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ABSTRACT

ISO standard tapping machine is a conventional and widely
used standard impact sound source. Since the apparatus
freely drops its hammers on the floor, the force level it
produces depends on the type of the floor. Thus, to achieve
accurate results with the impact sound insulation prediction
models, the impact force excitation must be considered
particularly in case of wooden floors. This study presents a
simulation procedure to determine the impact force
excitation generated by an ISO tapping machine. The
applied methods comprise use of finite element method
(FEM) and explicit time integration as well as a post-
processing procedure. To demonstrate the applicability of
the method, the finite element model was validated and
applied to imitate an experimental situation on a cross-
laminated timber (CLT) slab. The model validation showed
that the computational model closely predicts the force
pulse generated on the CLT slab. Findings from a
sensitivity analysis revealed that local properties of the slab
were the most important to the simulated impact force
pulse. The findings are helpful for those developing
simulation tools to compute the impact sound insulation of
wooden floors.
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1. INTRODUCTION

ISO standard tapping machine (STM) is probably the most
widely used standard impact sound source applied in impact
sound insulation measurements. The requirements for the
STM have been given by the standards ISO 10140-5 [1]
and ISO 16283-2 [2]. Although alternative impact sound
sources have been presented, in many countries, the ISO
tapping machine is used in the impact sound insulation
measurements of all kinds of floors [3-4].

Since the STM freely drops its hammers on the floor, the
force level it produces depends on the type of the floor [5],
[6]. This is an essential feature that must be considered
especially when wooden floors are studied. For example,
the magnitude of the force spectrum generated by the STM
is rather constant on bare concrete slabs whereas on wooden
floors the spectrum depends on the floor configuration [7].
Theoretically, even the low-frequency level spectrum
produced by the STM has a range of 6 dB, and the range
rapidly expands with the increasing frequency [5].

To achieve accurate results with the impact sound insulation
prediction models, the impact force excitation must be
described paying a special attention when assessing wooden
floors. Up to a certain extent, this can be done by applying
the analytical models presented in the literature. In case of
wooden floors, general models describing the interaction
between the STM and the floor have previously been
presented by Amiryarahmadi et al. [8], Brunskog and
Hammer [5], Coguenanff et al. [9], Rabold et al. [10], and
Wittstock [11].

In the recent decades, the use of the finite element method
(FEM) to compute impact sound insulation of wooden
floors has raised interests [12-16]. Thus, an appealing
procedure would be to compute the impact force excitation
by using a FEM tool. This also has several benefits in
comparison with application of the analytical models [17].
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The purpose of this paper is to present one possibility to
solve the impact force excitation generated by the STM
with the FEM tools. For this, we applied FEM and explicit
time integration (i.e., explicit dynamics analysis) —
techniques used in the field of computational impact
mechanics. To demonstrate the performance and
applicability of the presented simulation and post-
processing procedures, we validated and applied the model
to imitate an experimental situation on a cross-laminated
timber (CLT) slab. To find out more about the study, see
ref. [17].

2. MATERIALS AND METHODS

2.1 Procedure to determine the impact force excitation

STM exerts an array of force pulses by repeatedly dropping
its five hammers to the floor. When neglecting a transient
process of the change in individual force pulses (as
described, e.g., by ref. [10]), this array of force pulses Fr
can be determined for hammer o (1,2...5) in time and
frequency domains as follows:

=]

Fra(® = ). Fut—nT,(1+K)) (1)
Fra) = ). FuaB(f —1f) @)

where Fy(?) is the (constant) force pulse, k£ is a constant
value depending on the order of the hammer fall, Fy, is the
amplitude of discrete frequency components, f; = 1/7; is the
repetition rate for a single hammer, and o(-) denotes the
Dirac delta function [5, 11]. With the order 1 -3 -5-2 —
4, k gets values [11]:

0, ifa=1
1/5, ifa=3
k=+42/5 ifa=5 (3)
3/5, ifa=2

4/5, ifa=4

Again, the (two-sided) amplitude spectrum for a force pulse
can be evaluated with a Fourier transform [5]:

17T
Fo.= ?I E(t—nT.(1+ k))e_zmtfr"dt 4
rJg

Based on Eqns. (1-4) it is evident that the only unknown to
determine the array of force pulses is the single force pulse
Fy(?). In this paper, we focus on presenting FEM-models
where the force pulses are simulated by applying explicit
dynamics analysis (see Section 2.3). The abovementioned
equations can be regarded as a post-processing procedure to
achieve excitation data for time and frequency domain
simulations, as illustrated by Fig. 1 [17].

