














6.4. Two-layers mattress: Experiment

6.4 Two-layers mattress: Experiment

A similar study with the one presented in the previous section is performed but in this
case the mitigation effects of buried masses are studied. For this to be studied the setup
was changed by adding another foam layer. Following the same practice the second layer
is soaked having the same material properties and the same thickness of 12 cm. Since the
density of the soaked material is lower then the water density, in order to avoid buoyancy
effects the two layers were attached together using silicon as adhesive. The external masses
are going to be placed in between the foam layers, more exactly on the top of the first foam

layer.
6.4.1 Position of the weights

The same modular grid as presented in Section 6.3 and the same Plexiglas blocks were
used as additional masses. In this case, however, the four possible mass positions were cut

out from the top layer resulting of four hexahedral foam pieces, see Figure 6.6.

Figure 6.6: Detail with the parts used for the two layers test setup.

Furthermore this small pieces were each subjected to an extra cut of the dimension of one
Plexiglas block in order to maintain the foam density above the additional masses. A total

number of seven different layouts were analyzed as seen in Figure 6.7.
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Figure 6.7: Tests configurations on the two-layers foam.

Here beside the fact that the masses are buried between the layers, the tests have the
same configurations as for the one-layer test setup. The undisturbed/no mitigation setup
is denoted as N and when singular masses are added, the setups become S1, 52, S3, or 54,
where S1 simulates active mitigation, S4 passive mitigation while S2, S3 are intermediate
positioning possibilities. The active and passive mitigation is then combined in the test D14
and finally the periodicity effects are tested in the test geometry Q. The S-wave shapes are
as well plotted for 10 Hz, 20 Hz and 40 Hz to observe the similarity between the dimensions

of the external masses and the wavelengths.
6.4.2 Results and interpretation

Ideally the results should be presented in the same format as for the one-layer mattress
i.e. experimental versus numerical results. However, since the numerical model could not

provide a good match, the experimental work was chosen to be presented separately and
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6.4. Two-layers mattress: Experiment

leave the comparisons and final discussions at the end of this section.

To start with, the reference states for both the exciter and receiver are presented in Fig-
ure 6.8. The response is presented in decibels relative to the reference acceleration of
1 pum/s?/N.
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Figure 6.8: The reference state with no added masses — two layers foam.

As expected the accelerations amplitude at the exciter are considerably higher in compar-
ison with the receiver. Similar with the studies on the single foam layer the response of
the exciter is close to 0dB and has no obvious peaks. On the other hand the response of
the receiver presents some differences which confirms the dissipation phenomenon as well
as wave reflections and other interactions. The results of the all mitigation test-setups are
presented in Figures 6.9, 6.10 and 6.11. The responses are presented side by side, the FRF
to the left and the insertion loss (IL) to the right.
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Figure 6.9: Results for configuration S1 of the masses placed in the ground surface.
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Figure 6.10: Results for configurations S2, S3, S4 of the masses placed in the ground
surface.
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Figure 6.11: Results for configurations D14 and Q of the masses placed in the ground
surface.

There are no significant changes in the responses independently of the test geometry. The
frequencies response functions illustrate the peaks with the same amplitude and the same
positions while the insertion loss varies from -5 to 5 dB. Hence it can be concluded that the
Plexiglas blocks buried in the soaked foam has lower influence on the response compared
with the test setups with a single foam layer. As a general observation it can be pointed
out that the responses in the third day are lower than the previous two days for frequencies
higher than 60 Hz. This deviation can be seen on the both graph types, FFR and IL. The
deviation is approximately of 3dB which is quite significant for these sets of results and
it might be caused by the effects of evaporation leading to a decrease of Young modulus.
Another general characteristic is that from 0 to 5 Hz the response is not stable, as it can
be deducted from the individual day plots and as a consequence is disregarded from the

analysis.

