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1. Introduction

The study of structure-borne sound propagation through plate junctions is of great importance in architectural
acoustics, as well as for modelling the noise and vibration performance of mechanical structures used in transport sectors
such as in the aerospace and automotive industries. Structural vibrations at low frequencies are in general modelled using
deterministic schemes (e.g. the Finite Element (FE) analysis) thus capturing the full phase and amplitude information of the
wave field on the structural ensemble. On the other hand, at higher frequencies, deterministic methods become inefficient
and approximations based on ray- and wave-based methods or statistical approaches are favoured. For the latter type of
methods, detailed information about the reflection and transmission behaviour at plate junctions is required and routinely
used. Flow-balance equations such as the Statistical Energy Analysis (SEA) [1] or diffusion methods such as the Energy
Flow Analysis [2] only need averaged coupling parameters, also called coupling loss factors in the context of SEA. Ray-
or wave-based methods such as the Dynamical Energy Analysis (DEA) [3-5] require the full wave scattering coefficients
retaining the dependence on the angle of incidence at the plate junction.

This information is usually obtained by working in the infinite junction approximation, i.e., determining the reflection
and transmission coefficients by solving the wave problem for an incident plane wave assuming that the plates extend
to infinity along the junction. Most of the research focused on isotropic plates so far, such as early work done by Cremer
et al. [6] considering the structure-borne sound transmission of a flexural wave for right-angled joints of thin plates.
Later, Craven and Gibbs [7,8] and Wohle et al. [9,10] included the in-plane wave modes in their analyses together with
considering up to four plates joined together. Langley and Heron [11] computed scattering coefficients for structural
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junctions connecting an arbitrary number of thin, isotropic plates along a rigid beam. A simplified treatment using a line-
junction approximation is also described in [11], that is, boundary conditions and force-balance equations are considered
along a 1D line at the centre of the junction only. Mees and Vermeir [12] analysed the bending wave transmission loss
in the system of plates connected by a hinge or by an elastic interlayer. McCollum and Cuschieri [13] studied the flexural
behaviour of right-angled thick finite plates using a mobility power flow approach. They also considered both in-plane
and out-of-plane wave scattering in right-angled thick semi-infinite plates [14]. Langley investigated wave reflection
and transmission coefficients for structural junctions between curved panels and beams [15]. The occurrence of negative
group velocity phenomenon in cylindrical structures has been outlined in this work. More recent works focused on wave
scattering at plate junctions using hybrid FE and Wave Finite Element (WFE) [16] approaches [17-19].

Beyond the case of wave propagation in isotropic materials, Bosmans et al. [20] studied the scattering properties of
orthotropic plate junctions with principal material axes aligned with the plate coordinates, that is, so-called specially
orthotropic plates. However, no details on the derivation are given, and results are presented only for the particular case
of bending wave transmission loss in right-angled plates, so-called L-junctions. It is not clear, whether the approach
derived in [20] is limited to specially orthotropic plates or can be extended to an arbitrary number of plates meeting at
the junction with different orientation of the principal material axes. Moreover, for a DEA treatment, detailed information
on reflection/transmission behaviour of all propagating modes at complex junctions is needed. This includes information
about the angle-of-incidence dependence of scattering coefficients and mode conversion factors.

We give here for the first time a detailed derivation of reflection and transmission matrices for waves travelling in
structural junctions connecting two or more (thin) orthotropic plates at arbitrary angles and without any restrictions on
the orientation of principal material axes both with respect to the orientation of the junction and with respect to the
orientation in different plates. We discuss the method for two different junction configurations and demonstrate how
the method can be used to obtain the angle-of-incidence and frequency dependence of scattering coefficients in a rib-
stiffened orthotropic plate. In all calculations, we give the scattering coefficients containing the full angle-of-incidence
and frequency dependence. The method has already been used to validate a WFE treatment of connected plates made of
layered composite media in [21].

The manuscript is organised as follows: in Section 2, the equations for obtaining the scattering coefficients are derived
in the line-junction approximation. First, the governing equations of motion for orthotropic plates are presented, and
dispersion relations and group velocities for in-plane and out-of-plane waves are given. The importance of modifications
to Snell’s law for orthotropic plates is discussed using an example configuration. The wave dynamic stiffness matrix is
then introduced, which relates displacements and forces at the junction. The individual dynamic stiffness matrices for
plates are then assembled into a global equation via the application of continuity and equilibrium conditions at the
junction. In Section 3, numerical case studies for two and three coupled orthotropic plates are presented. The problem
of an orthotropic plate with a stiffener (of finite length) is considered as a special case; further details are presented in
Appendix B. Finally, concluding remarks are given in Section 4.

2. Energy scattering coefficients for ensembles of orthotropic plates — derivation
2.1. Governing equations of motion

Consider N semi-infinite thin orthotropic plates connected along a lossless junction as shown in Fig. 1. The shared
edge of the plates is aligned with the y, axis of the global coordinate system (x, ¥,, Z;). The position of the jth plate is
described by the rotation angle 1; relative to the x, axis. The position, displacements and tractions on the jth plate are
defined with respect to the local coordinate system (x;, y;, z;), where the local and global y axis are identical, see Fig. 2.
Note that the positive direction of x; axis always points away from the junction. We consider orthotropic plates with
arbitrary principal axes, that is, the axes are not necessarily aligned with their local coordinate system.

