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GROUND VIBRATION DURING GRAVEL PILE
CONSTRUCTION

Jn-Hung Hwang* and Tung-Yueh Tu**

Key words: Ground vibration, gravel pile, attenuation, spectral analysis.

ABSTRACT

This investigation performs a field measurement of ground vi-
bration due to gravel pile construction at a hydraulic-filled reclama-
tion land. The ground vibrations were characterized by wave form,
Fourier spectrum and response spectrum. The attenuation relation
between both peak ground velocity and accel eration with distance was
also derived from the measured data. An empirical method for
evaluating the safe construction distance to adjacent building struc-
tures was presented based on the attenuation relation and a building
vibration criterion. Vibration response spectra were also suggested
for use with the spectral analysis method to determine more accu-
rately the safe construction distance.

INTRODUCTION

Ground vibrations due to construction operations
become a major concern when influencing surrounding
structures. Since the need for environmental protection
has increased over recent years, the impact of construc-
tion vibrations on the surrounding environment has
attracted much attention from the field of
geoenvironmental engineering. During the last century,
much research was devoted to the ground vibrations
induced by various geotechnical constructions. Most
research [1-4] focused on ground vibrations due to pile
driving. Some research considered construction vibra-
tions due to dynamic compaction [5, 6] and sheet-piling
operations [7, 8]. Gravel pile construction is a vibro-
compaction method for improving deep, soft ground. In
Taiwan, vibro-compaction with a gravel pile was first
introduced to improve ground at the Kaoshing Lin-
Yuan Industrial Park in the early 1980s. In the 1990s,
the construction of Taiwan Plastic Miliao Industrial
Park saw much ground improvement work that used the
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method. The gravel pile is increasingly popular for
ground improvement, and so the effect of resulting
ground vibrations on the surrounding environment must
be thoroughly understood. A review of the literature
revealsthat little relevant information is available. This
study involves the field measurement of ground vibra-
tion due to gravel pile construction at a hydraulic-filled
reclamation site. This paper summarizes site condition
and geology, vibration measurement, data analysis, sug-
gested methods to determine the safe construction
distance.

TEST SITE AND GEOLOGICAL CONDITIONS

The test site is located at one of the industrial
plants of Taichung Harbor. Figure 1 shows the layout of
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Fig. 1. Thelayout of the plant and the alignment of velocity sensorsin the
test site.
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the plant and the line along which the vibration sensors
were installed. Figure 2 shows the geological profile
and shear wave velocity along the line. The topography
of the test site is flat with ground surface elevations
between +7.30 m and +7.50 m. The soil consists mainly
of a deep-thick layer of gray silty fine sand, occa-
sionally interbedded with a layer of silty clay several
tens of centimeters thick. A gravelly soil with athick-
ness of 60 cm-120 cm was back filled on the ground
surface. The shear wave velocity varied between 120
and 300 m/sec from the ground surface to a depth of
15 m below the surface.

CONSTRUCTION OF GRAVEL PILE

The construction of a gravel pile on the test site
used a modified machine with a specially designed
bottom feeder. Figure 3 schematically shows the con-
struction sequences. During construction, the vibrator
first generates a lateral vibratory force to liquefy the
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Fig. 2. The geological profile and shear wave velocity along the line of
measurement.
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Fig. 3. The construction sequences of gravel pile with a bottom feeder
design.

saturated sandy soils and then penetrates down to the
design depth under its self-weight and external hydrau-
lic pressure or compressed air pressure. When the
vibrator is pulled up by around 0.5-1.0 m, the gravel
material is poured into a vertical transport pipe using a
lifting bucket which raises the gravel on the ground to a
hopper mounted on the top of pipe. The gravel then goes
through the pipe, and the space between the vibrator and
the bottom of the construction hole isfilled with gravel.
When the spaceis completely filled, the vibrator squeezes
the surrounding ground downward and laterally so as to
form a compact gravel pile. The vibrator is pulled up
when the vibratory compaction pressure reaches a lim-
iting value or the vibro-compaction time reaches 2
minutes. The gravel pile is completed by repeating the
above steps of pulling up the vibrator, feeding the gravel
and squeezing the surrounding soil between the design
depth to the ground surface.

The vibrator used in this study is a German Keller
S20120 vibrator, illustrated in Fig. 4. The operating
frequency of the vibrator is 30 Hz. The vibratory
amplitude is 17 mm and the centrifugal force is 206 kN.
The vibrator is driven by an electric motor at an operat-
ing frequency of 60 Hz, a rotation speed of 1775 rpm
and apower of 120 kW. The gravel pileis20 m long and
has a diameter of 100 cm. The pile’s center to center
spacing is 2.5 m.