When looking separately to model setup S1, see Figure 6.9, some mitigation trends are
observed at a frequency of 12Hz and 35Hz. The IL for both positions are about 2dB.
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Next the model geometry S2 presents a rapid change in response from an approximately
IL of —2dB to 2dB at a frequency of 25 Hz and 27 Hz respectively. For higher frequencies,
the IL fluctuates around the value 0 dB and considering the variation between the single-day
recordings, no significant mitigation or amplification of the accelerations can be interpreted.
The same pattern is observed for S3 and S4 test setups. Furthermore a similar jump in
the IL is observed at 25, 27 Hz. By introducing two or more masses in the system some
deviations in the IL occur at higher frequencies, see Figure 6.11. For instance for both test
setups D14 and Q positive values of 2.5dB occur at 75 Hz. Moreover the Q test layout
shows an IL of 4.3dB at a frequency of 125 Hz with the observation that the single day

recordings presents variations around that frequency.

To conclude, rapid variations around 25 Hz were observed for all test configurations and
when more masses were introduced in the system a positive response is recorded at higher
frequencies. However since the added masses induces an 1L with an average magnitude of
2dB the effect of embedding masses in the material volume has a small influence on the

receiver response.

6.5 Two-layers mattress: Numerical model

This section focuses the numerical analysis of the two-layers mattress. As it was observed
in Section 6.4, the results provided by the experimental and numerical analysis do not

match, the analyses being treated separately.
6.5.1 Model setup

The setup of the model follows the same steps as for the one layer mattress. The only
differences are given by the masses which, for this case, are not longer positioned on the

surface but they are embedded inside the mattress.

To reproduce the laboratory setup as close as possible and to reduce the resources used for
the analyze, the boundary conditions and the connections between the elements presents

a high importance factor.

The approach used for creating this model was to create only one single part, regarding
the two-layers mattress and the weights inserted instead of creating each part individually
and to connect the parts using different types of connections. This would lead to a longer
time and computational resources needed for the analyses. Moreover the uncertainties are

being introduced among these connections and the results will be affected.

The Plexiglas blocks are modeled by cutting the part, providing the exact locations of
the blocks. Further, the material is assigned to the individual sections, the entire part

was designed as foam with the exception of the inserted blocks. The setup can be seen in
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6.5. Two-layers mattress: Numerical model

Figure 6.12, where it can be observed that the mattress is cut as well, reproducing the real

model and being an important factor when meshing the model.

Figure 6.12: Detail with the parts used for the two layers test setup.

The boundary conditions and the connection between the surface footings and the mattress

follows the exact same procedure as for the one-layer mattress model.

6.5.2 Results and interpretation

As in the previous Section 6.4 the reference states for both the exciter and receiver are

presented in Figure 6.13.
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Figure 6.13: The reference case with no masses.

For the source case, as it was expected, the numerical model matches the experimental
one, but for the receiver case, it can be seen that the results do not match, even though the
magnitude of the amplitudes are similar, still considerable differences could be observed,

this being the reason why the numerical model is treated separately from the experimental

model.
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The results of the all mitigation test setups are presented in Figure 6.14.
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6.5. Two-layers mattress: Numerical model
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Figure 6.14: Mitigation results provided by numerical analysis — two layers foam.

In contrast with the results presented in the above section, results provided by the exper-
imental analysis, see Figure 6.4.2 presents a quite higher variation of the IL. As for the
experimental results provide a variation between -5 to 5 dB for the entire range of 200 Hz,
here it is clearly to observe that the differences are between -10 to 15 dB. Hence it can be

concluded that the Plexiglas blocks embedded in the soaked foam has a higher influence
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on the response compared with the experimental setup for the two layer mattress.

The same seven configurations were studied as in the laboratory setup for the foam com-
posed by two layers. In Figure 6.14, the first four configurations are the ones with the
mass added in one of the slots, called S1 to S4. A closer inspection of these configurations
shows that test setup S1 and S4 provides better results than setup S2 and S3. This can be
observed at low frequencies, where around 10 to 20 Hz and 50 to 70 Hz these two configu-
rations provide a higher IL than configurations S2 and S3 with around 3 to 5 dB. Similar
behavior is observed also at higher frequencies with an increased IL of 10 to 12 dB for test
setup S1 and S4. A downside of these setups represents the dips occurred at around 50 Hz
being more negative with a value around —5dB. The mass added in slots S2 and S3 seems

to not influence the results, being neither an advantage nor a disadvantage.