Following Kirchhoff-Love plate theory [22,23], the governing equations of motion for the jth plate can be expressed
in terms of displacements u;, vj, w; as

0%u 82 2y 821) 32 %y 82u
Qi el + Q]s +Q65 +Q1s (Q12+st) +Q25 a2 = 8t2’
0%v 32 2v 82u 82 82 0%v
sz* +2Q—— oxdy + st > T QlG +(Qu2 + Qﬁs)axay + st ’Oﬁ’ (m
D £+4D W Dy, + 2D 84”’ a4 p 847“’:— Pw
17 55x 38y 12 66) 5% 252 26 axdy? 22 3y P 92

where the Qn,’s denote the plane stress-reduced stiffness coefficients from the constitutive relations for an orthotropic
plate with Dy, = Qmn h®/12, the bending stiffnesses, p the material density and h the thickness. Eq. (1) are written
here for the general case with principal axes not necessarily aligned with the (x, y) coordinate axes. Details about the
relations between the Qp,’s in Eq. (1) and the more familiar coefficients for specially orthotropic plates together with the
relations to material constants can be found in Appendix A. We omit the plate index j in Eq. (1) and whenever we talk
about a specific plate for ease of notation; we emphasise here that all quantities, including the material parameters, are
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Fig. 1. The set up of N plates joined together at a common interface along the y axis.

Fig. 2. Local coordinate system, displacements and tractions on the common edge “e” of the jth plate.

plate dependent. The equations of motion for in-plane and out-of-plane motion in the plate are uncoupled and so are the
relations between in-plane displacements u;, v; to in-plane tractions N;, T; and out-of-plane displacement w; and rotation
6 to transversal traction S; and bending moment M; at a junction or edge “e” of that plate j, see Fig. 2. In what follows,

we will use the sub- 1r1dex “e”, whenever we want to stress that a quantity is taken at the edge of a plate j, that is, at
X; = 0, following the notation m [11]. The elastic tractions can be written in the form [23]
ou ou v
N =Quh— + Q12h— +Qesh| —+—
y 8y ax
u  Jdv
T—Qleh—+Q26h—+Q66 + —
8y ax 2)
S—_D 33w 3w (D1s + 4Dgs) 3w 3w
ey 16 920y 12 66 2%y 26 2y
M—D 82w+D %w +2D 0%w
e 275 9y2 16 oxdy
where we again omit the j dependence Note that S is the Kirchhoff shear force [23,24], which includes the contribution
of the twisting moment — %~ together with the transversal shear traction. The twisting moment V is defined as
0w 32w %w
V=Dg—+D 2D 3
1655 + D —— oy + 5 xdy 3)

It is also noted that in accordance with the plate theory used in this study, the angle of rotation 6 is approximated as "’a—'j:
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2.2. Dispersion relations, the group velocity and Snell’s law

Before discussing reflection and transmission coefficients for incoming waves at a specific angle of incidence, it is
worth considering the relations between the angle of incoming and outgoing waves at an interface, that is, the relation
equivalent to Snell’s law for orthotropic plates.

2.2.1. Relations between incoming and outgoing waves at junctions for orthotropic plates

Since the directions of the group and phase velocities do not necessarily coincide in non-isotropic media [25],
formulating the relations between the angles of incoming and outgoing waves at interfaces between plates with different
material properties and thus the generalisation of Snell’s law is less straightforward. The connection between group and
phase velocities is provided by the dispersion relation, which needs to be studied in some detail. Given that energy is
transported along the group velocity vectors, the relation between incoming and outgoing group velocity directions is
essential for energy methods based on ray-tracing principals such as SEA or DEA.

Consider a plane wave of the form e~ =i+t trayelling across the plate, where ky and k, are the x and y components
of the wave vector k, and w is the angular frequency. Substituting this plane wave solution into the 4th order bending
equation (1) yields the characteristic equation for bending waves

Diy K + 4D1s k3 ky + 2(Di + 2Dss) ki k2 + 4Dys ky k3 + Doz ki — pha® = 0. (4)

Following the same procedure using the first two equations in (1), the characteristic equation for in-plane waves can be
expressed as

(Qu1 K3+ 2Qus keky + Qs ky — pe?) (Qss Ky + 2Qu6 kiky + Qa2 ky — poo®) —
2
— (Qus K + (Qu2 + Qo) kky + Qs k3)* = 0.

For fixed w, the solutions to Eqgs. (4) and (5) give rise to a closed curve in (ky, k) space describing the wave vector curves
for bending, shear and longitudinal waves. We note that only real solution (k, k,) describe propagating waves.

We are interested in the dynamic response of a plate j to an incident plane wave of the form e**~kw+it trayelling
towards the junction on plate j’. Compatibility conditions at the junction yield the response of the plate j in the form
e iux—ikyy+iot ‘that js, k, and o are common to all plates on the edge “e”. The x component of the wave vector, here denoted
W, is then computed from the dispersion relations in Eqgs. (4) and (5). For the out-of-plane motion, one obtains four
solutions of Eq. (4) which come in pairs of roots u*. One pair is either real or complex corresponding to propagating
or attenuating bending waves, respectively. We denote this pair as /L:f] where the superscripts " + " and " — " represent
outgoing and incoming waves. The other pair of roots denoted MZ;'Z is always complex; the corresponding bending waves
are thus attenuating.