VIBRATION MEASUREMENT

Ground vibration was measured during the con-
struction of afull length gravel pile. Figure 5 presents
the profile of the measurement. Six stations were
installed along the line of measurement. Every station
had two velocity sensors, one of which measures verti-
cal velocity and the other measures radial velocity. The
closest station was 5 m distant from the center of gravel
pile and the farthest one was 80 m from the center of the
pile. The measurement was performed as follows.

1. The background vibration was recorded before the
machine was turned on.

2. The background vibration was recorded as the vibra-
tor and rotating rod were started.

3. The vibration during a construction cycle including
feeding, compacting and squeezing, was recorded at
intervals of 1-2 m from a depth of 20 m to the ground
surface.

Table 1 shows the entire measurement sequence.
The recording time was one minute for every event, long
enough to cover a whole construction cycle.

The equipment for measuring ground vibration
included velocity sensors, connectable 50 m long elec-
tric cables, and arecording and storing system. A force
balanced type V SE-15D velocity sensor, manufactured
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by Tokyo Dynamic Test Company, was used. The
frequency range of the sensor is 0.1-70 Hz. The mea-
surement ranges of velocity and acceleration are +10
kine (cm/sec) and +2000 gal (cm/sec?) respectively.
The sensitivities of the velocity and acceleration sen-
sors were 1 V/kine (Volt/kine) and 5 mV/gal (micro
Volt/gal), and the resolutions were 100 pkine for veloc-
ity and 300 pgal for acceleration. The recording, stor-
ing and data processing system was a SPC-35F system,
with eight channel datalogging and an amplifier system
connected to a PC-98 notebook computer for storing
and processing data. The resolution of the A/D inter-
face was 16 bits and the sampling rate reached a maxi-
mum of 1000 Hz.
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Fig. 4. Thesize of vibrator (German Keller S20120 type).

DATA ANALYSIS
1. Typical Vibration Wave Form

Figures 6 and 7 show the recorded radial and
vertical velocity-time histories, respectively, at various

Table1l. Recording sequence of construction vibration for
gravel pile

record number Construction Stage

Bl back ground vibration (before machine
is turned on)
B2 back ground vibration (machine is
warming)
B3&D back ground vibration (vibrator and
pushing rod starting operation)
PO11 initial feeding + compacting +
squeezing at depth = 20 m
PO12 start squeezing at depth = 20 m
P02 start squeezing at depth = 18.84 m
P03 start squeezing at depth = 16.96 m
P04 start squeezing at depth = 15.58 m
P05 start squeezing at depth = 13.94 m
P06 start squeezing at depth = 12.44 m
PO7 start squeezing at depth = 10.70 m
P08 start squeezing at depth = 9.26 m
P09 start squeezing at depth = 7.69 m
P10 start squeezing at depth = 6.12 m
P11 start squeezing at depth = 4.61 m
P12 start squeezing at depth = 2.98 m
P13 start squeezing at depth = 1.43 m
P14 start squeezing at depth = 0 m
jz:

LI

=3

Depth (m)

Fig.
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5. The profile layout of vibration measurement.
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Fig. 6. Theradia velocity historiesat different distanceswhen start squeez-
ing at adepth of 2.98 m.

distances from the vibration source, when the vibrator
began squeezing at a depth of 2.98 m. The squeezing
wave form propagates from near to far and the vibration
amplitude quickly attenuates with distance. Figures 8
and 9 respectively show the recorded radial and vertical
velocity-time histories at 5 m distance from the vibra-
tion source, when the vibrator squeezed the surrounding
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Fig. 7. The vertical velocity histories at different distances when start
sgueezing at a depth of 2.98 m.

soils from shallow to deep. Although the periods of
pulling and squeezing can be clearly identified from the
velocity time history, the time histories at different
squeezing depths showed no relationship, perhaps due
to the uncertainties in the operational details of the
vibrator and in the local soil conditions.

Figure 10 displays the paths of particle in vertical
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Fig. 8. Theradia velocity histories at 5 m distance to vibration source for
different squeezing depths.

and horizontal planes, over various periods of vibration
records, at distances of 5 m and 30 m, when the vibrator
began squeezing at a depth of 2.98 m. The paths of soil
particle motions look like ellipses rotating in counter-
clockwise direction. The ellipse for near distance (5 m)
is regular one, while the ellipse for far distance (30 m)
is an oblique one. Similar observations were made at
other squeezing depths.

