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Deep vibro-techniques impart vibrations into the ground to achieve targeted improvement. One of the common
geotechnical challenges of these techniques is the question of how vibration attenuates over distance and its
effect on nearby structures. In this paper, ground vibration data from several deep vibro-technique projects
with different vibrators are analysed. Best-fit estimates of the field data are evaluated through analytical
regression, and comparisons of the field data against requirements from some standard codes of practice for
admissible vibrations are made. A preliminary estimate of ground vibration levels can be obtained from the
empirical relations of vibrator energy and distance. Such an assessment, when coupled with the monitoring
and collection of actual field data, should enable further predictions to be more refined. In addition to analysing
ground vibration data, predictions of ground vibration and comparisons of theoretical predictions against
regressions of the field data are demonstrated. Average estimates of soil profile and strengths are included in the
evaluations as well. Suggestions for better predictability of ground vibrations are also given. Moreover,
recommendations for safe working distances from existing structures or services are made for different types of
vibrators and vibro-techniques.

Notations

A attenuated amplitude of the vibration (in m)

A, unattenuated or at-source amplitude of the vibration
(in m)

c wave speed relevant to the type of wave under
consideration (typically, the shear wave velocity for
surface monitoring in m/s)

D horizontal distance from the source (in m)

E, vibrator energy (in J)

Fy, building modification factor according to SS 02 52
11 (dimensionless)

Fn material modification factor according to SS 02 52
11 (dimensionless)

Fy ground modification factor according to SS 02 52 11
(dimensionless)

fo vibration frequency of the ground next to the depth
vibrator (in Hz)

Je vibration frequency of the ground at the point where
it is being measured or at distance r from the source
(in Hz)

k proportionality constant (dimensionless)

ki, k,, k3 proportionality constants per Attewell et al. (19924,
1992D) (dimensionless)

M mass of the whole vibrator (in kg)

m mass of the vibrating component or the eccentric
weight (in kg)

n attenuation rate (dimensionless)

PI plasticity index of soil (in percentage)

PPV peak particle velocity (in mm/s)

PPV

PPV

PPViax
PPV,

maximum instantaneous resultant, also the peak
vector sum (dimensionless)

square root sum of squares particle velocity or the
vector sum of the maximum unidirectional velocities
(in mm/s)

peak component particle velocity (in mm/s)

vertical component of the particle velocity selected
for assessment (in mm/s)

cone tip resistance of cone penetration tests (in MPa)
coefficient of determination of best fits

radial or slope distance from the source (in m)
initial instance of a vibration duration (in s)

final instance of a vibration duration (in s)

radial or slope distance close to the vibration source
(in m)

longitudinal particle velocity at a given instant (in
mm/s)

radial particle velocity at a given instant, facing
towards the source (in mm/s)

vertical particle velocity at a given instant (in mm/s)
maximum particle velocity in the vertical direction,
also equal to PPV7 (in mm/s)

vibration imparted to the soil close to the vibration
source (at r, distance, in m/s)

rotational velocity of the vibrator (in m/s)

rated energy of the vibration source (in J)
material/soil damping coefficient (dimensionless)
geometrical damping coefficient (dimensionless)
material damping loss factor (dimensionless)
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K velocity conversion factor to account for energy
transfer losses (dimensionless)

b4 mathematical constant, approximately 3.142
(dimensionless)

Ostd standard deviation of a data set (same units as the data)

b4 proportionality constant that considers vibration

transfer efficiency, the adjustment in the mass of
vibrator and adjustment in the distance from the
source (dimensionless)

Introduction

As more and more structures continue to be built in the proximity
of other existing structures and amenities, construction-related
impact to structures becomes topic of interest.
Construction-related vibrations are one such source of potential
impact, as these vibrations can cause unintended ground
deformation that can potentially lead to structural dilapidation.

a vital

Construction activities that utilise impact energy or vibratory
energy for their execution are the usual sources of ground
vibrations. These activities include numerous deep foundation and
ground improvement techniques, such as pile driving, sheet piling
installation, blasting, percussion drilling, dynamic compaction,
dynamic replacement, compaction,
compaction and deep vibro-techniques.

