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Abstract

The vibration reduction index Kijj is a normalized quantity related to the vibrational power transmission over
a structural junction in a building. Its measured or predicted value is used in prediction models in order to
determine the contribution of the flanking transmission in the global sound transmission between rooms.

The predicted values provided in the standard 1SO 12354-1 concern mainly rather simple junctions. This
article suggests new engineering approximations for junctions of which the coplanar walls are different.
These types of junction are roughly addressed in the standard. The empirical formulas, easy to use, are
derived from a large number of numerical simulations and some measurements.

1 Introduction

The vibration reduction index, Kij, expresses the vibrational power transmission over a junction between two
physically connected building elements in function of the frequency. The Kj can be evaluated by
measurement according to the standard 1ISO 10848 [1] or by prediction formulas presented in the annex E
of the standard 1SO 12354-1[2].

This article studies the K;; for particular junctions named, here, rigid mixed cross-junctions that means cross-
junctions composed of two different coplanar walls. The annex J of the standard 12354 proposes a rather
simplistic interpretation to address these particular junctions: It proposes to replace the two different
coplanar walls by two identical walls whose surface mass is the average of the surface mass of these walls
(Figure 1). This article therefore supplies more relevant formulas which are derived from numerical
simulations based on the finite element method (FEM, software Actran 15), statistical energy analysis (SEA)
and the wave based method (WBM) [5].
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Figure 1: Interpretation for cross-junction with more than
2 element types according to annex J of the standard 12354-1 [2]
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2 The vibration reduction index Kjj and its single-values

According to the measurement method (ISO 10848 [1]), the Kj; is estimated by the average of the velocity
level differences Dyjjand Dyji normalized to the junction length and the equivalent sound absorption length
according to following formula:

K; =D, +10Ig [dB] (1)

Vi
: a;a;

vaij is the direction averaged velocity level difference. It is obtained from the mean value of the velocity
level differences Dyj (when wall i is excited) and Dy (when the j is excited). It is expressed in decibels:

D,; ;(DV.J +D, ;) [dB] @

ai (a;, resp.) is the equivalent absorption length of wall i (wall j, resp.). It is expressed in meters.
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where, S; is the surface area of wall i [m?];
Ts,iis the structural reverberation time of wall i [s];
Co is the speed of sound in air [m/s];
f is the current frequency [Hz];
frer is the reference frequency [frr = 1000 Hz].

The measured Ki; can be expressed by a single value K,;, which is the arithmetic average of Kj; within the
frequency range 200 Hz- 1250 Hz.

Annex E of the standard 1SO 12354-1[2], for its part, proposes two methods to predict the Kj; for heavy
structures. The first method considers that the Kj; is frequency-independent and gives a constant value for
all frequencies. The empirical data are deduced from standardized measurements, theory or both and are
expressed in terms of the ratio of the surface masses of the elements in the junction.

The data of the second method come from simulations [3]. These data are more difficult to use but more
traceable. Futhermore, the Kj; is given in three different frequency ranges because in practice, it is shown
that the Kj; is not really frequency independent:

e Kjjow is the arithmetic average of the one-third octave band values from 50 Hz to 200 Hz;
e  Kijmid is the arithmetic average of the one-third octave band values from 250 Hz to 1000 Hz;
e  Kijjnign is the arithmetic average of the one-third octave band values from 1250 Hz to 5000 Hz.

According to this method, the Kj; is determined by the characteristic moment-impedance, named the PC
ratio (see section 5).

To be consistent with this annex the new prediction formulas dedicated to rigid mixed cross-junctions are
given for the two approaches in sections 4 and 5, respectively.



3  Numerical simulations

Details of the FEM, SEA and WBM models developed to predict the vibration transmission across rigid
plate junctions can be found in previous publications [4, 5, 13, 14]. All the models assume homogeneous,
acoustically thin plates and unpinned junction lines. They take into account the finite dimensions of the
plates and include both in-plane and bending wave vibration. The main difference between WBM and FEM
are the plate boundary conditions: while the FEM model incorporates free plate boundary conditions, the
WBM assumes simply supported plates. The frequency-dependent loss factor needed to evaluate the

damping of the walls is set equal to 1/\/7 The dimensions of the floor F1 (and F2) used in the WBM and

SEA models are 5m x 4m. The dimensions of the wall Wh (and WI) used in the WBM and SEA models are
3.5m x4 m. For the FEM simulations, the floor dimensions are 4 m x 2.74 m and the wall dimensions 4 m

X 2.38 m.

The material properties used in the simulations are given in tables 1 and 2.

