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Abstract
Compared to most other conventional sound sources, sonic boom from supersonic flights causes
stronger sound pressure signals at the very low frequency range between 1-100 Hz. The low frequency
component of the sound pressure may give rise to floor vibration and rattling inside buildings, which can
be perceived by humans and lead to annoyance. In RUMBLE, we are concerned with estimating how
large building vibrations one can expect in the future, in the circumstance that supersonic flights from
civil jets will be allowed. It is assumed that the aircrafts in the future will generate so called low sonic
booms, i.e. sonic booms with lower peak pressure compared to sonic booms from past civil supersonic
flights.
In this report, the procedures used in RUMBLE to calculate outdoor to indoor sound transmission and
generation of vibration are documented. Two different methods are documented, related to two
different transfer paths of sonic boom to building vibration. The first method quantifies vibrations due
to the sound being transmitted from outdoor to indoor, and in turn, due to the indoor sound pressure
setting up indoor vibrations in the floors and indoor walls. This mechanism induces primarily vertical
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floor vibrations. The second method assumes that the outdoor sound pressure setting the entire building
into global motion. This mechanism primarily generates horizontal floor vibrations at a somewhat lower
frequency than the vertical vibrations. In a previous deliverable in RUMBLE (D3.2), it was concluded that
the first mechanism was the primary cause of vibration generation, and hence that, vertical vibrations
should be dominating. Findings in this report revise this understanding, as the global motion dynamics
and related horizontal vibration is larger than previously thought. This finding was possible thanks to the
improved methodology developed for the present report. Altogether, both these types of mechanisms
can in certain circumstances generate vibration that leads to annoyance. In addition, we have combined
previous empirical data with expected low boom signals to estimate high frequency sound insulation
properties and rattling. It was found that the low boom spectra would be expected to generate
considerable rattling at levels that have previously been related significant annoyance. The report also
investigate through a parametric analysis the behavior of low frequency sound propagation in open
windows situations.
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1 Executive Summary
Compared to most other conventional sound sources, sonic boom from supersonic flights causes more
energetic sound pressure at the very low frequency range between 1-100 Hz. The low frequency
component of the sound pressure may give rise to floor vibration and rattling inside buildings, which can
be perceived by humans and lead to annoyance. Particularly the non-audible component of the sonic
boom, the infrasound, is responsible for a large part of the vibration generation. In RUMBLE, we are
concerned with estimating how large building vibrations one can expect in the future in the circumstance
that supersonic flights from civil jets will be allowed. In our estimates it is assumed that the aircrafts in
the future will generate so called low sonic booms, i.e. sonic booms with lower peak pressure compared
to sonic booms from past civil supersonic flight as for instance Concorde.
In this report, the procedures used in RUMBLE to calculate outdoor to indoor sound transmission and
generation of vibration are documented. Estimates of indoor noise and vibration due to low sonic boom
is presented in another RUMBLE deliverable, D3.2 – "Quantification of indoor vibration". Yet, a selection
of issues related to indoor noise and vibration that were not included in deliverable D3.2 [10] is treated
here. These include
•
•
•
•
•

Sound insulation and indoor noise at higher frequencies (i.e. above 100 Hz)
A brief assessment of possible rattling from low sonic boom
Effects of multiple rooms on sound transmission and floor vibrations.
Improved analysis of multiple-story building response to sonic boom
Simulations carried out in the time domain

The present report focusses primarily on calculation procedures for the lowest frequencies in the sonic
boom spectrum, the infrasound and the lowest audible frequencies. The larger low frequency content of
sonic boom compared to most other sound sources necessitates that unconventional computational
techniques are utilized. The vibration generation are due to two main transfer paths from sonic boom to
vibration: 1) The sound being transmitted from outdoor to indoor, and in turn, the indoor sound pressure
setting up indoor vibrations in the floors and indoor walls. 2) The outdoor sound pressure setting the
entire building into motion.
For this purpose, a model coupling the dynamic sound pressure with the building dynamics, including the
details of the construction, is used for estimating the sound transmission loss and indoor floor vibration
(transfer path 1). Two different versions of the model exist, one based on frequency domain analysis, the
other based on time domain analysis. These two methods provide rather similar results, yet with visible
differences. These differences are shown for the first time in this report, along with the first
documentation of the setup of the time domain model. The model is also used to show that that vibrations
occurring in more complex multiple room configurations, are not significantly different than the simple
one room configurations treated in the previous study [10].
This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
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With the numerical models developed in RUMBLE, only the low frequency part of the vibration spectrum
can be covered. For higher frequencies, conventional techniques based on statistical methods and
measurements must be used. In the present report, we have attempted to merge the low frequency and
high frequency methods for representing the transmission loss jointly (for all frequencies). This allows
analyzing a much broader frequency spectrum from the sonic boom analysis compared to the previous
RUMLE deliverable D3.2, in principle covering the full audible frequency range. The results covering the
full frequency range are further used to estimate to which degree low sonic boom would be likely to lead
to annoyance due to rattling and audible noise in addition to vibration and infrasound. Based on the
present report, it is concluded that we may expect the sonic boom to generate detectable indoor noise
and possible annoying vibrations and rattling. In D3.2, we compared different outdoor noise metrics with
computed vibration levels. In the present report this is supplemented with indoor noise metrics covering
the full frequency range.
To evaluate the whole building response of a multiple-story building (transfer path 2), a separate method
has been used. The sonic boom air pressure is amplified due to reflection and interaction with the building
which increases the pressure amplitudes applied to the building. Therefore, we obtain higher horizontal
vibrations in the present study compare to the pilot study in D3.2 [10]. Depending on the amplitude and
frequency content of the sonic boom and the building behavior, this mechanism can result in a horizontal
vibration response which is clearly perceptible and above recommended limit values in e.g. ISO 10137 and
the Norwegian Standard NS 8176. In turn, these results are combined with the results from the model
used to calculate floor vibration from indoor sound. The two solutions are superimposed to obtain
estimates of total vibration (indoor floor vibration + whole building response) due to sonic boom.
As an additional activity, we have also carried out a study investigating the behavior of sound propagation
through open windows. The main objective of this study is to understand and explain the results from the
field measurements carried out in Tretyakov, Russia. While simulations would normally predict a
Helmholtz resonance, which leads to an increase in low frequency indoor sound pressure compared to
outdoor, the measurements in Tretyakov with open window do not reveal any such effect. In the
additional activity, we seek to shed light on this using a simplified acoustic model.
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2 Introduction
Sonic boom and low sonic boom (i.e. sonic boom with low peak pressure) from supersonic flights causes
stronger sound pressure signals at the very low frequency range between 1-100 Hz than most
conventional sound sources. The low frequency component of the sound pressure may give rise to floor
vibration, whole building horizontal movement and rattling inside buildings perceived by humans. The
rattling due to the low frequency components of sonic booms has been subject to recent attention, as
supersonic overland flight capabilities are presently being explored by NASA (see e.g. [1]). To predict the
vibration levels due to sonic boom and low boom, numerical models and measurements of sound induced
vibration are necessary and complementary components. As boom induced floor vibrations share
essential characteristics with floor vibration induced by other low frequency sound sources such as blasts
or conventional aircrafts, models and data from such applications provide an important background.
In RUMBLE, vibration induced by sonic boom were studied in detail in deliverable D3.2 [10]. The main
purpose in D3.2 was to quantify the vibrations from possible low sonic boom signals. Both available field
measurements, as well as numerical simulations, were used. The largest focus was on the numerical
simulations. These simulations were carried out using the Finite Element program Comsol Multiphysics.
The methodology used, was based on a previous development carried out for the Norwegian Defence
Estate Agency (NDEA) between 2010-2016, [2]-[4]. While the primary focus in D3.2 was on the results of
the vibration quantification, sensitivity to building and acoustic load properties etc., the main aim of the
present report is to:
"provide a more detailed presentation of the numerical methods used to quantify the vibration".
In addition, this report discusses a set of additional topics that was not covered by D3.2:
•
•
•
•
•

Sound insulation effects at high frequencies (e.g. above 100-200 Hz)
A brief assessment of possible rattling from low sonic boom
Effects of multiple rooms on sound transmission and floor vibrations.
Improved analysis of multiple-story building response to sonic boom
Simulations carried out using time domain solvers