surface rapid impact

This paper discusses the peak particle velocity (PPV) that is
generated from the installation of deep vibro-technique solutions.
Deep vibro-techniques, as per BS EN 14731 (BSL 2005), are
ground improvement products that are installed using a depth

vibrator. The depth vibrator transmits the compaction effort to the
ground as it progresses down during penetration and as it
withdraws while compacting the granular materials. Particular
emphasis is made on two ground improvement methods: vibro-
replacement and vibro-compaction. Vibro-replacement or vibro-
stone column is a ground improvement method where compacted
granular columns are installed to boost the bearing capacity, shear
strength, stiffness and drainage properties of weak soils. Vibro-
compaction is a ground improvement method that is used to
densify loose cohesionless layers.

Existing models for prediction of ground
vibrations method

The estimation and prediction of ground vibrations from
construction activities have been studied since the 1960s.
Different sources of ground-borne vibrations have been studied.
Because of the abundance of field observations and experimental
data, the most extensively investigated construction activities are
blasting activities and the driving of piles using impact and
vibratory hammers. These two activities are also among the most
common construction activities across the world. Table 1 gives a
summary of the different approaches to predict PPV. Because
deep vibro-techniques have not been extensively studied and as
the ground vibrations from pile driving actions are similar to
those of deep vibro-techniques, here, more emphasis is made on
pile driving studies.

Most of the prediction methods rely on the term D/\/W, or scaled
distance (in m-J %), which is a normalisation that is especially
useful when comparing different energy ratings, where D is the

Table 1. Empirical and semi-empirical approaches of vibration predictions of foundation installation activities, such as piling and vibro-

stone column works
Prediction approaches

Attewell and Farmer (1973)
An empirical model for predicting the PPV due to pile driving by impact
hammers and for vibro-floatation.

Wiss (1981)

A modified approach to his earlier proposal for driven piles (Wiss, 1967).

Attewell et al. (1992a, 1992b)

To account for the non-linearity of the scaled distance and PPV
correlations, Attewell et al. (1992a, 1992b) proposed the use of a
quadratic log-log fit.

Ko et al. (1990)

A model that includes both geometric and material damping for piling
works.

Hiller and Crabb (2000)

A best-fit curve model developed by the Transport Research Laboratory
(UK), considering three case studies where vibro-stone columns were
used.

Achmus et al. (2010)

Best-fit prediction models for vibro-replacement and vibro-compaction
works based on four different depth vibrators.

Expressions for PPV: mm/s

1. PPV =0.76 x (

-0.87
; >
N

2. log(PPV) =logk —n x log

aen
V WI'
D D
3. log(PPV) = k; + k, x log <m> + k3 x log? (\/W)

1 -0.04x(D-1)
4, PPV =70x |— | xe
()

33

6. PPV =1.18 x <

)

Note: some of the expressions have been altered for consistency in using the same units for the parameters considered in the expressions (all input in metre,

kilogram, second (MKS) units and PPV given in mm/s)
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distance from the source of the vibration to the measurement
point (in m) and W, is the rated energy of the vibration source
(in J). It is also essential to understand that these existing
models do not account for the soil types, stiffness and ground
conditions. These are all considered to be site-specific and
addressed by the curve-fitting constants for site and vibration
source energy levels.

Attewell and Farmer (1973) initially proposed an empirical model
that predicted the PPV due to pile driving by impact hammers and
for vibro-floatation. The approach, which is a scaled-distance
empirical approach, considers the effect of distance and energy on
the PPV generated. Attewell and Farmer (1973) argued that the
values of 1.50 for the proportionality constant and 1.00 for the
coefficient of geometric damping are more suited for a
conservative approximation, although 0.76 and 0.87 were
respectively evaluated from curve-fitting. To account for the non-
linearity of the scaled distance and PPV correlations, Attewell
et al. (1992a, 1992b) later proposed the use of a quadratic log—log
fit. They used the power law to propose the relationship, as shown
in Equation 3 of Table 1, and defined the parameters 4y, k, and k3
as proportionality constants that depend on the soil conditions.