FEM-model,
explicit dynamics analysis

Force pulse
Time history of a single
hammer impact
Folf) (a=1.2...5)

Aom

Force pulse array Force pulse spectrum
Time history of repeated Amplitude spectrum of a
force pulses force pulse

Fra(t) Foa

‘ |
v
Time domain Force spectrum
simulations Spectrum of repeated
force pulses
Fro(f)

Frequency domain
simulations

Figure 1. Procedure to determine the impact force
excitation generated by the STM.

2.2 Experiments

The FEM-simulation results were compared with the
experimental results [7, 17] on a 100 mm thick
prefabricated cross-laminated timber (CLT) slab made of
spruce [18] (Fig. 2). The slab was 3-layered and had
lamellae of thicknesses 30, 40, and 20 mm. The boards of
the slab (mostly of heartwood) were glued together only
from their broader sides and the narrow sides were unglued.
The width of the boards in the outer lamellac was mainly
130 mm and in the center 145 mm. The size of the slab was
2.4 x 2.68 m? and the slab was supported from its ends.

Figure 2. Schematic cross-section of the studied
100 mm CLT slab.
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The experiments on the slab were carried out with an
instrumented STM [7]. A force sensor (Kistler type
9712B5000) in the modified center hammer together with
the signal acquisition system was used to determine the
impact force input into the slab during the normal operation
of the apparatus. The hammer itself was modified to fulfil
the requirements for the tapping machine presented in the
standards [1,2] together with the attached sensors and
additional parts. The forces driving the slab were calculated
from the measurement signals when the STM lied in five
different positions S1-S5 (Fig. 3). Locally, the distances of
the source positions from the board edges varied between
positions.

Edge of the floor structure
[ Supported edge
T T

350 550 ]0Q_ 700

L300 |

680

Supported edge
+200 U 300 +200 +200 i 800 1

Figure 3. Source positions S1-S5.

2.3 Simulations

FEM Program Ansys LS-DYNA (smp s R10.1.0 Revision:
123264) was applied to simulate the impact force pulses
generated by the STM on the CLT slab. The program
applies explicit time integration to solve the dynamics of the
system. The FEM model comprised of two colliding
structural domains (hammer and slab) where the partial
differential equation of motion governs in both domains:

V-e+pf=pk ®)
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where o is the Cauchy stress tensor, p is density, fis body
force density, and X is acceleration [19]. The contact
between the bodies was considered frictional (¢ = 0.5), and
the contact was modelled by using a penalty method (LS-
DYNA keyword: *CONTACT AUTOMATIC_SINGLE -
SURFACE [20]). Thus, a regular contact-impact algorithm
was used to simulate the collision between bodies. The
model involved the curvature of the hammer head.

After a few mathematical operations, the finite element
formulation of Eqn. (5) can be recognized as a matrix form
of Newton’s second law [19]. The central difference time
integration method implemented in LS-DYNA [19] allows
direct calculation of the nodal acceleration vector a on the
basis of mass matrix M and force F:

a® =M~1F" (5)
vﬂ+1j2 — vn—l,n‘z + a®Atn (6)
uttl = yn + vn+1,’2ﬂtn+1j2 (7)

where v and u# denote the nodal velocity and displacement
vectors in time domain, respectively, and the time step At is:

At™TLZ = (At™ + ALY /2 ®)

The boards of the CLT slab were described as linear
orthotropic elastic material with three principal directions
being the longitudinal (L), radial (R), and tangential (T)
axes with respect to the wood fiber direction. In the
simulations, the parameters were (mostly) used to describe
the materials in cartesian coordinate system. Values for all
the parameters needed to capture the material behavior have
not been presented by the standard EN 338 [21]. The
remaining values were derived from the measurement
results by Keunecke et al. [22] by scaling the results
presented in their study with the standard values.
Parameters used in the simulations for CLT have been
shown in Table 1. The steel hammer was described with a
linear elastic material model with density of 7641 kg/m?,
elastic modulus 205 000 MPa, and Poisson’s ratio 0.3.