This report is organized as follows: In section 3, we provide a detailed description of the numerical method
used to simulate sonic boom induced floor vibration and low frequency sound transmission. This section
focusses on the mechanism of outdoor to indoor sonic boom transfer, where the indoor sonic boom in
turn set up (vertical) floor vibration. The main emphasis is devoted to explaining the frequency response
analysis that was used in D3.2. However, we also outline a similar methodology carried out in the time
domain. In section 4, new analysis of floor vibration in a multiple room model are carried out and
compared to single room results. In section 5, methodologies for simulations directly in the time domain
are shown and the results from such calculations are compared with results from calculations in frequency
domain with convolution and Fourier Transforms back to time domain. In section 6, calculation
This document reflects only the authors’ view and the Commission
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procedures for estimating sound pressure levels indoor at higher frequencies are presented, along with
calculated sonic boom indoor noise levels for a few selected building types. In addition, results from the
analysis carried out in this report and in D3.2 are compared with reference levels for annoyance from past
studies, including also the rattling effect. In section 7 we show new simulations for multiple story buildings
where the entire structure is put in to global dynamic motion due to outdoor sonic boom. The method
and calculations carried out here are improved compared to the previous analysis carried out in D3.2.
Section 7 also combines the calculated indoor floor vibration with the global dynamic motion to obtain
total vibration (indoor floor vibration + whole building) due to sonic boom. In Section 8 we report the
findings of the simulations performed to explain the lack of Helmholtz resonance effects in the
measurement results from Tretyakov.
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3 Description of the numerical method for
simulation of indoor vibration due to sonic
boom transmitted indoor
Sonic-boom-induced indoor vibration is a multi-physics problem and can be categorized as a coupled fluidstructure interaction problem. The soil foundation can influence the structural dynamics and induced
vibrations as well. Figure 1 shows schematically the problem of interest in the study. The dynamics which
couples the pressure acoustics to the building dynamics is mathematically described by coupling of the
wave equations for the sound pressure in air with the elasticity in the structure and soil, when satisfying
a kinematic continuity condition between the fluid and solid media. As shown in Figure 1, the vibration
generation consists of two main transfer paths: 1) The sound being transmitted from outdoor to indoor,
and in turn, the indoor sound pressure setting up indoor vibrations in the floors and indoor walls. 2) By
the outdoor sound pressure setting the entire building into motion. In sections 3-5 we will deal with
transfer path 1, while transfer path 2 is treated in section 7.
There are many options to solve this coupled problem, depending on the complexity of problem of
interest and required accuracy. For example, a closed-form (or analytical) solution can be applied, when
the involved geometry is simple, such as a sound wave interaction with a layered ground or a simple
geometry such as a sphere-shaped scattering object. However, solving the acoustic pressure interaction
with a building is rather complex in terms of both the geometric and heterogeneity of the physical
properties. For instance, the involvement of different structural components and their interaction and
connectivity, e.g. walls, windows, glass, floor and stud, require more advanced simulation approaches.
Suitable approaches can for instance be finite difference, finite element, or integral equation type.
Because of the low frequency nature of the study, we need to resolve the low frequency nature of the
fundamental building resonances and room modes. For this reason, approximate methods cannot be
used, such as energy methods used for solving more high frequency acoustic problems.
In the current study, we therefore choose to use a finite element (FE) method, which is believed to be the
most flexible and promising approach by being able to take into account all the complexity as close to the
reality as possible. In this chapter, we describe how the finite element (FE) method is utilized for our
purpose. The approach was used in RUMBLE deliverable D3.2 [10]. However, because the main objective
of D3.2 was to quantify sonic boom induced vibration, D3.2 only contained a brief documentation of the
methodology. In the present deliverable, we provide a more in-depth explanation of the methodology.
The software used is COMSOL Multiphysics™. The details of the finite element itself (theoretical
background, numerical implementation, etc.) is not included here, for which the reader is referred to the
manual of COMSOL Multiphysics. In the following section, we describe our approach by introducing the
building types that are studied in the scope of work of NGI in the RUMBLE project.
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Figure 1: Schematic description of the problem of interest i.e. sound-structure-soil interaction. Note that
Cases 1 and 2 are for the induced vibration, respectively, indoor in a room and globally in a multistore
building.
To quantify the results from our study, we define two quantities, namely the transmission loss (TL) and
the admittance (β), which are defined as:
𝑇𝑇𝑇𝑇 = −20𝑙𝑙𝑙𝑙𝑙𝑙10

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

,

𝛽𝛽 =

𝑣𝑣𝑣𝑣𝑣𝑣

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

The transmission loss measures the portion of the sound pressure transmitted from outdoor to indoor as
a function of frequency. Hence, a large transmission loss implies that the building is well insulated, and a
small or negative transmission loss indicates poor insulation properties at the given frequency.
The admittance describes the building vibration response to outdoor sound, such that a high admittance
implies that large vibrations can be expected if the building is subject to a sound pressure. In the first part
of this report, we use Comsol Multiphysics to compute TL and β defined as vertical floor velocity / outdoor
sound pressure, 𝛽𝛽 =

𝑣𝑣𝑧𝑧,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

. Figure 2 displays a typical setup of such a Comsol Multiphysics simulation.

The outdoor sound pressure is applied using a homogeneous unit pressure showed as blue surfaces, while
the indoor pressures are calculated in the grey indoor cavity. The vertical floor velocity is calculated in the
middle of the floor inside the room.
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Figure 2: Locations of outdoor and indoor pressures and vertical velocity calculated in the middle of the
floor in a room.

3.1 Types of constructions
A survey of typical building constructions in different European countries was performed and reported in
deliverable D3.2 [10]. Based on this survey, a synthesis of different buildings types was made to group the
building types into four categories that are expected to yield similar responses in terms of low frequency
sound transmission and admittance. Table 1 presents a synthesis of this building classification. The list
given in Table 1 reflects the variability of building types that are found in Europe and represents various
properties that are important for numerical modelling of the sound transmission and induced floor
vibration. Shown is also a brief specification of key construction elements for the numerical modelling
modeling. We have developed finite element models that simulate the sonic-boom-induced indoor
vibration for these types of buildings. The details on the modelling approach is given in the sections below.
Table 1: Selected constructions for numerical modelling
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Type of
construction

Wall construction

Floor construction

Window

1. Single brick
walls

1. 380 mm solid bricks
2. 250 mm perforated
bricks
100 mm perforated bricks +
40 mm air cavity + 100 mm
perforated bricks
120 mm reinforced
concrete+ 60 mm insulation
+ 60 mm concrete
150 mm reinforced
concrete

1. Wooden joisted floor
(240 mm stud height)
2. 200 mm reinforced concrete slab
Pre-stressed concrete beam covered
by 40 mm concrete tiles.

1. Single glazing (3 mm)
2. Double glazing (6-12-4 mm)

160 mm reinforced concrete slab

1. Coupled two panel windows
(4-100-4)
2. Double glazing (6-12-4 mm)
Double glazing (6-12-4 mm)

Wooden light weight
structure with inner
plasterboards

Wooden joisted floor
(240 mm stud height)

2. Double brick
walls
3. Concrete
panels

4. Wooden
façades

1. 200 mm reinforced concrete slab
2. 265 mm hollow core concrete slab

1. Single glazing (3 mm)
2. Double glazing (6-12-4 mm)

Double glazing (6-12-4 mm)

In terms of room dimensions, we consider three different sizes:
•
•
•

Room 1 (small) - 4.2m x 3m x 2.4m
Room 2 (medium) - 4.2m x 7.2m x 2.5m
Room 3 (large) - 4.8m x 11.4m x 2.7m

Figure 3 display the three different sized rooms for the case of wooden façades. As shown, the walls
consist of outer and inner walls, between which a series of vertical studs are placed. Windows are placed
in the middle of the walls. Table 2 lists all the mechanical properties that are implemented into the FE
simulations of the current study.
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(a) Small-size

(b) Medium-size

(c) Large-size
Figure 3: Three different size rooms for the case of wooden façades.

Table 2: Material properties used in the FE simulations. E is the Youngs modulus, ν is the Poisson number,
ρ is the mass density, η is the loss factor constituting the material damping. In some cases, we have also
applied anisotropic stiffnesses for certain building components, which we in these cases show either in
normal direction (En) or tangential direction (Et) relative to the main orientation of the structure. For
instance, normal or tangential to the floor.
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Component
Stud
Solid brick
Perforated brick
Plasterboard
Glass
Reinforced
concrete floor
Reinforced
concrete wall
Prestressed
concrete beam
Reinforced
concrete slab
(upper)
Reinforced
concrete slab
(lower)
Hollow core
concrete slab

air

E[GPa] (Et/En)
11
3.75
2.81/2.25
4
60

ν
0.05
0.2
0.2
0.33
0.33

ρ[kg/m3]
500
2300
2300
800
2500

η
0.03
0.03
0.03
0.03
0.03

25

0.2

2300

0.01

30/35

0.2

2300

0.01

30/35

0.2

2300

0.01

10/20

0.2

1700

0.01

30/35

0.2

2300

0.01

12

0.2

1700

0.01

Pressure wave
velocity [m/s]

ρ[kg/m3]

343

1.225

Attenuation coefficient [dB]
Inside room
Wall cavities
with mineral
wool
0.1
10

3.2 Multiphysics approach via COMSOL and interstitial
coupling factors
We apply a FE-based Multiphysics approach to be able to describe the fully coupled sound-structure-soil
interaction for the sonic-boom-induced vibration indoor in houses and globally in multistory buildings.
There are two types of finite element to be used for this purpose, i.e. solid and structural elements. The
former is a volumetric one, while the latter is a volumeless one, using surfaces (i.e. shell elements) or lines
(i.e. beam elements) in 3D where the mass is collapsed into the shell or beam geometry. Although all the
domains of interest could be described and solved via the solid element, the motivation to use the
structural element (e.g. shell or beam element) is to minimize or optimize the number of degrees of
freedom (DoFs) in the numerical model so that we can calculate fast and still accurately. For example, if a
solid element is chosen a thin sheet-wall of 1cm thickness coupled with a large array of studs (e.g. 3m×5m)
would require a lot of elements simply due to the geometrical constraint (1cm thickness). The
computational burden can be drastically reduced by using shell elements, where the thickness dimension
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is removed and instead the 3D volumetric thin geometry is replaced by a 3D surface geometry, which
saves a lot of DoFs in the calculation. This allows us also to perform simulations with better accuracy.
Figure 4 shows the element types used in the FE simulation for each component in the study. It is stressed
that this methodology can only be applied in situations where the transmission is dominated by the
bending modes of the structure, and transmission of body waves through the structure is negligible. This
is generally only the case for the lowest frequency range of the sound transmission, such as the one we
investigate here.
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(a) Acoustics domains (room, space in
wall/between studs) via acoustic element

(b) Stud via solid element

(c) Outer wall via shell element

(d) Inner wall via shell element

(e) Floor via shell element

(f) Window glass via shell element

Figure 4: Element types used in the FE simulation for each component.
If no special means is applied to the FE simulation setup, connections between the solid and shell elements
will be assumed as "perfectly continuous", i.e. both stresses and displacements are continuous across the
two element types. We can refer to such continuous connections or joints as "monolithic" indicating that
all joints are moment stiff. In reality, these connections between different building elements are not
perfectly continuous. An earlier study done at NGI [4], found that by introducing a spring system with loss
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factor between structural components such as between outer/inner wall and stud and between window
glass and stud, the agreement was much better with measurement made in laboratory tests. Monolithic
type joints provided much too large sound insulation for most frequencies. Generally, it was found that
joint properties are expected to behave between simply supported / hinged and clamped / monolithic.
This has later been verified in other independent scientific investigations [5]. Therefore, the same
approach is applied in the current study. Figure 5 shows a schematic explanation of the spring connection
as applied to the connections between outer wall and studs.

a

B

Figure 5: (a) schematic explanation of the spring connection; (b) connection between outer wall and studs.

