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Abstract:  Low frequency vibrations induced by underground railways have attracted increasing attention in recent years. To
obtain the characteristics of low frequency vibrations and the low frequency performance of a floating slab track (FST), low
frequency vibration tests on an FST in an underground laboratory at Beijing Jiaotong University were carried out. The FST and an
unbalanced shaker SBZ30 for dynamic simulation were designed for use in low frequency vibration experiments. Vibration
measurements were performed on the bogie of the unbalanced shaker, the rail, the slab, the tunnel invert, the tunnel wall, the tunnel
apex, and on the ground surface at distances varying from 0 to 80 m from the track. Measurements were also made on several
floors of an adjacent building. Detailed results of low frequency vibration tests were reported. The attenuation of low frequency
vibrations with the distance from the track was presented, as well as the responses of different floors of the building. The ex-
perimental results could be regarded as a reference for developing methods to control low frequency vibrations and for adopting

countermeasures.
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1 Introduction

With the rapid development of urban rail transit
systems, some underground railway lines may pass
through vibration-sensitive zones such as scientific
research facilities, universities, hospitals, and precision
manufacturing factories. For instance, Beijing Metro
Lines 4, 8, 10, and 15 pass through the Physics Labo-
ratory of Beijing University, the National Measure-
ment Laboratory, the China Academy of Space Tech-
nology, and Tsinghua University, respectively, where a
lot of equipment used for scientific research is highly
sensitive to environmental vibrations, in particular,
potential low frequency vibrations of less than 15 Hz,
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which have become a special concern (Liu et al.,
2005b; Liu et al., 2006; Gupta et al., 2008; Ding et al.,
2008b; 2009; 2010).

In-situ measurements are undoubtedly the most
useful data for evaluating vibrations induced by un-
derground railways. The earliest measurements of
metro-induced vibrations were obtained from the
Berlin Metro (Ruker, 1977). Vibration at Baker Street
on the Jubilee Line of the London Underground was
measured (London Transport Office of the Scientific
Adviser, 1982). Measurements were collected from a
running tunnel of the Beijing subway to obtain the
dynamic response at specified points on the tunnel
lining (Pan and Xie, 1990). Ground vibrations in-
duced by underground light rail transit (LRT) opera-
tions were measured to predict low frequency ground
vibration (Wolf, 2003). Vibration measurements in
the running tunnel and on the ground surface were
obtained from the Dongdan-Jianguomen Section of
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Line 1 of the Beijing Metro to obtain the characteris-
tics of vibrations due to metro trains (Liu et al.,
2005a). A number of vibration measurements from
the different track forms used on the bay area rapid
transit (BART) system were obtained (Saurenman
and Phillips, 2006). In-situ vibration measurements
were collected as part of the CONVURT project at a
site in Regent’s Park on the Bakerloo Line of the
London Underground during 35 passages of a test
train at a speed of between 20 and 50 km/h (Degrande
et al., 2006). All these studies concentrated mainly on
practical underground railways in operation.

Various countermeasures were developed to
control the problem of vibrations from underground
trains. A floating slab track (FST) called the mass-
spring system is a typical vibration isolation measure,
which has been applied widely in underground rail-
ways to mitigate vibrations (Wilson et al., 1983;
Nelson, 1996; Cui and Chew, 2000; Zhang and Xu,
2002; Sun et al., 2005; Lombaert et al., 2006; Kuo et
al., 2008). An FST can isolate vibration levels up to
40 dB, and its basic frequency is usually less than
15 Hz. There are two kinds of FSTs depending on the
type of support: rubber bearing and steel spring.
Generally, the basic frequency of a steel spring FST is
lower than that of a rubber bearing FST.

Based on the low basic frequency and effective
isolation performance of FSTs, Beijing Jiaotong
University (BJTU) designed a steel spring FST, and
conducted low frequency vibration tests in the Lab of
Track Vibration Abatement and Control (LTVAC) on
the campus, to attempt to determine the characteris-
tics of the low frequency vibrations and the low fre-
guency performance of the steel spring FST.

The main objective of this paper was to describe
the results of low frequency vibration tests on the
steel spring FST under different supporting condi-
tions. The responses from the track, the tunnel, the
ground surface, and the vicinity of the building were
obtained. A law of low frequency vibration attenua-
tion with distance from the track was presented, and
the low frequency vibrations as a function of the floor
number of the building were outlined.

