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Length
[m]

Model Frequency
[Hz]

Difference
[Hz]

Displacement
[mm]

Difference
[%]

6.25 Detailed 40.07 - 0.00375 -
Plate 38.34 -1.73 0.00395 5.33
Shear 35.64 -4.43 0.00374 -0.27
Truss 34.50 -5.57 0.00412 9.87

8.7 Detailed 40.58 - 0.00370 -
Plate 39.85 -0.73 0.00351 -5.14
Shear 36.19 -4.39 0.00374 1.08
Truss 35.67 -4.91 0.00385 4.05

12.5 Detailed 40.89 - 0.00366 -
Plate 40.95 0.06 0.00327 -10.66
Shear 36.34 -4.55 0.00371 1.37
Truss 36.22 -4.67 0.00374 2.19

Table 7.15: Compared Results

stiffness of one wall, assuming that the stiffness per meter is constant, like shown for
these walls, and multiplying the stiffness per meter by the length of the new wall. The
new wall can then be modeled as a shear frame with a stiffness calculated as shown in
Appendix B.6.



Chapter 8

Dynamic Testing of Stepisol

8.1 Background
Stepisol is a product used for acoustic purposes in buildings. It is made of a flexible

polyurethane foam, with 90% reclaimed granulated plastic and 10% new materials. Its
main area of application is soundproofing of floors, and comes in two different stiffness
and density classes. Kodumaja use the green Stepisol with a mass density of 195 kg/m3,
in strips of 145 mm x 15 mm[13] horizontally between the stacked modules and between
the modules and the foundation. It is applied as a continuous layer on the base fame of
the modules, so that all the vertical forces from the modules above are carried trough
this layer. Figure 8.1 shows how it is attached to the foundation on which the test
modules were placed. As Stepisol is commonly used to reduce sound vibrations in
the vertical direction, the material properties are well documented in the transverse
direction. However, in a situation where the material is subjected to dynamic shear
forces, the material properties are not as well documented. The material is as mentioned
earlier used as a sound reducing agent, and its effect as a structural element is therefor
not as well documented. Therefor, a test setup was made to determine the dynamic
shear stiffness and dynamic transverse1 stiffness of the material.

1Transverse - vertical stiffness

Figure 8.1: Stepisol Coverd Base Frame
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Figure 8.2: Stepisol Test Setup

8.2 Test Setup and Protocol
To make the tests as quick and simple as possible, the modal analysis equipment

form the module testes was used in this setup as well, but with a smaller modal hammer
(1.36 kg) of the same brand (see Section 4.3.1.1) [11]. Figure 8.2 shows the test setup.
For the shear test , the wooden block to the right in Figure 8.2 was hit by the hammer to
excited the upper OSB-plate and steel profile in the x-direction. The accelerometer on
the opposite block recorded the accelerations. The lower OSB-plate was fixed to a rigid
surface, to isolate the movement of the upper. The two plates were monitored closely to
detect any relative translation before and after impact. If any translation was detected
the data was discarded. The vertical test was done the same way, only with impacts in
the middle, on top of the steel profile, with the accelerometer mounted vertically. Both
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testes are driving point testes, which means the mode shapes are not identified. In order
to get more reliable estimates, each test was carried out with three impacts that were
averaged in the output FRF. A rowing hammer test was also carried out, to verify that
the first vertical mode was correct. Three impact points were used. One at each end of
the steel profile and one in the middle.

The steel profile was used mainly as weight, but it was a also to ensure an evenly
distributed load on the pads, and no local bending modes in the vertical test. A relatively
long profile was chosen to avoid horizontal rocking modes. The weight of the profile was
chosen to resemble the load for a single building module. The total mass of the system
above the Stepisol pads was 29.51 kg, which represents a load of 19.96 kPa on the Stepisol
pads. Assuming evenly distributed load, the load from a single first floor module is 19.5
kPa.

To establish a static stiffness, the effective height of the Stepisol pads were measured
before and after the load was applied.