Any potential of imperfect connections between structural elements (e.g. stud and outer wall connected
by nails, screws, glue, etc.) may introduce extra elastic energy storing and dissipating mechanisms, which
is normally different from those of each structural element. Since both energy storing and dissipation are
involved, the connection can be implemented mathematically by the following expression utilizing a
complex representation of the spring constants, where the complex part represents the material
damping.

where:

k x (1 + iη)(u2x − u1x )
Fx
F
𝐅𝐅 = � y � = �k y (1 + iη)�u2y − u1y ��
Fz
k z (1 + iη)(u2z − u1z )

F=[Fx, Fy, Fz]T
is the force vector between two structural elements,
kx, ky, kz are the spring constants defined individually for each direction,
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η
is the energy loss factor,
u2x,y,z and u1x,y,z are the displacements in different directions on each side of two structural elements.
The connections are implemented to 1) the connections between wall stud and plasterboard (both inner
and outer) and 2) the connections between window-frame stud and glass plate. Table 3 lists the numerical
values that are used in the simulations of the current study.
Table 3: Mechanical properties of connecting spring systems. knormal and ktangential corresponds to kx, ky, kz,
but oriented either normal or tangential to the structural element
stud-plasterboard
Window frame-glass

k normal
10 [MN/m3]
0.95 [MN/m2]

k tangential
0.1 [MN/m3]
NA

η, Loss factor
0.01
0.01

The floors of all the building types are constrained with so-called hinge condition along two edges as
shown in Figure 6. This means that the displacements are fixed but the rotations are free along these two
edges. The other two edges are free to move.

Figure 6: Boundary conditions along the floor edges.
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3.3 Treatment of boundary conditions
When we model a room subjected to sonic-boom, the boundary condition (BC) on the inter walls is not
straightforward to impose. If we use perfectly reflective wall conditions (i.e. zero flux being specified), the
pressure wave in the room may be unrealistic e.g. because the sound hard boundary condition may
provide too strong resonant response. In reality, there will be objects inside the room that provide
scattering and in addition comes absorption properties of the walls. To minimize this artificial strong
resonant response, we impose the so-called impedance boundary condition on two internal walls and the
ceiling of the single-room models shown earlier. Figure 7a shows an example of its application to a middle
size room. There are many options for such impedance BCs and we choose to use the following one that
is frequency-dependent [6].

where:
v
φ
µ
τ
ρ
κ

𝑃𝑃(𝜔𝜔) = 𝑍𝑍(𝜔𝜔)𝑣𝑣(𝜔𝜔), with the impedance 𝑍𝑍(𝜔𝜔) =

𝜙𝜙𝜙𝜙

�1+𝑖𝑖 𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
𝜙𝜙

,

is the velocity as a function of the angular frequency ω normal to a specific boundary,
is the porosity,
is the dynamic viscosity,
is the tortuosity (measuring the relative path length of pores),
is the mass density of air,
is the permeability.

The values of these parameters are defined in Table 4. The parameters were selected in the following
way: we simulated a low frequency sonic boom entering an open cavity subject to Helmholtz resonant
frequency. Using different values for the permeability, we measured the logarithmic decay of the pressure
amplitude modulations. We then compared the damping obtained with decay values derived from the
experiments of Vaidyia [7]-[8]. Based on this comparison, performing sensitivity tests for different values
of κ, it turned out that a permeability of κ=5*10-15 m2 provided reasonable damping characteristics. This
value was therefore used in the further analysis, as it fits realistically the acoustic decay rate property of
the wall response (without necessarily representing the "true" permeability). Naturally, the impedance is
expected to be subject to variation. Figure 7 plots examples of different impedances using different values
of permeability κ.
Table 4: Parameters used for the impedance boundary condition with numerical values
ω = angular frequency (rad/s)
µ = 1.8E-5 Pas
τ = 1.5

φ = 0.3
ρ = 1.2kg/m3
κ = 5E-15 m2
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Figure 7: Frequency-dependent impedances used in the study (note: k=5E-15 m2 is used for calculation in
this chapter; the constant impedance of 15000(1+i) is used for the time domain calculation in Chapter 5).

3.4 Application of load
We apply a unit pressure load in the frequency range from 0-200 Hz with a 0.25 Hz frequency step. The
unit pressure is applied to the outer boundaries of the structures analyzed see Figure 8 .

Figure 8: Outer boundaries where the load is applied.
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4 Coupled room simulations
4.1 Motivation
In deliverable D3.2, [10], we simulated the cases of single-rooms surrounded by a particular impedance
boundary condition specified in Section 3.3 of the current report. In reality, there are more than one room
in normal houses (i.e. coupled rooms). However, considering all possible combinations of multiple rooms
and various geometry is not possible. Therefore, we herein compare just two cases of 1) one room and 2)
two rooms in order to see how different or similar they are, and to make a plan of how to study more
complex structures (e.g. multi-room houses, multistory building, etc.) for the future work.

4.2 Numerical examples
We analyze a medium-size room of 4.2m x 7.2m x 2.5m with one outer wall with two windows. We
consider a type of construction with 380mm solid brick wall and a wooden joisted floor of 240mm
thickness, Figure 9a. For the two-room model, we simply make another room of the same size next to the
medium-size room and introduce a separation wall and a fully-open door in between, Figure 9b. The
separation wall is fully coupled with the room domains i.e. continuous pressure and normal velocity. In
addition, the separation wall is supported by a hinge edge condition at the bottom, which is the same as
ones shown in Figure 6. The mechanical properties of the separation wall are the same as those of the
wooden joist floor, except that the thickness (12cm) is half of the floor. The same impedance boundary
condition as in Section 3.3 is applied to all inner walls except the separation wall and to the ceilings. The
unit pressure (1Pa) is applied to the outer wall. In addition, we investigate the effects of slightly opened
window, i.e. with an open gap of 10 cm.

(a) 380mm solid brick wall with a single
room

(b) 380mm solid brick wall with two coupled
rooms

Figure 9: FE models for 1 room and 2 rooms, used to investigate the coupled room effects.
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Figure 10 and Figure 11 show the results for the 380mm solid brick wall without and with window gap,
respectively, in terms of transmission loss (left) and admittance (right). There are both clear similarities as
well as clear differences depending on the number of rooms in the models. Particularly, the transmission
losses between the two models are quite similar for high frequencies (e.g. above the fundamental room
modes). For the lowest frequencies, the transmission losses are yet very different. We see that the tworoom model has low frequency resonances, which do not exist in the one-room model. The admittance
of the two-room model has similar behavior near the peak value at 21 Hz, which is governed by the floor
properties and wall and window properties. In addition, the two-room model has two additional smaller
admittance resonance peaks at 8 Hz and 13 Hz , which likely stems from the multiple-room fundamental
modes.

Figure 10: Comparison for coupled room effects on the 380mm solid brick wall building without opening
in window, Left: Transmission loss, Rigth: admittance
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Figure 11: Comparison for coupled room effects on the 380mm solid brick wall building with opening in
window (10cm), Left: Transmission loss, Right: admittance.
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5 Time domain simulations
5.1 Motivation
We can solve the wave equation numerically in the frequency domain or in the time domain. For the
former case, the wave equation is solved after transformation from time to frequency domain through
the Fourier transform into the Helmholtz equation. For example, the pressure dependent variable p as a
function of the spatial location 𝑥𝑥⃗ can be expressed in the counterpart variable (𝑝𝑝̅ ) in the frequency domain
as below.
𝑝𝑝(𝑥𝑥⃗, 𝑡𝑡) =

1 +∞
� 𝑝𝑝̅ (𝑥𝑥⃗, 𝜔𝜔)𝑑𝑑𝜔𝜔
2𝜋𝜋 −∞

The same transform can be applied to the structural or solid wave equation yet in terms of the
displacement, strain, stresses etc. Through this transformation, the different wave equations are casted
into variants of the Helmholtz equations, and can be solved by a simple linear system of equation solver
(e.g. MUMS, PARDISO, etc.). Once solved for many different frequencies, all results can be transformed
back again into the time domain via the integral transform shown above or via the Inverse Fast Fourier
Transform (IFFT). Ideally, such transformed-back-to-time results should be exactly the same as those
calculated directly in the time domain.
There are several reasons for these potential differences. When we introduce numerical methods such as
IFFT's, differences can still occur between the different methodological approaches, although we do not
expect significant offsets. Moreover, the time-stepping solver in the time domain solution may be
subjected to the convergence or dispersion issues, which can produce time delays in the calculated
response, particularly in the later stage of calculation. In addition, certain features such as a frequency
dependent damping are not identical in the respective time domain and frequency domain methods. In
most cases of the current study, we have used the frequency domain analysis, because one of our main
interests is to look at the sonic-boom-induced vibration in terms of the frequency spectrum and study the
resonant behavior. In some cases, we have also looked at the time series responses by applying FFT.
In this section, we analyze the case of the 380mm single brick wall and wooden joisted single room and
solve the same FE-mesh model for both the frequency and time domain to compare the results. The
comparison is made in the time series, which means that we transform the frequency domain result into
the time domain via FFT.

5.2 Modelling sonic-boom loading
For the sonic-boom source in our study, we use one of the nine different time series, describing idealized
N-waves as well as measured, received from NASA, see Figure 16. The source signal, C25D, is shown in
Figure 12 in terms of time and frequency. As shown, the duration of the particular boom trace is around
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0.1 second and the major energy is found below 15Hz. The sonic-boom is applied to the outer boundaries
of the structures analyzed as shown in Figure 8.

(a)

(b)

Figure 12: Sonic boom signal used in the analysis (C25D in Figure 16).

