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Abstract

This paper proposes a fast way to create a base Statistical Energy Analysis (SEA) model for periodic box-like structures,
for which further refining and modification can be conducted with simplicity. A novel numbering system is introduced
which enables the model builder to build, locate and change the property of each subsystem as well as to specify the
connections between different subsystems in a 3D coordinate system. Two numerical SEA models are studied with the aid
of the new method. It greatly decreases the time in model building and increases the simplicity of studying the acoustic
attenuation by changing the properties of different subsystems. The results show that when increasing the internal loss
factors (ILF) of all structural elements from 0.015 to 0.12, a 13.5 dB sound insulation improvement can be observed for
the 2-room system at 1000 Hz and that for the 24-room system is 10.9 dB. This method serves as a promising way to
investigate the acoustic transmission in heavily damped periodic box-like structures.

Article Highlights

e Afast SEA model building method is proposed.
¢ A 3D coordinate based numbering system is developed
for subsystem location and identification.

e Application of damping on structural elements results
in better sound insulation.

Keywords Periodic box-like system - Statistical energy analysis - Acoustic modelling - Vibration prediction -
Computational simulation

1 Introduction design stage or in the reconstruction stage to meet the

noise control regulation.

In many practical cases, the system of interest consists of
cellular units formed by plates or beams at rectangular
intervals. This kind of structure, which can be seen as a
periodic box-like structure, is commonly found in hotels,
residences, cabins, train carriages, etc. The acoustic simu-
lation of such systems is thus of importance either in the

The analysis of vibroacoustic problems in periodic
structures has been extensively studied in the past cen-
tury while using SEA. A detailed history review of apply-
ing periodic structure theory in solving wave propagation
problems was given by Brillouin [1]. Mead was considered
to be the first to apply periodic structure theory in analys-
ing continuous systems [2]. Later, Keane and Price’s study
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extended the use of periodic structure theory to SEA and
showed better energy flow predictions than traditional
SEA between two parts of a ship’s structure [3].

Standard SEA has been widely used in predicting mid
and high frequency vibrational energy transmission in
complex systems such as buildings, automobiles, ships,
satellites, etc. [4]. The basic idea behind SEA is to divide
the building into subsystems (usually but not always to
represent the physical elements such as walls, floors, ceil-
ings, etc. and the rooms they enclose) and assumes the
energy only flows from one subsystem to neighbouring
subsystems (there are exceptions, such as non-resonant
transmission). To be more specific, a subsystem is an
acoustic space or a structure that consists of a group of
similar resonant modes [5]. The SEA framework assumes
that the energy in each subsystem is contained in resonant
modes so that the energy is proportional to the damping.
There are cases where the response of an element is not
proportional to the damping, which is often referred to as
non-resonant transmission. Non-resonant transmission is
sometimes of importance and can usually be modelled
either as direct coupling between two resonant systems
bypassing the physical element through which the sound
is passing non-resonantly or by introducing additional
noise sources [4]. The energy flows between subsystems
are represented by the coupling loss factor (CLF). Modal
density is generally considered as an indicator to deter-
mine whether a system is suitable for SEA modelling.
Langley derived the general expressions for the modal
density of one- and two-dimensional periodic structures
based on periodic structure theory [6]. Langley et al. fur-
ther discussed the high-frequency vibration transmission
through a stiffened panel where periodic structure theory
is used to compute the transmission and absorption coeffi-
cients [7]. Craik investigated the contribution of long flank-
ing transmission in periodic box-like systems using SEA
[12]. Recently, Wilson and Hopkins discussed the effects
of spatial filtering of three-dimensional periodic box-like
structures using Advanced SEA (ASEA) [8]. Andrade et al.
experimentally validated the high frequency SEA predic-
tion of the variance of energy in coupled structural-acous-
tic systems [18]. Yan et al. examined the damping effect
of 9 different periodic box-like structures using SEA [9].
Poblet-Puig discussed the CLFs of L, T, and X-junctions for
both out-of-plane and in-plane waves as well as their inter-
actions [19]. These types of junctions are very common
in periodic box-like structures. Unfortunately, although
the underlying theories were explained in the aforemen-
tioned studies, details of the model building were not
very specific. Efforts have been done in order to help in
the creation of SEA models [15-17]. Most of them try to
be general-purpose methods not designed with the goal
to be applied to a single geometry type.
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In many cases, the structural element in periodic box-
like structures can have very high damping levels with
various passive damping treatments. In such cases, the
energy attenuation along transmission paths within the
structural elements becomes very significant, violat-
ing the basic SEA assumption, i.e., a diffused field. When
the energy distribution within a structural element is no
longer diffused, this element can no longer be seen as a
subsystem. The authors proposed a hybrid Ray-Tracing-
SEA method to investigate the acoustic transmission in
a five-plate system and a one-room system [13, 14]. The
energy transmission across heavily-damped structural ele-
ments was computed with a forward ray-tracing method
and represented using ‘equivalent CLFs. The hybrid models
were built where heavily-damped elements were treated
as‘coupling elements:. It is found that with the increasing
number of damped elements and the value of damping
level, the direct path tends to dominate the transmission,
and the prediction from classic SEA becomes less accu-
rate. Unfortunately, this finding is limited to simple mod-
els at the moment. To further understand the influence of
damping treatment in more complicated periodic box-like
structures, one needs to develop a simple model build-
ing method that can create, locate, and change structures.
Although previous studies have shown great insight in
understanding the principles of vibroacoustic transmis-
sion in periodic structures, few attempts are made for fast
model building.