The last two configurations that can be observed in Figure 6.14 regards the masses added
in slots S1 and S4 for one configuration and with the masses added in all the available
slots in the other one. Both configurations provide around the same values of IL, but it
is observed that the test setup Q provides slightly higher values. It is observed that the
peaks and dips are in the same frequency range for both setups. At frequencies 10 to 30
Hz, test setup Q, provides an IL with a value of 13 dB being higher than the one provided
by setup D14, which provides a value only of 8 dB. At higher frequencies, around 140 to
170 Hz the difference between these two setups is only of 3 dB. The dips are of the same
value of 8 to 10 dB at frequencies from 40 to 50 Hz. At 4 Hz an extra dip is present for Q

configuration.

Configurations S1, 54, Q and D14 provide the same variation of IL for the range of 200 Hz.
Configurations 52 and S3 are the ones that perform poorly than any others, providing no
concludent peaks or dips. As for the single layer mattress, test setup Q is providing the
highest IL for both lower and higher frequencies. This may be again the result of a stop
band forming in the FE model.

6.5.3 Roots of numerical vs. experimental inaccuracies

The significant deviations between the responses observed from the experimental and nu-
merical analysis might be caused by a series of factors which will be presented in order of

their impact on the response in the following.

The main factor is the physical impossibility of reproducing the exact boundary conditions.
In the numerical model the assembly of foam and embedded Plexiglas blocks were modeled
as a single part while the experimental setup was built by putting together the two layers
of foam, the Plexiglas blocks and the corresponding covering hexahedral foam parts. In
between these parts sliding may have occurred as well as air bubbles filling the gaps.

Moreover a visual inspection during the experiments indicated a loss of contact in of the
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corners between the two foam layers.

Another factor that could have introduced errors is the approximation of the material
properties and especially the difficulty of matching the exact damping. In addition the
material was considered as one phase material, observation made at frequencies higher
than 5 Hz but this might not fit the exact behavior of the material.

In the future, these errors could be reduced by finding a better way of assembling the
experiment components and by this reducing the sliding and the contact imperfections.
Furthermore using poroelastic elements in the FE model is recommended, since they re-

produce better the foam material compared with the solid elements.

6.6 Vibration screen influence

As a final test, an experiment was made in order to study the screening effect of vibrations
when placing trenches between the source and the receiver. The trenches are filled with
Plexiglas with the same characteristics as presented in the previous chapters. Two different

types of tests were made, an active respectively a passive test.

One test setup can be seen in Figure 6.15

Figure 6.15: Active mitigation setup with a 15 cm screening barrier

The width of the barriers was changed in order to study its influence on the vibration
mitigation. Three widths were used: 15cm, 20 cm, 35 cm. Each test was repeated 3 times

in order to obtain stable and trustworthy results.
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The results of all mitigation test setups are presented in Figure 6.6. The responses are
presented side by side, the FRF to the left and the insertion loss (IL) to the right.
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Figure 6.16: Results for vibration screen influence-active tests.
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Figure 6.17: Results for vibration screen influence-passive tests

As it can be seen, positioning trenches in front of the source or in front of the receiver

has an effect on the vibration. The effect is mostly a function of the exciting frequency.

Depending on it, the barrier can act as attenuator or as amplifier on the vibration.
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But this study was made in order to observe if the width barrier has an influence over the
vibrations.

In figure 6.18 and 6.19 the IL for the active, respectively passive setup tests is presented,
with variation in the width dimension.
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Figure 6.18: Active mitigation with width variation
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Figure 6.19: Passive mitigation with width variation
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It can be seen from Figure 6.18 that in the active mitigation setup the barrier width has
an effect on the vibrations. Better mitigation occurs by increasing the width of the trench.
At the same time this trend is also present for the frequencies where the vibrations are

amplified.

Furthermore, from Figure 6.19 it can be observed that a wider barrier does not produce a

better screening effect for the passive-case setup.

Even though the width of the barrier has an effect on the vibrations in the active-case setup,
this effect is small, so in conclusion the width is not so important when the vibration
mitigation problem is the concern. In contrast to this previous studies have shown the

depth is of great importance especially for the Rayleigh waves.
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Conclusion

In the present project the influence of masses placed on the ground or embedded in the soil,
together with a study regarding the trench-width influence, was studied. The analyses were
performed in the frequency range of 0 to 200 Hz on a small-scale laboratory experiment as

well as on similar numerical models.

