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1. Notation

C Viscous damping matrix

f Force vector

K Stiffness matrix

M Mass matrix

r Response vector

u Mode shape vector

A Area

a Coefficient of interception

b Coefficient of regression

c Viscous damping

E Young’s modulus

F Force

f Force function

H Frequency response function

I Area moment of inertia

i Number

j Imaginary unit, Number

k Stiffness

L Length

M Bending moment

m Mass

R Correlation function

r Coefficient of correlation, Response function

S Spectral density function

T Period
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t Time

x Co-ordinate

y Co-ordinate

z Co-ordinate

α Length ratio

β Length ratio

δ Displacement, Deflection

ν Poisson’s ratio

Θ Angle

ρ Density

τ Time difference

ω Frequency

ξ Length ratio

ζ Modal damping ratio

Indices

a Position

b Position

beams Calculated value for beams

centre Centre position

diff Difference

f Force

h Horizontal extrusion

i Number

joint Position

lvdt Position

m Matrix column element
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meas Measured

n Matrix row element

R Position

r Response

spring Calculated value for spring

v Vertical extrusion

y Axis

z Axis

θ Rotational
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2. Introduction

Aluminium extrusions have during recent years been increasingly common
for load-carrying structures. There are various joining-techniques for
aluminium structures, such as bolt-channel joints, screw-groove joints, snap
joints etc. These are often named as “non-conventional” and the choice of
joining-method depends on several factors, such as the geometry of the
sections to be joined, required strength of the joint and if it will be a
permanent or dismountable joint [1]. Examples of bolt-channel joints are
shown in figure 2.1.

Figure 2.1 Bolt-Channel joints.

Despite the increased interest in aluminium structures, very little research
has been published in the area of the strength of non-conventional joints. In
1996 Magnus Hellgren published a study of strength and stiffness of
commonly used types of bolt-channel and screw-groove joints [2].
However, the investigation did not deal with the actual joints but only the
strength and stiffness of the bolt-channel itself.

Today, numerical methods like the Finite Element Method (FEM) are often
used when calculating properties of structures. In a space frame, such as the
body of a bus, a lot of time and money can be saved by using some kind of
simplified joint model and beam-elements, instead of modelling the joints
with solid- or shell-elements.
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In the forest and civil engineering sector a work concerning metal-plate-
connected (MPC) wood truss joints has been done [3]. The main objective
was to evaluate the static behaviour of MPC joints by performing
destructive testing of actual truss joints. Test results were used to create
simplified joints for theoretical models. A preliminary analysis, using FEM,
showed that joint stiffness data could be used successfully to realistically
represent MPC trusses.

The aim of this work is to experimentally determine the static behaviour of
two different bolt-channel joints for two load cases. Then use these results
to create a theoretical model with simplified joints. A dynamic analysis will
also be carried out where the theoretical model is compared with
experimental measurements.
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3. Basic Relations and Limitations

3.1 Aluminium Extrusion Geometry

Two extrusions with the same properties and dimensions, see figure 3.1, are
joined together with so called bolt-channel joints.
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Figure 3.1 Dimensions of aluminium structure and cross-section of
extrusion.

The properties of the extrusions are listed in table 3.1.

Table 3.1 Properties of aluminium extrusion.

Iy = 21.4 cm4 Iz = 54.1 cm4

ρ = 2700 kg/m3 A = 830 mm2

E = 70 GPa ν = 0.31
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3.2 Bolt-Channel Joint Geometry

The two joints studied in this thesis are named R120 and D90, see figure
3.2. Both require two bolts in each flank when assembled and they are
casted in aluminium.
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Figure 3.2 Main dimensions of R120 and D90.

The intersection itself is joined with the extrusions by steel bolts and
rhombus formed aluminium nuts, see figure 3.3. The bolts are prepared
with locking fluid and the nuts permits easy assembling and are self-locked
when in use.