In this paper, the authors intended to propose an
algorithm for fast SEA model building for periodic box-
like structures. The rationale of the algorithm is given
in the next section. Validation and a numerical study of
two models are followed. The limitation of the proposed
method is also discussed. A sample script is presented in
the Appendix.

2 Fast SEA model building
2.1 Classic SEA modelling

In classic SEA modelling, the proportion of energy trans-
mitted from subsystem j to subsystem jin one-radian cycle
is called the coupling loss factor (CLF), denoted as nij.The
proportion of energy that is dissipated as heat per radian
cycle within subsystem i is called the internal loss factor
(ILF), denoted as #;4. The sum of the CLFs and the ILF of
subsystem i is called the total loss factor (TLF), denoted
as n;, which represents the proportion of the total energy
leaving the subsystem per radian cycle. The energy of sub-
system j, denoted as E;, can be readily found with known
energy input through the classic matrix:
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where W, represents the energy input of subsystem i and
w is the angular frequency. All the TLFs and CLFs in the
matrix above can be determined theoretically or experi-
mentally [4]. With the aid of SEA modelling software, such
as the commercial software VAone (SEA module), Auto-
SEA, or the Parallel Programmable Calculator (PPC) written
by Craik (2011) [10], the energy distribution through the
system can be obtained once the model has been estab-
lished. The most time-consuming part of SEA analysis usu-
ally is model building, i.e., specifying the property of each
subsystem and how they are connected. For commercial
SEA software, such as VAone, the source code is usually
closed, limiting the possibility of modifying specific calcu-
lations. There are four common methods of SEA model cre-
ation: 1) specifying node locations—creating subsystems
- specifying connectivity — creating SEA model (VAone);
2) creating subsystems with templates - specifying con-
nectivity — creating SEA model (PPC, VAone); 3) importing
CAD geometry - creating finite element faces - creating
SEA model (VAone); 4) creating SEA model from a script
(PPC, VAone). The first two methods generate SEA models
manually. The third method is typically useful for very com-
plex systems such as ships, submarines, cars, etc. The last
method provides freedom and automatization to create
SEA models. Normally, each subsystem is auto-assigned a
number, which usually starts from 1. The assigned number
does not have any physical meaning. As the complexity of
the model grows, it is relatively harder to locate a specific
subsystem by checking the name of each subsystem. In
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Fig. 1 Exploded view of a system consisting of one room

the case of studying heavily damped systems, one needs
to precisely locate and change the properties of different
elements. This requires a new naming system of the SEA
model. In addition, as the damping level gets higher, the
predicting results from classic SEA tend to be inaccurate
[13, 14] and refined SEA models need to be built. The pro-
posed method is typically useful in such kind of study.

A typical one-room system is shown in Fig. 1. It consists
of 6 structural subsystems and 1 cavity (room). The illus-
tration of the corresponding SEA model is shown in Fig. 2,
where each block is assigned a number and represents
one subsystem. Assuming only bending wave transmis-
sion is considered, one needs to specify the properties of
7 subsystems and 36 physical couplings between different
subsystems for this typical one-room system. When add-
ing another room, one may have a two-room system as

A 4
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Fig.2 The SEA model of the system shown in Fig. 1 (The blue
arrows represent power inputs, the black arrows represent power
flows between different subsystems through couplings, and the
red arrows represent the powers dissipated due to internal damp-
ing)
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Fig.3 Exploded view of a system consisting of two rooms sepa-
rated by a common wall
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shown in Fig. 3. The corresponding SEA model is shown in
Fig. 4. For this system, the properties of 13 subsystems and
76 physical couplings need to be specified. In both cases,
the couplings between subsystems that are not physically
connected are assumed to be neglectable and are hidden
from the illustrations. This requires additional time effort.
For a three-wave model, a structural element supporting
bending, longitudinal and transverse modes will generally
need three subsystems to describe it, making the model-
ling even more complicated [4].

From the SEA matrix (Eg. 1), to compute the energy dis-
tribution with N subsystems, one generally needs to spec-
ify the N x N loss factor matrix and the N x 1energy input
matrix. As the number of subsystems grows, the model
complexity increases dramatically. The common way of
creating a SEA model is either using an interactive graphi-
cal interface built-in in a commercial SEA software or using
a programming language. Using algorithms to build the
SEA model seems to be more effective, especially for peri-
odic box-like systems since they are orderly connected.
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Fig.4 The SEA model of the system shown in Fig. 3 (The blue
arrows represent power inputs, the black arrows represent power
flows between different subsystems through couplings, and the
red arrows represent the powers dissipated due to internal damp-
ing)

Fig. 5 lllustration of the
general procedure of fast SEA

Numbering pe

Any further modifications of the SEA model can be readily
done after the prototype model is constructed.