The simulated contact force pulses were filtered with a
Butterworth filter of which cut-off frequency was 6000 Hz.
Afterwards, a two-sided amplitude spectrum of the force F,
was determined. Furthermore, mechanical impulse 7, low-
frequency force Fi;, peak value of the force Fpex and the
length of the pulse T,use were calculated to present the
results in scalar values.
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Table 1. Material parameters used to describe the
orthotropic elastic behavior of spruce in strength class
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C24.
Material parameter C24
Density p 420 kg/m?
Elastic modulus EL 11 000 MPa
Elastic modulus Er 537 MPa
Elastic modulus Et 370 MPa
Poisson’s ratio vir 0.36
Poisson’s ratio vt 0.45
Poisson’s ratio vir 0.21
Shear modulus GrLr 725 MPa
Shear modulus Grr 690 MPa
Shear modulus Gtr 62 MPa

3. RESULTS AND DISCUSSION

3.1 Validation results

To ensure the validity of the element mesh, a mesh
convergence study was carried out [17]. According to
the study, the chosen mesh was constructed from
elements of average length 2.5 mm near the impact area
in the horizontal direction, and elsewhere the mesh was
coarser (Fig. 4). In vertical direction, the CLT lamellae
were formed from six, five, and four element layers,
from top to bottom. An example of the kinetic energy
transfer into the slab due to the collision has been shown
in Fig. 5 using the chosen computational mesh. The
change in the kinetic energy before and after the contact
represents energy dissipation during the collision.

Figs. 6 and 7 illustrate the comparison of the simulated
and measured force pulses in time and frequency
domains, respectively. For brevity, the comparison has
been shown for the results presenting simulations at two
local extremes of the source positions: the position S2
lied 5 mm from the adjacent timber board and the
position S3 was in the middle of board. To present the
results for all the source positions, comparison of the
simulated and measured pulses as the scalar values is
available in Table 2.

The simulation and measurement results indicated
reasonable equivalency (see Figs. 6 and 7, and Table 2).
Hence, the computational model was regarded valid.
However, differences between the simulation and
measurement results in both force pulses and the force
spectra are prominent. For example, the lengths of the
simulated force pulses were shorter than the measured
values at all the source positions. This can be explained
with the low time resolution of the measurements in
comparison with the simulations [7]. The magnitude
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spectra of the simulation results resembled the measured
spectra closely but minor differences were prominent at
frequencies above 2000 Hz. In the low-frequency range,
discrepancies between the measured and simulated Fie
results correspond with not more than 0.7 dB level
difference. The discrepancies are due to the differences
between the energy dissipation during the collision and
can also be seen from the differing impulse values.

Figure 4. Horizontal and vertical element mesh of
the hammer and the slab near the impact area.
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Energy [ml]
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time [ms]
— — —Total —— Intemnal Hourglass
— Kinetic Sliding interface

Figure 5. An example of the energy balance in the
simulations (source position S3).

It was noticeable that the computational model led to
minor spatial variation in comparison with the
measurement results but local differences were
prominent. For example, the highest simulated (as well
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as measured) peak values of the force Fpeax Wwere
received at the positions S3, and S5 which lied near the
center of the boards (see Fig. 3). The lowest values were
reached at the position S2 instead. This behaviour
suggests that the local properties of the CLT slab affect
the impact force. This can also be seen by illustrating the
deformation during the collision (Fig. 8).

s2
2000————————————

1500

T

T

£.1000
I,

500F

of

Table 2. Scalar values for the measured (M) and
simulated (S) force pulses at positions S1-S5.

Pos. M/S Fpeak Ef 1 Tpulse
[N] [N] [Ns] [ms]

Sl M 1662.5 1.42 0.71 0.99
S 1833.4 1.48 0.74 0.77

S2 M 1546.3 1.36 0.68 1.02
S 1813.3 1.47 0.74 0.79

S3 M 1878.5 1.40 0.70 0.91
S 1839.3 1.48 0.74 0.77

S4 M 1699.4 1.47 0.74 1.01
S 1822.2 1.48 0.74 0.78

S5 M 1832.8 1.45 0.73 0.94
S 1838.2 1.48 0.74 0.77

S3

|
0.5
time [ms]

2000
1500
Z.1000F
& £
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Figure 6. Simulated force pulses F(¢) at the source

positions S2 and S3 (black lines) and the

corresponding measurement results of individual

pulses (grey lines) [7].
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Figure 7. Simulated magnitudes of the two-sided
amplitude spectra F. at the source positions S2 and
S3 (black lines) and the corresponding average
measurement results (grey lines) [7].