5.3 Numerical example
Figure 13 shows the FE model of the 380mm single brick wall and wooden joisted single room with the
two external walls with windows (the normal sized room). The excitation pressure time history (see Figure
12) is applied on the two external walls. For the time domain calculation, we have applied a time-stepping
scheme based on backward differentiation formula (BDF). For the frequency domain calculation, we have
used the frequency vector [0:0.25:200] with the source spectrum shown in Figure 12(b), followed by a
standard IFFT.
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Figure 13: FE model used for comparing the time-domain method with the frequency domain method.
Figure 14 shows the comparison between the results by frequency-domain analysis combined with IFFT
and 2) direct time-domain (TD) calculation. The comparison is made at four different points in the room.
Figure 14a shows the vertical velocity at the middle point of the floor, and Figure 14b-d shows the pressure
response at the three corners of the room, as specified in Figure 13. As shown in Figure 14, the two
solutions show very good agreement in the beginning of the calculation, while the agreement is diverging
at the later stage of the calculation time. Nevertheless, the maximum pressure amplitude in the beginning
of the time series is rather consistent between the two solutions. It is believed that the better agreement
can be achieved by improving or tuning the parameters in the time domain analysis e.g. time-stepping
parameters (∆t, BDF order, attenuation/damping, etc.).
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a)

b)

c)

d)

Figure 14: Comparison of the time-domain signals calculated by 1) frequency-domain combined with IFFT
and 2) direct time-domain (TD) calculation. A) vertical velocity at the middle point of the floor, b-d)
pressure response at the three corners of the room.
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6 High frequency sound transmission into
buildings
Sonic boom and low boom may contribute to human annoyance both by noise and by noise induced
building vibration and rattling. In RUMBLE deliverable D3.2 [10], building vibration from low sonic boom
was quantified, hence focussing on the most energetic part of the sonic boom frequency spectrum at very
low frequency. In this report, indoor sound levels throughout the frequency range of interest are
calculated and compared to annoyance criteria for audible sound. The calculations of indoor noise levels
are performed in 1/3-octave bands in the frequency range from 5 Hz to 3150 Hz.

6.1 Calculated transmission loss in the combined low and high
frequency range
Table 5 shows a description of the constructions for which the combined high and low calculations are
performed, Table 6 shows the room dimensions and reverberation time used in the calculations.
Table 5. Selected constructions for calculation of indoor sound pressure from sonic boom, see Rumble
Deliverable 3.2 [10] for details of the different construction.
Wall
construction
Solid bricks

Floor construction

Window

1. Wooden floor
2. Concrete slab (160 mm)

1. Single glazing
2. Double glazing
Double glazing

Wooden

Wooden floor

Double glazing

Room size and no of
windows
1. Medium (Room 2), 3 closed
windows
2 Large (Room 3), 4 closed
windows
1. Room 2, 3 windows slightly
open
1. Room 2, 3 closed windows
2. Room 2, 3 windows slightly
open

Table 6. Room dimensions and reverberation times.
S (m )
2

V (m )
3

Room 2

Room 3

28.5

43.7

75.6

147.7

Area of one window (m )

1.0

2

Reverberation time (s)

0.5

0.6
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We combine the simulated transmission losses in the low frequency range, 5 Hz-100 Hz with measured
data from field and laboratory in the frequency range 125 Hz-3150 Hz. The simulated transmission losses
in the low frequency range are obtained from simulations carried out in [10]. Table 7 shows sound
reduction indices from measurements in field and laboratory obtained from earlier measurements
described in [3] and from [12].
Table 7. Sound reduction indices from field and laboratory measurements (dB).
Frequency

100
125
160
200
250
315
400
500
630
800
1000
1250
1600
2000
2500
3150

1-stone brick
wall 230mm +
2x15mm plaster
45
51
45
47
50
52
54
56
58
61
64
65
69
70
73
74

48 x 148 mm studs, 150 mm
mineral wool, 13/9 mm
plaster on inside/outside
25
26
31
37
36
36
39
40
41
43
44
45
46
46
41
38

Double glazed
window 6-12-4

Single glazed
window 2mm

20
25
21
22
23
27
30
33
35
38
41
41
41
38
35
33

19
20
19
18
18
21
24
24
25
25
28
29
33
32
32
33

The sound reduction indices for different building elements in Table 7, i.e. wall, window and any window
opening, are combined to total sound reduction indices describing the constructions in
Table 5 uses the following formula:
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 10 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 �
Where:
Si
Ri

𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∙

𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
10− 10

𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

+ 𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∙

𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
10− 10

+ 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∙ 10

−

𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖 �
10

Is the area of the building element (e.g. wall, roof, window)
Is the reduction index of the element (e.g. wall, roof, window)

In these calculations, the sound reduction index for an opening is assumed to be 0 dB for all frequencies.
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The calculated total sound reduction indices are recalculated to level differences (outdoor on wall – indoor
room middle) using the formulas below from [11]
𝑆𝑆

∆𝐿𝐿 = 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 10 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 � �+3dB

𝐴𝐴 =

0.16 ∙ 𝑉𝑉
𝑇𝑇

𝐴𝐴

Where:

S
V
T
R
∆L

is area of the transmitting surface
is room volume
is reverberation time
is sound reduction index
is level difference (outdoor on wall – indoor room middle)

Figure 15 shows the calculated level differences between outdoor on wall and indoor middle of the room
for some of the constructions described in Table 5.
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Medium sized room with three windows
Brick wall - wooden floor

Medium sized room with three double glazed windows
70
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60

Level Difference (dB)

Level Difference (dB)

60
50
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30
20
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0
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50
40
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5

50

-20

5000
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0

5

50

Frequency (Hz)
Double glaced windows

500
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Frequency (Hz)

Single glazed windows

Slightly open windows

Brick wall-wooden floor

Brick wall-solid floor

Wooden wall and floor

Brick wall - wooden floor - double glazed windows
70

Level Difference (dB)

60
50
40
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20
10
0

5
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5000

Frequency (Hz)
Medium room 3 wind

Large room 4 wind

Figure 15: Level difference (outdoor-indoor) in 1/3 octave bands for different constructions in Table 5.
Combination of simulated data from 5 Hz - 100 Hz and data from literature from 125 Hz – 3150 Hz.

6.2 Calculated indoor sound pressure levels
To obtain indoor sound pressure levels, we subtract the calculated level differences from the outdoor
sound pressure levels in 1/3-octave bands. Figure 16 shows nine different outdoor sonic boom time series
received from NASA and the corresponding sound exposure levels (SEL) in 1/3 octave bands. These time
series describe a wide range of possible scenarios for different sonic booms, with different amplitudes
and spectra. Due to their different characteristics, they will excite different floor vibration modes and
indoor sound pressure levels.
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Figure 16: Sound pressure from sonic booms. Left: time series traces; Right: Unweighted SEL in 1/3 octave
bands.

The sound pressure spectra are weighted with the A, B, C, D and E frequency weighting curves
respectively. Figure 17 shows the weighting filter curves and the resulting frequency weighted outdoor
SEL in 1/3-octave bands for the time series C25D.
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20
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Figure 17: Left: Frequency weighting curves. Right: Outdoor 1/3-octave SEL for the time series C25D, with
different weighting filters applied.

Table 8 shows the calculated indoor SEL with different frequency weighting for the time series 4 and C25D.
These two time series are considered to be the two time series with highest potential for audible noise
generation based on their frequency content.
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Table 8. Calculated indoor SEL (dB) from the time series 4 and C25D, for the constructions described in
Table 5
Wall and
floor

Room
size

Brick wall Medium
– wooden (Room 2)
floor
Large
(Room 3)
Wooden
wall and
floor

Medium
(Room 2)

Brick wall
–
concrete
floor

Medium
(Room 2)

Large
(Room 3)

Window
type

SEL-Lin

A-SEL

B-SEL

C-SEL

D-SEL

E-SEL

C25D

4

C25D

4

C25D

4

C25D

4

C25D

4

C25D

4

Double

67

69

38

42

48

53

61

64

49

53

45

50

Single

91

91

43

47

58

60

79

80

66

67

54

56

Slightly
open
Double

108

107

55

57

69

69

92

89

81

78

65

66

70

73

37

41

49

53

64

67

51

54

45

49

Single

87

87

42

46

55

58

75

76

62

63

51

54

Double
Slightly
open
Double

73
108

78
105

44
56

50
58

58
70

66
71

68
93

76
89

57
81

65
77

53
66

61
67

70

73

38

42

49

53

63

67

50

54

45

50

Single

91

92

43

47

58

60

79

80

66

67

54

56

Slightly
open
Double

108

106

55

57

69

69

92

88

80

77

65

65

67

70

37

41

47

52

60

63

48

52

44

49

Single

90

90

42

46

57

59

78

79

65

65

53

55

6.3 Comparison with recommended limit values and
annoyance criteria
In most European countries limit values for noise are given as limits for equivalent noise, i.e. Lden or Leq.
However, for short nature events like sonic boom it is not of much value to compare noise levels with
equivalent requirements since they will hardly ever be exceeded. According to WHO's guidelines from
1999 [14], sleep disturbance correlates best with LA,max if the noise is not continuous. Further, effects have
been observed at 45 dB or less and noise events exceeding 45 dBA should therefore be limited if possible.
The guidelines further claim that it should be possible to sleep with a bedroom window slightly open. It is
also pointed out that for sources with low frequency content, disturbances may occur event though the
sound pressure level during exposure is below 30 dBA.
We are recalculating the Indoor SEL in Table 8 to Lmax using the following formula:
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑆𝑆𝑆𝑆𝑆𝑆 − 10 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑇𝑇)

Equation 1

Where:
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T

is the duration of the event

For the time series C25D the duration is about 0.1 s and the difference between Lmax and SEL is therefore
about 10 dB. The highest calculated LA,max from Table 8 is then 46 dB for the construction with wooden
walls and floor and slightly open windows. This is above the recommendations from WHO and it cannot
be ruled out that it can cause sleep disturbance, as the noise clearly contains a lot of low frequency
content. For the constructions with closed double glazed windows, the calculated maximum noise levels
are below LA,max = 30 dB and based on the conventional LA,max criterion such noise levels are less likely to
cause sleep disturbances. We stress that dedicated sleep disturbance tests for sonic boom are being
carried out within the RUMBLE project and will very likely result in criteria that are different from the one
used here.
As mentioned above the dBA level is a poor description for noise which is dominated by lower frequencies
since the A-weighting curve places most emphasis on higher frequencies, Figure 17. Special criteria for
low frequency noise have therefore been suggested. In [15] it is recommended to use the C-Weighted
Sound Exposure Level (C-SEL) as an indicator of potential for low frequency noise annoyance together
with Tokita & Nakamura thresholds when high levels of low frequency noise are present. In Figure 18 we
compare calculated unweighted indoor SEL from time series 4 for three different constructions with Tokita
& Nakamura criteria for perception of low frequency noise from [13]. These criteria were based on
judgement of the audibility, annoyance, noisiness, and oppressive feeling of a series of 20-second
exposures to low-frequency noise. Since noise from sonic boom is of very short duration, a comparison of
calculated SEL with Nakamura and Tokita's criteria are likely to overestimate the annoyance. However,
the comparison shows that the calculated indoor SEL are below the annoyance threshold according to
Nakamura and Tokita, with the exception of the construction with slightly open windows.
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Figure 18: Comparison of calculated indoor SEL from time series 4 with annoyance criteria from Tokita &
Nakamura.