Figure 3.3 Assembly of R120, bolt, nut and extrusion.
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3.3 Loads

In a complex structure such as a space frame, the joints are subjected to
various loads in all directions. The effect of static loads in the z-direction
and the dynamic behaviour in the xz- and yz-plane will however not be
analysed in this work.

3.4 Basic Ideas of Experimental Set-up

It would be possible to take a single joint, apply loads to it directly and
measure stresses and strains to determine stiffness etc. However, that would
not reflect its behaviour when within the assembly. Consequently,
measurements are performed with the actual joint in place. By doing this,
the behaviour of the bolt, nut and the flank of the bolt-channel are
comprised. Also included is the interaction between the parts. With the
overall goal in mind, this is most relevant since the interaction; for instance
friction and local deformations, between jointed parts are very complicated
and tends to slow down numerical computations considerably. Since a
space frame consists of many joints simplicity is vital.

Another important thing to remember when performing experimental
measurements is to be sure that the set-up allows several measurements,
separated in time, with the same results. This can be validated by statistical
methods, such as Analysis of Variance (ANOVA). This is done for both of
the static experimental set-ups; for R120 with vertical load and for both
R120 and D90 with horizontal load. The statistical computer program used
for these calculations is SPSS [4].
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4. Static Behaviour

4.1 Vertical Load

4.1.1 Measurement Technique

The idea was to measure the stiffness of the joint as directly as possible.
Therefore the gap between the horizontal and vertical extrusion was
measured while applying a vertical load. By doing this, it should be
possible to get a relatively pure force-displacement diagram without
interference from the rest of the structure and the measuring rig. An
interference that did occur was the radius of curvature of the horizontal
extrusion. This is explained in section 4.1.5.

4.1.2 Experimental Set-up

The measuring rig was built of U-beams (U100) and a pair of steel plates
with a mass of 300 kg apiece, see figure 4.1. This construction was far more
rigid than the measuring object itself, i.e. the aluminium structure.

Figure 4.1 Set-up for vertical load.

The load was applied to the vertical extrusion with a hydraulic cylinder. By
adjusting a pressure relief valve in the hydraulic system, it was possible to
adjust the force from the cylinder, see figure 4.2. A force transducer was
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connected between the cylinder and the vertical extrusion in order to get a
good measurement of the applied load. The horizontal extrusion was pinned
in each end.

Pressure indicator

Pressure relief
valve

Directional
control valve

Hydraulic pump

Hydraulic cylinder

Force transducer

Figure 4.2 Hydraulic scheme and experimental set-up.

The gap was measured with a non-contacting transducer, called eddy
current transducer. The transducer was pre-calibrated for stainless steel,
thereby the choice of material for the measuring plate, see figure 4.3. The
steel L-beam, on which the eddy current transducer was mounted, was
placed on the neutral axis of the horizontal extrusion. The measuring plate
was glued on two thin pieces of steel L-beam, which were glued on the
vertical extrusion. These were placed in an area that was not influenced by
forces, i.e. the area above the bolt intersection in the profile, marked with a
dotted line in figure 4.3.
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Measuring signal

Drilled steel L-beam
glued on the extrusion

Measuring plate
of stainless steel

Thin pieces of steel L-beam
glued on the extrusion

Eddy current transducer

Electromagnetic field

Figure 4.3 Set-up for eddy current transducer and measuring plate.

The force transducer and the eddy current transducer were connected to a
Hewlett Packard measuring system connected with a personal computer. By
using this set-up, it was possible to sample the force and displacement
continuously. Hereby, it would be possible to detect subsidence in the
assembly and other irregularities, which could be too small to detect when
using fewer samples. A total sum of 512 samples was used for the loading
and unloading sequence.

In order to verify a pure vertical force, strain gauges were mounted on two
opposite sides of the vertical extrusion. The load direction was adjusted so
that both gauges showed the same strain.

4.1.3 Experimental Results

The measuring results for R120 are translated to relevant units and shown
in figure 4.4.
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Figure 4.4 Measured data for R120 recalculated to explicit values.