8.3 Calculations
Since there is no slip between the components and the system, it can be modeled

as a damped single degree of freedom systems as shown in Figure 8.3. Where the
Stepisol pads are represented by the stiffness, k and the damping coefficient, c, while
the weight of the steel profile, upper OSB-plate, accelerometer and the wooden blocks
are represented by the mass, m. With assumed linear stiffness and small damping, the
circular eigenfrequency of the system is given by:

ωn =

√
k

m
(8.1)

The mass is known and the frequency can be read from the test results, which means
that the stiffness k can be calculated. Since the frequency output from the test is given
in Hertz2 and ωn in rad/sec the frequency is multiplied by 2π to obtain the stiffness k
(ωn = Hz × 2π). Now the stiffness, k can be calculated by:

k = (frequency[Hz]× 2π)2m (8.2)

To obtain the material properties, the system stiffness k is divided by the height h of
the Stepisol pads which is represented by the length of the spring in Figure 8.3. The
stiffness is then calculated form Equation 8.3. Where A is the combined horizontal area
of the Stepisol pads. It has been assumed that the modes are perfectly one dimensional
in the vertical and the horizontal direction.

Stiffness =
kh

A
(8.3)

The static stiffness is estimated from Equation 8.4 where linear stiffens has been
assumed.

E =
σ

ε
(8.4)

2Hertz is given by cycles/sec, 1
T

.
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Figure 8.3: Damped Single Degree of Freedom System

Modulus Frequency
[Hz]

SD Damping
[%]

SD Stiffness
[kPa]

SD

E 20.57 0.437 6.36 0.453 464 19.8
G 16.92 0.281 7.18 0.696 314 10.4

SD - Standard Deviation

Table 8.1: Test Results, Stepisol

8.4 Results
8.4.1 Static Test

The static deflection was measured to 1,35 mm which gives:

ε =
1.35

15
= 9% (8.5)

This gives a static stiffness of:

E =
σ

ε
(8.6a)

=
19.96kPa

0.09
(8.6b)

E = 221.77kPa (8.6c)

Compared to the stiffens estimated from [13], which can be found in Appendix C.1, this
is a plausible result.

8.4.2 Dynamic Tests
The results from the dynamic tests are shown in Figure 8.4, where damping is plotted

on the x-axis and frequencies on the y-axis. Both the frequencies and the damping vary
in some degree, but the variation is not to big, especially regarding the frequencies. The
average results are given in Table 8.1 together with the calculated material stiffnesses
and corresponding standard deviations.

The mode shapes found in the roving hammer test confirmed that the first vertical
mode was a pure translation mode. It also showed that the second mode (a rocking
mode) had a frequency of roughly 33.5 Hz.

Tests show relatively high damping values. Thus it can be assumed that the Stepisol
contributes to increase the overall damping in the modules.

From these tests, it is obvious that there is a profound difference between static and
dynamic stiffness, and that the static stiffness should not be used to model the material
in a dynamic test.
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Figure 8.4: Test Results, Stepisol

The difference in static and dynamic stiffness is probably due to the porosity of the
material. The air pressure within the pours is not given enough time to be equalized,
which makes the material stiffer. Due to this effect, Stepisol can have a frequency
dependent stiffness that decreases with lower frequencies. This has however not been
tested in this survey.

8.5 Numerical Analyses of Stepisol
A numerical test was set up in Abaqus/CAE 6.11-1 to see how well the calculated

stiffness values corresponded with a numerical model. To use the calculated values
from the lab test without verifying the results in a numerical test could give a wrong
impression of the stiffness values. Keeping in mind that the mathematical model used to
estimate the stiffness values is a simplification of the real situation. The setup is shown
in Figure 8.5 where the Stepisol is represented by the pads, and the upper system by the
T- shaped profile. In this setup the geometry and weight of the steel profile was set to
match the properties of the system above the Stpeisol pads from the lab test. The height
of the pads was reduced slightly, so that the compressed height in the numerical model
would be the same as for the lab tests. This was done due to the difference in static and
dynamic stiffness, so that only the dynamic stiffness could be included in the numerical
model. Calculations for the height reduction can be found in Appendix C.2. The Young’s
modulus of the profile was sett to 210 GPa, as for normal construction steel, whilst the
Stepisol pads were given orthotropic material properties with values matching the results

