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Abstract: To detect human survivors trapped in buildings after earthquakes by using structure-borne
sound it is necessary to have knowledge of vibration transmission in collapsed and fragmented
reinforced-concrete buildings. In this paper, statistical energy analysis (SEA) is considered for mod-
elling vibration transmission in seismically damaged, reinforced concrete, beam-to-column junctions
where the connection between the beam and the column is made only via the steel reinforcement. An
ensemble of 30 randomly damaged beam-to-column junctions was generated using a Monte Carlo
simulation with FEM. Experimental SEA (ESEA) is then considered with two or three subsystems to
determine the coupling loss factors (CLFs) between the beam and the column with either bending
modes or the combination of all mode types. It is shown that bending modes dominate the dynamic
response and that the uncertainty of predicting the CLFs using FEM with ESEA is sufficiently low
that it should be feasible to estimate the coupling even when the exact angle between the beam and
the column is unknown. In addition, the use of two rather than three subsystems for the junction
significantly decreases the number of negative coupling loss factors with ESEA. An initial analysis of
the results in this paper was presented at the 50th International Congress and Exposition on Noise
Control Engineering.

Keywords: statistical energy analysis; finite element modelling; seismic damaged junctions

1. Introduction

Every few years, an earthquake of high magnitude occurs in the world, resulting in
collapsed structures with people trapped inside them. When victims are trapped inside a
collapsed building, the challenge is to detect and locate survivors within a period that will
allow them to be rescued. Although most documented live rescues are accomplished within
the first six days of the entrapment [1], an uninjured healthy adult with a supply of fresh
air has a higher probability of survival if the rescue occurs within 72 h [1,2]. The variables
that affect the survivability are the cause of the structural collapse and the speed and
sophistication of available urban search and rescue (USAR) capabilities [3]. Airborne sound
from survivors tends to be highly attenuated by layers of rubble and requires the existence
of air paths for propagation to the surface. For this reason, there is greater potential to detect
physical movement or signals from survivors by measuring structure-borne sound near
the surface (i.e., seismic research method [4]). To assess the potential to predict vibration
transmission in collapsed and fragmented reinforced-concrete buildings, this work builds
on previous research on the structural dynamics of stacked concrete beams with surface
contacts [5]. This has the potential to inform decisions about the possibility to detect
trapped human survivors using structure-borne sound.

A lean-to-collapse (see Figure 1) is one of the most frequent types of collapse patterns
in heavy floor structures such as reinforced concrete buildings [6]. It occurs when one
end of a floor is supported by a fragmented structural member or debris and the opposite
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end remains connected to a column [7]. The angle between the anchored floor and the
column is usually between 45° and 55° [8] and the only connection is made via the yielded
steel reinforcement [9].

To predict vibration transmission across fractured beam-to-column junctions, it is
proposed that statistical energy analysis (SEA) [10] could be used because it can account
for the inherent uncertainty in describing modal features of component parts of a structure.
Beams and columns act as SEA subsystems which store modal energy and the coupling
parameter that describes energy flow between subsystems is the coupling loss factor (CLF).
For complex junctions in heavyweight buildings, experimental statistical energy analysis
(ESEA) has previously been combined with finite element methods (FEM) to determine
these CLFs [11,12], and this approach could potentially be used for fragmented structures.

SEA models of rigid THunctions in heavyweight buildings usually assume that each of
the three beams/plates can be represented by a single subsystem for each wave type [13].
However, the authors are not aware of any work on modelling vibration transmission across
damaged T-junctions where the connection between the beam and the column is made only
via the yielded steel reinforcement. This paper investigates whether these junctions could
be modelled using three subsystems or whether the existence of the fracture causes the parts
of the column above and below the beam to act as a single subsystem. It also investigates
whether it is possible to only consider bending waves or whether two or more types of
wave motion need to be considered simultaneously (e.g., bending and torsional waves).
A FEM model of an undamaged rigid Tunction is validated against the wave theory in
terms of CLFs that only consider bending wave motion. A concrete discontinuity is then
introduced at the connection of the beam with the column and numerical experiments
are carried out with FEM to create an ensemble of beam-to-column junctions for a Monte
Carlo simulation which will allow use of ESEA to determine the CLFs. An assessment
is made on whether the number of subsystems affects the validity and accuracy of FEM
ESEA and whether it is possible to only consider one type of wave motion (e.g., bending
waves) or whether two or more types of wave motion could be considered simultaneously
(e.g., bending and torsional waves). Consideration of ESEA with multiple wave types is
necessary because in a collapsed structure it is not known whether one or more wave types
will be excited at the damaged beam-to-column connection.