The data for R120 consists of five sets, each containing five measurements,
which gives a total sum of 25 measurements. Between the sets, the set-up
was disassembled to check the repeatability of the measurement.

A linear regression for the loading and unloading sequence altogether is
shown in table 4.1.

Table 4.1 Results for joint R120, the loading and unloading sequence
altogether. Coefficients a and b are included in equation 4.1.

Coefficient Value Standard Error r

a 246.384 2.358

b -160235 120.172
0.996

The first set of five measurements for D90 showed the same behaviour and
was therefore not investigated further.
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4.1.4 Evaluation of Measurements

The ANOVA shows that there are differences between the different sets of
measurements. However, the differences are very small and the analysis
shows that the differences are stochastic.

The linear regression analysis yields the coefficients of equation 4.1
according to table 4.1.

( ) δδ ⋅+= baF (4.1)

The correlation coefficient r, see table 4.1, shows that the structure is linear
throughout the range of force, 0-6000 N. Coefficient a, i.e. the offset of
approximately 250 N is mainly due to gaps at for example the end-supports
of the horizontal extrusion. Another reason to the offset is the limitations in
the hydraulic system. It is not possible to relief the pressure beneath a force-
level of 600 N. Thus, the coefficient a does not relate to the behaviour of
the structure but to the experimental set-up. This statement yields equation
4.2 for the change in gap.

( ) δδ ⋅= bF (4.2)

As seen in figure 4.4 the gap does not increase as expected, instead it
decreases. This clearly indicates that the joints can be considered very stiff
compared to the rest of the structure for this load case. Considering this and
with the overall goal in mind, trying to establish a stiffness coefficient for
the joints is rather pointless and is not done. The joints are simply
considered to be rigid.

4.1.5 Theoretical Analysis

To explain the somewhat unexpected results, with a decreasing gap for
increased force, a theoretical analysis of this load case is carried out. Most
probably, the curvature of the horizontal extrusion’s neutral axis has a big
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influence on the measured change in gap. Therefore, this curvature will be
studied closer.

Because of the joining-method used, force is not applied at the centre of the
horizontal extrusion. But since the force is applied symmetrically around
the centre, the vertical displacement of the neutral axis will be larger at the
centre than at the position of the joints. Assuming that the joints are totally
rigid and recalling the experimental set-up in section 4.1.2 give that the
measuring plate will move as much as the joints. The eddy current
transducer however, will move as much as the centre of the neutral axis.
Consequently, this difference in vertical displacement corresponds to the
measured change in gap. See figure 4.5 and 4.6 for simplified sketches.

Rigid joints

Initial gap

Neutral axis of horizontal extrusion

Neutral axis of vertical extrusion

Figure 4.5 Simplified sketch of the gap before force is applied.

δjoint

δcentre

Measured change in gap

Gap when force is applied

Neutral axis of vertical extrusion

Neutral axis of horizontal extrusion

Rigid joints

Figure 4.6 Simplified sketch of the gap when force is applied.
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In figure 4.6, δjoint is the displacement of the joint, and measuring plate,
when force is applied. δcentre is the displacement of the centre of the
horizontal extrusion, and eddy current transducer, when force is applied.
Thus, the difference between δcentre and δjoint is the measured change in gap.

To analytically estimate the difference in displacement, or measured change
in gap, a simple load case and boundary conditions according to figure 4.7
is used. As seen, the difference in displacement, δdiff, is calculated using the
displacement, δjoint, that is due to the applied force at the joint, Fjoint, and the
displacement, δR, that is due to is the reaction force, FR, at the pinned end
support. The displacements are calculated at the position of the joint’s inner
bolt, i.e. the bolt that is closest to the vertical extrusion. The forces in both
of the bolts are also assumed to act in this position, with the total magnitude
Fjoint.