The design of the experiment represented a challenging exercise for this research and it
consisted in scaling the real in situ conditions of vibrations to a small-scale laboratory
model. The model design started with a study on the vibration frequencies and wavelengths
in real soil together with setting up the rules for the design of the model. Based on this
the geometry dimensions and suitable materials were found. Extensive problems occurred
while testing the dry foam, resulting in unstable results. The problem was solved by
saturating the foam with water, thus increasing the mass and in the same time the inertia,
stabilizing the results. In the future it is recommended to start from the beginning with a
material characterized by more inertia. Another time-consuming process represented the
determination of the correct material properties since they were unknown. To solve this,
a method using both numerical and experimental results was implemented from which
suitable results were obtained. It has been observed as well that an important factor that
has an impact on the results was maintaining constant conditions regarding the water
saturation level in the mattress and necessary measures were taken to in order to avoid

water evaporation.

With the material properties determined and stable, the next step consisted of test plan-
ning. This resulted in a modular grid with a clear configuration which could be used both
for one and two-layer models. For the various configurations, frequency-response functions
(FRFs) were recorded using accelerometers to measure the accelerations in the vertical di-
rection on the source respectively on the receiver footing, by exciting the source foundation

with an impulse hammer.

A second approach of the problem involved using the commercial software Abaqus CAE and
developing numerical models with the same characteristics as the small-scale laboratory
experiment. In this part, a first challenge was to match the boundary conditions but an
even more difficult problem was the calibration of the model by means of stiffness and
damping. The Rayleigh damping model was used for the models and the coefficients o and

B were determined iteratively. This damping model was found to be an adequate choice
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since it gives the user the means of tuning damping separately to low and high frequencies
by adjusting the coefficients. Another special characteristic of the numerical model was
selecting the hybrid formulation for its elements. This option allowed a calibration of the

Poisson’s ratio value close to 0.5 and still returning accurate results.

Single-layer foam

The one layer experimental setup results proved that the presence of the masses positioned
on the ground surface has an influence on the receiving response. It was discovered that
by using a S1 and S2 configuration beneficial results were obtained in the frequency range
between 30 to 40 Hz and 70 to 100 Hz with an IL of 8dB. On the other hand, using
configurations S3 and 54, an important negative influence of —10dB was observed, which
increased the response significantly. When positioning between the source and receiver
multiple masses (D14 and Q setups) positive effects were as well recorded. For the D14
configuration a peak of 7dB was observed at frequencies between 30 to 40 Hz and 70 to 100
Hz. However the periodic placing of the masses, test configuration Q, provided the highest
positive IL with values of 12dB at 45Hz. A similar pattern is observed when increasing
the added mass to double for the single-slot test configurations. The numerical model
of this experiment did not match perfectly the laboratory results but in some frequency
ranges the two approaches present a good correlation. Similar with the experimental
results, configurations S1 and S2 performs well compared with S3 and S4 test layouts, with
the observation that for the Abaqus models the magnitudes of IL was higher. Again the

periodic configuration QQ returned the highest positive result in terms of IL.

Two-layers foam

The two-layers experimental setup, in contradiction to its one-layer equivalent, could not
be matched with the numerical model. This was caused mainly by the inaccuracy of the
boundary conditions and the lack of contact between the two layers of foam in the small
scaled laboratory experiment. In future tests this should be avoided by using a thicker

foam layer instead of an assembly of two separate pieces.

The results of the experimental analysis using embedded masses between the two layers
of foam were more significantly lower compared with the masses placed on the surface.
However an interesting discovery was that by introducing multiple masses (D14 and Q)
mitigation influence was observed at higher frequencies (75 and 125 Hz). The results
provided by the numerical analysis are in a strong contradiction with the experimental

results, actually presenting more similarities with the results from the single layer.

Taking into consideration that the results from the experimental analysis showed little
influence of the embedded masses, it can be concluded that the solution of burring masses

into the ground does not result in reduction of vibrations. However, this result is meaningful
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for real situations where the influence of vibrations has to be evaluated for existing buildings
surrounded by buried elements of o0ld constructions such as foundations or tanks. With the
results above in mind, a numerical model designed to predict the effects of the vibrations

on a studied building the focus of the model should not be on the buried masses.