Figure 1. Lean-to-collapse pattern in reinforced concrete building [14].
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2. Materials and Methods
2.1. Beam-to-Column Junctions

The junctions consist of a reinforced concrete beam (5.1 m length, 0.3 m width and 0.5m
depth) and a reinforced concrete column (8.0 m length, 0.4 m width and 0.3 m depth)—see
Figure 2. The beam and the column are reinforced with six or eight longitudinal steel
bars of 16 mm diameter, respectively, and the transverse reinforcement consists of § mm
diameter stirrups placed at 200 mm centres along the beams (see Figure 3). Two types
of junctions were considered as shown in Figure 1: (a) undamaged (rigid junction) and
(b) damaged with a concrete discontinuity of 50 mm between the beam and the column
where the beam is rotated by the angle, 8 and connected to the column via the longitudinal

steel reinforcement.
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Figure 2. Geometry and reinforcement details of: (a) an undamaged and (b) a damaged beam-to-

column junction (units: millimetres).
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Figure 3. Cross-sections of the reinforced concrete members: (a) beam and (b) column (units: millimetres).
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2.2. Finite Element Modelling

FEM modelling was carried out using Abaqus v6.14 [15]. The solid element C3D20R
(20 nodes) and the beam element B32 (3 nodes) were used to model the concrete and the steel
bars, respectively (see Figure 4). This approach for modelling the steel bars in reinforced
concrete members with and without discontinuities was validated in previous work by the
authors [5,16]. The mesh density fulfils the requirement to have at least six elements per
wavelength for structural dynamics problems [17]. Tie constraints were used for modelling
the rigid connection between the beam and the column in the undamaged junction. Both
the beam and the column were assumed to be simply supported at the ends.

i
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T
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Figure 4. (a) FEM model of a rigid beam-to-column T-junction and (b) FEM model of a damaged
beam-to-column T-junction. The orange symbols indicate the positions of the simple supports.

Mode-based steady-state dynamic analysis was used to calculate the dynamic response
of the junctions up to 3200 Hz considering either the out-of-plane bending modes or the
combination of all modes. At the nodes along the length of each beam or column, the
type of excitation was ‘rain-on-the-roof” which comprises of unity forces with random
phase. The critical damping, {, was set to 0.05. Table 1 shows the physical and mechanical
properties of the materials used in the FEM model [5].

Table 1. Material properties.

Material Density, p [kg/m®]  Young’s Modulus, E [N/m?]  Poisson’s Ratio, v [-]
Concrete 2287 34.7 x 10° 0.2
Steel 7800 200 x 10° 03

2.3. Monte Carlo Simulation for ESEA

SEA predicts the mean response of an ensemble of similar systems; therefore, a Monte
Carlo simulation using FEM and ESEA is used to calculate average responses and quantify
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the uncertainty; this approach is referred to in this paper as ‘FEM ESEA’. The technique is
based on random number generation to determine each variable based on a chosen statistical
distribution [18]. A sample of 30 damaged beam-to-column junctions was created using a
Monte Carlo simulation with FEM. The angle between the beam and the column in a damaged
junction is typically between 45° and 55° [8]. However, in this paper, the angle, 6, (see Figure 2b)
was sampled from a uniform distribution 6~U(—80,80) to include more extreme angles in the
ensemble and assess whether there was a significant variation with angle.