δdiff

ξ⋅LR

LR

Ljoint

Line of symmetry and
centre of extrusion

FR Fjoint

Figure 4.7 Load case and boundary condition (not to scale).

The displacement δdiff in figure 4.7 is derived from equations 4.3 and 4.4.
Small displacement theory is assumed valid and Euler-Bernoulli beam
theory is used. The displacements for this load case can be found in books
of beam theory formulas, for example [5].

( )23
6

3
3

+−= ξξδ
z

RR
R EI

LF
(4.3)
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z

jointjoint

joint EI

LF

3

3

=δ (4.4)

The sought difference in displacement is consequently according to
equation 4.5.

jointRdiff δδδ −= (4.5)

Using equation 4.5 yields the theoretical force-displacement curve shown in
figure 4.8. Also included in figure 4.8 is the change in gap, derived from the
measurements and equation 4.2.

Figure 4.8 Theoretical and measured gap for the R120.

Measurements gave less decrease of the gap than the theoretical model. The
result is however rather sensitive to the choice of Ljoint. An explanation may
also be that the joint as a whole is not completely rigid. Still, this analysis
explains the phenomenon with a decreasing gap for increased force and
shows that the joints are very stiff compared to the rest of the structure.
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4.2 Horizontal Load

4.2.1 Measurement Technique

No suitable set-up was found to measure the deformation of the joints, i.e.
the intersections, bolts, nuts and the bolt-channels as a whole. Instead the
deflection of the vertical extrusion was measured.

4.2.2 Experimental Set-up

The load was applied to the vertical extrusion with a hydraulic cylinder and
the horizontal extrusion was pinned at both ends. The deflection of the
vertical extrusion was measured with a linear variable differential
transducer (LVDT), see figure 4.9.

Figure 4.9 Set-up for horizontal load.

Only the sequence when the load was applied was measured. The unloading
sequence could not be measured due to the limitations of the hydraulic
system mentioned in section 4.1.4.

Note that the deflection of the vertical extrusion was not measured at the
same distance, Llvdt, for both joint types. This in order to use as much as
possible of the operating range of the LVDT, see figure 4.10.



21

X

Y
L

lv
dt

LVDT

Figure 4.10 Measuring point for horizontal load.

Length Llvdt for R120 was 890 mm and for D90 790 mm from the neutral
axis of the horizontal extrusion to the position where the LVDT piston was
mounted on the vertical extrusion’s neutral axis.

4.2.3 Experimental Results

The measuring results for R120 and D90 are translated to relevant units and
shown in figure 4.11 and 4.12.
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Figure 4.11 Measured data for R120 recalculated to explicit values.

Figure 4.12 Measured data for D90 recalculated to explicit values.

The data for R120 and D90 consists of five sets, each containing five
measurements, which gives a total sum of 25 measurements. Between the



23

sets, the set-up was disassembled to check the repeatability of the
measurement.

A linear regression for the loading sequence is shown in table 4.2.

Table 4.2 Results for joint R120 and D90. Coefficients a and b are included
in equation 4.1 from section 4.1.4.

Coefficient Value Standard Error r

a 145.376 0.078
R120

b 100.526 0.025
1.000

a 149.916 0.220
D90

b 80.256 0.056
0.999

4.2.4 Evaluation of Measurements

The ANOVA shows that there are differences between the different sets of
measurements. However, the differences are very small and the analysis
shows that the differences are stochastic.

The correlation coefficient r in table 4.2 shows that the structure is linear
throughout the range of force, 0-800 N. Since coefficient a in table 4.2 is
due to gaps in the experimental set-up, equation 4.2 from section 4.1.4 is
used to describe the deflection of the measuring points in the x-direction.

Measurements show, see table 4.2, that D90 is somewhat weaker than R120
for this load case. This seems to be reasonable when studying the geometry
of the joints. R120 has a flank that should make it stiffer than D90.

4.2.5 Theoretical Analysis

In order to determine whether or not the joints could be considered stiff for
this load case, the experimental results are compared with a theoretical
analysis of the structure.