2.2 General procedure of fast SEA model building

The general procedure of fast SEA model building by
an algorithm is shown in Fig. 5. It consists of four steps,
namely (1) numbering of subsystems and joints (cou-
plings), (2) specifying the properties of subsystems, joints,
and power input, (3) computing loss factor matrix and
power input matrix, and (4) solving SEA matrix to get the
energy of each subsystem. This paper proposed a novel
numbering system for a periodic box-like system by plac-
ing the system in a 3D Cartesian coordinate. Step 2 can be
readily done once all subsystems and joints are numbered
and located. Step 3 and Step 4 can then be conducted by
the SEA modelling software PPC. This algorithm works for
both bending-only and three-way analysis. Although the
algorithm is written solely for periodic box-like structures,
the idea of subsystems and couplings numbering may be
adopted in systems that are not orderly constructed.

2.3 Numbering of room subsystems

A new naming system is proposed for fast SEA model
building. Taking a 4-room system (Fig. 6) as an example,
if one introduces a Cartesian coordinate system into this
model and uses a, b, and c to define the total number of
columns, rows, and floors of the building, one may express
this system as a 2*2*2 system. One may use |, w, and h to

122 222

112|212

112111V X

Fig. 6 lllustration of a 4-room system with a Cartesian coordinate
(the following illustrations are placed in the same coordinate sys-
tem)

Computing Matrices

Loss Factor Matrix

Solving SEA matrix

| Power Input I——bI Power Input Matrix

model building | Numbering of Rooms H Room properties
| Numbering of Plates |—'| Plate properties
| Numbering of Joints |—'| Joint properties
SN Applied Sciences

A SPRINGER NATURE journal



SN Applied Sciences (2022) 4:123

| https://doi.org/10.1007/s42452-022-04997-y

Research Article

Fig.7 lllustration of the 2*2*2

building with the basic unit
End wall 1 I I

12121
Floor 3 T I I

Front wall 2 - -

2133 .
—— Joint-Y
212 1 312 b 2122/ 3121 Joint-Z

Fig.8 lllustration of the partial components of room 212

define each room’s length, width, and height, assuming all
the rooms have the same dimension. By further using x,
y, and z to define where the room is located among those
columns, rows, and floors, respectively, the coordinate of
each room can be readily determined. For example, the
room in column 1, row 1, and floor 1 can be expressed
as (1,1,1). One may use the number 111 to represent this
room. Generally speaking, any room in this study can be
numbered using100 * x + 10 * y + z.

2.4 Numbering of plate subsystems

One may use the basic unit shown in Fig. 7 to form the
2*2*2 building. It consists of three parts, i.e., the end wall,
the front wall, and the floor. The first step of naming is
to find which room those three plates belong to and
then times the room number with 10 and plus 1 or 2 or
3, respectively. The unit with solid lines is real, and that
with dot lines is an imaginary unit of which only one plate
is real.

Therefore, each plate of this building is assigned a spe-
cific number. For example (Fig. 8), room 212 consists of
2121 (end wall of room 212), 2122 (front wall of room 212),
2123 (floor of room 212), 3121(end wall of the imagined
room 312), 2222 (front wall of room 222) and 2133 (floor
of the imagined room 213).

2.5 Numbering of joints

The next step is to define the joints. In periodic box-like
buildings, the common joints are Cross, Tee, and Corner

Joint-X

Fig.9 lllustration of three types of joints in the basic unit

y A4 /7 7
Z

Fig. 10 lllustration of the slicing the system with the X-Z plane

joints. SEA modelling requires specifying the connection
between different plates, i.e., how different plate subsys-
tems are connected through joints. The information about
the geometry and material properties is stored when the
room and plate subsystems are defined. Therefore, the task
remained is to specify the components of each joint.

One may use the basic unit again to define the number
of each joint (Fig. 9). The joints can be categorized into
three types, namely Joint-X, Joint-Y, and Joint-Z. The joint
number is simply 10 times the room number and plus
10,000 or 20,000 or 30,000 respectively. Again, imaginary
rooms are used.

2.5.1 Numbering of Joint-X joints

To define all Joint-X joints, one may slice the system with
the X-Z plane (Fig. 10).
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Fig. 11 lllustration of the Joint-X joints when y =1

When y = 1, the joints at the ground floor are corner joints
(Fig. 11, joints a). The number assigned to such kinds of joints
is calculated through 10000 + 1000 * x + 100 + 10 and it
consists of two plates, i.e. plate 1000 * x + 100 + 10 + 2and
plate 1000 * x + 100 + 10 + 3.In the following content, the
following expression will be used to demonstrate the joint
number (equation before the bracket) and the components
of that joint (equations after the bracket). Two components
suggest a Corner joint, three components suggest a Tee
joint, and four components suggest a Cross joint.