Similarly, the dispersion relations (5) can be solved for the unknown u yielding a characteristic equation with four
roots //fs that represent real or complex incoming and outgoing quasi-longitudinal and quasi-shear waves, here denoted
as L and S, respectively. Valid plate responses, that is, outgoing waves with u;", X = By, By, L and S either oscillate with
a positive energy flux along the x axis or attenuate exponentially with increasing x, see Section 2.3.1 for more details.
In the example to follow below, we will only consider the propagating branches and explain the relation between the
directions of incoming and outgoing waves, which follows from the continuity condition k, = const.

For this, we also need the group velocity vector ¢, which gives the direction of the wave energy flow [26]. The standard
definition ¢; = dw/0K is not convenient for our purposes here, since the dependence of the angular frequency w on the
wave vector K is only implicitly given through the dispersion relations (4) and (5). Instead, one can use

_ 1 482 0952 6
(ng,cgy)—_@ Tkx’% (6)

ow

(5)

to find the components of the group velocities g and cgy [26] for different modes. Here, 2 = £ (kx, ky, a)) is the left
hand side of either the dispersion relations (4) or (5).

2.2.2. Snell’s law for orthotropic plates — an example

We will discuss some of the peculiarities of the interplay between incoming and outgoing wave directions at interfaces
between orthotropic plates by looking at a specific example. We consider here two identical orthotropic plates meeting
at an angle ¥ as shown in Fig. 1, but with principal material axes rotated against each other. The actual value of  is not
essential for the discussion in this section; it will be set to 1 = 90° when reconsidering this example in Section 3.1. The
material characteristics of the plates are given as: h = 0.005m, E; = 121GPa, E, = 8.6GPa, Gy, = 4.7GPa, vy = 0.27
and p = 1490 kg/m?>; for the relations connecting these material parameters to the stiffness coefficients in Eq. (1), see
Appendix A. We work at a frequency of 3000 Hz here, a frequency value consistent with the thin plate assumptions for
the parameters chosen. The orientation of the principal material axes of the two plates with respect to the interface and
with respect to each other is important; here, we chose the angle of rotation of the material axes in each plate to be
45° with respect to the local coordinate system as defined in Fig. 2, see also Fig. 6 for the ¢ = 90° example discussed
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Fig. 3. Bending wave vector curve in a 45° rotated orthotropic plate at a frequency 3000 Hz (left) and a schematic representation of incoming/outgoing
waves at the junction of two identical plates (right). Blue dots represent wave numbers related to outgoing waves while red squares correspond to
incoming waves. Wave number components kz'** and kj equal to 62.96 m~' and 29.34m", respectively.

in Section 3.1. The left-hand side of Fig. 3 shows the bending wave vector curve at a frequency 3000 Hz obtained from
Eq. (4) in the local coordinate system displaying the 45° rotation. Note that the wave vector curve is the same for both
plates in their local coordinate system. The range of k, values which allow for propagating bending waves at 3000 Hz is
between (—kg**, k'**). We emphasise again that the angle i between the two plates can take arbitrary values here; for
the sake of clarity, we have drawn the local coordinates of the plates, (x;, y) with i = 1 or 2, in the same plane on the
right-hand side of Fig. 3 and in Fig. 4 below.

As we are interested in the energy flow across interfaces, the relevant angles of incidence, reflection and transmission
are those obtained from the group velocity vectors, Eq. (6); they point along the gradient vectors to the wave vector curves
(denoted by the angles ozji in Fig. 3). Here, blue symbols correspond to velocity vectors with a positive x component
describing waves transporting energy away from the junction, and red symbols describe incoming energy fluxes. The
continuity condition k, = const now connects incoming with outgoing group velocity directions on the wave vector curve,
that is, red squares (incoming) with blue dots (outgoing). This leads to a peculiar effect here: in the range kj < |ky| < kz'**,
propagating waves, for example with angles of incidence o 3, are transmitted or reflected keeping their direction of
travel in the y direction, see the right side of Fig. 3. This is what one usually finds at refracting interfaces. However, for
—k;‘ <ky < k;, a wave, for example with incident angle «; , is scattered reversing its direction in the y-direction, see oz;r
in Fig. 3. This gives rise to negative refraction for these values of k,. The phenomenon is displayed in more detail in Fig. 4
representing group velocity rays transmitting from one plate to another; the region in blue shows the negative refraction
phenomenon.

Furthermore, note that the group velocity vector a5 points in the opposite x direction compared to the corresponding
wave vector, see Fig. 3. This implies that the individual wavefronts travel away from junction whereas the wave energy
travels towards it. Similar behaviour can be encountered for wave vectors in the upper part of the dispersion curve; for
specific values of k, > kj the outgoing wavefronts travel towards the junction whereas the wave energy propagates away
from it.