2 Low frequency vibration tests

Low frequency vibration measurements were
obtained from the tunnel, the ground surface, and the

building sites (Fig. 1). The LTVAC is located in the
southeastern part of the BJTU campus, and is sur-
rounded by the Laboratory of All-optical Network
and Modern Communications Network to the north-
east, a construction zone to the northwest, and the
Tunnel Center Building to the south. The Tunnel
Center Building is a reinforced concrete frame
structure supported by a strip foundation, and it con-
sists of a laboratory and an office building. The part of
the structure close to the LTVAC is a laboratory with
a height of 6 m, and the rest is a four-floor 12-meter-
tall office building.
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Fig. 1 Plan of the measurement sites on the campus of
Beijing Jiaotong University

2.1 Characteristics of the laboratory

The LTVAC has two floors, 1 and 2 (Fig. 2).
Floor 1 is a curved tunnel with a small radius of
12,5 m, embedded in sandy silt to a depth of 6 m
below ground. Floor 2 is an L-type tunnel, inserted in
gravel to a depth of 14 m, a substrate similar to that of
the underground railway in Beijing. Both tunnels
have the same type of upright-wall concrete lining
with a thickness of 0.55 m. The clear width and height
of each tunnel are both 4 m.

2.2 Characteristics of the floating slab track

The FST was mounted on the invert of floor 2 at
a distance of 3.8 m from the tunnel end to the middle
cross section (Fig. 2). It was supported by two rows of
steel springs installed in holes. The stiffness of the
springs was either 6.9x10° or 5.3x10° N/m, and they
were spaced at intervals of 1.2, 1.8 or 2.4 m (Fig. 3).

The length, width, and thickness of the slab were
6, 3.5, and 0.45 m, respectively, and the mass of the
slab Mgjap Was 22680 kg. T-60 rails with a mass per
unit length of 60.64 kg/m were used, and their total
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Control
(a) Plan; (b) A-A cross section. R: radius of tunnel
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Fig. 3 Plan (a) and cross section (b) of floating slab
track

mass M is 728 kg. Rubber rail pads with a stiffness
of 5.0x10" N/m discretely supported the rails at in-
tervals of 0.6 m on the slab.

2.3 Unbalanced shaker SBZ30

To simulate train induced vibrations, an unbal-
anced shaker SBZ30 for dynamic simulation (Fig. 4)
was made, with a total mass Mgaker=18400 kg. It
consisted of a vibration generator and a bogie. The
vibration generator had a static eccentric moment in
the range of 0 to 250 N-m, and the rotation speed of
the eccentric axis was between 0 and 1800 r/min. The
unbalanced shaker could produce harmonic loads
with amplitudes ranging from 0 to 2.5x10° N within
the frequency range between 5 and 30 Hz. The dis-
tance between the two pairs of wheels was 2.2 m,
which was similar to that of a Beijing metro train.
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Fig. 4 Unbalanced shaker SBZ30 used for the dynamic
simulation

2.4 Test cases

According to the stiffness, spacing, and allow-
able deformation of the steel springs, some test cases
were designed (Table 1). Case 1 was regarded as a
non-isolation measure without the springs installed
between the slab and the tunnel invert; Cases 2, 3, 4,
and 5 were considered as the isolation measures.

For Cases 2, 3, 4, and 5, four kinds of steel spring
combinations were used with four kinds of total ef-
fective spring stiffness Kese =6.9%107, 5.3x107,
5.52x10’, and 4.14x10" N/m, respectively. The basic
frequencies of the cases with isolation measures could
be calculated approximately using the formula
fcase_i:[Kcase_i/(Mslab"'Mrail)]ﬂz/(zn)v resulting in fcase_i:
8.65, 7.58, 7.73, and 6.70 Hz, respectively. These
frequencies were slightly different from those of 8.12,
7.12,7.31, and 6.50 Hz calculated using the 3D finite
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element method based on the theory of multiple-
degree-of-freedom systems (Ding et al., 2008a). If the
unbalanced shaker SBZ30 was considered to con-
tribute to the vibration of the track, the basic fre-
guencies would be changed by the formula
fease i=[Kease il (MsiabtMrai+ Mshaker) ] vy (2m), resulting
in feae =6.47, 5.67, 5.79, 5.01 Hz. The basic fre-
quency in Case 3 was similar to that of Case 4;
however, the spacing and allowable deformation of
steel springs were different between Case 3 and
Case 4. For all cases, the effect of differences between
the non-isolation and isolation measures on the dy-
namic characteristics of the FST could be compared,
as well as the influence of different sizes of stiffness
and spacing of the steel springs.