1000 # x + 100+ 10 + 2
10000 + 1000 # x + 100 + 10 12 *x+g)oo+ 10+3
0
()

When y = 1, the joints at floors in between are tee joints

(Fig. 11, joints b). The joint numbers and their components are

— s mmm sl mmeccccsecce Xy

_/+

Fig. 12 lllustration of the Joint-X joints when y = 2 (for more gen-
eral caseswhen2 <y <b+1)

1000 * x + 100+ 10(c + 1)+ 3
1000 s x + 100+ 10 % c + 2
10000 + 1000 * x + 100 + 10(c + 1) (4)
0

0

When y = 2, the joints at the ground floor are tee
joints (Fig. 12, joints a). For more general cases, when
2<y<b+1o0nehas

1000 % x4+ 100 % (y — 1)+ 10+ 3
1000 #+ x + 100 =y + 10 + 2
10000 + 1000 = x + 100 s y + 10: (5)
1000 #* x +100 *y + 10+ 3

0

When2 <y < b+ 1, the joints at the floors in between
are cross joints (Fig. 12, joints b), where

10000 + 1000 * x 4+ 100 * y + 10 *

1000 xx+100 *y +10 %« z+ 2

1000 %+ x + 100 «y + 10 %z + 3 (6)
1000 x«x+100 %y +10%(z—1)+2

1000 # x +100(y — 1)+ 10 %z + 3

1000 x x +100+ 10 x z+ 2

1000 * x + 100+ 10 % z + 3

10000 + 1000 * x + 100 + 10 * z

3)

1000 x4+ 1004+ 10 (z—1)+2

0

When y = 1, the joints at the top ceiling are also corner

joints (Fig. 11, joints c), where

When2 <y < b + 1, the joints at the top ceiling are also
tee joints (Fig. 12, joints c), where

1000 x +100 %y +10 % (c+ 1)+ 3

10000 + 1000 * x + 100 %+ y + 10 * (c + 1)

1000 % x +100 %y +10 % c+ 2
1000 x4+ 100« (y — 1)+ 10 (c+1)+3 (7)

0
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Fig. 13 lllustration of the Joint-X joints wheny = b + 1

When y = b+ 1(in this case y = 3), the joints at the
ground floor are corner joints (Fig. 13, joints a). They are
actually the Joint-X joints of the imagined rooms, where

Y

/

C

el

Fig. 14 lllustration of the Joint-Y joints when x = 1

1000 * x + 100 « b+ 10+ 3

10000 + 1000 * x + 100 = (b + 1)+ 10

1000 # x + 100 * (b+ 1) + 10+ 2
0
0

When y = b + 1, the joints at the floors in between are
tee joints (Fig. 13, joints b), where

1000 % X + 100 % (b+ 1)+ 10 % (z — 1) + 2

1000 *x+100«b+10%xz+3
1000 xx +100 % (b+1)+10%z+2

10000 + 1000 * X + 100 % (b+ 1)+ 10 x z

0

When y = b + 1, the joints at the top ceiling are corner
joints (Fig. 13, joints c), where

1000 * x + 100  (b+ 1) + 10 % ¢ + 2

10000 + 1000 * x + 100 = (b+ 1)+ 10(c + 1)

1000  x + 100 « b+ 10(c + 1)+ 3

0
0

2.5.2 Numbering of Joint-Y joints

To define all Joint-Y joints, one may slice the building with
the Y-Z plane.

When x = 1, the joints at the ground floor are corner
joints (Fig. 14, joints a), where

1000 + 100 * y + 10 + 1
1000 + 100 * y + 10+ 3
0
0

20000 + 1000 + 100 * y + 10

(1
When x = 1, the joints at the floors in between are tee
joints (Fig. 14, joints b), where
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1000+ 100 %y + 10 %z + 1

1000+ 100 %y + 10 %z + 3

1000+ 100y +10(z — 1) + 1
0

20000 + 1000 + 100 * y + 10 * z

(12)

When x = 1, the joints at the top ceiling are corner joints
(Fig. 14, joints c), where

1000(x — 1)+ 100 # y + 10 + 3
1000 # x + 100 % y + 10 + 1
1000  x + 100 % y + 10 + 3

0

20000 + 1000 * x + 100 * y + 10

(14)

When 2 < x < a + 1, the joints at floors in between are
cross joints (Fig. 15, joints b), where

1000 % x +100 %y +10 % z + 1

20000 + 1000 * x + 100 * y + 10 * z

1000« x +100 %y +10%z+3
1000 %+ x + 100 %y +10(z— 1)+ 1

1000(x — 1)+ 100 % y + 10 % z + 3

When 2 < x < a + 1, the joints at the top ceiling are tee
joints (Fig. 15, joints c), where

1000 * x + 100 %y +10(c+ 1)+ 3

1000 * X + 100 % y + 10 % ¢ + 1 (16)
20000 +1000 # x +100 # y +10(+ 1y 45000 1)1 100 % y +10(c + 1) + 3
0

1000+ 100 * y +10(c+ 1)+ 3

1000 + 100 # y + 10 % ¢ + 1
20000 + 1000 + 100 * y + 10(c + 1) *Oy ¥

0
(13)

When 2 < x < a + 1(in this case x = 2), the joints at the
ground floor are tee joints (Fig. 15, joints a), where

v

A

*

Fig. 15 lllustration of the Joint-Y joints when2 <x < a+ 1
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When x = a+ 1(in this case x = 3), the joints at the
ground floor are corner joints (Fig. 16, joints a), where

1000 *a+ 100y +10+3

1000(a + 1)+ 100 # y + 10+ 1
20000 + 1000(a + 1) + 100 # y + 10 @+ ) *y

0
(17)

When x = a + 1, the joints at floors in between are tee
joints (Fig. 16, joints b), where