Interesting features can also be seen for in-plane wave vector curves, as shown in Fig. 5. The shape of the longitudinal
wave vector curve is similar to that of the bending wave. Therefore it also exhibits negative refraction and opposition of
phase and group velocity vector directions for specific fixed values of k,. The shear wave vector curve shows additional
features due to its peculiar form, which we cannot discuss here in all details. We just mention that there exists a set
of values of k, (labelled kg‘z in Fig. 5), for which there are two pairs of incoming and outgoing shear waves for each k.
Finally, propagating longitudinal and shear waves can only exist for k, values in the range (—k™*, k") and (—k{"®*, k™),
respectively. Beyond these intervals, the corresponding propagating waves become attenuating. We will come back to this
example in Section 3.1.

2.3. Derivation of the dynamic stiffness matrix

Next, we are interested in the local dynamic stiffness matrix for the plate j. This matrix relates boundary forces to
boundary displacements produced by the waves emerging from a junction in the form e~#*-ikw+ot A discussed in
Section 2.2.1, k, and w are common to all plates meeting at an edge “e” and the x components of the wave vectors, L,
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plate 1 plate 2

T2

Fig. 4. Group velocity ray picture for bending waves at junction of two identical 45° rotated orthotropic plates at a frequency 3000 Hz. Blue lines
highlight the region of incoming rays, which represents the negative refractive index phenomenon. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Longitudinal and shear wave vector curves in a 45° rotated orthotropic plate at a frequency 3000 Hz. Dots represent wave numbers related
to outgoing waves while squares — incoming waves. Wave number components ki and ki equal to 6m~" and 9.3m™!, respectively — the critical
values for longitudinal and shear waves.

are obtained from the dispersion relations (4) and (5) with solutions forming real or complex pairs ,uff with X = By, By, L
or S.

2.3.1. Energy flow and the response of the plate
The bending wave energy flow in the x direction can be generally written as [27]

1 e | S+
]BZERe<iw [w 6 T;)] 1‘\;1 ) (7)

where * denotes complex conjugation and § = 2% as mentioned in Section 2.1. Now, introducing w = e~#8*~kw+t jnto
Eq. (7) yields

(ot | V5
+ 1 .o+ . * 51’2 + 6}2
By =5 Re(la) [1 —ing, —ik] M, ) . (8)
+
V1,2

Furthermore, sz, Mfz and sz are given by Egs. (2) and (3) with % and :—y replaced by —iuﬂi1 5 and —iky, respectively.
As mentioned in Section 2.2.1, propagating incoming or outgoing waves are those with real wave number components
;L;;'] giving rise to an energy flux to or away from the junction, that is, ]; < 0or ]; > 0, respectively. If the ,uf;l , are

complex with Re (,uﬂi] 2) # 0, then the outgoing or incoming waves oscillate while decaying or increasing exponentially
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Fig. 6. Schematic of an L-junction. The angle -, here is set to 90°. Red and blue lines represent the fibre direction of the plates. The local angles
of orientations ¢; and ¢, are both set to 45°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

along the x axis. This leads to energy transport as well, that is, the energy flux ]gﬁ , 7 0. This phenomenon is caused by
the fact that the direction of the decaying/increasing wave is not aligned with the x direction [28,29]. Consequently, a
wave shape projection along the x axis can appear to be oscillating, (see for example Fig. 8 in [28]).

Once the appropriate bending wave number roots /,L;—l , are defined, the out-of-plane response of the plate can be
expressed as '

+ + 71;1;] x—ikyy-+Hwt

o4 . .
—ippg x—ikyy+iot
w' =oage 2 s (9)

+aze
where the constants cv,;*1 and oz,;; are amplitudes of the outgoing bending waves.
For the in-plane motion, the response of the plate takes the form

—ipx—ikyy+iot
U = @ e MxTKyyHlel

v = (pve—ip,x—ikyy—kiwt- (10)
The dispersion relations (5) can be solved for the unknown u yielding a characteristic equation with four roots ufs that
represent incoming and outgoing quasi-longitudinal and quasi-shear waves, here denoted again as L and S, respectively.
Similar to the out-of-plane case, a valid outgoing solution produces a positive energy flow in the x direction if the
correspondent wave is propagating, or it is associated with complex-valued /LZS with Im(p,zs) < 0, that is, the
correspondent wave is exponentially attenuating as x — oco. Note that purely imaginary solutions of Eq. (5) //{S, which
are present in specially orthotropic plates, produce no energy flow since the corresponding waves are evanescent.
The energy flow in the x direction of in-plane waves can be generally written as

J= %Re(iw [u o] [ﬂ) (11)

Introducing Eqs. (10) into Eq. (11) yields the energy flow expressions for the longitudinal and shear wave modes, that is,

1./ [N 1/ « [N
- ERe(la)[l of] [TL;]) = 5Re(lw [0f 1] [T}D (12)
with
i Qis Ml_iz + ky i (Qu2 + Qse) + Qusk? + Qis M?Z + ky 15 (Qiz + Qss) + Qusk?
¢L = N ¢S = (13)

2 2 ’
~Qus i — 2 Qs ky 1 — Quk? + po? ~Quis = 2Qisky 15 — Qusky + po?

where [1 cDLi]T and [@5 1]T are the eigenvectors in the &,, @, basis corresponding to the wave numbers ;" and
pg for incoming and outgoing modes. N;s and T/ are given by substituting - and & by —ipj’s and —iky in Egs. (2),
respectively.