Barrier width influence

The influence of the barrier width on vibration screening was studied in the end of the

experimental work using both active and passive configurations.

For the active configuration it was discovered that the increased width has an influence
on the response, while for the passive configuration insignificant influence was observed.
Therefore it can be concluded if mitigation measures are taken by positioning an active

barrier, then the width is one of the important parameters.

Conclusion

In the present project the effects of placing masses on or in the ground were observed. The
overall influence on the response was around 10 dB for setups where masses were placed on
the surface, and approximately 4 dB for setups where the plates were buried in the ground.
Judging that the experiments presented uncertainties of around 3 dB, the influence on the
receiver response, for the embedded mass cases, is low. From the configurations with the
masses placed on the surface it was observed that the periodic setup yields a significant
influence on the response of around 15dB. Hence this configuration could be used for
real projects to mitigate vibrations at a relative low frequencies, while the vertical barriers
seem to perform better for higher frequencies. The distance and the masses of the inserted
blocks can be approximated by use of the numerical model. This solution allows a further

tuning directly on the site by adjusting the blocks’s position.

It was also discovered that even though it was possible to calibrate the numerical model of
the no mitigation test setup with its experimental equivalent, for the other configurations
the numerical results presented significant deviations. Therefore, in the future the reliabil-
ity of a prediction given by a numerical model has to be tested before is validated for use.
It also has to be mentioned that for real case conditions a numerical model is expected to
perform better since the numerous boundary conditions and contact problems introduced

by the experimental model would not be present.
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Appendix

Additional wave theory description

A.1 Derivation of the body wave velocities

The P-wave and S-wave are also called body or volume waves because they propagate
through the entire volume of the soil. In the following, the velocities of these waves are

expressed with the use of the Navier’s equations.
A.1.1 Body waves

P-waves

In the absence of the body forces, Equation 2.2 becomes:

0?u; 0?u; 0u;
A ! L= = Al
A1) grow; T Fanon, P o (A1)
By taking the divergence of Equation A.1 yields
o3 o3 03
At ) gt ik L (A2)

D00z, | owromon L oloxy,

If the particle motion of the wave is dilatational the Equation A.2 can be expressed as
function of the dilation A

2 2 2 2
0°A 0°A 8A:18A (A.3)

A2 dm: = P8 e B P

Finally the wave velocity reads
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ep= |22 (A4)
p

The above equations represent the wave equations in three dimensions. In this case cp

stands for the wave phase velocity associated with the P-wave.

S-waves

In contrast with the P-waves, S-waves are rotational. Extracting the rotation from Equa-

tion A.1 results the following three equations:

83ui 83uk 83uk

y — e A
02,0207, M om0z, Pk tox, (A45)

(A + p)gijk

Here €;; is the permutation symbol with 3 possible values 1, -1 or 0. The fraction of the
first term is symmetric in the indices j and k while ¢;; is antisymmetric. Therefore the

first term of the equation cancels out and the equation becomes

d%w; 1 92w m
a$ia$]‘ N % o2’ €= \/; (A6)

The above equation is the three dimensional wave equation and the cg represents the
wave phase speed and w; = w;(z,t) is the rotation of the displacement field which has the

formulation

1 8uk 1 1 8’11,, auj
Ze — Zeo Wi Wi, = = — ) A.
o Fidk ox;j o Siik ki) KA (axj (“)%‘) (A1)

w; =

Where W;; = Wj;(x,t) is the infinitesimal rotation tensor. Due to the fact that the in-

finitesimal strain is symmetric and the rotation tensor is anti-symmetric

8ui
% =¢&i + Wij. (AS)

Interpreting the above equation it is deduced that the total displacement is composed by a



dilatational part corresponding to the P-waves and a rotational part corresponding to the

S-wave. The particle motions generated by these displacements can be seen in Figure A.1.

Particle motion
4 +—p

—® cprp
Particle
mofion
—P csTs

Figure A.1: P-waves, S-waves particle motion(L.A-2006).