Printed using Abaqus/CAE on: Sun Dec 09 21:24:57 W. Europe Standard Time 2012

Figure 8.5: Numerical Test of Stepisol
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E1

[kPa]
E2

[kPa]
E3

[kPa]
ν12 ν13 ν23 G12

[kPa]
G13

[kPa]
G23

[kPa]

464 464 464 0.01 0.01 0.01 314 314 314

Table 8.2: Material Properties, Stepisol

E
[kPa]

G
[kPa]

Frequency
Mode 1[Hz]

Frequency
Mode 2 [Hz]

Lab 464 314 15.35 20.1
Numerical 490 387.5 16.89 20.65

Table 8.3: Numerical Test Results, Stepisol

form the lab tests. However, since only the shear stiffness and transverse stiffness were
known, the material was given the same properties in all directions as shown in Table
8.2. The Poisson’s ratios was sett to 0.01 since the material is very porous.

The analysis was run in two steps, first a static step that applied gravity, then a linear
perturbation step with a frequency analysis. The results of the first analysis showed that
the estimates from the lab matched the numerical model quite well, but that the FE
model was a bit too soft. The material properties were tuned and further analyses run
to match the frequencies form the lab tests as closely as possible. This was done by
adjusting the E and G modulus of the Stepisol. Both the E and G had to be increased
to match the frequencies form the lab, as shown in Table 8.3. The third mode, which
was not thoroughly tested in the lab, had a frequency of 32.6 Hz in the first analysis, and
33.5 Hz in the final, matching the lab tests very well without having been calibrated.
This increases the confidence of the numerically obtained stiffness values.

The mode shapes are shown in Figure 8.6 where a is the horizontal mode (shear)
and b is the vertical mode. When the mode shapes were studied closely, it was found
that the first mode (shear) was not a clean shear mode. There was also some vertical
movement that is not accounted for in the calculated values form the lab test. This
effect is due to the height of the steel profile, which creates a small moment of inertia
about the Stepisol pads.

Since the numerically obtained stiffness values match the measured frequencies best,
these were the values used in the further modeling in this thesis.
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Figure 8.6: Numerical Modes, Stepisol





Chapter 9

Conclusions and Further Work

9.1 Conclusions
The dynamic tests preformed on the building modules are only regarded partially

successful. This is due to the unfortunate foundation of the single module setup and
problems related to low excitations and large amounts of noise for the two by two setup.
The limited time for testing gave fewer measurements than what was desired of the MA
tests.

Using the hammer to excite the stacked modules in the longitudinal direction gave
low response due to high stiffness and mass. This made it hard to get good and stable
results form the analyses. Applied in the transverse direction and for the single module
setup, the hammer worked well.

When the analyses were finished the results from the two methods showed good
correlation. The frequencies found in the SID tests were very consistent, but the damping
ratios were more scattered, especially for the translational modes in the two by two
setup. Only one analysis on each side of the two by tow setup was made with the MA
test which makes stability assessments impossible. Although larger excitation forces
would bee preferred, an over all evaluation of the test methods deems both methods
suitable for evaluating dynamic properties of building modules.

The further conclusions presented here only applies to the tests carried out on the
two by two setup. No relevant conclusion has been made for the test results of the single
module setup due to the unfortunate foundations.

The results form both tests showed three modes of interest, two translational and
one torsional mode. All modes were symmetrical about the center of the modules and
had frequencies below 11 Hz. The modes and frequencies were widely influenced by the
layers of Stepisol and the connections between the modules, and between the modules
and the foundation. The Stepisol makes the stacked modules a lot less stiff and causes
a rocking motion in addition to the shear deformations in the modes.

The equivalent viscous damping of the tested building modules should be set to 3%.
This value is slightly more than one standard deviation lower than the mean value for
all relevant test results. From the lab tests of the Stepisol it was found that Stepisol has
a relatively high damping. Thus it is concluded that the Stepisol contributes much to
the total damping of the modules.