2.4. Experimental Statistical Energy Analysis

As with SEA, ESEA determines the average response in a frequency band. In this paper
these frequency bands are chosen to have a bandwidth of 200 Hz so that each subsystem
has at least one mode in each frequency band. The standard approach to ESEA relies on the
power injection method where the coupling loss factors are determined by the inversion of
the power balance equations [19]. This requires knowledge of the power inputs and the
subsystem energies.

Woodhouse [20] noted that any errors in quantifying the energies could lead to prob-
lems with the generation of negative CLFs. However, the use of FEM rather than physical
experiments with ESEA potentially avoids some errors with sampling because the entire
mesh of finite element responses is used over a subsystem. ESEA has previously been
used with FEM for coupled heavyweight plates (L- and T-junctions) that have low modal
overlap and low modal density [12]. For L-junctions there were no negative CLFs and
this finding supported the hypothesis of Woodhouse [20] that SEA and ESEA is always
applicable to two coupled subsystems. However, with T-junctions, there were negative
CLFs for transmission across the straight section of a Tjunction for 27% of the ensemble in
some frequency bands. The risk of ESEA producing negative CLFs tends to increase when
there are three or more subsystems [20]. To try and address this issue, optimisation pro-
cesses have been developed to increase the chances of determining a loss factor matrix that
could form the basis of a suitable SEA model, e.g., see [21-23]. However, Lalor [24] noted
potential problems with optimization in that the ability to significantly alter a CLF also
implied that optimized values might not be reliable; hence, an alternative matrix solution
was proposed to try and overcome the problem of ill-conditioned ESEA matrices. When
several subsystems are assigned in general forms of ESEA, rules have been developed to try
and avoid negative CLFs; these have been validated with six-subsystem ESEA for coupled
air volumes [25]. However, buildings rarely have more than four subsystems connected
at a junction and for the damaged T-junction it is feasible, and reasonable (because there
is no significant impedance mismatch at the junction), to consider the entire column as
a single subsystem. This gives the potential to represent the damaged T-junction by two
subsystems and potentially avoid negative CLFs.

The ESEA matrix solution for two and three subsystems is given by [18]

2
- Win
n§1 (L {En Elz] _ [w(l) WO ] 1)
2 Ex Exn| in(2)
2 Lot F 0 w
n=1
3
Mn  —N21 —131 W
n=1 3 Enn Enp Ens o W.O 0
—th2 Y fn  —Hx2 | Bz Ex Ex| =] 0 S L. @
= Es1 Es  Ess 0 0 e

3
—1M13  —N23 X Y3
n=1

where 7;; is the coupling loss factor from subsystem i to j, 77;; is the internal loss factor for
subsystem i and E;; is the energy of subsystem i when the power is input into subsystem j,
Win) is the power injected into subsystem 7, and w is the angular frequency.
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The energy associated with each subsystem is given by [18]
E=m<v* > 3)

where m is the mass of the subsystem and <v”>; s is the temporal and spatial average of the
mean-square velocity of all the unconstrained nodes of the subsystem.

For rain-on-the-roof excitation with forces at P nodes, the power input, Wi, is
given by [18]

P
Wi = % Y (Im{F}Re{w} —Re{F}Im{®}), 4)
p=1

where F is the force and @ is the peak out-of-plane displacement associated with each node.

When two subsystems are considered, the beam and the column are each represented
by a single subsystem (see Figure 5a). When three subsystems are considered, the beam
represents one subsystem and the column is divided into two subsystems at the junction,
as indicated in Figure 5b. The output from the FEM models was used to calculate the
subsystem energy and power input that would apply to an SEA model for each beam-to-
column junction. These FEM data were then used in ESEA to determine coupling loss
factors. The beam or column was excited using rain-on-the roof excitation at all of the
nodes on the surfaces indicated by red lines in Figure 5.

Subsystem 2 (552) l

Subsystem 2 (SS2)

Subsystem 3 (SS3)

Subsystem 1 (S51)

Subsystem 1 ($81)

(@) (b)

Figure 5. Subsystem allocation for the beam-to-column junctions: (a) two subsystems and (b) three
subsystems. The red lines indicate the surfaces where the rain-on-the-roof excitation is applied and
the response is measured.