A4

A

Fig. 16 lllustration of the Joint-Y joints when x = a + 1
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+ Fig. 18 lllustration of the Joint-Z joints when2 <y < b+ 1

Fig. 17 lllustration of the Joint-Z joints when y = 1

1000(@+ 1)+ 100« y +10(z— 1) + 1
1000 *a+100%xy +10%z+3
1000(@+ 1)+ 100 %y + 10 z + 1
0

20000 + 1000(a + 1) + 100 # y + 10 * z

When x = a + 1, the joints at the top ceiling are corner
joints (Fig. 16, joints c), where

1000(a + 1) + 100 # y + 10 % ¢ + 1

20000 + 1000(a + 1) + 100 % y + 10(c + 1)4 1000 *a+100 *OY+ 10+ +3 (19)
0
2.5.3 Numbering of Joint-Z joints
To define all Joint-Z joints, one may slice the building with c
the X-Z plane. .
When y = 1, the joints of the left end walls of the build- / /
ing are corner joints (Fig. 17, joints a), where : 4_
1000+ 100+ 10 %z + 1
30000 + 1000 + 100 + 10 # z 1000+100(;HO*Z+2 | | /
I I
0 I I ,/ <
(20) | |
1 1
When y = 1, the joints of the common end walls are tee /+
joints (Fig. 17, joints b), where

Fig. 19 lllustration of the Joint-Z joints wheny = b + 1
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1000(x — 1)+ 100+ 10 * z + 2
1000 % X + 100+ 10 % z + 1
1000 # X + 100 + 10 * z + 2

0

30000 + 1000 * x + 100 + 10 * z

(21)

When y =1, the joints of the right end walls of the
building are corner joints (Fig. 17, joints c), where

1000 * a+ 100+ 10z +2
1000(@+ 1)+ 100+ 10 %z + 1
0
0

30000 + 1000(a + 1) + 100 + 10 * z

(22)

When2 <y < b+ 1(in this case y = 2), the joints of the
left end walls of the building are tee joints (Fig. 18, joints
a), where

1000+ 100 %y + 10 %z + 1

1000+ 100 # y + 10 % z + 2

1000+ 100(y — 1)+ 10 * z + 1
0

30000 + 1000 + 100 * y + 10 * z

(23)

When2 <y < b + 1, thejoints of the common end walls
are cross joints (Fig. 18, joints b), where

1000 % X + 100 # y + 10 % z + 1
1000 * x4+ 100 * y + 10 %z + 2
1000 # X +100(y — 1)+ 10 % z + 1
1000(x = 1)+ 100 %y + 10 %z + 2
(24)
When 2 <y < b+ 1, the joints of the right end walls of
the building are tee joints (Fig. 18, joints c), where

30000 + 1000 * x 4+ 100 * y 4+ 10 * z

1000(a+ 1)+ 100(y — 1) + 10 % z + 1
1000 * a + 100 % y + 10 * z + 2

30000+ 1000(a+ 1)+ 100« y + 10 x z (25)
@+17) y 1000(a + 1)+ 100 % y + 10  z + 1
0
110
100 | —©—2-Room ILF=0.015 PPC —&—24-Room ILF=0.015 PPC
-©-2-Room ILF=0.120 PPC - HB-24-Room ILF=0.120 PPC ]
% %0 r —@—2-Room ILF=0.015 VAone —li—24-Room ILF=0.015VAoneD,—"'
880 -°
c
[
2
3
E
L 7 2[F 2 7F /7 7 -
c
]
£
<
U 10 . . . , . .
63 125 250 500 1000 2000 4000 8000
% 2% Frequency Hz
Fig. 20 lllustration of a simple 2-room system and a complicated Fig.21 Air-borne energy level differences between the source

24-room system (the shadowed rooms are the source room and
the receiving room)

room and the receiving room for simple and complicated system

predicted by VAone and PPC

Table 1 Dimensions and

. . Element Room Common wall Other wall Floor

material properties of the

systems in Fig. 19 Dimensions (m) 3x4x25 3x2.5 30r4x2.5 3x4
Material Brick Brick Concrete
Thickness (m) 0.2 0.1 0.15
Density (kg/m°) 2000 2000 2300
Longitudinal wave speed (m/s) 2000 2000 3400
Critical frequency (Hz) 162 324 127
Poisson’s ratio 0.2 0.2 0.2
Initial internal loss factor 0.015 0.015 0.015
Reverberation time (s) 0.5
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When y = b + 1(in this case y = 3), the joints of the left
end walls of the building are corner joints (Fig. 19, joints
a), where

1000 + 100(b+ 1)+ 10 %z +2

1000+ 100« b+ 10 %z + 1
30000 + 1000 + 100(b + 1) + 10 * 2 *o ¥

0
(26)

When y = b + 1, the joints of the common end walls are
tee joints (Fig. 19, joints b), where

manually was 6 min 37 s and 41 min 12 s respectively. The
model building time of the proposed method was less than
1 min for both models. It took additional 15 s for the com-
puter to compute the 24-room system. If one is interested
in changing the dimension or coupling type, there are two
options. One may either change the relevant parameters in
the script and regenerate the model (less than 1 min) or use
the built-in functions in PPC to change it (normally more
than 1 min). To further validate the proposed method, com-
parisons to the commercial software VAone are conducted
in the following section.