Stepisol has been identified as the element that effects the dynamic properties of
modules the most and that changing the connections between the modules will affect
the dynamic properties of the system severely.
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The numerical models showed that the stiffness of windows can not be neglected for
walls with large areas of glass. The effect is however less noticeable for walls with fewer
windows.

The stiffness of the the modules without the Stepisol layer is dominated by the shear
stiffness of the walls, since the bending stiffness in the wall plane is very high. The
upshot of this is that the stiffness of walls built the same way but with different length
can easily be calculated if the stiffness of one wall is known.

Predicting the stiffness of different sized modules by assuming plate behavior in the
walls gives a plausible result. Thus, the shear frame models made for the large model
of the VHT building is a fair representation of the real modules, and should be given a
damping ratio of 3% in further analyses.

9.2 Further Work
Suggestions for further work:

• Further dynamic testing of building modules

• Evaluation of the effects of plasterboard

• Evaluation of the stiffness contribution form large windows/glass areas

• Evaluation and implementation of damping in numerical models

• Further evaluation of the structural dynamic effects of sound reducing layers and
connections between modules

First of all, further dynamic testing of building modules are wanted to establish a better
bases for numerical modeling. In situ test of building modules would give more relevant
results than the tests made in this thesis since the foundations would be properly made.
Using different excitation methods for the SID tests would probably help stabilizing the
measured damping ratios. Tests on both stacked and single modules would be beneficial.

Plaster boards are widely used in building modules and contributes much to the
stiffness of the structure when subjected to relatively low forces. Plasterboard is however
brittle and could break in ultimate limit state (ULS) situations. Removing the stiffness
of the plaster boards would make the modules a lot less stiff and the modules may have
problems coping with ULS situations like earthquakes.

Since many modules have walls made of large glass areas, an evaluation of the stiffness
contribution form glazed walls would give better numerical prediction models for building
modules.

The damping of the modules has only been measured globally in this thesis. It is
therefor hard to say what parts contribute to the damping of the modules. Further
evaluation of this subject could give better prediction models for damping in building
modules. Implementing damping in the numerical models would make the models more
complete.

The sound reducing agent Stepisol was used between the modules that were tested in
this thesis. Other materials are available which may change the dynamic properties of
stacked modules. Further surveys of this subject could improve the design and increase
the damping of building modules. Altering the connections between the modules could
also increase the maximum height of stacked modules in purely module based buildings.
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Appendix A

Test Results - Dynamic
Testing of Building Modules

A.1 System Identification Analyses Results
The analyzed time series with their respective results are listed in Table A.1 and A.2.

The time series marked as bold was chosen for the selected time series plot.

Longitudinal Mode Torsional Mode
Time Series Frequency

[Hz]
Damping
Ratio [%]

Frequency
[Hz]

Damping
Ratio [%]

M4C 1 1 1 8.6146 6.8707 10.2079 3.1722
M4C 1 2 1 8.3646 6.458 10.2312 3.417
M4C 1 2 1 8.4633 6.6438 10.2234 3.5249
M4C 2 2 2 8.4028 6.6477 - -
M4C 2 2 2 8.6154 5.9499 - -

M4C 3 1 2 8.376 6.0823 10.1709 3.922
M4C 3 1 2 8.4169 8.1919 10.3292 3.6701
M4C 3 2 3 8.4051 6.0021 10.1926 3.659

M4C 3 2 3 8.3778 7.0897 10.3771 3.4639
M4C 4 1 2 8.4538 5.5405 10.1972 3.2239
M4C 4 1 2 8.4327 7.8245 10.219 3.2644
M4C 4 2 2 8.3286 8.4509 10.1955 2.9686

M4C 4 2 2 8.3487 6.6492 10.2078 3.2101
M4C 5 1 3 8.5802 7.0944 - -
M4C 5 2 3 8.4934 7.0076 - -
M4C 6 1 3 8.6776 6.4447 10.1764 3.1327