2.5. T-Junctions—Wave Approach: Bending Waves Only

To validate the FEM models of the beam-to-column junctions, the coupling loss factors
resulted from the FEM ESEA of the rigid junction with the inclusion of bending modes
only are compared with the CLFs calculated using the wave approach. The coupling loss
factor between two beams i and j is
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Co T
i = 1] (5)
Ti = gt
where ¢, ; is the group velocity for the propagating bending waves on a solid beam i, T;; is
the transmission coefficient between the beams i and j and L; is the length of beam i.
The transition from thin to thick beam bending theory is expected to occur at ~400 Hz

for the beam and ~500 Hz for the column. For a Euler-Bernoulli beam (thin beam bending
theory), the bending wave group velocity is [26]

| EIw?
cg:24 oA (6)

where E is the Young’'s modulus, I is the moment of inertia, p is the density, and A is the
cross-sectional area.

For a Timoshenko beam (thick beam bending theory), the bending wave group
velocity is [27]

o 2EGk:® + p(Ex + G)kyw?
§ 7 202kw3 + p(Ex + G)ki2w — p2Kkweow

@)

where kq is the wavenumber, G is the shear modulus, « is the shear stress distribution
parameter which is related to the shape of beam cross-section (x = 1.2 for rectangular cross
section) and w, is the second spectrum cut-off angular frequency.

For a beam-to-column T-junction (see Figure 6) the incident bending wave impinges
upon the junction at normal incidence, so only the normal incidence transmission coefficient
is needed.

Subsystem &

Subsystem

Subsystem /

Figure 6. Subsystem numbering for the beam-to-column T-junction for the application of the
wave approach.
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Using the subsystem numbering system in Figure 6 with an incident bending wave on
subsystem i, the transmission around the corner to subsystem j is given by [28]

B 0.5i]jpx
i = 2, .2 ,
(Ji)" + x>+ 2]

®)

where J; = 2 and J; = 0.5 when the incident bending wave is on subsystem i and J; = 2 and
Jj = 2 when the incident bending wave is on subsystem j.
The variables x and ¢ are given by [28]

hicy;

= 9

X ey )

_ hicLps; (10)
hicy,ips,i

where & is the depth, ¢, is the quasi-longitudinal phase velocity and ps is the surface density
for subsystems i or j.

For an incident bending wave on subsystem i, the transmission across a straight section
of a rigid Tjunction (see Figure 6) is given by [28]

0.5x°
= 28 : (11)
Uep) + 22 + T (V%)
where Ji = 0.5.
The variables x and ¢ are given by [28]
hicy,i
= 2 (12)
X hicr
kL kPs
= G 13
v hicy,ips,i (13)

3. Results and Discussion
3.1. Mode Count and Modal Overlap

Figure 7 shows the average mode count from FEM in each 200 Hz frequency band for
bending modes (out-of-plane) and combinations of all modes for the damaged and rigid
beam-to-column junctions. The rigid and damaged T-junctions have similar numbers of
bending modes (on average). When all modes are combined, all frequency bands have at
least eight and seven modes for the damaged and rigid T-junctions, respectively.