In [17] Hubbard presents a figure with a range of frequency and noise level which were believed to have
caused complaints of low frequency indoor noise from industrial operations. In all the cases behind the
data the levels of the higher frequency noise portion of the spectra were judged to be well within tolerable
limits. Hence, it was believed that the low frequency content were the reasons behind the adverse
reactions. This figure is reproduced in Figure 19 together with our calculated indoor noise levels. The
comparison shows that the RUMBLE results are within the range of levels and frequencies which were
believed to have caused complaints on industrial noise.
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Single glazed
Double glazed
Sligthly open

Figure 19: Comparison of calculated indoor SEL from time series 4 with a range of levels and frequencies
believed to have caused complaints on industrial noise. Figure from Hubbard.

We finally note again that dedicated sleep and disturbance studies are being carried out by other groups
in RUMBLE during the completion of this report. Hence, we believe that it is likely that new knowledge
related to annoyance related to sonic boom will be available at some stage after this report is finalized.

6.4 Rattle
In [15] a rattle study conducted by several partners including FAA and NASA is described. A stone house
with a rattle prone window was exposed to noise from a nearby air field. Acceleration levels were
measured on the window and compared to outdoor maximum noise levels with different frequency
weighting to determine which metric that corresponded best and to identify a threshold value above
which window rattling was likely to occur. The study showed that unweighted SEL and C-weighted
maximum sound pressure level correlated best to rattling and that rattle in this sturdy always occurred
above a threshold of 97 dB for both metrics.
NGI has previously performed sound and vibration measurements in a building during shooting exercise
with artillery on a nearby military training field. Rattling was then observed on several occasions also when
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SEL was below 97 dB. For events of short duration such as explosions and sonic boom SEL is probably not
a suitable metric to address rattling, since unlike normal aircraft noise, the energy from explosions and
sonic boom is concentrated to a very short time period, typically around 100 ms. Table 9 shows calculated
C-weighted maximum sound levels from the outdoor sonic boom time series in Figure 16. The C-weighted
maximum sound levels have been calculated from C-SEL using Eq 1 with an integration time of 0.125 s,
corresponding to "Fast" time weighting. The results show that all the analyzed time series have potential
to introduce rattle in buildings.
Table 9 Calculated indoor C-weighted maximum sound level for the sonic boom time series.
N wave file
0_fs12000
1_fs12000
2_fs12000
3_fs12000
4_fs48000
5_fs48000
6_fs24000
7_fs12000
C25D

LCmax,F
95
98
96
95
106
100
105
101
102

In [16] a summary of one-third octave band sound pressure levels that can cause rattle of walls, doors and
windows is shown in a figure together with an estimated threshold for rattle. This figure is reproduced in
Figure 20 together with calculated maximum outdoor sound pressure level for the time series C25D using
0.125s time weighting, "Fast". The comparison shows that the sonic boom is likely to introduce rattling.
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Rumble
Outdoor Lmax,F
time series C25D

Figure 20: Comparison of calculated Outdoor Lmax,F from time series C25D with rattle thresholds. Figure
reproduced from [16].

6.5 Sound induced floor vibrations
In the Rumble Deliverable 3.2 [10] frequency weighted RMS-1s floor vibrations from simulations for
different constructions were compared with the limit value according to the Norwegian Standard for landbased transport, NS8176 [9]. The limit value for class C, which corresponds to the minimum requirement
for new buildings in Norway, is vw = 0.3 mm/s. The simulations showed that the floor vibrations may
exceed this limit value for several of the evaluated constructions. However, it should be noted that the
limit values in NS 8176 apply to land-based transport, and that people may not respond equally to
vibration from other types of sources such as aircraft noise and sonic boom.
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In [16] different criterion for vibration perception was compiled and criterion for whole body and tactile
vibration perception was suggested. This figure is reproduced in Figure 21 together with simulated floor
vibrations from RUMBLE for comparison. When plotting the Rumble data into the figure it has been
assumed that the peak floor vibration has the same frequency distribution as the RMS-1s floor vibration,
but the levels in the individual 1/3 octave bands has been adjusted so that the energy sum of all bands is
equal to the peak value. The comparison shows that the simulated floor vibration values conducted in the
RUMBLE are clearly above the suggested criterion for whole body and tactile vibration perception.

Rumble double
glazed window

Rumble slightly
open window
Rumble single
glazed window

Figure 21: Comparison of calculated indoor peak vibration acceleration with different vibration perception
criteria from [16] together with simulated floor vibrations from time series C25D.
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7 Multiple story building vibration simulation
Sonic boom can induce vibration in buildings also by setting the entire structure into global motion. This
constitute a different vibration mechanism than those studied in the previous sections. While there exist
few or no previous studies assessing in which way strong low frequency air pressure pulses induce
vibrations in large multi-story buildings, a brief pilot study was carried out at an earlier stage of this project
which was reported in deliverable D3.2 [10]. This pilot study was carried out assuming uniform pressure
loads on the face of the building. Based on this pilot study, we concluded that low frequency air pressure
pulses, such as from a sonic boom, could potentially induce perceivable vibrations in large buildings of
multiple stories. In the present section, this pilot study is extended to take into account the outdoor spatial
propagation of the boom and its interaction with the structure, which gives a more realistic representation
of the sonic boom load distribution on the building.

7.1 Numerical Model
7.1.1

Building and Soil properties

In the abovementioned pilot study, the concrete building columns and floors were modelled with beam
elements. In the study herein, the building is modelled with solid elements, which is necessary for
modelling the coupling between the pressure acoustic field and the structural dynamics. We are analyzing
the natural frequencies of concrete buildings which have 2-, 5- and 8-floors respectively. The width of the
buildings is 7 m and the floor height 3 m plus the floor thickness, which varies with building height as
described below. The building properties are selected to obtain reasonable match with empirical equation
for first mode natural vibration frequency as given in Eurocode [19],[20]. To match the natural
frequencies, the wall and floor characteristics are changed with the number of floors in the following way:
The wall thickness increases with number of floors of building, Nfloors, multiplied with 0.075 (Unit in
meters). For each building the wall thickness decreased linearly from the ground to the top of the building.
At the ground surface the wall thickness is Nfloors x 0.075 x 1.5 and at the top of the building Nfloors x
0.075 x 0.8. The floor thickness is equal to 0.2+Nfloors/100 (unit in meters). The resulting geometries for
the buildings with 2-, 5-, and 8-floors are shown in Figure 22. The concrete material is given a Young's
modulus of 25 GPa, a Poisson's number of 0.2, and a density of 2500 kg/m3.
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Figure 22: Geometry of the buildings with 2-, 5-, and 8floors. Units on axes are in meters.

The amplitude of the dynamic response of the building at the natural frequencies is controlled by both
structural and foundation damping. Structural damping are dependent on building height, material type,
and vibration mode, as discussed in refs [21] and [22]. Soil damping will also contribute to the overall
building damping, though based on building vibration measurements it is difficult to distinguish between
damping from soil and from the building itself. Building vibration measurements show that higher
frequency modes are more damped than lower frequency modes, likely due to a contribution from soil
radiation damping (soil radiation damping is due to excitation of surface waves in the ground, but this
only happens above a lower cut-off frequency). Our preliminary analysis showed that the buildings' first
vibration mode contributes to most of the sonic boom induced horizontal response, and for these low
frequencies soil radiation damping does not contribute. There, we conclude that the major portion of the
damping needs to be accounted for by the structure itself. To this end, a hysteretic material damping of
factor of 5% for the concrete was used for all building heights in the present analysis. According to [21] a
damping factor of 5% is in the lower range for reinforced concrete (RC) buildings with 1 to 7 floors and in
the mean range for RC buildings with 8 to 10 floors.
All the modelled buildings here have a 1m thick concrete foundation with the same elastic properties as
in the rest of the building. The foundation slab rest on a 5 m thick stiff soil (corresponding to dense sand
or stiff clay) with a shear wave velocity of 400 m/s constant with depth, corresponding to initial shear
modulus of 320 MPa. Since the strains in the soil are very low the material damping in the soil is set to a
low value of 2%. The soil Poisson's number is set to 0.4. Because the fundamental natural frequency of
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the building is lower than the cut-off frequency, the soil/foundation radiation damping will not contribute
to the building damping. For modes with higher natural frequencies the radiation damping may contribute
to some extent. For softer soils such effects might enter at lower frequencies than considered here, and
this will typically reduce the vibrations.

7.1.2

Finite Element model and loading

Figure 23 shows the 2D model of the building, soil, and air as they are set up in the Finite Element model.
The soil is shown in red and the air pressure with rainbow colors. The building and soil are modelled with
solid mechanics elements and the air with acoustic elements. Cubic Lagrange elements are used with
element size small enough to properly resolve the wave lengths in the different materials and for different
frequencies. Absorbing layers are implemented along the right- and topmost periphery as indicated in
Figure 23, to avoid artificial reflection of outgoing waves.
We analyzed the building response for a unit pressure load in the frequency domain for frequencies
between 0-40 Hz with frequency step of 0.125 Hz. The unit pressure was applied on a radiation boundary
on the left side of the model some 150 m away from the building, with a 45 degree angle of incidence
thus forcing an oblique angle of incidence with respect to the structure, see Figure 23. The radiation
boundary allows for outgoing waves to be absorbed, avoiding unphysical wave reflections.
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Radiation boundary with
unit pressure wave field
with 45 degree angle
incidence
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Absorbing
Layer

Absorbing
Layer

Pa
Figure 23: Multiple-story model with radiation boundary on the left side and absorbing layers on the top
and on right side. Snapshot of 1.75 Hz vibration for a five-story building. A unit pressure wave field with
45-degree incidence angle is applied at the radiation boundary on the left side of the model.