Another similar approach was observed by Wiss (1981), who
extended his initial empirical predictive model (Wiss, 1967) for driven
pile applications as per Equation 2. He did not define any specific
values for the proportionality constant (k) or the attenuation rate (7).
On the basis of numerous successive field observations and literature,
the typical range of the attenuation rate is between 0.80 and 1.70, and
it varies because of different soil conditions.

The previous empirical scaled-distance approaches do not
consider the effect of material damping. An exception to these
approaches was that of Ko et al. (1990), who proposed a driven
pile model that includes both geometric and material damping, as
per Equation 4.

For ground vibrations due to deep vibro-techniques, a documented
study of the ground vibrations is found in the work of Hiller and
Crabb (2000), which was also included in BS 5228-2:2009 (BSI,
2008). Documented field vibrations from three vibro-replacement
projects in the United Kingdom were assessed to give the best-fit
curve, as shown in Equation 5. Achmus ez al. (2010) also discussed
the ground vibrations caused by vibro-compaction and vibro-
replacement works. Their study encompasses depth vibrators with
energy ratings in the range of 700 to 6000J. Achmus et al. (2010)
followed the recommendations of Attewell and Farmer (1973) for the
linear regression of their data and consider an attenuation rate of
unity. They proposed proportionality constants for vertical and
horizontal vibrations, in addition to the resultant PPV, which is
shown in Equation 6. Although Attewell et al. (1992a, 1992b)
recommended an upper bound safety threshold of one standard
deviation from the best fit (84% confidence level against exceedance),
Achmus et al. (2010) have reasoned for an upper limit of two times
the standard deviation (97.7% confidence level against exceedance).

All the discussed studies, being primarily derived from pile driving
data sets, do not appropriately depict the wave generation and
propagation of deep vibro-technique applications. The predictive
models are either proper in the far-field but not as good in the near-
field estimations or vice versa. The dependency of the vibration
intensity on the type of vibrator (i.e. operating frequency, power
rating and mass) is also not adequately captured with the existing
models. Moreover, the nature of deep vibro-techniques’ wave
propagation through different ground conditions and associated
attenuation due to damping is another area that most of the existing
models do not sufficiently cover. Lastly, the safety considerations for
safe operating distance calculations have not been covered in most of
the existing studies. The development of a semi-empirical deep vibro-
technique prediction tool that addresses the shortcomings of applying
the existing models therefore becomes useful.

Evaluation of field measurements

It is vital to be able to predict the potential impact that structures
can experience because of construction vibrations. This helps not
only in predicting the likelihood of structural damage but also in
establishing safety measures that would safeguard existing
structures (Chua et al., 2009).

Field measurements from deep vibro-techniques were done using
geophones with self-triggering and continuous monitoring facilities
that can analyse triaxial velocity, acceleration and displacement. The
method follows the recommendations of the Building Research
Establishment Digest 403 (BRE, 1995) and BS 7385 (BSI, 1993).
The devices were chosen to have PPV range up to about 250 mm/s,
with a resolution of 0.010 to 0.125 mmy/s. Figures 1 and 2 show the
method of field instrumentation and monitoring that was used.

In this study, vibratory sources with different intensities were
investigated. Three different types of depth vibrators for stone
column works were monitored in multiple sites. The soils targeted
by the vibro-replacement works in most of the sites were strongly
layered and ranged from very soft to stiff, plastic clayey and silty
soils (plasticity index (PI) = 30-60%), having cone tip resistances
of g. = 0.2 to 1.5 MPa. The depth of treatment was in the range of
8 to 20m. For vibro-compaction works, one type of vibrator was
monitored and investigated. The monitoring was generally done in
reclamation sites, where very loose to medium dense sandy soils
dominate (typical cone tip penetration values of g. = 4-12 MPa).
During the data collection, the maximum depth of treatment for the
vibro-compaction works was approximately 30 m.