2. Fourier Spectrum

Fourier transforming a velocity-time history over
a complete operational cycle of pulling and squeezing
yields an amplitude Fourier spectrum which represents
the energy distribution of vibrational motion in a fre-
guency domain. Figure 11 shows the Fourier amplitude
spectrain radial and vertical directions at various dif-
ferent distances to the center of the vibration source
when the squeezing depth is 18.84 m. The peak ampli-
tudes were observed to be centered on two narrow
frequency bands, one from 30 to 35 Hz and the other
from 60 to 70 Hz. The corresponding peak amplitudes

vertical direction

vertical direction

depth=10.70m

"¢ 10 20 30 40 50 60
Time(sec) Time(sec)
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Fig. 9. Thevertical velocity historiesat 5 m distanceto vibration source for
different squeezing depths.

attenuate quickly with distance.

The same observation was also found for the other
squeezing depths. Figures 12(a) and 12(b) are the radial
and vertical Fourier amplitude spectra at 5 m from the
vibration source for different squeezing depths. The
peak amplitudes were also found to be centered on two
narrow frequency bands. At a deeper squeezing depth,
the two narrow bands were 30 to 35 Hz and 60 to 70 Hz.
The narrow band gradually shifts to lower frequencies
as the squeezing depth decreases; for example, the two
narrow bands are 20 to 40 Hz and 50 to 60 Hz for a
squeezing depth of 2.98 m. Many high frequency (>70
Hz) signals were observed in the Fourier spectra, espe-
cially at a shallow squeezing, perhaps due to some other
noise from unknown surface vibration sources.

For deep squeezing, the radial Fourier amplitude
seems to exceed the vertical Fourier amplitude in the
first narrow band but the amplitudes are roughly the
same in the second narrow band. For shallow sgueezing
depths, the Fourier amplitudes in the different direc-
tions do not significantly differ for the two bands.

The operating frequency of the vibrator was 30Hz
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and the rotating frequency of the electric motor was
60 Hz. Since these two frequencies are close to the
above narrow bands of ground vibration, the predomi-
nant vibration frequencies can be concluded to have
been controlled by the operating frequencies of the
construction machine. The spreading of the two operat-
ing frequencies to the two corresponding narrow bands
may be caused by the vibrational interaction between
the ground and the construction machine, or by the wave
propagation effect through the non-linear viscous soil
medium.

3. Response Spectra

Figures 13(a) and 13(b) are the normalized re-
sponse spectra in radial and vertical directions, at vary-
ing distances from the center of the gravel pile. Spectral
shapes were found to be rather similar regardless of
squeezing depth and measuring distance. Theradial and
vertical spectral shapes are also quite similar. The
spectral value of the long period part increases with
distance. No effect of squeezing depth on the spectra
can be observed.
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Fig. 11. Theradia and vertical Fourier spectraat different distances when
start squeezing at a depth of 18.84 m.

Most of the spectral shapes show two peak
responses. The primary peak occurs for the structural
period of 0.031 sec with a normalized spectral value of
6-9. Most of the secondary peaks occur at the structural
period of 0.011 sec with a normalized spectral value of
2-4.5. When the structural period exceeds 0.031 sec, the
spectral value rapidly decays with increasing period.
For near distance spectra, the spectral value isless than
0.1 when the period exceeds 0.1 sec, while for far
distance spectra, the spectral value is less than 0.1 until
the period exceeds 0.3-0.4 sec. Therefore, for struc-
tures with fundamental vibration periods close to
0.011 sec and 0.031 sec, possible damage to adjacent
structures, due the gravel pile construction must be
carefully considered.

4. Attenuation of PGV and PGA with Distance
Figures 14 and 15 show the attenuation relation-

ship between both PGV and PGA with distancein radial
and vertical vibration directions. The relationships
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Fig. 12. (a) Theradial Fourier spectra at 5m distance to vibration source for different squeezing depths; (b) The vertical Fourier spectraat 5 m distance to

vibration source for different squeezing depths.

were determined by choosing the peak amplitudes from
vibration histories at the various distances during
squeezing. The changes in vibration amplitudes and
attenuation rates with distance are similar in both
directions.

SAFE CONSTRUCTION DISTANCE
1. Empirical Method

In engineering practice, determining the safe con-
struction distance to adjacent building structures is
extremely important. Following an extensive review of
various building vibration criteria, a vibration control
criterion for local building structures has already been
suggested by the authors [9]. Table 2 elucidates the
criterion. Based on this criterion and the average plus
one standard deviation PGV attenuation relationships
shown in Fig. 14, the safe construction distance can be

simply and conservatively determined. Figure 16 pre-
sents the procedure for determining the safe construc-
tion distance for a class | building structure. Table 3
shows the safe construction distances for the other
structures, which were obtained in the same way. This
table can serve as a preliminary guide for evaluating the
effect of gravel pile construction on adjacent structures.