For all cases, harmonic excitation forces
(1.1x10% 1.46x10% 1.99x10% 2.59x10* 3.28x10%
4.05x10%, 4.90x10%, 5.83x10", 6.84x10", 7.94x10",
9.11x10*, 1.0x10° N) produced by the unbalanced
shaker SBZ30 between 5.2 and 16 Hz (5.2, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16 Hz) were adopted, based on
the research objective and the work requirement of
the unbalanced shaker. The maximum force Fp., was
1.0x10° N, and therefore the corresponding maximum
deformation of the steel springs could be obtained by
Dcase_i=[(Mslab+MraiI+Mshaker)g+Fmax]/Kcase_i' feSU|ting
in Dease i=7.4, 9.6, 9.2, 12.3 mm, which indicated that
the deformations of the steel springs were within the
allowable range (Table 1).

Table 1 Test cases

1 Stiffness _r Dai » Spring
No. (x10%, N/m) Spacing (mm) " location™
1 Non-isolation
2 6.9 1.2 mx4 15 10
3 5.3 1.2 mx4 10 10
4 6.9 18,18,12m 15 8
5 6.9 2.4 mx2 15 6

! Case number; ? Spring number; * Spacings are vertically symmet-
rical distributed, and only a half has been presented, i.e., 1.2 mx4
means four spacings of 1.2 m each between every two springs in the
upper half; ™ Sketch of spring location (black filled circle); Dy
allowable deformation

2.5 Experimental setup

Avright-handed Cartesian frame of reference was
defined with the origin at the tunnel invert on the
middle cross section, the x-axis perpendicular to the

tunnel centerline, the longitudinal y-axis in the direc-
tion of the tunnel centerline, and the z-axis pointing
upwards. Vertical accelerations in the tunnel were
measured at six different points, T1, T2, T3, T4, T5,
and T6, in the y=0 plane (Fig. 5a). As shown in
Figs. 5b-5g, six Lance accelerometers were glued to
the bogie, rail, slab, tunnel invert, tunnel wall, and
tunnel apex, respectively. The sensitivity of each
accelerometer was 250 m-V/g in the frequency range
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Fig. 5 Measurement setup in the tunnel
(a) Cross section of measurement points; (b) T1 on the bogie;
(c) T2 on the rail; (d) T3 on the slab; (e) T4 on the tunnel
invert; (f) T5 on the tunnel wall; (g) T6 on the tunnel apex
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between 0.35 and 6000 Hz, and its measurement
range was 20 g. The vibration signals were recorded
using Wavebook 516E data acquisition with 8 chan-
nels at a sampling rate of 512 Hz.

Vertical and horizontal (in the y-direction) ac-
celerations were measured at five points, S1, S2, S3,
S4, and S5, located on the ground surface (Fig. 6a).
Ten Lance accelerometers with a high sensitivity of
40 VI/g in the frequency range between 0.2 and
600 Hz and a measurement range of 0.125 g were
placed at horizontal distances of 0, 20, 40, 60, and
80 m from the middle cross section. At each point,
two accelerometers were mounted on a rectangle steel
saddle (Fig. 6b). A FOCUS Il dynamic data acquisi-
tion analysis apparatus with 8 channels was used to
record the vibration signals at a sampling frequency
of 512 Hz.

@

i L

XA p
Sby,z (80 miStly,z (60 ml S3y,z (40 rnl S2y,z (20 m
. . y erlime
Road Sly,z(0m) —

Middle cross section

)
_ . 20.05.2607

Fig. 6 Measurement setup on the ground surface
(@) Plan of measurement points; (b) Accelerometers
mounted on a rectangular steel saddle

Fig. 7 shows the location of the measurement
points B1, B2, B3, and B4 in the Tunnel Center
Building and accelerometers placed on the first floor.
On each floor, vertical and horizontal (in the x-
direction) accelerations were measured in the corridor
at a horizontal distance of 23 m from the tunnel cen-
terline in the y=0 plane. The same accelerometers and
data acquisition analysis apparatus were used as on
the ground surface.
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Fig. 7 Measurement setup in the building
(a) Plan of measurement points; (b) Cross section of meas-
urement points; (c) Accelerometers placed on the 1st floor