7.2 Fundamental vibration periods of the buildings
To ensure that the input parameters for the concrete buildings are in the correct range, we compare the
computed fundamental vibration periods with empirical equations. Figure 24 shows the first natural
period of a concrete buildings of different heights computed with the FE-model (black circles), and
computed with empirical equations given in Eurocode, Fritz et. al. [21], and the building code of
Architecture Institute of Japan (AIJ) [23]. The red rectangle indicates the range of dominant frequencies
of the sonic booms as shown in Figure 16. The match between the FE-model and the Eurocode empirical
equation is good, indicating the selected stiffness and mass properties of the numerical model are
representative of European concrete buildings. The natural periods shown with green and red lines
indicate that buildings in the databases of Fritz et. al. and in the AIJ have shorter periods than given by
the equation in the Eurocode. Sonic booms with dominant frequency content close to the fundamental
frequencies of the buildings will more easily induce vibrations. Buildings in the databases of Fritz et. al.
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and AIJ having fundamental frequencies in the range of the sonic boom dominant frequencies are taller
compared to the ones given by the Eurocode empirical equation.

Range of dominant frequencies
of sonic booms in Figure 16

Figure 24. Comparison of fundamental period for concrete buildings according to different empirical
equations and the numerical model. The red band across the figure show the range of dominant
frequencies of sonic booms

7.3 Simulated sonic boom building loading and response as a
function of frequency
To understand better the building response and the loading caused by the sonic boom we plot and analyze
several figures below. Figure 25 show the building top horizontal vibration admittance, computed as the
horizontal vibration velocity response of the top of the building divided by the incident (unit) sound
pressure, for buildings with 2-, 5-, and 8-floors. The peaks in the admittance spectra are at 3.1 Hz, 1.8 Hz
and 1.1 Hz for the buildings with 2-, 5-, and 8floors respectively.
In the pilot study presented in [10], the load was applied as a unit pressure on the building's left side
(windward) and no load was applied on the leeward side. However, this simplification is not fully
representative of the actual load from sonic boom. In the current model the loading on the building is
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more physically correct since the air pressure amplification due wave reflection on the ground and the
building are accounted for. Load amplification due to differential pressure on the windward and leeward
sides of the building are also captured. The admittances shown in Figure 25 account for all these effects.
It is assumed the sonic booms in Figure 16 represent "free-field" and do not include such ground or
building interaction effects. The admittances in Figure 25 are a bit higher compared to when the building
side is exposed to a homogenous loading. This is interpreted as due to the complex pressure distribution
due to the more realistic loading applied not being equally effective as the simplified homogenous loading.
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Figure 25: Admittance horizontal velocity/sound pressure for top of building for 3 buildings with 2-, 5-,
and 8-floors respectively. The peak values, corresponding to the buildings' fundamental horizontal
vibration modes, are at frequencies 1.1 and 1.8 and 3.1 Hz.
Figure 26 shows examples of the simulated air pressure and building deflection at the frequencies of the
buildings' peak responses (1.1 and 1.8 and 3.1 Hz). The pressure acting on the left side of the building,
which faces the pressure wave (windward side), is higher than on the right side of the building (leeward
side). The pressure acting on the windward and leeward side of the buildings extracted from Figure 26 are
presented in Figure 27 for the three buildings with 2-, 5-, and 8-floors.
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Figure 26: Air pressure and building deflection for different buildings at the frequency of peak admittance.
Upper left: eight floor building at f=1.1 Hz, upper right: five floor building at f=1.8 Hz, lower left: two floor
building at f=3.1 Hz. The upper colour scale shows horizontal velocity response of the building and the
lower scale shows the air pressure.
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a
b
Figure 27: a) Snapshot of the pressure acting on the building walls (real part of pressure in the frequency
domain analysis). Pressure on the left side (wind ward) of the buildings are shown with solid lines and
with dashed lines for the right sides (lee ward). The difference between pressure on the windward and
leeward side causes the building to vibrate horizontally. b) shows the pressures at the same locations, but
without the building.

In the following, we analyze dynamic behavior for single frequency output from the FE-model. Under this
assumption, the building is subject to a single frequency sinusoidal load. Extracting the pressure single
frequencies allows us to study temporal or phase differences in the building phase loads. To this end, we
are particularly interested in the behavior at peak admittance where the main vibration excitation takes
place. The results show that there is a time difference between when the maximum pressure occurs along
the two sides of the buildings. This is illustrated in Figure 28a by time differences between the occurrences
of the maximum pressures at the same frequencies 1.1, 1.8, and 3.1 Hz. A larger building means that the
sound takes longer time to propagate around the building.
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a
b
Figure 28: a) Time difference between occurrence of maximum pressure along the windward and leeward
walls for buildings with 2-, 5-, and 8-floors under single frequency harmonic loading. The pressure on the
left side (windward) of the buildings are shown with solid lines and with dashed lines for the right side
(leeward). Figure b) shows the time difference occurrence of the maximum pressure without a building
present in the model.

7.4 Amplification of pressure due to reflection effects
Figure 29a shows amplification of pressure due to reflection against ground and building at frequencies
of peak response amplitude (1.1 Hz, 1.8 Hz and 3.1 Hz respectively) and Figure 29b shows the amplification
due to reflection on the ground only (without a building). Figure 29a indicates the amplification is higher
on the wind ward side compared to the leeward side and higher closer to the ground surface compared
to higher up on the building. Figure 29b shows that amplification due to reflection also takes place without
the building. However, as shown in Figure 29a the buildings cause additional amplification at the ground
level.
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A

b

Figure 29 a) Amplification of pressure due to reflection against ground and building at frequencies of peak
response amplitude (1.1, 1.8 and 3.1 Hz). The amplification of the pressure is shown with solid lines for
the left side (wind ward) of the buildings and with dashed lines for the right side (lee ward). b)
Amplification of pressure due to reflection on against ground only (building not present).
Figure 30 shows the effect of building height on reflection induced load pressure amplification for
frequencies up to 10 Hz. To compare the effect of different building heights the figure consists of three
parts. The lower part of the figure shows the 6.4 m high 2-floor building, the middle part the 16.3 m high
5-floor building, and the top figure the 26.2 m high 8-floor building. There is a clear evidence of the
interaction of the building with the air pressure. The taller the building the higher the largest amplification
and the lower the frequency where the pressure is most amplified. For the two-floor building the largest
amplification factor is 2 at 4 Hz, for the five-floor building the largest factor is 3.2 at 3.5 Hz, and for the 8floor building the largest factor is 3.5 at 2.5 Hz. All the frequencies are higher than the 1st natural
frequencies for the buildings. As an example, the 2nd eigenmode of the 8-floor building at 4 Hz coincides
with the frequency range of large amplification, which clearly can contribute to enhancing vibrations.
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26.2 m

16.2 m
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Figure 30: Effect of building height on reflection pressure amplification. The lower figure shows the 6.4 m
high 2 floor building, the middle figure the 16.3 m high 5 floor building, and the top figure the 26.2 m high
8 floor building. The frequencies with highest pressure amplification are indicated by dotted black lines.

7.5 Calculated whole building response to sonic boom
To establish time histories of the building response due to a sonic boom pressure wave, the admittance
of the top floor response for a unit pressure loading are convoluted with frequency spectra the sonic
boom time series. To avoid circular convolution, all sonic boom sound pressure signals are zero padded
to 8s length before they are transferred to the frequency domain and the admittance and transmission
loss functions are applied. Finally, the calculated building vibration are transferred back to the time
domain to obtain time series of vibration. The applied approach is illustrated in Figure 31.
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Figure 31: Calculation of vibration time series from sonic boom time series and simulated admittance.
We have performed calculations for the three buildings with 2-floors, 5-floors and 8 floors. Time series 3,
7 and C25D were selected for the calculations, see Figure 32. Time series 7 has a peak pressure of 40 Pa,
while the peak pressure for time series 3 is 17 Pa. Both time series have a dominant frequency around
3 Hz, which is in the frequency range of the 1st natural frequency for the buildings. Time series C25D has
25 Pa peak pressure and a dominant frequency around 8 Hz, which is above the frequency range of the
1st natural frequencies for all three buildings. By comparison, typical dominant frequencies for earthquake
ground shaking are in the frequency range of 1 Hz - 10 Hz, and hence in a comparable range as for sonic
boom loading.
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Figure 32: Power spectral densities of time series 0-7 and C25D. The first and second natural frequencies
of the three buildings are shown with dashed red and blue lines for comparison. The third natural
frequency of the 8-floor building is shown with green dashed line.

Figure 33 shows the time series for horizontal vibration velocity at the top of the three buildings with 2-,
5- and 8-floors calculated from the sonic boom time series 3, 7 and C25D. The peak vibration velocities
vary from below 1 mm/s for time series C25D to about 3.5 mm/s for the time series 7.
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Figure 33 Time series of sound pressure and horizontal vibration velocity calculated from, a) time series 7,
b) time series C25D, c) time series 3.

Frequency weighted RMS-1s velocities are calculated according to NS8176, and the results are compared
to the limit value for vibration in NS 8176. For class C, which corresponds to the minimum requirement
for new buildings in Norway, the limit value is vw = 0.3 mm/s. It should be noted that the limit values in
NS 8176 apply to land-based transportation, and that people may not respond equally to vibration from
other types of sources such as aircraft noise. Figure 34 shows PSD for RMS1s vibration velocity from the
sonic boom time series 3, 7 and C25D together with frequency weighted vibration values according to
NS8176. The results indicate that the horizontal vibration velocities can exceed the limit value according
to NS8176, vw = 0.3 mm/s, also for the sonic booms examples with more moderate peak pressures (~1525 Pa).
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In the present examples, only the first or a few modes of vibration contribute to the response of the
building. For a low building only the first mode contributes to the response, as shown by the power
spectral density curve for the 2- and 5-floor buildings in Figure 34 a) and c). Thus, for computing the
horizontal vibration response to order of magnitude one can focus on the first mode of vibration.
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Figure 34: Power spectral densities of RMS1s sound pressure and horizontal vibration velocity together
with frequency weighted vibration velocity. calculated from, a) time series 7, b) time series C25D, c) time
series 3.
We also compare our results with ISO10137 [18], which contains a recommended limit curve for wind
induced horizontal building acceleration. Figure 35 shows that the calculated peak accelerations for time
series 7 are above the recommended limit curve for all three buildings, while peak accelerations for time
series C25D and 3 are below. However, it should be noted that the limit curve applies for wind induced
events with a return period of 1-year. For events that occur more often the limit value curve should
probably be lowered.
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Figure 35 Calculated horizontal peak acceleration together with recommended limit curve for wind
induced vibration with 1- year return period from ISO 10137. Calculated from, a) time series 7, b) times
series C25D, c) time series 3.