The in-plane response of the plate can be written as

+ . . . + . . .
|:z+i| — ai}— |:q;+:| e—lurx—lkyyﬂa)t + O!; |:¢15 ] e—l/L;—X—lkyy-Hu)l” (-14)
L
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where o and o are the amplitudes of outgoing quasi-longitudinal and quasi-shear waves. This particular choice of
eigenvectors ensures the correct representation of the displacement field in the case of k, = 0 and Qs = Qs = 0, that
is, when the incident plane wave vector is directed normal to the junction and the plate is specially orthotropic. Then
<1>L+ = ¢5+ = 0, and the response of the plate can be expressed as

+ —m Fx+iot

ut =a;e

. (15)
vh =afe s
The values ;7 = /pw?/Q;; and iy = \/pw?/Qss agree then with the wave numbers of purely longitudinal and shear
waves, respectively, and the in-plane response of the plate consists of purely longitudinal and shear displacements in the
x and y directions.

Txtiot

2.3.2. The dynamic stiffness matrix

As described in Section 2.3, we are interested in the local dynamic stiffness matrix of the semi-infinite plate j that
relates boundary forces with boundary displacements produced by plane waves of the form e~ #*—kw+iot {Jsing Eq. (9),
one can define the out-of- plane displacement w™ and rotation  * at the common intersection “e” at x = 0 in terms of
the amplitudes aB and oz , that is,

+
|:w;—i| — |: 1 1 i| OlBI e*ikyy+iwt (16)
0" —iug,  —ipg, | | o,

The elastic tractions involving the out-of-plane displacement can be written in terms of the same amplitudes oz,jl and ozB*z
by inserting Eq. (9) in Egs. (2), that is,
2
S5 = (Duing? — 4Dig 112 iky — (Diz + 4Dgs) iftyy k7 — 2Ds5 iky ) e e,

m=1
2

M: = Z (_Dll M;mz — D12 1(32/ — 2D15 M;m ky) aBtneiikyy#»iwt.

m=1

Finally, combining Eq. (16) with Egs. (17) yields a relation between the elastic tractions S}, M and the edge displacement
& and rotation 6, at x = 0, that is,

. T
[5; ] B —Dy i, MBZ (i, +1s,) +4D16 g, 145, iky —2Dos ik D1 iy, 15, — Dizky |:w::|

M Dy (,U«51 +M ‘H‘«s] M32)+4D16 (//~B1 +,U«52) ky+ (D12 +4Dss) k —Dyi (M; ‘HL;Z) —2Ds6iky
(18)

Eq. (18) describes the part of the dynamic stiffness matrix for out-of-plane displacement w;" and rotation 6,*.
Next, we consider the corresponding part for in-plane motion. The in-plane displacements ul and v at the shared
edge are given as

ud _ |1 O [ kot (19)
v o 1 ||af

Now, inserting Eq. (14) into Egs. (2) yields a relation between the in-plane tractions and the amplitudes of the outgoing
in-plane waves, that is,

N:_ — QnML +Q12(D k +Qs6 (¢‘L 1253 +ky) Qnd’s MUs +Q12ky+Q16 (M;r‘f“p;rky) |:05L+:| o ilyy-Hiot
TS Qisit; +Qus P, ky+Qss (Q)L Hp +ky) Qis @5 g +Qasky+Qss (,u;'—l—@;“ky) .

L e
Eliminating ;" and o4 in Eq. (20) using Eq. (19) gives

(20)

[N+ _ Qu(pf =@ 0 1) +Qis(c®, (wf —1d)+ky)  cQus(pd =@ D 1) +cQudS (1 — ") +Quaky | [ur
= —o o & (1 —ud)+k —o o o (uf —uf k ’
CQ]G(ML S /st )+Q66(C L (ﬂL //«5 )+ y) CQGG(HS S /J,L )+CQ16 S (MS ML )+Q26 y
(21)
where ¢ = o oF The matrix in Eq. (21) is the part of the dynamic stiffness matrix related to in-plane motion.
)
We now define the elastic tractions and displacements at the junction edge as F = (Ng, Te,Se, Mo)T and U =
(Ue, Ve, We, B)T and write

+ _ gt
B =K'y 22)
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for the relation between the displacements of an outgoing wave at the edge of plate j and the associate forces, where

the 4 x 4 dynamic stiffness matrix Kj+ is a block matrix defined through Egs. (18) and (21). An associated stiffness
matrix Kj’ relating displacements of the incoming waves Uj’ with forces Fj’ can be obtained from Kj+ by changing the
corresponding wave number components p+ by o~ in the sub-matrices related to in-plane and out-of-plane motion. In
what follows, it will also be important to consider the relation between displacements and mode amplitudes. We denote

T . . . . .
A* = (o o5, 05 o) as the vector of amplitudes of incoming or outgoing modes, and write

+ _ pytat
UF =H"A (23)

on the edge of plate j, where Hji is the block-diagonal matrix obtained from Eqs. (16) and (19). Here, H is obtained from
HjJr by changing the wave number components x* by 1. In the next step, we will derive the global dynamic stiffness
matrices of each plate junction and associated scattering matrices using force equilibrium conditions and continuity
conditions at the junction.