For the rigid junction, Figure 7 indicates that the choice of 200 Hz frequency band-
widths has resulted in all except two frequency bands (1100 Hz and 1500 Hz) having at least
two bending modes that determine the response, and therefore the modal overlap factor is
estimated to be at least 0.35 in all frequency bands. When SEA is used in a predictive mode
with coupling loss factors that are predicted from wave theory, SEA usually relies on modal
density estimates that are based on local modes for each subsystem. For coupled plates,
Fahy and Mohammad [29] note that a minimum of five modes are needed in a band to give
stable estimates of the coupling loss factor. This is because angular average transmission
coefficients are used and these are more accurate when there are a sufficient number of
modes to cover a wide range of incident angles for the waves that impinge upon a junction.
This is not the case for beams where all waves arrive at the junction at a single angle of
incidence. Renji [30] emphasised the point that SEA does not ‘require” a large number of
local modes because it is the interaction between the modes of one subsystem in a specified
frequency band with those modes in the coupled subsystem; hence, in practice, it is the
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global modes of the system that determine the response. When SEA is used for coupled
beams in a predictive mode with coupling loss factors determined from wave theory, Fahy
and Mohammad [29] have shown that wave theory estimates of the coupling loss factor
are reasonable when the average modal overlap factor is at least unity. This also ensures
low variance in the ensemble. However, Wang and Hopkins [27,31] have subsequently
shown that when each beam in a junction or grillage supports at least two local modes
for each wave type that occurs in the frequency band of interest and the modal overlap
factor is at least 0.1, FEM and measurements tend to have smooth curves such as those
predicted with SEA and Advanced SEA (ASEA) using wave theory coupling parameters.
Hence the comparison of coupling loss factors from FEM ESEA with the wave approach
for the undamaged, rigid Tunction is reasonable.

—Bending modes (Damaged) -
- ---Bending modes (Rigid)

—All mode types (Damaged)
- == All mode types (Rigid)

100

300

500

I T T T T T
700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 2900 3100
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Figure 7. Comparison of the average mode count of the 30 damaged junctions with the mode count
of the T-junction for out-of-plane bending modes and combination of all mode types.

For the damaged T-junctions, SEA is being used in an experimental mode to determine
the coupling loss factors from FEM and as all bands have at least two bending modes and
an estimated modal overlap factor ranging from 0.2 to 4.7, it is reasonable to consider the
use of SEA.

3.2. Comparison of Coupling Loss Factors from FEM ESEA and Wave Approach for the
Undamaged, Rigid T-Junction

Figure 8a—c compares the coupling loss factors that were determined from FEM
ESEA with the wave approach using Euler—Bernoulli and Timoshenko theory (bending
waves only) for the undamaged, rigid T-junction. The FEM model has previously been
experimentally validated with similar reinforced concrete beams up to 3200 Hz [5,16];
hence, this comparison allows an assessment of the validity of the wave theory as thick
beam bending theory (Timoshenko) is expected to be more appropriate above 500 Hz.
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Figure 8. Comparison of FEM and the analytical (wave approach) coupling loss factors for the
undamaged, rigid Tunction: (a) #712 and 721, (b) 13 and 131 and (c) #23 and #3;.
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Across the straight section of the T-junction (Figure 8a), FEM ESEA resulted in negative
CLFs below 500 Hz for 11, and below 300 Hz for #,1; hence, these data are not shown
on the graph. Note that negative CLFs also occurred in previous work for transmission
across the straight section of a T-junction of heavy masonry walls [12]. However, for
#7712 and 71 between 300 and 1700 Hz, there was reasonable agreement between FEM
ESEA and the wave approach using either Euler-Bernoulli theory (differences < 4 dB) or
Timoshenko theory (differences within 5 dB). To put this in context, differences of up to
5 dB are common for junctions of heavy masonry walls [18]. Between 2100 and 3200 Hz,
the differences increase up to 20 dB.

Around the corner of the T-junction, reasonable agreement (differences within 5 dB)
was achieved for 713 and 7731 between 500 and 1500 Hz using Euler-Bernoulli theory or
Timoshenko theory (see Figure 8b). Around the other corner for 7,3 and 773, (Figure 8c),
nine out of 16 frequency bands between 100 and 3100 Hz achieved reasonable agreement
(differences within 5 dB) using the Euler-Bernoulli theory or the Timoshenko theory. As
with transmission across the straight section, the differences were also highest at high
frequencies for transmission around the corner; these differences were up to 21 dB above
2100 Hz. In addition, the CLFs from FEM ESEA were negative above 2700 and 2900 Hz for
123 and 73, respectively.

