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ABSTRACT
The aim of this article is to present the results of a numerical modal analysis of two
actual structures of timber frame buildings and the different behaviour due to the used
insulation material. One model of the timber structure was filled with mineral wool,
while the other with polyurethane foam. During the modal analysis, eigenvalues for
both models have been determined. The results of the analysis clearly show the increase of stiffness and damping properties of skeletal constructions achieved by the
use of polyurethane foam as the skeleton filling. The numerical model was based on
prior experimental test on real scale single frame elements, therefore the result can be
assumed to be adequate.
Keywords: timber-frame house, earthquake resistance, dynamic, numerical model,
modal analysis.

INTRODUCTION
Construction technology has a huge impact
on aspects related to the preparation of the investment process where the selection of appropriate building materials plays a very important
role. Looking at the construction technology for
small houses resistant to the influence of dynamic
loads, including seismic and paraseismic excitations (see. [13, 17, 18]), one of the most attractive
materials for this type of construction is wood.
This development is certainly enhanced by the
recent emphasis put on the environmental and
energy-saving features of such structures used in
the construction of passive houses [6].
Accordingly, in relation to the technology,
designed timber structures also exhibit relatively
good resistance to dynamic actions, including extreme earthquakes [10]). As a sheathing of walls,
ceilings and roofs of timber frame houses, waterresistant wood-based panels for example MFP
or OSB/3 are used primarily. Those boards have
very good mechanical properties, stiffen the entire structure, and thanks to resistance to shear

forces, reduce the acting force transmitted to the
structure under dynamic loads [10].
Frame timber houses are sometimes able to
survive a catastrophic earthquake with only minor damage as proven with experiences in North
America and Japan [10]. Therefore, the use of
a suitable material as wall sheathing has a beneficial effect on the horizontal shearing and dissipates energy leading to stiffening of the structure [7, 8]. Timber frame houses are relatively
rigid in terms of structure stiffness, and lightweight and therefore showing good resistance to
dynamic actions carried by ground, like earthquakes, as well as paraseismic and impact loads
[3, 9, 19, 20].
Mechanisms of structural damage of skeletal
timber houses have been repeatedly observed
during earthquakes. The degree of destruction
generated in a timber building during an earthquake depends on the seismic intensity [5].
An important element of the proper use
of frameworks is also the thermal insulation.
Depending on the used material for thermal
insulation, the insulation can have significant
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influence on the behaviour of the building during earthquakes or it can have almost no effect
[14, 15].
The study on mechanical properties of
various insulating materials also shows their
usefulness as a structure-insulating and structure-stiffening material. The most common
material to isolate the structure is mineral
wool but this material does not improve the
mechanical properties of the timber structure
[13, 14, 15, 16].
Another kind of insulation material is polyurethane (PU) foam. Due to the closed cell
structure and mechanical properties, polyurethane foam increases the rigidity of the timber
frame structure [14, 15, 16].
The purpose of this article is to present the
results of the comparison of modal analysis of
two numerical models of actual structure of
timber frame buildings, insulated with mineral
wool and with polyurethane foam. Both models have identical geometric parameters of the
material and differ only in the used thermal insulation. In order to perform a modal analysis,
material parameters have been verified by experimental studies [14, 15].

Experimental studies have been conducted
to verify the behaviour of the two models of
exterior walls, using two different insulation
materials. Both walls were made in the traditional technology of construction of wooden
houses one of which is filled with mineral
wool and the other with polyurethane foam.
A single frame, constructed of solid wood
and OSB3 sheathing with different insulation
material was subjected to dynamic and static
loads in order to obtain hysteresis loops. For
this test a specially designed test setup was
used. On this basis damping values and rigidity
for each model in the test have been calculated.
Examples of the test results for the element
filled with mineral wool are:
a) f = 2 Hz; suppression: 17.09%, stiffness:
416.66kN/m,
b) f = 5Hz; suppression: 41.53%, stiffness:
232.55kN/m,
and the test results for the element filled with
polyurethane foam are:

Fig. 1.Validation of numerical models of external
walls with load 2,7kN

Fig. 2.Validation of numerical models of external
walls with load 3,3kN
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a) f = 2 Hz; suppression: 22.25%, stiffness:
668.60kN/m,
b) f = 5Hz; suppression: 66.40%, stiffness:
387.50kN/m.
Based on the results a numerical model of
a single wall element was proposed. The model
was then validated using the displacement as the
corresponding value. Both models have been verified positively – figure 1 and 2 [16].