The theoretical model consists of two elementary load cases according to
figure 4.13.
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M

Lh

F

αh⋅Lh βh⋅Lh

Lv

ξ⋅Lv

➀ ➁

Figure 4.13 Elementary load cases.

Figure 4.14 shows the corresponding geometrical deflection models for the
load cases.

Θh

Θh

δh

Llvdt

δv

Llvdt

➂ ➃

Figure 4.14 Geometrical deflections.

The deflections in figure 4.14 are given in equations 4.6 through 4.12.
Small displacement theory is assumed valid and Euler-Bernoulli beam
theory is used. The deflections for the elementary load cases can be found
in books of beam theory formulas, for example [5].

First the horizontal extrusion

( )231
3 h

z

h
h EI

ML β−=Θ (4.6)

vLFM ⋅= (4.7)
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5.0== hh βα (4.8)

Rewriting 4.7 yields

z

vh
h EI

LFL

12
=Θ (4.9)

hlvdth L Θ⋅=δ (4.10)

Now the vertical extrusion

( )23
6

3
3

+−= ξξδ
z

v
v EI

FL
(4.11)

v

lvdtv

L

LL −
=ξ (4.12)

The total deflection in x-direction is given by

vhbeams δδδ += (4.13)

( )[ ]232
12

32 +−+= ξξδ vlvdth
z

v
beams LLL

EI

FL
(4.14)

When comparing the results from the measurements in section 4.2.3 with
equation 4.14, it is clear that R120 can be considered rigid in the x-
direction, whereas this is not that case for D90, as seen in figure 4.15.



26

 

Figure 4.15 Comparison of measured and theoretical deflection.

The values used in equation 4.14 are presented in table 4.3.

Table 4.3 Geometrical values used in equation 4.14.

Joint L lvdt Lh Lv

R120 890

D90 790
970 1020

4.3 Theoretical Model

A theoretical model of the structure is created based on the analyses
performed in sections 4.1.5 and 4.2.5. For R120 two beams, continuously
connected to each other, are used, see figure 4.16.

δbeams
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Figure 4.16 Theoretical model for R120.

However, D90 needs an adjustment. Consequently, equation 4.14 is
extended with an additional term including the deflection of the joint, see
equation 4.15. This term is symbolised by a rotational spring in figure 4.17.

kθ

δbeams+δspring

Figure 4.17 Modified theoretical model for D90.

springbeamsmeas δδδ += (4.15)

θ

δ
k

MLlvdt
spring = (4.16)

Rewriting equation 4.15 yields

beammeas

lvdtvLFL
k

δδθ −
= (4.17)

( )[ ]232
12

11 32 +−+−
=

ξξ
θ

vlvdth
zv

lvdt

LLL
EIbL

L
k (4.18)
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Equation 4.18 is used to calculate a value of the rotational stiffness for a
numerical model. This value is also used for the initial model of the
dynamic behaviour.

The theoretical model of the structure is solved numerically using FEM.
The FEM-module in the commercial software I-DEAS [6] is used for these
calculations.

Five quadratic beam elements, plus a rotational spring element for D90, are
used since it showed to be sufficient. One node is placed on the vertical
extrusion at the respective locations of the measuring points, i.e. at a
distance Llvdt from the neutral axis of the horizontal extrusion. This to make
comparison with measured results possible. Otherwise, beam elements are
evenly distributed with two elements on the horizontal extrusion and three
on the vertical extrusion.

The horizontal extrusion is pinned in each end and a total force of 800 N in
the x-direction is applied to the end node of the vertical extrusion. The
rotational spring element is placed at the node connecting the horizontal
and vertical extrusion.

For R120 the difference in deflection is less than 3% when compared with
measurements.

For D90 when using a stiffness of 179 kNm/rad, derived from equation
4.18, the difference is 1% when compared with measurements.