Surface mass of the

Surface mass of the

Surface mass of the 10

Numerical

(h=12 cm, p=2300kg/m?3)

(h=15 cm, p=2300kg/m?3)

220, 230, 276 (12 cm), 345
(15 cm)

concrete floor heavy wall cm lightweight wall simulation used
m’wi [kg/m?] to study these
m’r1r2 [kg/m?] m’wh [kg/m?] combinations
276 230 40, 80, 140, 175, 180, 200, | WBM, SEA
(h=12 cm, p=2300kg/m3) (h=10 cm, p=2300kg/m?3) 220, 230
276 345 40, 80, 140, 175, 180, 200, | WBM, SEA

(h=28 cm, p=2300kg/m?3)

(h=15 cm, p=2300kg/m?3)

220, 230, 276 (12 cm), 345
(15 cm)

460 230 40, 80, 140, 175, 180, 200, | WBM, SEA, FEM
(h=20 cm, p=2300kg/m?) (h=10 cm, p=2300kg/m*) | 220, 230

460 345 40, 80, 140, 175, 180, 200, | WBM, SEA
(h=20 cm, p=2300kg/m?) (h=15 cm, p=2300kg/m*) | 220, 230, 276 (12 cm), 345

(15 cm)

644 230 40, 80, 140, 175, 180, 200, | WBM, SEA
(h=28 cm, p=2300kg/m3) (h=10 cm, p=2300kg/m3) 220, 230

644 345 40, 80, 140, 175, 180, 200, | WBM, SEA

Table 1: Studied combinations for the rigid mixed cross-junctions

The Poisson’s ratio is 0.2 and the Young’s modulus in function of the density is given in table 2.

p [kg/m?] Eayn [N/m?]
400 1.32x10°
800 2.51 x10°
1400 6.56 x10°
1750 1.22 x10%°
1800 1.24 x10°
2000 1.71 x10%°
2200 2.36 x10%°
2300 2.6 x10%

Table 2: Young’s modulus used for the numerical simulations




4  Empirical formula for Kj in function of the surface mass ratio

4.1 Path F1-F2

For this path, it is expected that the vibration reduction index of the mixed junction is between the value of
the rigid T-junction when the surface mass of the lightweight wall tends towards zero, Kei-e27wn, and the
value of the rigid cross-junction when the surface mass of the lightweight wall is equal to the heavy wall,
Kri-r2,xwh. The expected form of the Kj; for the mixed junction is then:

Kp1—F2,mixea =P * Kri—r2xwn + 1-p)=* Kpi—r2rwn (4)

where p is the weight factor to evaluate.

To this end, a large number of numerical simulations was carried out. The Kri-r2mixea Were determined
numerically for the combinations given at table 1 with the corresponding Kei-r2 xwnh and Kei-r2 7w, For each
combination, the factor p was calculated with Egn. (4). By plotting the data on a chart, the linear relationship
between p and the ratio of the surface masses of the two walls is well observed (Figure 2). While ensuring
that p equals 1 for m’y equals m’w, and that p equals 0 for m’y, equals 0, it can be approximated by:
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Figure 2: Weight factor p obtained by simulations for the transmission path F1-F2

The coefficient of determination, R2, for this trendline is 0.99 for FEM data, 0.95 for SEA data and 0.77 for
WBM data. The WBM data are more scattered than the SEA data due to the significant influence of the



plate modal behavior in a broad frequency range [9,14]. While the FEM also incorporates the modal
behavior, the variation seen in the eight test cases is smaller.

The new prediction according to Eqgn. (4) is more accurate than the prediction proposed in annex J of the
standard 1SO 12354-1 where the mixed junction is replaced by an idealized junction (see figure 1). The
accuracy of Egn. (4) and the 1ISO 12354-1 prediction was evaluated on some SEA simulations (Figure 3a
and 3b).

These figures present the calculation error obtained with the new prediction (the absolute difference between
the expected values and the new prediction) and with the 12354 prediction (the absolute difference between
the expected values and the 12354 prediction) for different surface mass ratio’s between the walls. All data
(expected values, new prediction values and 12354 values) come from SEA simulations.

For a floor having a surface mass higher than the heavy wall, an error close to 2 dB can be observed with
the 12354 prediction when the surface mass ratio is low. With the new prediction, this error falls to
approximately 1 dB.