In general, the differences can be considered in three ranges. A low-frequency range
below 500 Hz with differences up to 10 dB and negative CLFs which might be partly
attributed to low modal overlap. The closest agreement occurred in the mid-frequency
range (500 to 1500 Hz). In the high-frequency range above 1500 Hz, there were differences
larger than 10 dB. As Timoshenko theory should give reasonable estimates at these high fre-
quencies it is likely that the transmission coefficients calculated from Equations (8)—(13) are
no longer appropriate at these high frequencies for this thick reinforced concrete junction.

3.3. Coupling Loss Factors from FEM ESEA for Damaged and Rigid T-Junctions
3.3.1. Two Subsystems

Figure 9 compares the coupling loss factors 771, and #; from FEM ESEA with two
subsystems, considering only bending modes or the combination of all modes in the
frequency range from 1 to 3200 Hz. Results are shown for the one undamaged, rigid
junction along with the 30 damaged beam-to-column junctions (shown in terms of a mean
value with 95% confidence intervals).
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Figure 9. Coupling loss factors 11, and 7,1 resulting from FEM ESEA using two subsystems
with bending modes only (B) and the combination of all modes (A). Error bars denote the 95%
confidence intervals.

Although a rigid junction would rarely be modelled with only two subsystems it is
useful to include it here for comparison with the damaged junctions. Differences of up to
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5 dB occurred between the CLFs from FEM ESEA with bending modes and the combination
of all modes up to 3200 Hz. The higher CLFs with bending modes indicates the importance
of these modes for the dynamic response of a beam-to-column junction either if the beam is
connected to the column rigidly or only via the steel reinforcement.

For the damaged junctions, the coupling is lower than with the rigid junction, because
subsystems 1 and 2 are connected only via the steel reinforcement. For the damaged
junctions, the comparison of the CLFs from FEM ESEA with bending modes and the
combination of all modes showed close agreement (differences within 5 dB) from 100 to
2500 Hz. Above 2500 Hz, the differences were up to 10 dB. The 95% confidence intervals for
the damaged junctions show that the uncertainty is sufficiently low that it should be feasible
to estimate the coupling even when the exact angle between the beam and the column is
unknown in the damaged junctions of a real collapsed building. For consideration of only
bending modes or the combination of all modes, only one junction resulted in negative
CLFs in one frequency band of 100 Hz, i.e., 3%.

3.3.2. Three Subsystems

Figure 10a—c allows comparison of the coupling loss factors from FEM ESEA with three
subsystems, considering either bending or combination of all modes in the frequency range
from 1 to 3200 Hz. Results are shown for the undamaged, rigid junction and damaged
junctions. The results for the 30 damaged beam-to-column junctions are shown in terms of
a mean value with 95% confidence intervals.
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Figure 10. Cont.
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Figure 10. Coupling loss factors resulting from FEM ESEA with three subsystems for bending modes
only (B) and the combination of all modes (A): (a) 712 and 721, (b) 713 and #31 and (c) #23 and #3;.
The error bars denote the 95% confidence intervals.

The CLFs 712 and 721 from FEM ESEA with damaged junctions are comparable to the
CLFS of the rigid junction (see Figure 10a). This was partially expected since subsystems 1
and 2 are located in the column of the junction where there is no damage. The remaining
CLFs (13, 431, §23, and #37) are smaller in the damaged T-junction than in the rigid one.
This is expected because in the damaged junctions, subsystem 3 is connected to subsystems
1 and 2 only via the steel reinforcement and lower coupling is expected (see Figure 10b,c).

For the rigid T-junction, the differences of the CLFs 7715, 7713 and #3; from FEM ESEA
by using bending and combination of all modes were up to 5 dB between 100 and 900 Hz.
Above 900 Hz, the differences were between 5 and 10 dB for the vast majority of the
frequency bands. For 751, 1723 and #3;, the differences were typically up to 5 dB over the
complete frequency range. FEM ESEA resulted in negative CLFs below 500 Hz and over
2700 Hz, as shown in Figure 10a.