1000 % x +100(b+ 1)+ 10 % z + 2

1000 « x + 100 x« b+ 10 x z + 1

27
30000 + 1000 * x + 100(b + 1) + 10 * z 1000(x — 1)+ 100(b + 1) + 10 # 2 + 2 (27)
0
When y = b + 1, the joints of the right end walls of the
building are corner joints (Fig. 19, joints c), where
1000(a + 1)+ 100 « b+ 10 % z + 1
30000 4+ 1000(@ + 1) + 100(b + 1) + 10 * z 1000*"”00(”0”)“0*”2 (28)
0

2.6 Fast SEA modelling

When all the subsystems and their connections are speci-
fied, with the aid of SEA modelling software PPC, acoustic
analysis of common periodic box-like buildings can be con-
ducted straightaway. In PPC, there is a built-in function to
change the bending-only model to the three-wave model.
It is relatively simple to change the properties of subsys-
tems and joints using the numbering system proposed.
This serves as a promising way of studying the effect of
changing the properties of different subsystems and path
sensitivity analysis such as the contribution from flanking
transmission. Typically, studies about acoustic transmission
in heavily-damped systems with repeatable patterns can
benefit from this method. To check the validity of the pro-
posed method, a simple 2-room system and a complicated
24-room system (Fig. 20) were built manually and automati-
cally in PPC. Both methods gave identical models. Three
attempts were conducted to decrease the model building
time through improved proficiency but the effect was quite
limited. The average time used to build the two models

3 Validation and application of the fast SEA
modelling method

Validation is conducted by comparing the modelling
results between manually-built SEA models in VAone
software and script-generated SEA models in PPC for
2-Room system and 24-Room system (Fig. 20). The model
information assumed is shown in Table 1. A trial predic-
tion has been conducted to show no significant differ-
ence between bending-only and three-wave models.
The prediction results from bending transmission are
demonstrated.

The predictions from the models generated by the pro-
posed algorithm generally show similar results to those
from VAone simulation (Fig. 21), except it only took 1 min
to build the models with the script and half an hour to cre-
ate manually. Divergency is found at the lower frequency
range (below 250 Hz). One possible explanation is that
VAone and PPC use different expressions to compute cou-
pling loss factors. The modeling of PPCis based on Robert
J.M. Craik’s book on ‘Sound transmission through buildings
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using Statistical Energy Analysis’ [4]. Unfortunately, the
authors could not find the expressions for coupling loss
factors in VAone as the source code is closed. This is the
exact drawback of the ‘black-box’ effect of commercial
software as discussed in Sect. 2.1. For the studied systems
at frequencies below 250 Hz, the mode count N is less than
4.4 and the modal overlap M is less than 5.5. As Hopkins
suggested, one condition for SEA to be ‘appropriate’ for
platesisN > 5and M > 1[11]. Therefore, the validity of the
prediction below 250 Hz is questionable and the results at
frequencies above 250 Hz are valid.

Assuming one interests in finding the acoustic benefit of
increasing the internal damping of the two systems shown
in Fig. 20. With the assistance of the fast SEA modelling
script, the complicated system can be built and analysed
with simplicity. When the internal loss factor of each struc-
tural subsystem is increased from 0.015 to 0.120 by applying
passive damping treatment, the air-borne energy level dif-
ferences between the source room and the receiving room
are shown in Fig. 21. In this analysis, the internal loss factor
has been increased to a very high level for demonstration
purposes. In practical cases, concrete walls can rarely reach
such a high damping level, while it is possible for metal
plates using constrained layer damping. This analysis shows
the potential acoustic benefit of applying damping treat-
ment in structural elements in periodic box-like structures.

When both systems are undamped, the energy level dif-
ference between the source and receiving rooms is 52.3 dB
and 55.7 dB for the simple and complicated systems at
1000 Hz, respectively. The 24-room system, i.e., system with
more structural subsystems, appears to have better sound
insulation than the 2-room system because there are more
structures for sound to travel into and be attenuated before
arriving in the receiving room. When both systems are
damped, one observes a 13.5 dB sound insulation increase
for the simple system at 1000 Hz and a 10.9 dB increase
for the complicated one. This suggests that the application
of damping treatment is more beneficial for systems with
fewer structural elements. Another interesting finding is
that both systems have almost the same sound reduction
when the damping level is high. With a high damping level,
the contribution of flanking transmission (especially long
flanking path) is small, and the transmission is dictated by
the direct path. These findings also agree with previous
work done by Craik [12] and Yan [9]. Once the SEA model
has been established, the air-borne energy level difference
between any two rooms and the energy level difference
between any two subsystems can be predicted. Path sen-
sitivity analysis can also be carried out to check the contri-
bution of different paths. Further investigation about the
sound insulation benefit caused by increasing damping will
not be conducted as it is beyond the scope of this paper.
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The proposed method is essential in the evaluation of
the vibroacoustic problems in heavily-damped periodic
box-like systems. As the damping levels of structural ele-
ments increase, the basic SEA assumption of energy equi-
partition tends to fail. Previous studies have shown that in
such cases, classic SEA tends to give unreliable results and
needs modifications [13, 14]. One way to overcome the
induced problem is to modify the SEA model with equiva-
lent CLF. The proposed method is applicable in such a case.