3 Analysis of test data
3.1 Data processing

The magnitude of excitation forces varied from
1.1x10* to 1.0x10° N in the frequency range between
5.2 and 16 Hz. To obtain comparable results, the as-
sumption that excitation force varied directly with
vibration acceleration was used in data processing,
based on the small deformation of elasticity theory.
Therefore, the recorded accelerations could be nor-
malized into unit-force accelerations. Note that the unit
force was equal to 1.0x10° N. In the following data
analysis, the normalized accelerations were adopted.
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The vibration acceleration level (VAL, dB), vi-
bration transfer loss (VTL, dB), insertion loss (IL,
dB) and transmission coefficient (TC) are expressed
as follows:

VAL =20lg(a/ a,), Q
VTL=VAL, -VAL,, )
IL = 20 Ig(auniso / aiso)’ (3)

1 o= _
) ﬁjle(t)exp(—jant) v

Tc=2 _
ST x@exp(-jentty XD
2w

(4)

where a is the root mean square (RMS) of vibration
acceleration, and a,=10"° m/s? is the reference vibra-
tion acceleration; subscripts ‘i’ and ‘k’ refer to dif-
ferent positions, while “uniso’ and ‘iso’ refer to the
non-isolation and isolation measures, respectively;
X(t) and Y(t) are the input and output respectively of
the vibration system, X(f) and Y(f) are the input and
output Fourier transformations respectively of the
vibration system, t is the time, and f is the frequency.

3.2 Responses of the track and the tunnel

In the following analysis of vibration responses
from different cases, Case 3 is omitted, because the
response was almost the same as that of Case 4.

Fig. 8 summarizes the vertical VALSs at different
positions in the tunnel in different cases. In every
case, the trends at different positions were similar. In
Case 1, the vertical VAL reached a maximum at
around 12 Hz, which can be explained by the reso-
nance of the unbalanced shaker SBZ30. There was a
marked peak at about 7 Hz in Case 2, and peaks oc-
curred around 6 Hz in Cases 4 and 5, explained by the
resonance of the whole system including the FST and
the unbalanced shaker SBZ30. It can be clearly seen
that the resonance frequency shifted from 12 to 6 or
7 Hz with the installation of steel springs. Note that
the resonance frequencies seem somewhat different
from the basic frequencies in Section 2.4, because the
interfaces between the FST and the unbalanced
shaker were not rigid during the vibration tests.

The vertical VALSs on the bogie (T1), rail (T2),
and slab (T3) were obviously larger than those on the
tunnel invert (T4), tunnel wall (T5), and tunnel
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Fig. 8 Vertical vibration acceleration levels (VALS) at
different positions in the tunnel in different cases
(a) Case 1; (b) Case 2; (c) Case 4; (d) Case 5
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apex (T6). The VTL from the slab to the tunnel invert
attenuated in the range between 29.7 and 46.2 dB,
according to the statistic of the vertical VALs at dif-
ferent positions in different cases. The maxima of the
VTL from the slab to the tunnel invert in Cases 2, 4,
and 5 were 42.4, 44.2, and 46.2 dB respectively,
which shows that the smaller was the total effective
spring stiffness, the greater was the VTL in the fre-
guency range from 5 to 16 Hz.

Fig. 9 illustrates the vertical IL values on the
tunnel invert (T4) and the tunnel apex (T6). Above
9 Hz, the vertical IL values were positive, which
shows that vibrations can be attenuated by means of
the FST. Vibration isolation efficiency in Case 2 was
not as good as those in Cases 4 and 5, because the
total effective spring stiffness was greater in Case 2;
and the maximum of the vertical IL values was about
25 dB at around 12 Hz. At around the resonance fre-
guencies in Cases 2, 4, and 5, the vertical IL values
were negative, which indicates that vibrations can be
amplified by using the FST.

