DMt1(x12) + EI0*D3w1(x12) == DMt2(x12) + EI0*D3w2(x12);

% compatibility between areas 2 and 3
C9 = w3(x23) == w2(x23);
C10 = Dw3(x23) == Dw2(x23);
C11 = Mt3(x23) + EI0*D2w3(x23) == Mt2(x23) + EI0*D2w2(x23);
C12 = DMt3(x23) + EI0*D3w3(x23) == DMt2(x23) + EI0*D3w2(x23);

% solution with dsolve
disp( ' running dsolve ' )
S=dsolve(eqn1,eqn2,eqn3,C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12);
disp( ' postprocessing ' )

ww1(x)=S.w1; % solved displacements
ww2(x)=S.w2;
ww3(x)=S.w3;

% analytical expressions for various quantities per area
Dww1(x) = diff(ww1, x, 1); % derivatives of displacements
Dww2(x) = diff(ww2, x, 1);
Dww3(x) = diff(ww3, x, 1);
D2ww1(x) = diff(ww1, x, 2);
D2ww2(x) = diff(ww2, x, 2);
D2ww3(x) = diff(ww3, x, 2);
D3ww1(x) = diff(ww1, x, 3);
D3ww2(x) = diff(ww2, x, 3);
D3ww3(x) = diff(ww3, x, 3);

NN11(x)=-(Mt1(x) + EI0*D2ww1(x))/c; % normal force of the upper layer
NN12(x)=-(Mt2(x) + EI0*D2ww2(x))/c;
NN13(x)=-(Mt3(x) + EI0*D2ww3(x))/c;

qq1(x)=(DMt1(x) + EI0*D3ww1(x))/c; % shear flux
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qq2(x)=(DMt2(x) + EI0*D3ww2(x))/c;
qq3(x)=(DMt3(x) + EI0*D3ww3(x))/c;

% numerical values for parameters in unit system (m,N)
F_tot=10000; % total load distributed for 4 load points per purlin
F=F_tot/8; % for a single load point (4 points for 2 purlins each)
b_supp=0.05; % width of support
L=3.000-2*b_supp/2; % effective length of the panel
E=197e9; % elastic modulus

% thickness, height, shear modulus and stiffness parameter of the web
b=0.944e-3 ;d=0.102; G=6.08150e9; K=b*G/d;

% cross section parameters for the upper layer
I1=4.28402e-8; A1=1.16396e-4;

c=0.192135; % distance between layer centroids

EI1=E*I1; EI0=2*EI1; EA1=E*A1; %top and bottom layers are equal
EI=EI0+1/2*EA1*c^2;
alpha=sqrt(K*(2/EA1+c^2/EI0)); %stiffness parameter alpha

L_plot=L/2; % length for plotting purposes

x12=0.6-b_supp/2; x23=x12+0.6; % boundaries of the solution areas

disp( ' creating axial output vectors ' )
stepx=0.0125; %spatial increment
x1e=0:stepx:x12; x2e=x12+stepx:stepx:x23; x3e=x23+stepx:stepx:L_plot;
xe=[x1e,x2e,x3e] ' ; %x-coordinate points

% numerical expressions for various quantities per area
w1e=eval(ww1(x1e)); w2e=eval(ww2(x2e)); w3e=eval(ww3(x3e));
we=[w1e,w2e,w3e]' ; % displacement w

Dw1e=eval(Dww1(x1e)); Dw2e=eval(Dww2(x2e)); Dw3e=eval(Dww3(x3e));
Dwe=[Dw1e,Dw2e,Dw3e]' ; % w'

D2w1e=eval(D2ww1(x1e)); D2w2e=eval(D2ww2(x2e)); D2w3e=eval(D2ww3(x3e));
D2we=[D2w1e,D2w2e,D2w3e]' ; % w''

D3w1e=eval(D3ww1(x1e)); D3w2e=eval(D3ww2(x2e)); D3w3e=eval(D3ww3(x3e));
D3we=[D3w1e,D3w2e,D3w3e]' ; % w'''

NN11e=eval(NN11(x1e)); NN12e=eval(NN12(x2e)); NN13e=eval(NN13(x3e));
Ne=[NN11e,NN12e,NN13e]' ; % normal force of the upper layer
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qq1e=eval(qq1(x1e)); qq2e=eval(qq2(x2e)); qq3e=eval(qq3(x3e));
qe=[qq1e,qq2e,qq3e] ' ; % shear flux

Mt1e=eval(Mt1(x1e)); Mt2e=eval(Mt2(x2e)); Mt3e=eval(Mt3(x3e));
Mte=[Mt1e,Mt2e,Mt3e] ' ; % total bending moment

figure(1);clf;cla; disp( ' plotting ' )
plot(xe,we);
title( ' Displacement ' )
ax = gca; ax.XAxisLocation = ' origin ' ; axis ij; % axis format
set(gcf, ' Position ' ,[20 20 720 480]) % figure position

figure(2);clf
plot(xe,Mte);
title( ' Total bending moment' );
ax = gca; ax.XAxisLocation = ' origin ' ; axis ij;
set(gcf, ' Position ' ,[20 600 720 480])

figure(3);clf
plot(xe,Ne);
title( ' Upper layer normal force ' );
ax = gca; ax.XAxisLocation = ' origin ' ; axis ij;
set(gcf, ' Position ' ,[780 600 720 480])

figure(4);clf
plot(xe,-D2we*EI1);
title( ' Layer bending moment' );
ax = gca; ax.XAxisLocation = ' origin ' ; axis ij;
set(gcf, ' Position ' ,[780 20 720 480])

figure(5);clf
plot(xe,qe);
title( ' Shear flux ' );
set(gcf, ' Position ' ,[1540 600 720 480])

figure(6);clf
plot(xe,-D3we*EI1);
title( ' Flange shear force ' ); % total shear force would be 2x this + qe*c
ax = gca; ax.XAxisLocation = ' origin ' ; axis ij;
set(gcf, ' Position ' ,[1540 20 720 480])
disp( ' done' )
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