4 Limitations

This work intends to provide a way to fast create a base
SEA model and understand the benefit brought by increas-
ing the damping levels of structural elements. One con-
tribution of this work is the idea of relating the names of
subsystems with geometric meaning. The studied numeri-
cal models are ideal with many simplifications, i.e., omit-
ting windows and doors. Further refining of the model,
such as adding holes or ventilation systems, could be done
to study a more realistic model but is beyond our current
research goal and needs future effort.

Another limitation of the proposed method is that if one
needs to add or delete a structural element once the system
has been built, it requires an additional step, and the naming
system is challenged in such a case. Adding or deleting sub-
systems can be realized in the software with a built-in func-
tion. One possible way to overcome the problem brought
by adding or deleting subsystems is to give new numbers
locally, i.e., only changing the names of connected subsys-
tems and keeping the names of the rest of the subsystems.

5 Conclusions

A fast Statistical Energy Analysis modelling method is
introduced by using a new numbering system to define
subsystems and joints of periodic box-like buildings. It
greatly increases the efficiency of SEA modelling and pro-
vides a fast way of analysing complicated systems.

The study of two numerical systems suggests that a
system with more structural elements usually has better
sound insulation than the one with fewer structural ele-
ments. The applications of damping treatment result in
more significant acoustic benefits for the latter one. When
both systems are damped, there is a similar energy level
difference between the source and the receiving room.

The study of this paper serves as a starter of fast SEA
modelling for complicated systems, especially for systems
with heavily-damped structures. It enables the model
builder to precisely locate and make the modification of
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each subsystem’s SEA parameter, i.e., the modal density,
the bending wave speed, the bending wave number, the
bending wavelength, the damping loss factor, and the crit-
ical frequency. The proposed method is limited to periodic
box-like systems, but it shows the potential to contribute
to vibroacoustic modelling of systems with repeatable
patterns. Future work is needed to extend its application
to more general systems, including structural elements in
different shapes (i.e., curved plate, cylinder, etc.).
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Appendix

The sample script of a 6*2*2 building is demonstrated
here for readers with further interest. This script is based
on the C language and works in PPC. It provides a fast
way to create a base model which can later be modified.
Although it can not be directly used in other software, the
authors hope it could benefit the acoustic community to
some extent. The use of ‘$’ before variables is required by
the default setting in PPC. This does not follow conven-
tional standards in typesetting mathematical texts and is
addressed here.
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isystem 3942
422
01010 10000

$a=6 $b=2 $c=2 $1=4 $w=3 $h=2.5 $i=0.015 $r=0.5 for $x 1 1 $a for $y 1 1 $b for $z 1 1 $c isubsystem
[100 $x * 10 Sy * + $z +] 1 $1 $w $h $r /* room */

for$x 1 1 $afor $y 1 1 $b for $z 1 1 $c isubsystem  [1000 100 $y * + 10 $z * + 1 +] 2 Sw
$h 0.1 2 2000 0.2 2 324  $i /* Plate */

for $x 2 1 $a for $y 1 1 $b for $z 1 1 $c isubsystem  [1000 $x * 100 $y * + 10 $z * + 1 +] 2
$w $h 0.2 2 2000 0.2 2 162  $i /* Plate */

for$x 11%a for$y 11 $bfor$z1 1 $cisubsystem [$a 1+ 1000 * 100 Sy * + 10 $z * + 1 +] 2
$w $h 0.1 2 2000 0.2 2 324  $i /* Plate */

for $x 1 1 $a for §y 1 1 $b for $z 1 1 $c isubsystem [1000 $x * 100 + 10 $z * + 2 +] 2
$1 $h 0.1 2 2000 0.2 2 324  $i /* Plate */

for $x 1 1 $a for $y 2 1 $b for $z 1 1 $c isubsystem [1000 $x * 100 $y * + 10 $z * + 2 +] 2
$1 $h 0.1 2 2000 0.2 2 324  $i /* Plate */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $c isubsystem [$b 1 + 100 * 1000 $x * + 10 $z * + 2 +]

2 $1 $h 0.1 2 2000 0.2 2 324 $i /* Plate */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $c isubsystem [1000 $x * 100 $y * + 10 + 3 +] 2
$1 $w  0.15 2 2300 0.2 2 127  $i /* Plate */

for $x 1 1 $a for $y 1 1 $b for $z 2 1 $c isubsystem [1000 $x * 100 Sy * + 10 $z * + 3 +] 2
$1 $w  0.15 2 2300 0.2 2 127  $i /* Plate */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $c isubsystem [$c 1 + 10 * 1000 $x * + 100 Sy * + 3 +]
2 $1 $w  0.15 2 2300 0.2 2 127  $i /* Plate */