Fig. 10 gives the vertical TCs from the slab to the
tunnel invert and the tunnel apex. The vertical TC
values in Case 1 were obviously the highest of all the
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Fig. 9 Vertical insertion loss (IL) values at the tunnel
invert T4 (a) and apex T6 (b)

cases, and they became smaller and invariable in
Cases 2, 4, and 5. The values varied moderately be-
tween frequencies of 5 and 16 Hz in all cases with
isolation measures. For Case 1, the vertical TC values
from the slab to the tunnel invert and the tunnel apex
ranged between 0.012 and 0.028, while for Cases 2, 4,
and 5, they ranged between 0 and 0.01.

3.3 Response on the ground surface

Fig. 11 shows the vertical and horizontal VALs
at S1, S2, S3, S4, and S5 on the ground surface for
different cases. Generally, the vertical response
tended to be greater than the horizontal response; the
maxima of the vertical and horizontal responses in
Cases 1, 2, 4, and 5 appeared at about 12, 7, 6, and
6 Hz respectively. Due to the installation of steel
springs, the vertical and horizontal responses on the
ground surface declined markedly at frequencies
above 9 Hz. In general, at frequencies greater than
7 Hz, Case 2 showed the greatest vertical response on
the ground surface due to the installation of steel
springs, and Case 5 the smallest; however, the varia-
tion in the horizontal responses due to the springs
showed a different pattern at each position.
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Fig. 10 Vertical transmission coefficients (TCs) from the
slab to the tunnel invert T4 (a) and apex T6 (b)
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An important question is how the horizontal distance at frequencies above 10 Hz; the horizontal
distance affects the variation in VALs. Fig. 12 shows  component showed comparatively large variation
the vertical and horizontal VALSs as a function of the  within 40 m, and there was an amplification zone at
horizontal distance from the track at different fre- around 20 m. For Cases 2, 4, and 5, the vertical com-
guencies in different cases. For Case 1, the vertical  ponent attenuated with distance overall; the horizontal
component changed moderately with distance at component undulated with distance, and in general,
frequencies below 10 Hz, but reduced slightly with  there was also an amplification zone at about 20 m.
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Fig. 12 Vertical (left) and horizontal (right) vibration acceleration levels (VALS) as a function of the distance from the
track at different frequencies in different cases
(a) Case 1; (b) Case 2; (c) Case 4; (d) Case 5
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Fig. 13 shows the vertical and horizontal IL
values at S1, S3, and S5 on the ground surface. At
frequencies greater than 9 Hz, the vertical and hori-
zontal responses were both positive, which shows that
vibrations can be attenuated by using the FST. Vi-
bration isolation efficiency reached up to 30 dB in the
vertical direction and 25 dB in the horizontal direc-
tion. For the vertical response, above 9 Hz, vibration
isolation performance in Case 5 was better than those
in Cases 2 and 4 at distances between 0 and 80 m. For
the horizontal response, above 9 Hz, vibration isola-
tion efficiency in Case 2 was the best at 0 m, but
decreased at 40 and 80 m; at 80 m, vibration isolation
efficiency in Case 5 was worse than those of other
cases, which shows that the reduction in the total ef-
fective spring stiffness was of no avail in attenuating
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low frequency vibrations in the horizontal direction in
the far field.

How do the soil layers attenuate low frequency
vibrations? Vibrations on the tunnel invert were con-
sidered as an input, and the responses on the ground
surface at different horizontal distances were re-
garded as some outputs. The vertical TCs from the
tunnel invert to the ground surface were obtained in
all cases, and were then averaged. Fig. 14 sums up the
vertical TCs from the tunnel invert to the ground
surface. With increasing distance, in general, the TCs
decreased. The TC values from the tunnel invert to the
ground surface ranged between 0 and 0.5. The TC
values reduced slightly with the frequency, indicating
that the soil layers could not easily dissipate low
frequency vibrations.
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Fig. 13 Vertical (left) and horizontal (right) insertion loss (IL) values at different positions
(a) S1; (b) S3; (c) S5
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Fig. 14 Vertical transmission coefficients (TCs) from the
tunnel invert to the ground surface

The low frequency vibration responses on the
ground surface are dependent chiefly on the geologic
characteristics of the soil surrounding the LTVAC.
The stratigraphic section of the test site shows that
there are seven main layers from top to bottom: fill
material, fine sand, sandy silt, silty clay, gravel, silty
clay, and gravel (Fig. 2), which is regarded as a
typical stratum in Beijing. Therefore, low frequency
vibration characteristics on the ground surface at the
LTVAC can be applied to describe approximately the
vibrations in other parts of Beijing.