7.6 Estimates of total vibration (indoor floor vibration + whole
building) due to sonic boom
The floor vibrations exited by indoor sound are mainly vertical, while the global response of the building
is mainly horizontal. An estimate of the total vibration velocity is obtained by calculating the combined
vibration velocity time series in a coordinate system which is rotated from 0 to 180 degrees and picking
out the results in the dominating direction. The dominating direction for a time series is determined as
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the x'(θ) direction where the frequency weighted vibration velocity in x'-direction is highest. The time
series of velocity in the rotated coordinate system are calculated using the following formula:

�

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣′(𝑡𝑡)
cos 𝜃𝜃
�= �
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣′(𝑡𝑡)
−sin 𝜃𝜃

sin 𝜃𝜃 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑡𝑡)
��
�
cos 𝜃𝜃 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑡𝑡)

Since the frequency range and spectra are clearly different for the two directions, the calculations show
that the vibrations in the two directions are not closely coupled. Either the vertical or the horizontal
direction dominates totally. Hence, the frequency weighted total value is equal to the frequency weighted
vibration value in the dominant direction. Figure 36 shows time series and power spectral density of
vibration for a 2-floor building with brick wall, wooden floor, double glazed windows and medium room
size (room 2) which is exposed to sonic boom time series 6 and 7.
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Figure 36: Sound pressure and vibration velocity in horizontal, vertical and in direction of maximum
frequency weighted value for a 2-floor building with single brick wall, wooden floor, double glazed
windows and medium room size (room 2). The building is exposed to sonic boom, Left: time series 7, Right:
time series 6. Top: Time series. Bottom: power spectral density.

8 Investigation of lack of Helmholtz
resonance in field measurements
The Helmholtz resonance is a well-known phenomenon in acoustics, which involves the resonance of an
air mass located in a small opening facing a closed cavity. The relevant situation here is a room with a
small opening, such as ventilation or a window opening, subject to a sonic boom propagating from
outdoor to indoor. For the indoor situation, the acoustic outdoor sound pressure may then interact with
the room and cavity, and the Helmholtz resonance effect can increase the sound pressure indoor
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compared to outdoor. Consequently, we may obtain a negative transmission loss which indicate that the
sound pressure indoor magnifies due to the Helmholtz resonance. Previous laboratory and field
observations have indeed identified such effects. Investigations in the early 70ties [7]-[8] and field studies
in Japan [24] confirm this effect. They both show that the sound pressure indoor can increase substantially
for very low frequency, coinciding with the Helmholtz resonance frequency, when a small opening is
present (Figure 37a). However, results from the full-scale field test measurements carried out in
Tretyakov, Russia, in the RUMBLE project, do not display the same resonance effect (Figure 37b).

a)

b)

c)
Figure 37: a) Measured time series outside (upper signal) and inside (lower signal) with a clear pressure
increase inside compared to outside due to the Helmholtz resonance effect [7]-[8]. b) Measured and
simulated time series of indoor sound pressure from the field measurements in Tretyakov 2018. c)
Measured level differences from a field experiment carried out in Japan [24]. The presence of a gap
reduced the transmission loss with more than 10 dB in the low frequency range. d) Sketch showing a
simplified geometry defining quantities that controls the resonance frequency, including the volume V,
the area of the opening A, and the depth of the opening l.
When we first attempted to model the room in the Tretyakov building with the methodology for single
rooms outline above, we found a clear resonance effect (Figure 37b). Evidently by comparing panels a)
and b) in Figure 37, the decay rate in the Comsol simulations follow roughly the same trend as the
measurements of [7]-[8]. But this clearly leads to overestimation of the low frequency sound pressure
compared to the field measurements in Tretyakov. As pointed out by [25], the significant offsets between
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computations and measurements only occur for the very lowest frequencies and is hence related to the
Helmholtz resonance phenomenon. There are many possible reasons for the different behavior in the
model and field measurements. In this work, we attempt to shed light on the lack of resonances in the
measurements by carrying out several simplified simulations.
The Helmholtz resonance frequency fH may be quantified by the expression:
𝑓𝑓𝐻𝐻 =

𝑐𝑐
𝐴𝐴
�
2𝜋𝜋 𝑉𝑉(𝑙𝑙 + 0.3𝐷𝐷𝐻𝐻 )

where c is the acoustic sound speed, A the frontal area of the opening, V the volume of the cavity, l the
depth of the cavity, and DH the hydraulic radius. For openings with short depth such as an open window,
the depth length of the opening l and hydraulic radius DH can be difficult to estimate as the opening depth
is normally very small. Based on the inspection of the overpressure length in the simulations and by
retrofitting the resonances of [24], we interpreted here that a typical length for the depth of the cavity
typically equals 2-3 times the smallest gap of the aperture. We also set the hydraulic radius equal to the
opening length l, i.e. l=DH. This may of course change from situation to situation and depend on the
geometry in question.
The above equation holds for a simple geometry without damping and more complex dynamics. In real
cases, we expect that several openings between rooms, outdoor etc complicates the situation, and that
resonances becomes less pronounced due to heterogeneities and damping effect. Hence, we attempt
here to carry out a set of simulations with different measures to either increase damping or introduce
heterogeneities that reduce resonances through dynamic interaction. While none of these reduce the
resonance altogether (which is quite strong in the single room simulations), several of them provide some
reduction of the resonance. We therefore discuss the effect of the different measures in the end of this
section, including how possible interaction of some of them may explain at least a part of observations in
the Tretyakov field measurements. The effects we study are:
-

Viscous effects or damping effects related to air mass in the cavity, modelled as permeability
The effect of a wall permeability
The effect of reflecting objects inside rooms (results were not sensitive to this and are hence
not shown)
The effect of the size of the opening
The effect of the angle of incidence from the sonic boom
The effect of multiple rooms connected by openings, including the differences in dynamic
response between rooms (this is included in all investigations, and compared with a single
room building)
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8.1 Set up of simulations
The simulations are carried out in two dimensions, assuming plane waves. The modelling setup is shown
in Figure 38. A unit acoustic pressure is applied to the left boundary, to model the incident waves as a
radiation condition. In most of the cases the waves are oriented to propagate horizontally, but this set up
allows for oblique incident angles. The main calculation volume is 50 m wide, with the ground modelled
as a perfectly reflecting boundary, while perfectly matched layers are placed outside the right and top
boundaries (these are not shown in Figure 38). The building is placed centrally in the computational
domain. In the simulations, we integrate the maximum sound pressure indoor and maximum sound
pressure in a reference volume right next to the building which is to estimate the transmission loss.
The buildings are modelled in several different ways to investigate the sensitivity to the model
parameters. In all cases, the setup is highly simplified, and neglects the elastic response of the building,
which is taken into account in the other simulations carried out in this report. The follow assumptions are
made:
-

-

-

Multiple story buildings have four stories and two rooms per story. In references below, they
are numbered from left to right and bottom to top. I.e., the upper right room is named
"Room24" while the lower left room is labelled "Room11".
The outdoor and indoor walls are either modelled as perfectly reflective or as permeable (i.e.
using a simple impedance condition that assume the walls are porous). The impedance
condition follows [6] (see also above).
Elastic effects of the buildings and composition of the structure are neglected.
The openings between outdoor and indoor and between the rooms are either permeable
(modelled as interior impedances) or fully open.
The height and width of the rooms can be variable, but the standard size are 3m high and 4
m wide rooms.
All rooms are interconnected with openings. The standard size of the openings are 20 cm, but
the size can vary.
To see the scale of the resonance, we compare all simulation results with the results from the
filed measurements in Tretyakov. However, this is only indicatory as we do not intend to
model the building in Tretyakov, but rather investigate how the scale of the resonance
compares.

It is stressed that without such additional conditions, numerical simulations will result in strong
resonances. Figure 39 shows the setup and the result of a simulation of a 8 m wide building with perfectly
reflecting walls for three different building heights 3 m, 6 m, and 9 m and an opening size of 20 cm. We
found that by assuming that the effective depth of the opening is 2.5 times the width of the opening, and
by setting l = DH we obtain a systematic match between the minima found in the numerical simulations
and the results using an analytical expression for the Helmholtz resonance (Figure 39b), which suggests
that all minima are related to the Helmholtz resonance. We see that these minima imply an excess sound
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pressure indoor of 20-25 dB compared to the outdoor sound pressure, which is much larger than what is
seen in the field measurements in Tretyakov.

Figure 38: Sketch of the computational procedure. The upper panel shows the overall setup, with the
incident air pressure at the left boundary, a reference volume used to estimate the average outdoor sound
pressure and a building. The lower left panel shows an example of the building modelled with a single
room, with one opening. The lower right panel shows an example of a building with several rooms and
interconnected openings, as well as indoor-to-outdoor openings.
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Figure 39: Example of a simple model for a Helmholtz resonator using the set up described above. A single
room with a single small opening is used, and walls are perfect reflectors. Right panel sketches the setup
while the left panel compared the simulated transmission losses with analytical expression for the
Helmholtz resonance (with relevant assumptions for hydraulic radiuses and length scales).