2.4. Reflection and transmission at plate junctions

Assuming no external forces are applied at the junction, one can write the force equilibrium and continuity conditions
at an edge shared between N plates as

N
Y RF =0, (24)
j=1
Uj=RU forallj=1,....N, (25)

where F; = FJ.Jr +F~ and U; = Uj‘L—i-Uj’ is the total force and displacement at the edge of plate j. U denotes the displacement
common to all plates (continuity) and R; is the rotation matrix from the local coordinate system (xj, Vi, zj) to the global
coordinate system (Xg, Vg, zg), that is,
cosy; 0 —siny; O
0 1 0 0

Ri=1| . (26)
sinyj 0 cosy; O
0 0 0 1
Rewriting Eq. (24) using Eq. (22), we obtain
N N
DRI == RiKUT 27)
j=1 j=1
N N
= DRI =) R (57— K7) U 28)
j=1 j=1

Using Eq. (25), we can now deduce the common displacement vector U as a function of the incoming waves, that is,

-1
N N

U= D RKR | D R (K —K;) U, (29)
j=1 n=1

Inserting Eq. (29) into the N matrix Eqgs. (25), one obtains form=1,...,N
-1

N N
Up =Ry | YRKHRS (Z Ry (K —K;) Un> - U, (30)
Jj=1 n=1

and writing this in terms of the mode amplitudes using Eq. (23), we obtain
-1

N N
A= () R D RiKR (ZR,, (K —1<,;)H,;A;> — (HY) " Hy A (31)
j=1 n=1

Eq. (31) gives relations between incoming and outgoing wave mode amplitudes and can be interpreted as defining the
matrix elements of a 4N x 4N scattering matrix S. We are in general interested in the energy scattering coefficients, that
is, the ratio between outgoing and incident energy fluxes. Writing the matrix elements of S in the form s{‘jm (w ky) for an

9
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Fig. 7. Energy scattering coefficients of an L-joint for various incident waves as a function of wave number component k, at a frequency 3000 Hz.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

incoming wave of type i in plate n and a reflected or transmitted wave of type j in plate m (at angular frequency w and
wave number component k), we obtain for the associated energy fluxes

+
jm, am2 . .. .
s f wave j is propagating.
" (k) = { g, T aeT s propagating (32)
0 otherwise.

Here, J;, (]]+m) is the incoming (outgoing) energy flux of type i (j) on plate n (m) given by either Eq. (12) for in-plane
modes or Eq. (8) for out-of-plane motion. It is noted here that the sum of energy scattering coefficients over the outgoing

modes equals one, that is,

N
224"
m=1 j

due to energy conservation. We will use this relation as a check in the examples below.

(33)

3. Computational results

In the following, we will consider some particular examples in more detail, consisting of orthotropic plates joined
together in the form of L and T junctions. Only the scattering coefficients for the propagating waves will be shown, and
we denote the bending waves as B (instead of B;) for simplicity. The evanescent contributions are of course considered

in full in the actual computations.
10
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Fig. 8. Energy scattering coefficients of an L-joint for an incident bending wave as a function of frequency for a wave number component k, = 5 m~L.

3.1. Two orthotropic plates joined at a right angle

We first go back to the example considered in Section 2.2.2, that is, two identical orthotropic plates with principal
material axes rotated by 45° with respect to the local coordinate systems, that is, ¢; = ¢, = 45° in Fig. 6. We fix the inter-
plate angle to ¢ = 90°, that is, the plate configuration has the form of an L-junction. Fig. 7 shows the energy scattering
coefficients for this L-junction for incident bending, shear or longitudinal modes as a function of the wave number
component k, at 3000 Hz. Note, that reflection and transmission coefficients of bending, shear and longitudinal waves
without mode conversion (having the form t)'{x with X = B,L,S and i,j = 1, 2) are symmetric around k, = 0 whereas
coefficients describing scattering between different modes, that is, t)lfx, with X # X’ are non-symmetric. The phenomenon
of mode conversion is observed only between certain critical values: for an incoming bending mode, these are the k,
values between 9.3 m™! for reflected or transmitted shear waves and 6 m~! for longitudinal waves. Furthermore, for
7m! < lky| < 7.8 m~!, mode conversion to the second shear wave (labelled S,) can occur. For example, the incoming
shear wave power P with k, ~ 7.2m™" is reflected back with 0.6P, converted to the second shear wave with 0.1P and
reflected/transmitted as a bending wave, both with 0.1P, see Fig. 7(b). These critical values of k, can be determined from
the dispersion relations (4) and (5) and correspond to the wave numbers k"™, k'** and k;z shown in Fig. 5.

Note that the energy scattering coefficients sum up to one according to Eq. (33) which is used here as a check of
consistency of the results (dashed blue line in Fig. 7(a), not shown in the other sub-figures). If the wave number component
ky is fixed, and the frequency is varied instead, one can find critical frequencies at which mode conversion phenomena
start to occur. For example, in the case of an incident bending wave with k, = 5m~!, outgoing shear waves become
propagating at f > 1601 Hz, whereas outgoing longitudinal waves become propagating for f > 2453 Hz, see Fig. 8. Mode
conversion from incident bending wave to the second shear wave S, occurs in the frequency range f € [1956, 2133] Hz.