/* Input joint details */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ $SR=(1000 $x *) ijoint [$R 10110 +] [$R 112 +][$R 113 +] 0
0 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 2 1 $¢ SR=(1000 $x * 10 $z * +) ijoint [$R 10100 +] [$R 102 +] [SR
103 +] [$R 92 +] 0 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ $R=(1000 $x * 10 $c * +) ijoint [$SR 10110 +] [$R 113 +] [$R
102+]00 $1 1 /* Normal joint */
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for $x 1 1 $a for $y 2 1 $b for $z 1 1 $c¢ $R=(1000 $x * 100 $y * +) ijoint [SR 10010 +] [SR 87 -] [$R 12
+][$R 13 +] 0 $1 1 /* Normal joint */

for $x 1 1 $a for $y 2 1 $b for $z 2 1 $c $R=(1000 $x * 100 $y * + 10 $z * +) ijoint [SR 10000 +] [$R 2
+][SR3 +][SR 8 -] [SR 97 -] $1 1 /* Normal joint */

for $x 1 1 $a for $y 2 1 $b for $z 1 1 $¢ SR=(1000 $x * 100 $y * + 10 $c * +) ijoint [SR 10010 +] [$R
13+][$R2+][$R87-]0 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ SR=(1000 $x * 100 $b * +) jjoint [$R 10110 +] [$R 13 +] [$R
112+]00 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 §b for $z 2 1 $¢ SR=(1000 $x * 100 $b * + 10 $z * +) jjoint [$R 10100 +] [$R
92 +][$R3+][$R 102 +] 0 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ $R=(1000 $x * 100 $b * + 10 $c * +) jjoint [$R 10110 +] [$R
102+][$R 13+]00 $1 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ $R=(10 $z *) ijoint [$R 21110 +] [$R 1101 +] [$R 1102+]0 0
$h 1 /* Normal joint */

for $x 2 1 $a for $y 1 1 $b for $z 1 1 $¢ SR=(1000 $x * 10 $z * +) ijoint [$R 20110 +] [$R 898 -] [$R
101 +][$R 102 +] 0 $h 1 /* Normal joint */

for $x 11 $a for $y 1 1 $b for $z 1 1 $¢ SR=(1000 $a * 10 $z * +) ijoint [SR 21100 +] [SR 102 +] [$R
1101 +]00 $h 1 /* Normal joint */

for $x 1 1 $a for $y 2 1 $b for $z 1 1 $c¢ $R=(100 $y * 10 $z * +) ijoint [$R 21000 +] [$R 1001 +] [$R
1002 +] [$R 901 +] 0 $h 1 /* Normal joint */

for $x 2 1 $a for $y 2 1 $b for $z 1 1 $¢ SR=(1000 $x * 100 $y * + 10 $z * +) ijoint [SR 20000 +] [$R 1
+][$R 2 +] [SR 99 -] [$R 998 -] $h 1 /* Normal joint */

for $x 1 1 $a for $y 2 1 $b for $z 1 1 $¢ $R=(1000 $a * 100 $y * + 10 $z * +) ijoint [$R 21000 +] [$R
901 +] [$R 2 +] [$R 1001 +] O $h 1 /* Normal joint */

for $x 1 1 $a for $y 1 1 $b for $z 1 1 $¢ $R=(100 $b * 10 $z * +) ijoint [$R 21100 +] [$R 1102 +] [$R
1001 +]00 $h 1 /* Normal joint */

for $x 2 1 $a for $y 1 1 $b for $z 1 1 $¢ SR=(1000 $x * 100 $b * + 10 $z * +) jjoint [$R 20100 +] [$R
102 +][$R 1 +] [$SR 898 -] 0 $h 1 /* Normal joint */

for $x 11 $a for $y 1 1 $b for $z 1 1 $¢ $R=(1000 $a * 100 $b * + 10 $z * +) ijoint [$R 21100 +] [SR
1001 +] [SR 102+]00 $h 1 /* Normal joint */
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for $x 1 1 $afor $y 2 1 $b for $z 1 1 $¢ cIf [1000 $x * 100 $y * + 10 $z * +2 +] [100 $x * 10 $y * + $z

+10 -] [$1 $h *] [$1 $h + 2 *] /* CLF room to wall */

for $x 11 $a for Sy 1 1 $b for $z 1 1 $c cIf [1000 $x * 100 $b * + 10 $z * + 102 +] [100 $x * 10 $b * +

$z +] [$1 $h *] [$1 $h + 2 *] /* CLF room to wall */

for $x 11 $a for $y 1 1 $b for $z 1 1 $c cIf [1000 $x * 100 Sy * + 10 + 3 +] [100 $x * 10 Sy * + 1 +] [$1

$w *] [$1 $w + 2 *] /* CLF room to wall */

for $x 1 1 $a for $y 1 1 $b for $z 2 1 $c clf [1000 $x * 100 Sy * + 10 $z * + 3 +] [100 $x * 10 $y * + $z

+] [$1 $w *] [$1 $w + 2 *] /* CLF room to wall */

for $x 1 1 $afor $y 1 1 $b for $z2 1 $c cIf [1000 $x * 100 $y * + 10 $z * + 3 +] [100 $x * 10 $y * + $z

+1-][$1 $w *] [$1 $w + 2 *] /* CLF room to wall */

for $x 1 1 $a for Sy 1 1 $b for $z 1 1 $c clf [1000 $x * 100 $y * + 10 $c * + 13 +] [100 $x * 10 Sy * +

$c +] [$1 $w *] [$1 $w + 2 *] /* CLF room to wall */

joint *

dwin 311 100
ftif
HEALTH

solve
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