The value used for the stiffness of the rotational spring element can of
course only be used with confidence when modelling the cross-section as in
this work.
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5. Dynamic Behaviour

5.1 Modal Analysis

To determine the dynamic behaviour of the joints a modal analysis is
performed on the structure, using a FE-representation of the theoretical
models from section 4.3. That is, beam elements and a continuous
connection for R120 while the connection for D90 is represented with a
rotational spring element. Note that 20 evenly distributed quadratic beam
elements are used in this dynamic analysis. This is needed to describe all
curvatures of the mode shapes properly. The boundary conditions are set to
be free-free, since it is easy to achieve a good simulation of this condition
experimentally. A normal mode analysis is solved numerically using the
Lanczos method within I-DEAS.

Presented in figure 5.1 and 5.2 are the mode shapes of the first five natural
frequencies of the theoretical models. It should be noted that only the xy-
plane is considered and that the amplitudes of the deflections are not
exactly the same for the two models, R120 and D90. However, the mode
shapes as a whole are the same.

  

Figure 5.1 Mode shapes 1, 2 and 3 for theoretical models of R120 and D90.
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Figure 5.2 Mode shapes 4 and 5 for theoretical models of R120 and D90.

These results are used to find suitable excitation and response points for the
experimental verification.

5.2 Experimental Verification

5.2.1 Theory

Modal testing is based on the two physical phenomena that occur if a
structure is excited at resonance. When one of the driving frequencies, i.e. a
frequency generated by the applied force, hits the natural frequency, the
magnitude of the response generates a peak. In addition, the phase of the
response shifts with 180°. The vibration test presented here depends
strongly on some assumptions. Two of the more important ones are that the
test object is considered linear and that it can be described as a lumped-
parameter model [7].

By using some definitions from random vibration analysis the relationship
between impact force and response is determined.

The autocorrelation function Rf,f of a random signal f(t) is given by equation
5.1.

( ) ( ) ( )∫ +=
∞→

T

T
ff dttftf

T
R

0

,

1
lim ττ (5.1)



31

Where t is time, τ is the time difference between the values at which the
signal f(t) is sampled and T is the period of the signal.

Further, the power spectral density Sf,f of a signal is the Fourier transform of
the signal’s autocorrelation, see equation 5.2.

( ) ( )∫
∞

∞−

−= ττ
π

ω ωτ deRS j
ffff 2

1
, (5.2)

Where ω is frequency and j denotes complex form.

Also needed is the cross-correlation between the two signals f(t) and r(t).
The cross-correlation function Rf,r is given in equation 5.3.

( ) ( ) ( )∫ +=
∞→

T

T
rf dttrtf

T
R

0

,

1
lim ττ (5.3)

Here, r(t) is considered to be the response of the structure to the driving
force f(t). Similarly, the cross-spectral density Sf,r is the Fourier transform of
the cross-correlation, see equation 5.4.

( ) ( )∫
∞

∞−

−= ττ
π

ω ωτ deRS j
frrf 2

1
, (5.4)

What is interesting for modal testing is that the frequency response function
H(jω), including both phase and magnitude, can be obtained from the
spectral density functions. The relationship is shown in equation 5.5.

( ) ( )
( )ω
ω

ω
ff

rf

S

S
jH

,

,= (5.5)
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Equation 5.5 holds if the structure is excited by a random input f(t) resulting
in the response r(t).

Having obtained the frequency response function H(jω) it is time to extract
the modal data. This is what usually is referred to as experimental modal
analysis.

The natural frequencies is obtained by simply plotting H(jω) and locating
the peaks that has a corresponding phase shift. Thus treating each peak as a
damped single-degree-of-freedom (SDOF) system.

The modal damping ratio ζ is defined according to equation 5.6.

ω
ζ

m

c

2
= (5.6)

Where c is viscous damping and m is the lumped mass.