The details of the vibrator types that are covered in this paper and
their corresponding energy levels are as summarised in Table 2.
The energy levels of the vibrators in this study fall within the
range of those that were studied by Achmus et al. (2010),
whereas the energy levels of the vibrators studied by Hiller and
Crabb (2000) were not specified.

A sample field vibration measurement is shown in Figure 3,
where the three-dimensional (3D) components of the PPV are
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Figure 1. Schematic diagram of the deep vibro-technique’s wave propagation and field instrumentation

plotted as recorded over time, and the corresponding plot of
velocity against frequency is also shown. From the sample record
for a VR-B vibrator, it is evident that regardless of the measured
distance, the majority of the vibration data are at or around the
vibrator frequency (50 Hz).

A total of close to 1000 data points were collected from the field
measurements. For all the data, the distance from the source and
the three axes’ PPV (vertical, radial and transverse) were
recorded, as shown in Figures 1-3. The PPV that is considered
for the assessments is the maximum instantaneous resultant PPV
(PPVR), which is also known as the peak true vector sum velocity
(AASHTO, 2009) at any given instant during the vibration from
the initial time 7, to the final time ¢,, and is defined as follows:

i=t,
PPV, —max<"' ViV 2, >
7. ’ ’ ’

This approach is similar to that used by Ho and Tan (2003) and
Ekanayake et al. (2013). It is also not the same as the value of the
square root sum of squares, PPV, Wwhich is a conservative
approach of taking the vector sum of the maximum unidirectional

velocities, which usually occur at different instants. Several codes of
practice, however, refer to the peak component particle velocity
(PPVyax), Which is the maximum value of any one of the three
orthogonal component particle velocities measured during a given
time interval (e.g. BS 7385 (BSI, 1993)). Table 3 gives a comparison
of the commonly referred to and relevant codes of practice for
evaluating the structure impact risk and which PPV parameters are
considered in each. Other frequent references, such as the US Bureau
of Mines Report of Investigation 8507 (USBM RI 8507; Siskind
et al, 1980) and Indian Directorate General of Mines Safety
guidelines (DGMS, 1997), are not included as these are application-
specific (i.e. blasting works).

Another factor that all codes of practice recognise is that the structural
damage potential is contingent on the frequency of the ground
vibration. The choice of peak PPV or the vector sum should also be
viewed with respect to the frequency of vibration. Figure 4 shows
how the peak component particle velocity in the vertical dimension
(PPV7) measures up to the PPV for the selected types of vibrators.
As it is made evident from the plot, the peak instantaneous particle
velocity (PPVR) consideration is valid and affords a slight
conservativeness in the ensuing calculations. Similar observations
were made for pile driving vibrations as per Hamidi et al. (2018). It
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Figure 2. lllustration of the placement of monitoring points relative to the installation point
Table 2. Depth vibrators considered in this study (courtesy of Keller Holding GmBH)
Vibrators Operating Rated Vibrator Centrifugal Maximum Field
frequency: Hz power: kW mass: kg force: kN energy: J data: N

VR-A 50 50 2000 156-165 1000 371
VR-B 50 55 1700 165 1100 86
VR-C 50-60 70 1700 157-226 1150-1400 73
VC-A 30 120 2450 200-340 4000 451

was also observed that the PPV, component diminishes at points
further away from the source and the radial component becomes
prominent. This is in agreement with Gutowski and Dym (1976),
who argued that the body waves diminish at a faster rate from the
source than Rayleigh waves.

The applications of the different vibration prediction theories
using the field test results are shown in Figure 5. The PPly
values for the VR-A vibrators are plotted, and best fits using the
different approaches listed in Table 1 are included. The two plots
in Figure 5 are plots of peak instantaneous PP} against the actual

distance (Figure 5(a)) and against the logarithm of the scaled
distance (Figure 5(b)). In this paper, the inverse of the scaled
distance has been chosen for the sake of consistency of units (in
MKS-SI units, or J>m™") and to take account of the negative
rate of attenuation (n, instead of —n). This is also in accordance
with Attewell et al. (1992a, 1992b).