M4C 6 2 3 8.4795 5.7307 10.2445 2.8546

Table A.1: Results From Impacts on Short Side
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Transverse Mode Torsional Mode
Time Series Frequency

[Hz]
Damping
Ratio [%]

Frequency
[Hz]

Damping
Ratio [%]

M4L 1 1 3 4.902 4.1349 10.198 3.3514
M4L 1 1 3 4.8843 4.6739 10.2323 3.1745
M4L 1 2 2 5.0368 4.818 10.2224 3.1327
M4L 1 2 2 4.9324 5.7964 10.2382 2.9108

M4L 2 1 2 4.8697 4.6288 10.2595 3.2495
M4L 2 1 2 4.9256 3.3457 10.2415 3.283
M4L 2 2 1 4.9283 3.8451 10.2454 3.0754
M4L 2 2 1 4.9861 3.1049 10.2522 3.2726
M4L 3 1 2 4.9941 6.9902 10.2421 3.0837
M4L 3 1 2 4.9621 2.8604 10.2175 3.1769
M4L 3 2 3 4.8917 4.5071 10.1921 3.1739
M4L 3 2 3 5.0368 3.7844 10.2198 3.1506

M4L 4 1 2 4.9013 3.5198 10.2068 3.1592
M4L 4 2 2 4.9257 4.3199 10.2112 3.0935
M4L 4 2 2 4.9157 3.6275 10.244 3.2999

M4L 5 1 1 4.9656 3.3191 - -
M4L 5 1 1 4.9534 3.8861 - -
M4L 5 2 3 4.9793 4.097 - -
M4L 5 2 3 4.9818 4.0406 - -

M4L 6 1 2 4.9138 3.6784 - -
M4L 6 1 2 5.0336 3.6121 - -
M4L 6 2 3 4.9678 4.8194 - -
M4L 6 2 3 4.8967 5.2021 - -

M4L 7 1 2 4.9711 4.4537 10.18 3.3443
M4L 7 1 2 4.9938 3.6848 10.2141 3.209
M4L 7 2 3 4.9639 3.8924 10.1703 3.3266
M4L 7 2 3 4.9456 3.9098 10.2157 3.3508
M4L 8 1 1 4.8974 3.5825 10.2268 2.9392
M4L 8 1 1 4.5046 6.3827 10.2956 3.2125
M4L 8 2 2 5.0685 7.1033 10.2118 3.1806
M4L 8 2 2 5.0001 3.7964 10.2171 3.0922

Table A.2: Results From Impacts on Long Side
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The formulas used to calculating the standard deviation was:

σ =

√√√√ 1

N

N∑
i=1

(xi − µ)
2

(A.1)

µ =
1

N

N∑
i=1

xi (A.2)

Where σ =the standard deviation, µ = the mean value, N =number of samples and xi
= sampling value number i.





Appendix B

Numerical Modeling and
Model Properties

B.1 Calculated Mass Distribution of Tested Modules

The mass distribution in the tested modules were not known, so a simple weight
estimation was made. The masses of the used for the different materials is listed in the
table below.

The mass of the windows has been estimated by assuming a total glass thickness of
10 mm in each window, and multiplying this by the window are. The mass density of
glass is sett to 2500kg/m3 [22].

By calculating the volume of each material in each element of the module, the mass
distribution has been estimated. 1

The mass that is unaccounted for, has been distributed in the floors and ceilings.
The reestimated masses of floors, ceilings and modules is written in red.

B.2 Properties of Plate Models
The thicknesses and material properties of the parts used in the tuned plate models

are listed in Table B.3.

B.3 Properties of Shear Frame Models
The properties of the tuned shear frame modules are listed in Table B.4 The mass

of each shear frame models is listed in Table B.5

B.4 Material Properties for Detailed Models
The material properties used in the detailed models are listed in Table B.6.