For the other case (Mm’r1<m’wn) the error is close to zero with the new prediction. The calculations errors
obtained with the 12354 prediction is 1.2 dB for m’wi/m’wn equal to 0.12. As expected, the larger the
difference in surface mass of the walls is, the larger the calculation errors obtained with the 12354 prediction
is.
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Figures 3a and 3b: Transmission path F1-F2: Comparison between the calculation error [dB] of the new
prediction and of the 12354 prediction obtained by SEA simulations in function of the surface mass
ratio’s between the walls. (a) for m’s1> m’wn and (b) for m’r1< m’wn

4.2  Path Wh-WI

This transmission path crosses the two coplanar walls with different properties. In this case, the following
equation can be expected:

Kwh-wimixeda =P * Kwn-wixwm (6)

Where Kwn-wixwm 1S the vibration reduction index of the simple rigid cross-junction of which the surface
mass of the coplanar walls is the average of the surface mass of the walls Wh and WI. As before, the Kwn-
wi.mixed OF different combinations and the corresponding Kwn-wixwm Were obtained from the three numerical
methods from which the p factor could be calculated. Figure 4 presents this factor in function of the ratio of
the surface masses of the two walls.
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Figure 4: Weight factor p obtained by simulations for the transmission path Wh-WiI

Again, the WBM data are more scattered than the SEA data. The FEM data for the 10cm concrete heavy
wall agree well with the WBM data. The WBM data for the 15cm concrete heavy wall are higher than the
SEA data. The slope given by the FEM data is the lowest. While ensuring that p equals 1 for m’w equals
m’wn, the best trendline for all data is given by:

p=—04x (M) + 1.4 7

Mwh

The coefficient of determination, R2, for the SEA data is 0.77, for the FEM data, 0.92 and for the WBM,
0.48. As hefore, the calculation errors of the new prediction and of the 12354 prediction were evaluated by
SEA simulations (Figures 5a and 5b).
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Figures 5a and 5b: Transmission path Wh-WI : Comparison between the calculation error [dB] of the
new prediction and of the 12354 prediction obtained by SEA simulations in function of the surface mass
ratio’s between the walls. (a) for m’e;> m’wn and (b) for m’g1< m’wn

For m’e1>m’wn, an error of 4 dB can be reached for a low surface mass ratio with the 12354 prediction.
This error decreases when the surface mass ratio tends towards 1. The error of the new prediction is
lower than 1 dB. For the case m’s1<m’wn, the calculation errors obtained with the 12354 prediction can
be higher than 6 dB, while the maximum error for the new prediction is 2.5 dB.

4.3 Path F1-Wh

For this transmission around the corner and involving the heaviest wall (Figure 6), it is expected that the
Kr1-whmixea Will be between two limit values: the value of the rigid T-junction , Kei-wn 1w, When the surface
mass of the lightweight wall tends towards zero, and the value of the rigid cross-junction, Kri.whx,wn, When
the surface mass of the lightweight wall is equal to the heavy wall:

Kp1—whmixea =P * Kpi—wnxwn + 1-p)=* Kei—wnrwn (8)

The weight factors p were calculated from several Kei.whmixed, Kr1-whxwn and Ker-wntwh Obtained by the
three numerical simulations. The results are presented in figure 6 in function of the ratio of the surface
masses of the walls W, and Wy. The WBM method gives again widely scattered points due to the different
modal behavior of the different junctions modeled. The best selected trendline is a polynomial relationship:
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Figure 6: Weight factor p factor obtained by simulations for the transmission path F1-Wh



The coefficient of determination, R?, for the SEA data is 0.96, for the FEM data, 0.93 and for the WBM,
0.55.

Figures 7a and 7b confirm that this new proposition is more accurate than the Kj obtained by the 12354
prediction which uses the mean of the walls. The calculation errors obtained by the 12354 prediction
increases significantly when the contrast between the surface masses increases. For example, a deviation of
+ 4 dB is observed around a surface mass ratio of 0.2. The error for the new prediction is smaller than 1 dB.
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Figures 7a and 7b: Transmission path F1-Wh : Comparison between the calculation error [dB] of the
new prediction and of the 12354 prediction obtained by SEA simulations in function of the surface mass
ratio’s between the walls. (a) for m’s1> m’wn and (b) for m’r1< m’wn

4.4  Path F1-WI

In this case, the Kri-wimixed is calculated from the Kei.wixwi Which represents the vibration reduction index
of the rigid cross-junction of which the coplanar walls are identical and composed of the lightest walls W,.