On the basis of the collected information and the corresponding
plots from the different approaches, Figure 5(a) shows that the
modified approaches of Attewell and Farmer (1973) and Ko et al.
(1990) are the upper bound models. The Ko et al. (1990)
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Figure 3. Typical post-processed field vibration measurements from a vibro-replacement site (VR-C vibrator, with the sensor at 5.0 m),
including three-dimensional (3D) component plots and measured frequencies against SN 640 312a (SNV, 1992) recommendations

Table 3. Definition of PPVs according to different codes of practice

Code of practice PPV component considered

BS 7385-2 (UK; BSI, 1993) Peak component of PPV
PPV = maX{VL,max: W/, maxs VR,max}

DIN 4150-3 (German; DIN, 2016) Peak component of PPV

Remarks

Limit for cosmetic damage of structures due to transient vibrations

For continuous vibrations, the peak PPV in the horizontal direction is

SS 02 52 11 (Swedish; SIS, 1999)

SN 640-312a (Swiss; SNV, 1992)

considered

The PPV is further corrected by applying building, material and ground
modification factors

Recommendations for four categories of structures are given on the basis

PPV = maX{VL,max: Vv, maxi VR,max}
Peak vertical velocity

PPV = W max X Fp X Fy X Fy
Peak vertical velocity

PPV = W max

approach gives a better upper bound approximation in terms of
exceedance, whereas the effect of material damping in the far-
field is a stark differentiator. Figure 5(b) shows the solution of
Attewell et al. (1992a) on the log scaled distance plot. The one-
sigma and two-sigma brackets of the quadratic best fits are also
included in the plot. From the plot, the recommendations of
Achmus et al. (2010) to use the upper two-sigma bracket appears
valid from safety and exceedance rate points of view. Comparing
the two best fits in Figure 5 — that is, Wiss (1981) and Attewell et
al. (1992a), which are also denoted using shaded areas in the
plots for 50% exceedance rate — it is observed that the quadratic
fit has a lower coefficient of determination (R of 0.22 against
0.19, respectively). As the data for the VR-A vibrators are from
various sites, the lower R’ can be attributed to significant
differences in soil and vibrator operating conditions. Nevertheless,
and albeit being an empirical approach, it goes to show that the
quadratic best fit has its own statistical merits when diverse
conditions are assessed collectively.

of different types of vibration sources

Similarly, plots of the PPV with respect to distance and scaled
distances are shown in Figures 6—8 for the other vibrators listed in
Table 2. It is interesting to note that for the other vibrator data
sets, the coefficient of determination (R*) of both the linear and
quadratic fits is relatively similar. For vibro-replacement works
(vibrators VR-B and VR-C), the data set is from sites of relatively
similar ground conditions. Hence, the variation to be expected
would not be overly significant. Similarly, for the VC-A, the data
set is typically done in a more or less similar type of soils (i.e.
loose reclaimed sands).

Figures 5-8 show that the deep vibro-technique vibrations are not
suitably captured by the existing tools, although for some data sets,
the tools may give fair estimations. Relatively better estimates are
obtained using Attewell ef al. (1992a, 1992b); however, the method
does not have consistent results as the vibrator type changes. It is
also a purely empirical approach that is independent of some of the
vibrator details. Therefore, a new approach that considers these
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Figure 4. Comparison of PPV and PPV, for VR-B and VR-C vibrators

shortcomings while incorporating some of the vibrator and ground
properties into the estimation tool is vital.