B.4.1 Added mass of glass
The extra mass of glass has been added to the timber surrounding the windows. The

calculations have been done by assuming a glass thickness of 10 mm in the whole window
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Part t
[m]

ρ
[kg/m3]

E
[MPa]

ν

Long Interior Wall 0.095 259.3 97 0.3
Long Exterior Wall 0.17 253.4 97 0.3

Short Exterior Wall (door) 0.17 217.4 94 0.3
Short Exterior Wall (window) 0.17 303.8 94 0.3

Ceiling 0.3 197.8 90000 0.3
Floor 1st 0.352 193.7 90000 0.3
Floor 2nd 0.3 193.7 90000 0.3

Links 0.05 1 21000 0.3
Foundation 0.05 1 21000 0.3

Table B.3: Simple Plate Model, Properties

Part ρ [kg/m3] E [MPa] ν a b t

Corner Columns (I*) 1 210000 0.3 0.153 0.245 0.0117
Corner Columns (II*) 1 210000 0.3 0.155 0.231 0.0116
Corner Columns (III*) 1 21000 0.3 0.185 0.2274 0.0115
Center Column (All) 1 21000 0.3 - - -

Horizontal Connections 1 21000 0.3 0.1 0.1 0.01
Vertical Connections 1 21000 0.3 0.1 0.1 0.01

Foundations 1 21000 0.3 0.1 0.1 0.01
Floors 300 21000 0.3 - - 0.3
Roof 305 21000 0.3 - - 0.3

Table B.4: Properties of Shear Frame Models

opening, and adding this as a distributed mass in the surrounding timber.

Aglass × 10mm× ρglass
Vtimber

= ρextr (B.1)

ρtimber + ρextr = ρtot

ρglass = Mass density of glass

ρextr = Added mass tensity

ρtimber = Mass density of timber

ρtot = Mass density of the timber surrounding the window

Vtimber = Volume of timber surrounding the window

Aglass = Area of glass

This was done for the windows on the long and short side. ρtot for the long side was
calculated to ρtot,L=1000 kg/m3 and ρtot,S = 1110 kg/m3for the short side. The sides

Model Mass/Module [kg]

I* 6316
II* 6316
III* 8368

Table B.5: Mass of Shear Frame Models
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Table B.6: Detailed Model, Material Properties
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were calculated separately due to different sized windows and volume of surrounding
timber.

B.5 Calculation for Numerical Tests of the Effect of
Stepisol

B.5.1 Stiffness of Timber Plates
The stiffness calculations were done according to NS-EN 1995-1-1 Section 7.1 “ Glid-

ning i forbindelser”
It has been assumed that the diameter of the nails d = 2.5mm and that the nails

have a center distance of c/c = 30 cm, the stiffness of the plates can be calculated by:

Kp,c =
EA

L
(B.2)

And the shear stiffness by:

Kp,s =
GA

L
(B.3)

where L =height of the plate, A = cross sectional area of the plate, E = 3800 MPa and
G = 50 MPa [3].

Stiffness of nails according to Table 7.1 NS-EN 1995-1-1:

Kser = ρ1.5
m d0.8/30 (B.4)

Where Kser =the stiffness of the connector given in N/mm, d =Diameter of the connec-
tor (nail) and ρm =

√
ρm,1ρm,2 = square root of the multiplied material density of the

two connected parts[4, 3].

ρm =
√

420× 550 = 481 (B.5)

Kser = 4811.52.50.8/30 = 731.9N/mm

The height of the plates connected to the foundation was Lf =147 mm and the height of
the plates connecting the modules Lm =204 mm. The stiffness per meter was therefor
given as:

Kp,c,f =
3800× 8000

147
= 206803N/mm

Kp,s,f =
50× 8000

147
= 2721N/mm

Kp,c,m =
3800× 8000

204
= 149020N/mm

Kp,c,m =
50× 8000

204
= 1961N/mm

Where subscript p denotes plate, s =shear, c = compression/tension, f =foundation
and m = modules. The stiffness of the nails per meter is calculated by:

Kser,tot =
Kser

c/c
=

731.9

0.3
= 2440N/mm (B.6)
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K Stiffness
[N/mm]