For the damaged junctions, the differences between the CLFs from the FEM ESEA for
bending modes only and the combination of all modes were up to 5 dB between 100 and
2500 Hz. Above 2500 Hz, the differences were between 5 and 10 dB. The 95% confidence
intervals show that the variation is low; hence, it should be feasible to estimate the coupling
even when the exact angle between the beam and the column is unknown in the damaged
junctions of a real collapsed building.

Regardless of the type of modes that are considered (bending modes or the com-
bination of all modes), using three subsystems for the FEM ESEA of the 30 damaged
beam-to-column junctions resulted in a significant number of negative coupling loss factors
(see Figure 11a,b). Specifically, below 1500 Hz the percentage of the junctions with negative
loss factors was between 17 and 54%. These mainly occurred with the CLFs from the
column (SS1 and SS2) to the beam (5S3) and vice versa. Above 1500 Hz, the percentage of
the junctions with negative loss factors was between 3 and 10%.

For the damaged junctions, the existence of large numbers of negative CLFs below
1500 Hz suggests that the assignment of three subsystems in this frequency range is
inappropriate. With a rigid junction there is an impedance change at the junction such that
waves are partially reflected but this is not expected in a damaged junction where there
is only a connection via the steel reinforcement; hence, a two-subsystem model is more
appropriate. Comparing the percentages of negative CLFs from FEM ESEA in Figure 11
with the 3% that occurred with two subsystems, it can be inferred that the use of two
subsystems is a more suitable assignment than three subsystems.
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Figure 11. Damaged junctions—Percentage of negative CLFs resulting from FEM ESEA with: (a) three
subsystems for bending modes only (B) and (b) three subsystems for the combination of all modes (A).

4. Conclusions

The output from FEM models of a beam and column junction formed from reinforced
concrete have been used with ESEA to assess the potential of creating a SEA model of
the junction by calculating CLFs between the beam and column subsystems. To investi-
gate these junctions in a building after earthquake damage, an ensemble of 30 randomly
damaged beam-to-column junctions was generated using a Monte Carlo simulation. A
rigid T-junction was used as a comparator because the thick reinforced concrete elements
were expected to require modelling with Timoshenko theory rather than Euler-Bernoulli
theory above 500 Hz. Although the CLFs from FEM ESEA for a rigid Tjunction (only
bending modes) showed reasonable agreement with wave theory in a mid-frequency range
(500 to 1500 Hz), there were differences larger than 10 dB in the high-frequency range
above 1500 Hz. FEM models for similar reinforced concrete beams had previously been
experimentally validated, hence, it was concluded that the use of Timoshenko theory is not
sufficient to model vibration transmission at high frequencies and that the transmission
coefficients are no longer appropriate for this thick reinforced concrete junction. This pro-
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vided additional motivation to use FEM ESEA for damaged junctions because the increased
complexity of the fragmented connection at the junction and the existence of more than
one wave type which meant that it would be more efficient to use FEM rather than pursue
an analytical model based on wave theory for the damaged junction.

Vibration transmission on the damaged junctions only occurs across the yielded steel
reinforcement and this does not provide a significant impedance change like the rigid
junction. For this reason, ESEA was investigated using either two or three subsystems, i.e.,
two subsystems where the beam and the column are each represented by a single subsystem
or three subsystems where the beam is one subsystem and the column is divided into two
subsystems at the junction. Regardless of the number of subsystems and wave types in
ESEA, the coupling between the beam and the column was lower in the damaged junction
than in the rigid junction. In addition, the use of two instead of three subsystems was
shown to be preferable because it significantly decreases the number of negative coupling
loss factors from ESEA. This results in a viable SEA model for which the CLFs from FEM
ESEA were similar, regardless of whether only bending modes or the combination of all
modes were considered in the FEM model (indicating that the bending modes tend to
dominate). The ensemble statistics also indicated that that the uncertainty in predicting
the CLFs using FEM ESEA is sufficiently low that it should be feasible to estimate the CLF
even when the exact angle between the beam and the column is unknown (as would be the
case in real buildings after an earthquake).
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