3.4 Response in the building

Fig. 15 shows the vertical and horizontal VALs
on different floors of the building in different cases.
Generally, the horizontal response was greater than
the vertical response, which is a different result from
that on the ground surface. For the vertical response,
the trends of VVALs on different floors were the same
for each case, and the VALs on all floors approxi-
mated each other. For the horizontal response, the
VALs changed markedly with the frequency: below
9 Hz, the VALs on the 4th floor were the highest,
while between 10 and 15 Hz they were the lowest.

Fig. 16 shows the vertical and horizontal VALs
as a function of the floor number. In general, the ver-
tical component varied moderately with the floor
number and approximated on each floor. The hori-
zontal component markedly increased with the floor
number at frequencies below 10 Hz, and decreased at
frequencies above 10 Hz.

Fig. 17 illustrates the vertical and horizontal IL
values on the 2nd (B2) and 4th (B4) floors. Generally,
vibrations in Cases 2, 4, and 5 could be attenuated at
frequencies above 9 Hz, compared with those in

Case 1. However, they were amplified at around the
natural frequencies of the FSTs. The maxima of ver-
tical and horizontal responses were about 30 and
25 dB, respectively. As can be seen from the vertical
and horizontal responses, above 9 Hz, vibration iso-
lation efficiency in Case 2 was lower than those in the
other cases.

The characteristics described above of low fre-
quency vibrations in the building are dependent
mainly on the construction of the Tunnel Center
Building. The experimental results in this study can
be used as a reference for predicting the vibrations of
similar buildings. If a building had a different struc-
ture (foundation type, structure type, floor numbers,
etc.), the vibration characteristics would change;
therefore, it would be worth studying the low fre-
quency vibrations in different buildings.

4 Conclusions

This paper summarizes important observations
of low frequency vibration measurements performed
in the Lab of Track Vibration Abatement and Control
on the campus of Beijing Jiaotong University. The
following conclusions can be drawn from the present
analysis.

1. The basic frequencies of the floating slab track
(FST) used in the tests were in the range between 6
and 7 Hz. When the spacing of steel springs was
constant and their stiffness was reduced, or when the
stiffness of steel springs was constant and the spacing
of steel springs was lengthened, the basic frequency
decreased.

2. The low frequency vibration transfer losses
(VTLs) from the slab to the tunnel invert ranged be-
tween 29.7 and 46.2 dB. The greater was the total
effective spring stiffness, the smaller was the VTL.

3. The low frequency vibration isolation effi-
ciencies of the FST reached up to 30 dB. The maxima
of vertical insertion loss (IL) in the tunnel, on the
ground surface, and in the building were about 25, 30,
and 30 dB, respectively. The maxima of horizontal IL
on the ground surface and in the building were both
25 dB. At frequencies above 9 Hz, the low frequency
vibrations were attenuated by the FST, while below
9 Hz, vibrations were amplified, especially, around
the basic frequency.
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4. The transmission coefficients (TCs) could be
greatly reduced by the FST. The TCs from the slab to
the tunnel without isolation measures ranged between
0.012 and 0.028. However, with the FST they ranged
between 0 and 0.01.

5. The TCs of the soil at the test sites ranged
between 0 and 0.5, and were slightly reduced with the
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low frequency, indicating that the soil could not easily
dissipate low frequency vibrations.

6. In the tests, the vertical low frequency vibra-
tions played a leading role on the ground surface,
compared with the horizontal ones. The vertical low
frequency vibrations attenuated with the horizontal
distance to the track; the horizontal low frequency
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Fig. 15 Vertical (left) and horizontal (right) vibration acceleration levels (VALS) on different floors in different cases
(a) Case 1; (b) Case 2; (c) Case 4; (d) Case 5
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vibrations undulated with the distance and became
amplified within 40 m of the track. There was an
amplification zone at around 20 m.

7. In the tests, the horizontal low frequency vi-
brations played a primary role in the vicinity of the
building, rather than the vertical vibrations. The

vertical low frequency vibrations varied moderately
with the floor number and approximated on each
floor; the horizontal low frequency vibrations
markedly increased with the floor number at fre-
quencies below 10 Hz, but decreased at frequencies
above 10 Hz.
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