NUMERICAL MODELS OF REAL TIMBER
STRUCTURES - MODAL ANALYSIS
The numerical analysis has been conducted
for a one-storey timber building frame structure
(as shown in figure 3 and 4) with the following
parameters:
•• storey height: 2.80 m,
•• length and width of the building: 12.0 m.

The building was separated into residential
and utility rooms. The design included window
and door openings as can be found in a typical
project. The timber frame building was modelled
with softwood class C30 enclosed on both sides
with OSB3 boards and filled with rock wool in
the first model and with polyurethane foam in the
second one. In order to model the load of the roof
structure and snow load – without the need of
modelling all elements in the 3D model, in order
to reduce calculation time - the dead weight of
the top layer of OSB3 board was increased to 3.0
kN/m2. The total weight of the designed model
was 43087 kg.
The active mass for a given model was dead
weight. For numerical calculations of the eigenvalues of the two models used Lanczos method
by which obtained 10 as vibrations. Structural
damping was adopted on the basis of hysteretic
loop obtained from experimental tests of real
scale models of external walls elements [14].

Fig. 3. Model with visible beam elements

Fig. 4. The final model showing the surface elements
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Fig. 5. First natural frequency (f1 = 1.58 Hz)

Fig. 6. Second natural frequency (f2 = 1.65 Hz)

Fig. 7. Third natural frequency (f3 = 2.11 Hz)
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Fig. 8. First natural frequency (f3 = 2.72 Hz)

Fig. 9. Second natural frequency (f3 = 2.92 Hz)

Fig. 10. Third natural frequency (f3 = 3.78 Hz)
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The numerical model was created by joining
many single wall frame elements, for which the
numerical results were verified by experimental
tests [14], in order to build the presented building model. The values of attenuation parameters
obtained in experimental studies, have been confirmed by other researchers as presented in articles [11, 12].
For the modal analysis, damping coefficients
of Rayleigh in the form of coefficients a0 and a1
have been calculated from the attenuation values
obtained from experimental tests. To determine
the value of attenuation coefficients, the following formulas were used [2, 4]:
a0=ζ*2*ω1*ω2/(ω1+ω2)
a1=ζ*2/(ω1+ω2)

(1)

where: a0 – Rayleigh’s damping factor,
		a1 – Rayleigh’s damping factor,
ζ – damping coefficient obtained by experimental investigations [%],
ω1, ω2 – angular frequency [rad/s].
The modal analysis was carried out using
Lanczos method. The results for the timber frame
building with walls filled with mineral wool and
with PU foam are shown in the Table 1.
For the first three eigenvalues of both models a graphical comparative analysis is shown
Table 1. Values of natural frequencies (eigenvalues) –
left for mineral wool, right for PU foam
Filled with mineral wool
model - Natural
Frequency [Hz]

Filled with PU foam Natural Frequency [Hz]

1.58

2.68

1.65

2.88

2.11

3.73

5.17

4.97

5.34

5.93

5.38

6.56

5.45

6.73

5.48

7.17

5.53

7.38

5.62

7.73

Table 2. Percentage difference for different wall filling
for the first three natural frequencies
Frequency
[Hz]

Wool filling

Polyurethane
foam filling

Difference
[%]

f1

1.58

2.72

72.15%

f2

1.65

2.92

76.96%

f3

2.11

3.78

79.14%
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below, Figure 5 to 7 are showing the results
for the model with mineral wool filled walls,
while Figures 8 to 10 are showing the results
for the PU foam filled walls.

CONCLUSIONS
Based on the numerical results of the provided modal analysis of both models it is clearly visible that using polyurethane foam as a filling between the skeletal timber structures has a positive
impact in terms of dynamical behaviour. Higher
natural frequencies of the model filled with polyurethane foam testify to its greater stiffness – the
increase of the natural frequencies (as shown in
Table 2) is around 70%, comparing the mineral
wool filling with the PU foam filling.
Based on the results of the presented analysis it can be conclude that by substituting mineral
wool as thermal insulation by PU foam will increase the stiffness of skeletal timber structures,
which improves the resistance of timber frame
structures against dynamic loads, such as earthquakes [11]. In order to prove this behaviour the
presented models will be subjected in a dynamic
analysis to earthquake excitations.
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