Kpi—wimixeda =P * Kri—wixwi (10)

The p factors obtained with the numerical simulations are presented in figure 8. While the FEM method
gives a slope close to zero, the WBM and SEA simulations follow the selected trendline (ensuring that p=1
for m’wi=m’wn), given by:

p=—04x (M> +1.4 (1)

My p
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Figure 8: Weight factor p factor obtained by simulations for the transmission path F1-WI
coefficient of determination, R2, for the SEA data is 0.75, for the FEM data, 0.70 and for the WBM,

0.74 giving mitigated results but nevertheless gives, according to some SEA results (figures 9), a quite good
prediction compared to the prediction which uses the mean of the walls. For example, an error higher than
5 dB is already observed between the actual mixed junction value and the 12354 prediction value for a
surface mass ratio around 0.5. This error can increase if the surface mass ratio tends towards 0. The error is

Sma

Error [dB]

ller than 1 dB with the new prediction and remains relatively constant in terms of the surface mass ratio.
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Figures 9a and 9b: Transmission path F1-WI : Comparison between the calculation error [dB] of the
new prediction and of the 12354 prediction obtained by SEA simulations in function of the surface mass
ratio’s between the walls. (a) for m’e;> m’wn and (b) for m’e1< m’wn



5 Empirical formula for Kj; in function of the characteristic moment-
impedances ratio

In the new version of the standard 1SO 12354-1 [1], more accurate and traceable formulas are now available.
These formulas come from numerical simulations and concern, for the time, only rigid L-, T- and X-
junctions of homogeneous, isotropic plates. We propose here to extend these formulas to rigid cross-mixed
junctions in the same way.

In this case, the prediction of Kjj must be given in three different frequency ranges in order to take into
account the effect of in-plane waves as well as bending waves: a low-frequency range (50 Hz to 200 Hz), a
mid-frequency range (250 Hz to 1k Hz) and a high-frequency range (1.25 kHz to 5 kHz). Furthermore, the
Kij is expressed as a function of the ratio of the characteristic moment-impedances (PC ratio) instead of the
surface masses [3, 4]. That is why the weight factor p mentioned above will be in this case a function of this

ratio too.
PC ratio = *[hli = (2a6)!"* (1ai)”* (22" (12)

Figures 10a to 10d present the Kijiow, Kijmia @nd Kijnigh per transmission path for the three different frequency
ranges. On each graph, the distinction between the three numerical simulations is not visible anymore but
the three ranges are highlighted as well the selected trendline for p.

The results in the low frequency range are very scattered. This is not surprising because in low frequency
the determination of the single value is less accurate due to the low number of modes. The dispersion of the
results increases as the PC ratio decreases.

It seems that a single trendline could be appropriate for the three frequency ranges. It is advantageous to
avoid the risk of errors when calculating the predictions.

The coefficients of the determination are not very high, especially for the low frequency range but these
propositions of prediction offer better results than the ones reached by the predictions which use the mean
of the PC ratio of the walls.

In conclusion, the weight factor p for the transmission path F1-F2 (Figure 10a) is given by:

2
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p=—-09=x < ’—mtha/h) + 1.9« < /—mthSV) (13)

This factor is applied in Eqgn. (4) where the Kri-rzmixed, Kri-r2xwn and Keirztwn are replaced by the
corresponding values at low (mid and high, resp.) frequencies for a prediction in the low (mid and high,
resp.) frequency range.

For the transmission path Wh-WI (Figure 10c), the weight factor p that has to be applied in Eqgn. (6) is:
4 3 2 4 3
= 0.8 | mindi ) _q5 “/’”,LBW! +1.7 14
P i < My nBivn i My nBivn (14)

For the transmission path F1-Wh (Figure 10b), the weight factor p that has to be applied in Egn. (8) is:

2
[ 3 ! 3
p — _0.5 * 4 1n’LB3m + 1_5 * 4 1n’LB3m (15)
My nBiwn My nBivn

For the transmission path F1-W!I (Figure 10d), the weight factor p that has to be applied in Eqgn. (10) is:

_ 4| myBiyy
p =—0.15* < /mthSV) + 1.15 (16)
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Figure 10: Weight factor p in function of the PC ratio obtained by simulations for (a) the transmission path
F1-F2 (b) the transmission path F1-Wh (c) the transmission path Wh-WI (d) the transmission path F1-WI

6 Experimental validation
6.1 Test constructions and measurement procedure

The assessment of the vibration transmission reduction through rigid mixed cross-junctions was carried out
on a junction where the floor, F1-F2 (100 mm), was composed of a reinforced concrete plate, the heavy wall
was composed of solid concrete blocks (90 mm) and the lightweight wall was composed of cellular concrete
blocks (70 mm). The experimental results have been obtained according to the specifications of the standard
10848 but on a half scaled test bench (Figure 11) [5, 6, 7].