2. Spectral Analysis Method

Evaluation by the method presented here is con-
servative because the empirical method does not ac-
count for the vibration frequency characteristics of the
building structure and the ground. A response spectral
analysis method has already been presented by the
authors [10] to determine more accurately the safe
construction distance. Using adesign response spectrum,
this method can automatically account for the vibration
frequency characteristics of the building structure and
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Fig. 13. (a) Theradial normalized accel eration response spectra at various distances for different squeezing depths; (b) The vertical normalized acceleration
response spectra at various distances for different squeezing depths.
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Fig. 14. Theattenuation relationsof PGV with distancein radial and vertical
directions.

the ground. Deriving the design response spectra of the
vibration records due to gravel pile construction is the
most important part of applying this methods. Figure 17
is the statistical result of the response spectra of all
vibration records. The suggested design spectra
and their formula are also shown in the figure. Based on
the design spectra and the PGA attenuation relation-
ships shown in Fig. 15, a response spectral analysis
method can be used to evaluate the safe construction
distance.

44 Journal of Marine Science and Technology, Vol. 10, No. 1 (2002)
Table2. Thevibration criterion for various building structures[9]
allowable value
class building type peak ground surface velocity
PGV (mm/sec)
I ruins, historic buildings, old temples and buildings with high precision equipments. 4
Il masonary or reinforced masonary buildings 7
111 stiff modern reinforced concrete or structural steel buildings 25
10 1
S radial direction
o radial direction PGA = 0.6094D°%!
PGV = 1.9431D 2
- R:=0.7595 .
R*=0.8507 0.1 frmmrmem e %
=
5 0.01
0.001
001 1 10 100
1 10 100 distance to vibration source, D (m)
distance to vibration source, D (m)
10 !
vertical direction PGA = 0,2712D576 vertical direction
PGV = 1.4191D%7% R?=0.6022
2 <
] g
4
O o
0.001
1 10 100
001 distance to vibration source, D (m)

Fig. 15. Theattenuation relationsof PGA with distancein radia and vertical
directions.

CONCLUSION

Based on the study, the following conclusions can

be drawn.

1) The two predominant frequency bands of the
ground vibration due to gravel pile construction
are excited by the two operating frequencies of
the construction machine.

2) The ground vibration characteristics are similar
in radial and vertical directions.

3) The construction vibration of the gravel pileis
more harmful to structures with vibration peri-
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Table 3. The safe construction distancesin two directions for various building structures

class building type safe construction distance * (m)
vertical direction radial direction
| ruins, historic buildings, old temples and buildings with high precision equipments. 9.0 10.0
Il masonary or reinforced masonary buildings 4.0 5.0
Il stiff modern reinforced concrete or structural steel buildings 1.0 1.0

* Thedistanceis determined by the corresponding distance of the average plus one standard deviation PGV attenuation relation
to the allowable PGV value. The distances are all rounded off.

allowable value=0.4cm/sec safe distance = 10.11m 100
10 f vertical direction, near distance (<30m) p—— average
. . . & PGV +lo
radial direction —E— g (0.04,10) OO0 Sal0 - - s-lig,;estm s
. rgrsion 10 p==p T>0.04,, Sa/g=0.0069T > st
’g 4
2 0'4>E' ---------------------------------
N
=
[©]
~
PGV = 1.9431D°% 0
2 .
R*=0.8507 Period(sec)
: 100
; — AVETage
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1 10 100 - = aclo
; _ (0.04,10) _ .
distance to vibration source, D (m) 10 = a¥ T<0.04., Safg=10 = = suggested design
B\ T>0.04 , Sa/g = 0.0035T 239 spectrum
allowable value=0.4cm/sec safe distance = 8.62m
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. .. ¢ PGV 04 05
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Fig. 16. The determination of safe construction distance for class| building 10 +— o palp 1 —— - sugeested design
by an allowable PGV value. 2 ' e speetum
17}

ods close to 0.011 sec and 0.031 sec.

4) An empirical method and a spectral analysis
method were proposed for application by engi-
neers to eval uate the effect of gravel pile con- Fig. 17. The suggested design spectra for near distance (<30m) and for
struction on adjacent structures. distance (=30 m).
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Period(sec)
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