To obtain the modal damping ratio the absolute value of H(ω) is plotted
over a frequency range so that only one natural frequency, i.e. one peak, is
present. Then locating two points, a and b, on the curve that is on opposite
sides of the peak where the condition of equation 5.7 is satisfied.

( ) ( ) ( )
2

ω
ωω

H
HH ba == (5.7)

The modal damping ratio is related to these frequencies by equation 5.8.

ω
ωω

ζ
2

ab −
= (5.8)

This is called the quadrature peak picking method.
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The theory behind mode shape extraction from measurements is somewhat
complicated and is not fully discussed here. However, the basic concept is
shown.

The response of a multiple-degree-of-freedom (MDOF) system to a
harmonic force input, fejωt, obey the equation of motion according to
equation 5.9.

tje ωfKrrCrM =++ ��� (5.9)

Where M  is the mass matrix, C is the damping matrix and K  is the stiffness
matrix.

Assuming that the solution r (t) of equation 5.9 is of the form r (t) = uejωt

yields equation 5.10 after rearranging terms and factoring out the non-zero
scalar ejωt.

( ) fCMKu
-1ωω j+−= 2 (5.10)

Equation 5.10 relates the magnitude of the response vector u to the
magnitude of the input vector f. The inverse of the complex matrix in
equation 5.10 is the receptance matrix. If this receptance matrix is further
analysed it can be shown that the elements of the matrix, located at the
intersection of the nth row and mth column, is essentially the transfer
function between the response, at point n, and the input, at point m.
Assuming that the modes, or peaks, of the system are well spaced,
evaluating the receptance matrix for the ith natural frequency yields the
approximation according to equation 5.11.

( )inminm

T
ii H ωζω 22=uu (5.11)

Where |Hnm(ω i ) is the magnitude of the frequency response function
measured between points n and m and evaluated at the ith natural



34

frequency. |uiui
T|nm is the mode shape element at the ith natural frequency

from points n and m. The phase plot of H(jω i ) is used to determine the sign
of |uiui

T|nm. If for example a simple structure such as a beam is measured at
three points to find the first three natural frequencies with corresponding
mode shapes, then equation 5.11 has to be evaluated three times for each
frequency in order to get the mode shape vector u for each frequency.

The interested reader may consult for example Inman [7] or Ewins [8] for
more on modal testing.

5.2.2 Experimental Procedure

In order to simulate a free-free condition in the experimental set-up, the
structure was suspended by two rubber bands; both placed around the
horizontal extrusion. The excitation direction was in the xy-plane and
perpendicular to the extrusion for each excitation point while oscillations
were measured perpendicular to the horizontal extrusion, see figure 5.3.
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Figure 5.3 Excitation points and directions for experimental modal analysis
in the xy-plane.

The excitation device used, which generates the driving frequencies to the
test object, was an impact hammer. As the name implies, this is a hammer
with a force transducer mounted inside the head and is used to hit the test
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object, exciting a broad range of frequencies randomly. The force
transducer provides a measure of the impact force to the measuring system.

The response of the test object was measured with a piezoelectric
accelerometer. This transducer consists of two masses separated by a
piezoelectric crystal. When the crystal is subjected to a load, it generates a
signal proportional to the acceleration. This signal provides a measure of
the response to the measuring system.

The measuring system used was a fast Fourier transform (FFT) analyser; a
vital part of the experimental process. The FFT analyser collects and
digitises analogue voltage signals, impact force and response in this case, to
yield the frequency response function H(jω).

The frequency response function H(jω) was analysed in the numerical
software MATLAB [9]. A plot of H(jω) was used to find the first five
natural frequencies. The modal damping ratios were extracted by plotting
|H(ω)| and using equations 5.7 and 5.8. Mode shape vectors were calculated
using equation 5.11.

5.2.3 Results

The results from the measurements for R120 and D90 are shown in table
5.1.

Table 5.1 Natural frequencies and damping ratios from the experimental
modal analysis.