8.2 Effect of adding a permeable layer in the opening
Here, we perform simulations where we replace the opening with a thin permeable layer. The building
walls are perfectly reflecting. Different permeabilities are used, ranging from k=10-7-10-9 m2. The width of
the rooms is 8 m, and the size of the openings 20 cm. Figure 40 compares the transmission losses for k=107
m2. From this we can make the following observations: The permeable opening reduces the resonance
significantly. When averaged over the entire building, the multiple room building reduces this resonance
further. There is also a clear offset in the upper frequency range, but here we note that elastic effects of
the building are more important, so we pay less emphasis on the results here. It is clear that the
combination of multiple storeys and permeable / viscous effects in the openings brings us closer to the
observations from the field test. On the other hand, the results clearly show that adding viscous effects
to the simulations could be an alternative for more realistic modelling, although it is believed not to
represent the physics well.
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Figure 40: Comparison of the pure Helmholtz resonance response with simulations replacing the air cavity
in the openings with a permeability condition that represents a viscous loss. The blue curve shows the
averaged transmission loss for a building with multiple rooms, while the average for a single room building
is shown with the green curve. The measured response from Tretyakov is shown with the black curve. The
red curve shows the response with the idealized Helmholtz model.

8.3 Effect of wall permeability
Here, we perform simulations where all openings are removed, and all walls are permeable, but with
much lower permeability than used in the above section. The building walls are perfectly reflecting.
Different permeabilities are used, ranging from k=10-13-10-15 m2. The width of the rooms is 8 m. A single
frequency pressure field shown in Figure 41 show the wave propagation pattern for f=7.58 Hz, indicating
also clear differences between the individual rooms. Figure 42 compares different transmission losses for
a multi storey and a single room building. The transmission loss using the highest of these permeabilities
compare with the overall trend in the field measurements. Again, we note that this modelling assumption
does not represent the physics of the problem but is used to demonstrate an alternative to reduce /
remove the resonance.

This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

72

D2.7 – Indoor sonic boom modelling best
practices
Version 2.0

Figure 41: Acoustic wavefield for a single frequency of 7.58 Hz. Red colour indicates higher sound pressure
levels, while the blue indicates lower ones.

Figure 42: Comparison of calculated transmission loss using different values of the wall permeabilities.
Left panel, single room building, with a room height of 3 m. Right panel, multiple room building. The
measured transmission loss from the field test in Tretyakov is shown with black curves.

8.4 Effect of the size of the opening
Here, we perform simulations with different opening sizes. We also model the walls as permeable.
However, the permeability is rather low in these models. In this way, we obtain a combination of a
diffusive / viscous transmission and transmission through fully open gaps. The results are shown in Figure
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43. We use room widths of 4 m and 3 m room heights, all transmission losses are averaged over the full
multiple storey building.
It is clear from the results that the smaller we make the gap, the closer the results come to the measured
transmission loss in the field test. Reduced size also seems to increase the resonance frequency.
Furthermore, only the situation with a damping in the gap gives results which resemble the observed
transmission loss to any degree of similarity, but still with clear offsets. However, we also note that the
Helmholtz resonance is strongest for this case. Nevertheless, this situation provides a better match with
the measured transmission loss than the models investigated in section 8.2 and 8.3.

Figure 43: Comparison of the effect of different opening sizes for the case with openings combined with
permeable walls. All results are averaged for a building with multiple storeys. The measured transmission
loss from the field tests in Tretyakov is shown with a black curve.

8.5 Effect of the angle of incidence
Here, we perform simulations with different angles of incidence, from 0° to 75°. The simulations are
carried out for both multiple room buildings and a single room building. In the present setup, the walls
are permeable, and the size of the openings is 20 cm. Results are shown in Figure 44. The following
observations are made: For the single room simulations (Figure 44a) and the simulations with a low angle
of incidence (Figure 44b, 15° angle of incidence), the simulation results display small Helmholtz
resonances, but clearly give a very different response than the measured transmission loss from
Tretyakov. We see that both the variability between the different angles of incidence for a single room
(Figure 44a) and between rooms for a low angle of incidence (Figure 44b), are quite low. However, for the
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larger angles of incidence (45° and 60° as examples), the variability between the rooms are much larger,
and we see that for some rooms the transmission loss spectra match the observations from Tretyakov to
some degree. These rooms are located higher up in the building, which could indicate that interference
effects and the location of the room and height above ground could influence the transmission behaviour.
The room with the most similar location to the measurement room in Tretyakov is Room 13, which we
see compare most closely with the measured trend in Figure 44d for an angle of incidence of 60°.
However, we see that the Helmholtz resonance is not completely removed in any of these individual room
responses, but they are effectively reduced. A part of the reason for this reduction is the impedance
condition in the walls, which accounts for damping. With purely reflective walls, the resonances are more
pronounced (results not shown).

a)

c)

b)

d)

Figure 44: Comparison of the effect of different angles of incident for the outdoor sound pressure. a)
single building θ=0°-75°,, b), response in the different rooms in a multiple storey building for θ=15°, c)
responses in the different rooms for θ=45°, d) responses in the different rooms for θ=60°. The measured
transmission loss from the field tests in Tretyakov are shown with black curves.
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8.6 Discussion
A range of parametric sensitivity studies are carried out to investigate mechanisms that may reduce the
Helmholtz resonance effect and provide simulation results that are more similar to the measurement
results from the field tests in Tretyakov. The simulations are carried out in a highly simplified 2D model,
where elastic effects of the building are not considered. Admittedly, several of the investigations do not
attempt to model the physics correctly but apply ad hoc terms to tune the behaviour we see in the
measurement results. The simulations provide a mix of physically viable mechanisms (e.g. porous walls
with openings, different incidence angles, inclusion of reflecting objects, multiple rooms), while more ad
hoc simplifications include effects of permeable dampers in the openings and fully closed permeable
walls. In Figure 45, we show an extract of some of the results shown in Figure 40-Figure 44. We see that
none of the simulations match the observations from the field measurements, but this was also not
expected due to the simplicity of the models we have used. The models that display the closest match are
some rooms in the multi storey building with a large angle of incidence, and the simulations with a
permeable or small opening. The permeable opening clearly involves some ad hoc assumptions, to mimic
a damping behaviour necessary to match field observations.
Based on the simulations, as well as observation from the measurements summarised in Norén-Cosgriff
et al. (in review), we make the following observations and reflections:
-

-

-

-

The measurement system was rather sparse, and microphones restricted down to 4 Hz. We cannot
rule out that Helmholtz resonance did occur below 4Hz, and that the measurement system was not
able to detect it.
There is a clear differences between indoor and outdoor transmission loss with and without open
windows. The measurements at Tretyakov show a 10-15 dB difference at low frequency, much as the
observations of Doi and Kaku [24]. However, we do not see a negative transmission loss in Tretyakov
measurements. We don’t know if this could point to potential issues in the instrumentation. In any
case, future projects aiming at detecting this resonance need to employ a more rigorous
instrumentation both indoor and outdoor, using the results in this report as input.
To completely remove the resonance, we needed to apply damping mechanisms that cannot be
directly physically justified. With such damping mechanisms, we can obtain transmission loss spectra
that are roughly in line with the measurement results. This indicate that there are damping, or
attention mechanisms present in the real situation. Hence, this could in principle be included in
models for prediction purposes. But this would introduce also a large epistemic uncertainty, this
approach with ad hoc assumptions necessitates tuning, and would not represent a transparent
mechanism. We stress that without such damping mechanisms, the Helmholtz resonance is very
strong.
The best fit obtained without any type of artificial damping is obtained for oblique wave incidence.
Reasonably good match with observations can then be obtained for some rooms, while others display
large deviations. As measurements were not carried out in several rooms, we don’t know how large
the inter-room variability is in the real situation. But it can be a possible mechanism that rooms can
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-

display different characteristics based on their location. Reflection and interference effects can play
a role. Moreover, complicated acoustic interaction between several rooms seems to reduce
resonance effects due to increased heterogeneity. It is quite possible that further heterogeneity due
to 3D effects, topography, meteorology etc can further explain the lack of resonance in the
measurement results.
In summary, we cannot match closely the observations in Tretyakov, but we introduce several factors
that together can help explaining the lack of a clear resonance. More rigorous measurements and
simulations are needed in the future to explain this more closely. This is important, as we expect that
sonic boom vibrations will be enhanced strongly in open window situations and could be a key factor
with respect to nuisance.

Figure 45: Examples of simulated transmission losses extracted from various examples above and the
measured transmission loss from the field tests in Tretyakov
.

9 Conclusions
Compared to most other conventional sound sources, sonic boom from supersonic flights causes higher
sound pressure at the very low frequency range between 1-100 Hz. The low frequency component of the
sound pressure may give rise to floor vibration and rattling inside buildings, which can be perceived by
humans and lead to annoyance. Particularly the non-audible component of the sonic boom, the
infrasound, is responsible for the major part of the vibration.
This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

77

D2.7 – Indoor sonic boom modelling best
practices
Version 2.0
We have developed and documented a Finite Element (FE) model which couples the dynamic sound
pressure with the building dynamics for low frequencies herein. The model is used to estimate sound
transmission loss and indoor floor vibration for different building constructions. A comparison between
frequency domain analysis and time domain analysis shows rather similar results, yet with visible
differences. The results from the FE-calculations in the low frequency domain is merged with high
frequency results from the literature to represent the transmission loss in the full frequency range for
audible noise and vibrations. These results are used to estimate to which degree low sonic boom would
be likely to lead to annoyance due to rattling and audible noise in addition to vibration and infrasound. It
is concluded that we may expect the sonic boom to generate detectable indoor noise and possible
annoying vibrations and rattling.
As an additional activity, we have investigated possible explanations for the lack of Helmholtz resonance
observed in the Tretyakov field measurements. While we cannot match closely the observations from
Tretyakov, our analysis points to several factors that together can help explaining the lack of a clear
Helmholtz resonance. More rigorous measurements and simulations are needed in the future to explain
this more closely. Revealing the cause for this effect is important, as we expect that sonic boom vibrations
will be enhanced strongly in open window situations and could be a key factor with respect to nuisance.
We evaluate the whole building response of a multiple-story building using a separate FE-model. The
results show that the sonic boom air pressure is amplified due to reflection and interaction with the
building, which increases the pressure forces acting on the building, and hence enhances the vibration.
Depending on the amplitude and frequency content of the sonic boom and the building behavior, this can
result in a horizontal vibration response which is clearly perceptible and above recommended limit values
in e.g. ISO 10137 and the Norwegian Standard NS 8176.
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