Kc,f,tot 1212.8
Ks,f,tot 842.4
Kc,m,tot 1210.1
Ks,m,tot 752.1

Table B.7: Calculated Stiffness

Connection E [MPa] G [MPa]

Foundation 39.42 27.38
Models 39.33 24.44

Table B.8: Material Properties Connection Plates

Since the connection between the plates and nails is a serial connection the total stiffness
is found by:

1

Ktot
=

1∑
n

1

Ki
(B.7)

Ki,tot =
1

Kp,i
+

2

Kser,tot
(B.8)

The material parameters for the mode was then calculated by rearranging Equations
B.2 and B.3, and using the modeled height of the plates. L-model = 260 mm. The
calculated material parameters are listed in Table B.8.

B.5.2 Rotation
Total rotation measured at the top of the walls was calculated form vertical displace-

ment of the top corners of the models. The formula used to calculate the angles is shown
below:

θ = tan−1

(
ū

l/2

)
(B.9)

Where θ =rotated angle, ū =averaged vertical displacement of the absolute value of
displacement measured at the two corners and l =total length of the wall = 6.25 m.

B.6 Length Variation, Calculated Values for Plate,
Shear Frame and Truss Frame Models

B.6.1 Plate Models
Calculations of the Young’s modulus for simple plate walls has been done as shown

below. The formulas were found in [14]. The stiffness of a wall can be described as:

1

Ki
=

1

Ksi
+

1

Kbi
(B.10)
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Length
[m]

Displacement
∆xi [mm]

Load
Fi[N]

Stiffness
Ki [MN/m]

Area
Ai[m

2]
Young’s Modulus

Ei [MPa]

6.25 0.00375 521.3 13.9 1.06 98.1
8.7 0.00370 739.5 20.0 1.48 101
12.5 0.00366 1062.5 29.0 2.13 102

Table B.9: Young’s Modulus for Plate Walls

Where Ki is the total stiffness of the plate and Ksi and Kbi are shear and bending
stiffness, respectively. Ksi and Kbi are defined as:

Ksi =
ksAiEi
li

(B.11)

Kbi =
kbIiEi
l3i

(B.12)

Where ks and kb are load dependent constants, Ai= cross sectional area of the plate,
Ii = 2nd moment of area of the horizontal cross section of the plate, li= height of the
plate (wall) and Ei = the Young’s modulus of the plate.

For long plates, like the wall plates that are modeled here, Kbi becomes much larger
than Ksi. Due to Equation B.10, Kbi does not effect the total stiffness of the system.
Equation B.10 can therefor be written as:

Ki =
ksAiEi
li

(B.13)

Since Ki can be found from the static test, Eican be calculated by:

Ki =
Fi

∆xi
(B.14)

Ei =
Kili
ksAi

(B.15)

The Young’s modulus for the different walls are listed in Table B.9, where ksi = 1
3 .

B.6.2 Shear Frame Models
The stiffness of the shear frame models are based on the displacement of the detailed

models. The stiffness of the beam on top of the columns is much higher than the stiffness
of the columns and can be regarded as rigid. This means that the shear stiffness of the
frame can be expressed as:

K =
24EI

L3
(B.16)

Where L = height of the wall and K = F
∆x form the detailed modules, E = 210 GPa

and I =Second moment of area of the columns. By rearranging Equation B.16 I can be
found:

I = KL3

24E (B.17)

To make the calculations simple, a quadratic cross section was chosen and calculated
by:
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Length
[m]

Displacement
∆x [mm]

Load F
[N]

Stiffness
K [MN/m]

2nd M of
A I [m4]

Cross Section
h [m]

6.25 0.00375 521.3 13.9 4.309E-5 0.151
8.7 0.00370 739.5 20.0 6.196E-05 0.165
12.5 0.00366 1062.5 29.0 9.000E-05 0.181

Table B.10: Shear Frame Calculations

Length
[m]

Displacement
∆x [mm]

Load F
[N]

Stiffness
K [MN/m]

Angle α Cross Section
A [m2]

6.25 0.00375 521.3 13.9 21.8014 4.7988E-04
8.7 0.00370 739.5 20.0 16.0323 8.9638E-04
12.5 0.00366 1062.5 29.0 11.3099 1.7961E-03

Table B.11: Truss Frame Calculations

I =
bh3

12
(B.18)

b = h (B.19)

h =
4
√

12I (B.20)

The calculated values are shown in Table B.10

B.6.3 Truss Frame Model
The calculations for the truss frame is based on the same stiffness as the other models.