3.2 Sensitivity analysis

The effect of the local and global properties to the impact
force and reasons causing the differences between the
measurement results at different source positions were
studied with a sensitivity analysis. According to the
analysis, it was evident that the global properties of the slab
did not affect the simulation results of a single impact force
pulse. For example, ignoring the gaps between the CLT
boards and decreasing the size of the slab did not
significantly decrease the accuracy of the simulations but
their effect on the impact force were minor. Because of this,
the sensitivity analysis was carried out with a slab having
size 1000 mm x 1000 mm. Additionally, the model was
found to be insensitive to the contact friction. [17]

Due to the abovementioned observations, the effect of local
properties on the results was studied with three analyses.
First, the local effects in the sectional direction of the CLT
slab were studied (Fig. 9). This was performed by varying
the strength class of the center lamella of the slab from C24
to C16 and C30 while keeping the outer lamellae as C24, as
well as by introducing an imaginary material X10 with
tenfold elastic and shear moduli to different slab layers.
Secondly, the effect of the material parameters on the
impact force was studied by varying all the material
parameters a single parameter at a time (Fig. 10). An
exception of this were the Poisson’s ratios which were
varied simultaneously. The range of the material parameters
corresponded to the change in the strength class from C16
to C30. Third, since the CLT slab in the measurements was
mainly made from heartwood, the effect of heartwood and
sapwood (see Fig. 11) on the impact force was studied (Fig.
12). This was performed by solving the impact force
presenting the material of the upmost lamella in different
locally rotated cartesian coordinate systems A-D. [17]
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Figure 9. Sensitivity of the lamellae’s strength class
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Figure 8. Total (elastic) deformation process during —é'
the impact at the source positions S2 and S3. E
According to the results of the sensitivity analysis, the

strength class of the center lamella has a minor effect on the 0.90
impact force, but drastic changes in the stiffness properties
can have a major effect on the force especially if the upper

0.7 0.8 0.9 1.0 1.1
Normalized value of material parameter [-]

=3t Density p, normalized vahie 1 £ 420 kg/m3
lamellae changes (c.f. tree knots) (Fig. 9). The results also O Mol of lasticity F (1), normalized value 1 £ 11000 MPa
show that the modulus of elasticity Er, the shear modulus —&— Modtulus of elasticity E (R), nocmalized vahue 1 £ 537 MPa
Grr, and the density p have the greatest effect on the impact —®—Modulus of easticity E (T), normalized value 1 £ 370 MPa
force (Fig. 10). Furthermore, the results clearly indicate that Poissonls ratos v, normalized vaues 1 2 0.36 (LK), 0.45 (LT), and 0 21 (TR)
the spatial differences in the measurement results can be 4 Shear modubs G (LR), normalized vahie | 2725 MPa
explained with the presence of heartwood in the CLT slab T Shearmolules G (UT), normalied value | 2 630 MP2
(Fig. 12). Hence, if the annual rings of wood are evident - Shearmotie © RT) rormalied vee | 22 VP

and the specimen is well known, the use of rotated cartesian . o )
(or cylindrical) coordinate system is justified for improving Figure 10. Sensitivity of material parameters of the
the computational accuracy. CLT slab on the impact force.
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Figure 11. Locally rotated coordinate systems.
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Figure 12. Effect of the heartwood and sapwood on
the impact force. The average measurement results at
different source positions have been indicated with
labels S1-S5 and with a polynomial trend line of
order two (dotted (:) grey line).

The results of the sensitivity analysis imply possibilities to
develop the computational model further. The global
effects, such as the size of the slab, had only a minor effect
on the impact force. Thus, it is possible to predict the
impact force pulse modelling the floor only partially.
Additionally, in case of the CLT slab, results on the safe
side can be reached by modelling the lamellae as
continuous layers in a cartesian coordinate system.
However, changes in material properties affect the results

6027

and lead to spatial variation even on CLT slabs. To consider
this, the slab should be modelled in detail and using the best
possible information from the material properties.

4. CONCLUSIONS

This paper presented a procedure to compute the impact
force pulse generated by a hammer of the STM by using
explicit dynamics analysis. The paper focuses on the
computational model, but with the described post-
processing method point forces describing the array of force
pulses can be determined for time and frequency domain
analyses. The validation of the FEM model showed that the
analysis is applicable in predicting the impact force pulse on
a wooden slab. The results in time and frequency domains
were close to the maximum impact force measured on the
CLT slab. Local properties of the CLT slab were discovered
to be important to the results and explaining the
discrepancies between the simulation and the measurement
results. On the other hand, the global properties such as the
location of the hammer on the slab and the slab size were
found to be insignificant to the simulated impact force
pulses. The findings from the sensitivity analysis offer
possibilities to develop tools predicting the excitation force
for both engineering and research purposes. The
simulations were performed for a CLT slab, but the authors
see no reason to restrict the use of the presented techniques
to CLT or other massive wooden slabs only. Hence, the
model can be applied on other types of wooden floors
including surface structures such as additional layers,
floating floors, or floor coverings, as well.
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