Appendix

Wave propagation-mathematical

verification

B.1 Verification of Abaqus for wave propagation

In this section more details regarding the two models created both in MATLAB and Abaqus
are presented. In Section 4.3 the results provided by the two models are presented and it
was observed that the results match with small differences produced by the elements used

in the analysis.

The force in the two models has to be harmonically applied in both models. In the MAT-
LAB code the force it is applied in node 1 and its development over time can be seen in

Figure B.1.

Force [N]
AN
—~

t[s]

Figure B.1: Force development over time.

It is observed that the force has an amplitutde varying between [—1,1] over the total time

of 5s. The beam’s deflections can be observed in Figure B.2 over the whole time interval.

—

m

0.2

—_

Deflection

x coordinate [m]

Figure B.2: Deflection of the beam for entire time interval
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The beam dimensions in the Abaqus model are 5x0.1x0.1 m, being a 3D solid model

regarded as a 1D wave propagation problem.

The force is applied at one end of the beam over the whole surface of 0.1 m?. A test has
been made in order to check the differences between applying the force as a pressure or as
a traction. The results confirmed that no influence of the results is made. For the model
it has been used the pressure method of applying the force. It has been applied with a
certain amplitude in order to simulate an harmonic excitation of the beam. The amplitude

was created for a period of 1sec following a sinusoidal behavior, see Figure B.3.

Amplitude

0.0 o >

-0.2 Time [s]

Figure B.3: Force amplitude in Abaqus model.

Beside the initial step in Abaqus, which is created automatically, a dynamic one - implicit
step, has been created with a time period of 5sec and maximum number of increments of
100. This process make the model more expensive regarding the time and the computa-

tional memory, but returns the desired accuracy.

Beside the Courant number when meshing, another criteria is the element type used for
the mesh. For a linear element a minimum of 12 elements per wave length is required while
for a quadratic element type 4 elements are enough. From Equation 4.4 the size of the

element and time step is presented in Table B.1

Element ‘ L. ‘ At
Quadratic | 0.25 0.125
Linear 0.083 | 0.0415

For further calculation and for more accurate results the quadratic elements are preferred.



Appendix

FRFs provided by analyzing the simple

beam

C.1 Experimental results

The FRFs provided in the experimental analysis by the accelerometers 2, 3, 4 and 5 are
presented in Figure C.1, C.2, C.3 and C.4.
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Figure C.1: Frequency response of the beam given by 2nd accelerometer — experimental
analysis.
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Figure C.2: Frequency response of the beam given by 3rd accelerometer — experimental
analysis.
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Figure C.3: Frequency response of the beam given by 4th accelerometer — experimental
analysis.
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Figure C.4: Frequency response of the beam given by 5th accelerometer — experimental

analysis.

C.2 Numerical results

The FRFs provided in the numerical analysis by the accelerometers 2, 3, 4 and 5 are
presented in Figure C.5, C.6, C.7 and C.8.
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Figure C.5: Frequency response of the beam given by 2nd accelerometer — numerical
analysis.
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Figure C.6: Frequency response of the beam given by 3rd accelerometer — numerical
analysis.
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Figure C.7: Frequency response of the beam given by 4th accelerometer — numerical
analysis.
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C.3 Comparing the results

A comparison between the FRFs provided by the numerical and experimental results is
presented Figure C.9, C.10, C.11 and C.12, for accelerometers 2, 3, 4 and 5.
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Figure C.9: FRFs from both experimental and numerical models — accelerometer 2.
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Figure C.10: FRFs from both experimental and numerical models — accelerometer 3.
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Figure C.11: FRFs from both experimental and numerical models — accelerometer 4.
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Figure C.12: FRFs from both experimental and numerical models — accelerometer 5.






Appendix

Electronic appendix

The electronic appendix contains all the MATLAB and Abaqus models used in the project
to analyse the experiment setups. The models are put on a data CD containing all the
necessary files to run the Abaqus program. The CD contains folder for each part of the

project.

Some MATLAB codes are based on Lars Andersen’s provided coding for FEA of vibrations

in infinite bar.
The data CD content:

¢ Experimental data

e Numerical models

Pictures from laboratory

Report
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