The stiffness of the diagonal stay is what gives the model its stiffness. The cross section
of the stays can be calculated as:

K =
EA

L
cos2 α (B.21)

Where L =length of the wall, E =Young’s modulus = 210 GPa, A =cross sectional area
of the diagonal stays and α =the angel between the diagonal stay and the horizontal
line. A can thus be found by:

A =
KL

E cos2 α
(B.22)

The calculated values for the truss frame models are shown in Table B.11
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Appendix C

C.1 Static Stiffness Estimation of Stepisol form Load-
displacement Curve

The static stiffness of Stepislo has been calculated from load-displacement curves
produced by “Svensk Emballagteknik AB”. The curves are shown in Figure C.1

Figure C.1: Stepisol, Load-Displacement curve[13]
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E =
4σ
4ε

(C.1)

E1 =
5000 N/m2

0.029
(C.2)

= 172.4 kPa (C.3)

E2 =
5000 N/m2

0.026
(C.4)

= 192.3 kPa (C.5)

C.2 Height Reduction of Stepisol In Numerical Model

Calculation of base height of Stepisol pads, pre loading (h0), assuming compression
in numerical static step.

Stiffness estimated from lab tests E = 464 kPa
Compressed height ht = 13.65 mm

ε =
σ

E
=

19.96kPa

464kPa
= 4.3% (C.6)

ht = h0 − h0ε (C.7)

ho =
ht

(1− ε)
=

13.65mm

(1− 0.043)
= 14.26mm (C.8)

C.3 Results from Lab Tests of Stepisol
The results from the lab tests are listed in Tables C.1 and C.2.
The formulas used to calculating the standard deviation was:

σ =

√√√√ 1

N

N∑
i=1

(xi − µ)
2

(C.9)

µ =
1

N

N∑
i=1

xi (C.10)

Where σ =the standard deviation, µ = the mean value, N =number of samples and xi
= sampling value number i.
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Frequency
[Hz]

Damping
Ratio [%]

1 16.724 6.59
2 16.578 8.006
3 16.373 8.715
4 16.59 8.077
5 16.692 7.756
6 16.777 7.25
7 16.668 7.972
8 16.773 7.381
9 16.916 6.501
10 17.14 6.99
11 17.205 6.22
12 17.238 6.375
13 17.133 6.918
14 17.104 7.308
15 17.244 6.356
16 17.262 6.77
17 17.213 7.00

Table C.1: Horizontal Dynamic Shear Tests of Stepisol

Frequency
[Hz]

Damping
Ratio [%]

1 21.33 6.62
2 21.29 6.99
3 21.1 6.99
4 20.514 5.74
5 20.456 5.709
6 20.413 5.7
7 20.034 6.212
8 20.356 6.416
9 20.435 6.512
10 20.288 6.386
11 20.072 6.684

Table C.2: Vertical Dynamic Tests of Stepisol





Appendix D

Digital Appendix

The digital appendix contains:

Matlab files - Used for system identification

Test results - The test results shows detailed analysis information from the system
identification analyses and modal analyses.


	
	

	
	
	
	

	
	
	
	
	
	


	

	
	
	
	

	
	
	


	
	
	
	
	
	


	
	
	
	
	
	
	
	

	
	
	



	
	
	
	
	

	
	
	
	
	
	

	
	
	


	
	
	

	
	
	
	
	



	
	
	
	
	
	


	
	

	
	
	
	
	

	
	
	
	

	
	
	
	
	

	
	
	
	
	


	
	
	
	
	
	
	

	

	
	
	

	
	
	

	
	
	
	
	
	

	
	
	

	
	
	
	


	
	
	
	

	