Joint Property Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Freq. 149 Hz 396 Hz 457 Hz 984 Hz 1372 Hz
R120

ζ 101⋅10-4 51⋅10-4 36⋅10-4 19⋅10-4 18⋅10-4

Freq. 119 Hz 358 Hz 401 Hz 963 Hz 1225 Hz
D90

ζ 126⋅10-4 56⋅10-4 44⋅10-4 17⋅10-4 20⋅10-4
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5.2.4 Evaluation

For a linear conservative system, Maxwell’s rule of reciprocity applies. This
is used when performing a so-called single-input test to check the
measurements. The rule states: the measured frequency response function
for a force at location j and a response at location i should correspond
directly with the measured frequency response function for a force at
location i and response at location j. If the measured frequency response
functions correlates it is an indication of a repeatable experimental set-up.
Also, influences of possible non-linearities can be detected by this method
[10].

A single-input test for D90, using measuring points 1 and 9, is shown in
figure 5.4.
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Figure 5.4 Single-input test between point 1 and 9 performed for D90.

The test described above clearly indicates that the structure, including the
joints, is linear and that the experimental set-up allows repeatable
measurements.
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Figure 5.5 shows a comparison of measured and predicted natural
frequencies for the joints according to the graphical method described by
Ewins [8].

Figure 5.5 Comparison of measured and predicted natural frequencies.

Table 5.2 shows the predicted natural frequencies and the difference,
expressed in percentage, when compared with the measurements.

Table 5.2 Predicted natural frequencies.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

R120 136 Hz 334 Hz 410 Hz 984 Hz 1289 Hz

Diff. -9% -16% -10% ±0% -6%

D90 110 Hz 334 Hz 358 Hz 946 Hz 1211 Hz

Diff. -8% -7% -11% -2% -1%

Predicted and measured mode shapes are compared in order to verify that
the same shapes appear at the same frequencies, see figure 5.6 through 5.10.
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Note that the deflection is normalised with respect to the maximum
deflection in every mode shape and is therefore dimensionless.

Figure 5.6 Comparison of measured and predicted mode shapes for the
first natural frequency. The theoretical model is represented by a

continuous line and the measured result by a dotted line.
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Figure 5.7 Comparison of measured and predicted mode shapes for the
second natural frequency. The theoretical model is represented by a

continuous line and the measured result by a dotted line.

Figure 5.8 Comparison of measured and predicted mode shapes for the
third natural frequency. The theoretical model is represented by a

continuous line and the measured result by a dotted line.
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Figure 5.9 Comparison of measured and predicted mode shapes for the
fourth natural frequency. The theoretical model is represented by a

continuous line and the measured result by a dotted line.

Figure 5.10 Comparison of measured and predicted mode shapes for the
fifth natural frequency. The theoretical model is represented by a

continuous line and the measured result by a dotted line.
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As seen in figure 5.5 and table 5.2 the dynamic analysis shows that the
theoretical models are not quite satisfactory for the natural frequencies.
However, as seen in figure 5.6 through 5.10, the mode shapes correlates
well.
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6. Conclusions

The aim of this work was to study the static and dynamic behaviour of bolt-
channel joints in aluminium structures. Theoretical models of a structure
with simplified joints were suggested in order to facilitate a theoretical
model of an entire space frame. The loads that have been studied are
vertical and horizontal loads, i.e. loads in the plane of the structure.

The static analyses showed that the vertical spring rates of both joints could
be considered infinite. However, in the horizontal direction only R120
could be considered rigid whereas this was not the case for D90.

A dynamic analysis, including experimental verification, showed that there
were small discrepancies between theoretical models and experimental
results.

The results presented apply strictly to the joint types and dimensions
referred to in this work.

The theoretical models for the two joint types derived in this work should
not be applied to a full-scale space frame without additional full-scale
experiments. Further investigations in this area should comprise the static
behaviour in the z-direction and a dynamic analysis, analytically and
experimentally, in the yz-plane. Different joint types and extrusions should
also be investigated.
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