3.2. Stiffened orthotropic plates

In this example, we consider an orthotropic plate with a stiffener, that is, an infinite orthotropic plate together with
an orthotropic plate of finite length fixed at 90°, see Fig. 9. The intersection (or common edge) has thus the form of a
T-junction with angles ¥; = 0°, ¥, = 180° and 3 = 90°. All material properties of the plates are the same as in the
case of the L-junction. The local angles of orientation of principal material axes are ¢; = 45°, ¢, = —45° and ¢3 = 45°,
where ¢, is given a value of —45° to ensure that plates 1 and 2 form a uniform ground plate. The length of the third
plate is denoted as [, and the ground plate is assumed to be infinite in both x directions. We are interested, how the
energy flux generated by an incident wave in the ground plate is partitioned between reflected and transmitted outgoing
energy fluxes again in the ground plate. Since the third plate is of finite length, waves being transmitted into the stiffener
reflect at the free boundary and become incident on the junction again leading to further reflection, transmission and
mode conversion. This leads to resonance effects. Our description in terms of local scattering matrices relating incoming
to outgoing modes at junctions as derived in Section 2 provides an ideal framework to handle such multi-reflection and
transmission phenomena. Details of the derivation are referred to Appendix B.

In Fig. 10, we display the energy scattering coefficients as a function of the wave number component k,, for a stiffener
of length | = 30 cm with an incident bending wave at frequency 3000 Hz. Critical angles for longitudinal and shear
waves remain the same as discussed in the previous section and only bending waves can propagate for |k,| > 9.3m™".
One observes resonant behaviour of the reflected and transmitted energy flux coefficients t;; and tjz at certain k, values,
which can be related to the resonance condition (B.10). At resonance, an incoming wave is either totally transmitted or
reflected, see Fig. 10.

11
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Fig. 9. Schematic of the stiffened plate. The angles v, and v here are set to 180° and 90°, respectively. Red, blue and green lines represent the
fibre direction of the plates. The local angles of orientations ¢; and ¢; are both set to 45°, whereas ¢, is equal to —45°. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Energy scattering coefficients of a stiffened plate for an incident bending wave as a function of wave number component k, at a frequency
3000 Hz.

A similar phenomenon can be observed for the case of fixed wave number component k;, and varying frequency. Fig. 11
presents the frequency dependency of the energy scattering coefficients for k, = 0, that is, for the case of normal incidence
of the wave vector k. Several things are noted here. Firstly, at k, = 0 mode conversion is possible at all frequencies and
significant coupling between modes is present near resonance frequencies, such as 2600 Hz and 3900 Hz. Secondly, at
resonance frequencies, especially in the band [100—2000] Hz, bending waves behave similarly as in the case of varying k,,
that is, waves are mainly reflected or transmitted except for some coupling to shear and longitudinal waves. The energy
scattering coefficients sum up to one in the absence of damping as expected.

4. Conclusion

The paper describes in all generality, how to compute energy scattering coefficients of structural junctions made up of
thin orthotropic plates in the line junction approximation. Expressions quantifying transmission and reflection coefficients
as a function of the frequency and the wave number component k, have been derived. Interesting phenomena such as
negative refraction and negative group velocity have been observed and analysed. The scattering coefficients have been
computed explicitly for examples consisting of two and three orthotropic plates joined together in an L and T geometry.
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Fig. 11. Energy scattering coefficients of a stiffened plate for an incident bending wave as a function of frequency at a wave number component
ky = 0.

The special case of a stiffened orthotropic plate has been considered. The method gives for the first time a detailed recipe
for computing scattering coefficients for the generic case of an arbitrary number of orthotropic plates connected at a
junction without restrictions on the angles at which the plate meet or the orientation of the principal axis of individual
plates. This information is of importance for energy flow methods such as SEA or DEA. A detailed comparison with a
numerically exact computation going beyond the line junction approximation based on the Wave Finite Element Method
has been partly presented in [21].
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Appendix A. Plane stress-reduced stiffnesses

The plane stress-reduced stiffnesses Q; of a generally orthotropic plate in Eqs. (1) can be related to the stiffness
coefficients Q;; of the same plate described in a local coordinate system aligned with the principal material coordinate
axes as follows:

Qi1 = Qi cos*¢ + 2 (Qi2 + 2Qs) sin®e cos’¢ + Qs sin’e,

Q= (Qll +Qn — 4@66) sin*¢ cos’p + Qrz (Sin4¢ + C054¢) )

Q= Qi sin*¢ + 2 (Qiz + 2Qss) sin’¢ cos’¢p + Qu, sin'g, (A1)
Qis = (Qi1 — Q2 — 2Qs6) sin g cos’p + (Qiz — Q2 + 2Qs5) sin’¢p cos ¢, :
Qs = (Qui1 — Q2 — 2Qs6) Sin’¢ cos ¢ + (Quz — Qzz + 2Qss) sin p cos>@,

Qss = (Qn + Q2 —2Q1; — 2@66) sin®¢ cos’¢ + Qss (Sin4¢ + C054¢) .
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Fig. B1. A schematic view of a stiffened plate in the xz plane. Here, a; represent the amplitudes of incoming waves, and a;.r, the amplitudes of

outgoing waves.
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Fig. B2. Energy scattering coefficients of a T-joint for an incident bending wave as a function of wave number component k, at a frequency 3000 Hz.