Figure 11: pictures of the measurement setup

The properties of the walls are given at table 3.

Thickness Density Surface mass a fe Edyn
Material [mm] [kg/m?3] [kg/m?] [m/s] [Hz] [N/m?]
reinforced concrete 100 2300 230 3400 190 2.60E+10
Concrete blocks 90 2300 207 3400 210 2.60E+10
Cellular concrete blocks 70 666 47 1650 563 1.74E+09

Table 3: properties of the materials

6.2 Results

The idea, here, is:

e To calculate the prediction of rigid mixed cross-junction on the basis of the new weight factor p
applied on the Kjj (or Kij,jow, Kijmid, Kijhigh) proposed in the standard 1SO 12354-1 [1];

e To calculate the prediction according to annex J of the standard 12354 where the surface mass is
the average of the walls Wh and WI (or the average of the characteristic moment impedance);

e To compare these results with the measured values.

Transmission path F1-F2 Iw”‘ Transmission path F1-F2

12 K;jin function of the surface mass ratio . Kj; in function of the PCratio

10

— Wi e
[=a] —
S g g 8
Q —
6 < 6
4
’ l
]
Measured New prediction 12354 prediction Measured New prediction 12354 prediction
M Low m Mid W High
(a) (b)

Figure 12: Path F1-F2: Comparison between the measured results, the new prediction results and the
prediction results obtained according to the annex J of the standard 12354. (a) for Kj; expressed in terms of
the surface mass ratio, (b) for Kj; expressed in terms of PC ratio.



Overall, we find, for the path F1-F2 (figures 12a and 12b) an improvement of the new prediction with the
use of the weight factor p. The predictions are still lower than the measured results. This is due to the fact
that the initial prediction formulas of the standard 12354-1 underestimate the K_U for this path. The measured
Kijow IS unduly high because there is a lack of modes in this frequency range.
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Figure 13: Path Wh-WI: Comparison between the measured results, the new prediction results and the
prediction results obtained according to the annex J of the standard 12354. (a) for Kj; expressed in terms of
the surface mass ratio, (b) for Kj; expressed in terms of PC ratio.

For the path Wh-WI (Figure 13a and 13b), the improvement with the new prediction is significant.
Particularly, the results obtained with the new prediction are very close to the expected values for the
estimation of the Kjjmiaand Kijjow expressed in terms of the PC ratio.

The results for the path F1-Wh (Figures 14) are somewhat disappointing. A degradation of the prediction is
observed but it is attributed to the fact that the Kj; values of the cross-junction and the T-junction given by
the standard 12354 are underestimated. Indeed, a previous testing program carried out on simple cross-
junctions and T-junctions showed that the 12354-1 prediction values were £ 5 dB lower than the measured
values [16].
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Figure 14: Path F1-Wh: Comparison between the measured results, the new prediction results and the
prediction results obtained according to the annex J of the standard 12354 (Wmean prediction). (a) for Kj
expressed in terms of the surface mass ratio, (b) for Kjj expressed in terms of PC ratio.
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Figure 15: Path F1-WI: Comparison between the measured results, the new prediction results and the
prediction results obtained according to the annex J of the standard 12354. (a) for Kj; expressed in terms of
the surface mass ratio, (b) for Kj; expressed in terms of PC ratio.

For the path F1-WI, a best estimation is obtained with the new prediction for the Kj; expressed in terms of
the surface mass ratio (Figure 15a). However, an excessive overestimation is observed for the estimation of
the Kjj expressed in terms of the PC ratio which is not on the safe side as preferred for the predictions (Figure
15b).

7 Conclusion

This article proposes new prediction formulas to evaluate the vibration reduction index K; for rigid mixed
cross-junctions. These formulas which were derivated from a large number of numerical simulations are
relatively simple. They are based on the weighting of Kj; of simple rigid cross- and T- junctions. The weight
factor p is expressed by the ratio of the surface masses or the PC ratio according to both approaches that
recently appeared in the standard 1SO 12354-1.

The numerical simulations have shown an obvious improvement of the new prediction compared to the
proposition which idealizes the junction by averaging the surface masses of the two different coplanar walls
(annex J of the standard 12354). The calculations errors obtained with this idealization can be very high and
increases significantly when the contrast between the surface masses increases while the new prediction
results remain very close to the expected results.

The comparison between measurement and prediction results shows, in general, the best agreement if the
weight factor p is used. An excessive overestimation of the vibration reduction index is however observed
for a few cases, which is not on the safe side as preferred for predictions.
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