Here, ¢ is the angle of rotation of the principal material coordinate system with respect to the local coordinate system of
the plate. Furthermore, Q; can be expressed in terms of the material constants as follows:

Ey

_ Ey _ Ey _ _ _
Qll i E—— Q22 = T le = nyQ227 Q66 = ny7 Vyx = nyE-
X

(A.2)
1 — vyvp 1 — vy vk

Note, that for ¢ = nn/2,n € Z, the plane stress-reduced stiffnesses Q;s and Q,s are equal to zero, the corresponding
plates are called specially orthotropic.

Appendix B. Stiffened plate

We give here the details for computing the scattering coefficients for a plate with a stiffener attached, as shown in
Fig. 9. We are interested in the reflection and transmission coefficients between points 1 and 2 in Fig. B1 taking into
account that the excitation can also enter the stiffener at point 4 and being reflected at the free end at point 3. In order
to compute the energy scattering coefficients in Eq. (32) relating plate one and two, one needs to compute the associate
scattering matrix s, from the scattering matrix at junction 4, but including waves travelling into the stiffener and being
reflected at the end of the stiffener at 3. Fig. B2 presents the energy scattering coefficients for an incoming bending wave
at junction 4 in the case of semi-infinite T-plate, that is, without including the contribution of waves that being reflected
at point 3.

14
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Following the treatment in [30] extended to the elastodynamic case in [31], we now introduce the amplitudes of
incoming and outgoing waves at each of the plate segments shown in Fig. B1, that is,

a;
+
a
0 = ai i,je(1,2,3,4), (B.1)
By
+
A, |

where the subscript ij is related to a wave travelling from i to j as shown in Fig. B1. Following this notation, we write the
two scattering matrices at the junction 4 and free edge 3 obtained from Eq. (31) as

+

ay ajy P11 Ta1 T3 ay

+ | _cw| - | _ - P

ah | =SSP ay | =12 e m||a|, a=5Pa; = pna;, (B.2)
ag a3, T3 T3 P33 |Gy

where the sub-matrices in (B.2) contain the scattering coefficients s}}’“ from plate n to m of mode type i to j in the form

nn nn nn nn nm nm nm

Su Sis SB]L S, Bl Su Sis Sle SBZL
nn nn nn nn nm nm nm nm
_ Sis Sss Spys Sps o = Sis Sss Spys Spys (B 3)
Pnn = gnn gnn - gnn g |’ nm — gnm  gnm  enm  gnm | ° :
1B, By BB BB, 1B, 5B, B1B; ByB,
nn nn nn nn nm nm nm nm
S, S, Sem Sis, | Sis, S, Ses, Sty

Note that p33 denotes the reflection matrix at node 3 and is different from ps3 corresponding to reflection of waves on
node 4 incoming from plate 3. The amplitudes aL of outgoing waves are related to the amplitudes a,; of the incoming
waves, that is,

ay=Pa; , P= diag(e_i"+l), (B.4)

where ut = [ ug pg, ;L:{Z]T and diag(e‘i“+’) represents the diagonal matrix with exp(—ix*t1) on its diagonal
(see [30,31]). The same applies for the pair of amplitudes of outgoing and incoming waves a;l and as,, that is,

ay, =Paj, , P= diag(e‘ifm). (B.5)

Note that i are computed in the local coordinate system of semi-infinite plate with the free edge. Its principal material
axes must be rotated to —¢3 to ensure that waves with amplitudes y3034) and aj3(34) have the same angle of propagation.

This entails " # u™ for ¢3 # 0° or £90°, and consequently, P # P for such cases. Now, by eliminating aL and ag, in
(B.2), one can derive the effective scattering matrix which links amplitudes of outgoing waves aj{l and af{z with incoming
waves a,, and a,,. Considering, for example, the third row of the matrix equation in (B.2), that is,

(113 = 113a1_4 + ‘523(12_4 + ,033(13_4. (B.6)
By using (B.4), (B.5) and the second equation in (B.2), one obtains
a3, = PpssPag, (B.7)

which combined with (B.6) and (B.7) yields the following matrix equation for az,:

(l — P P33P ,033) a3, = P p33P (r13a1’4 + T23a;4) . (B.8)

Finally, the effective scattering matrix s is obtained as

- 1. - -1 _
P11+ 31 (I - P:033PP33) Pp3sP1i3 121 + 131 (I — P p33P P33) P 033P 73

Seff = (B.9)

. 1. - 1.
T2 + 132 (l - P,033P,033) Pp3sPti3 o2+ 132 ([ - P,033P,033) P p33P 723

The effective energy scattering coefficients tl';m n, m € {1, 2} can be computed from s using Eq. (32). Note that P p33P p33
is sub-unitary due to the sub-unitarity of p33, and ses in (B.9) is thus not singular.
A resonance condition can be formulated, that is, resonances are attained at wave numbers k;, and frequencies w values

giving rise to local minima of
‘det (I — 15)(3331),033)‘ . (B.]O)
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