Vibration attenuation and effect on
nearby structures

Semi-empirical approach for depth vibrators
Gutowski and Dym (1976) indicate that Rayleigh waves take up
67% of the vibration energy, whereas 33% of the energy is

@ VR-Adata (N =371)

-6 Attewell and Farmer (1973), original (k = 0.76, n = 0.87)

-® Attewell and Farmer (1973), recommended (k = 1.50, n = 1.0)
=4 Wiss (1981), linear logarithmic best-fit (R? = 0.22)

< Ko et al. (1009), modified with k = 50

= Achmus et al. (2010)

-4 Hiller and Crabb (2000)

0.1 ey P —— —rrr

0.5 1 2 5 10 20 50
Log distance from the source, D: m

(a

100

converted into body waves. The implication of this is that at the
surface (where the vibration measurement is typically done and
where structures are located), the dominant vibration component
will be the Rayleigh waves. Moreover, the soil near the source
would primarily experience the body waves emanating from the
source, although Deckner et al. (2017) have shown that Rayleigh
waves develop very close to the source. During the transfer of
waves from the source to the surface, the vibration gets attenuated
as a result of material and geometrical damping. The attenuated
vibration can be expressed in terms of amplitude as follows
(Mintrop, 1911), putting the effect of damping into consideration:

o Aioz (%")y xexp(—o x (r —r,))

where A is the attenuated vibration amplitude at a radial distance r
from the source, 4, is the excitation amplitude of the soil particles
close to the source, or at a distance r,, ¥ is the geometrical
damping coefficient, and « is the material damping coefficient.

Although the source vibration has a sinusoidal vibration, the ground
response is a pseudo-steady state vibration (Long, 1989; Svinkin,
2004). The ground response depends on a number of factors, such as
the intensity of the source, the depth of the source, the distance from
the source, the stiffhess of the ground, the depth of the groundwater
table and time dependency of the loading. The rated vibration energy
E, of a harmonically vibrating depth vibrator can be expressed as:

P :mxvﬁb
9. 7 2

@ VR-Adata (N=371)

- Attewell et al. (1992a, 1992b), quadratic best-fit (R2= 0.19)

- Attewell et al. (1992a, 1992b), @ 1.0 (16% exceedance rate)
- Attewell et al. (1992a, 1992b), @ 2.0 (2.25% exceedance rate)
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Figure 5. Plot of VR-A vibration data (a) against distance from the source and (b) against the logarithm of scaled distance
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Figure 7. Plot of VR-C vibration data (a) against distance from the source and (b) against the logarithm of scaled distance

where m is the mass of the vibrating component or the eccentric
weight, and vy, is the rotational velocity of the vibrator. The
vibrator velocity can now be related to the vibration imparted into
the ground by:

10. v, =K Xv, =2nXf x4,

where K is the velocity conversion factor that considers the energy
transfer losses due to various conditions and f, is the vibration
frequency of the ground just next to the depth vibrator. For
practical applications, the soil particles next to the vibrator will be
excited about the same frequency as the source. Even the ground
vibration frequency f, is observed to be closely similar to the

source frequency (refer to Figure 2). Therefore, Equation 8 can be
rewritten as

PPV o\ 7

Ma. v, _(7) X exp(-ex (r=7))
PPV ro\?

11b. vav,,_(7> xexp(-a x (1= 7))

Therefore, regardless of the vibrator energy, the velocity ratio
(PPVlv,) can be given by Equation 11a. This ratio is only dependent
on the distance from the source, the geometric damping factor and
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Figure 8. Plot of VC-A vibration data (a) against distance from the source and (b) against the logarithm of scaled distance

soil conditions. Finally, the PPV (or PPVR) can be given in terms of
the vibrator energy as (all units in the MKS system)

2F ry\7
1 PPVRZKX\/?rX(f> xexp(—o x (r—r,))

Setting the reference distance r, as 1 and considering that the
vibrator eccentric mass m is always a linear proportion of the total
vibrator mass M, Equation 12 can be simplified as

E _
PPV =Y —Lx D7 - D
134, R x\/Mx x exp(—a x D)

or in a dimensionless, normalised form as

PPV,

VE. M

=¥ x D7 xexp(—a x D)
13b.

The constant ¥ can be taken as a proportionality constant that
puts into consideration the efficiency of vibrator energy transfer,
consideration of the vibrator mass rather than the eccentric mass,
the effect of change in distance from radial distance to projected
distance from the source, the effect due to the removal of the
reference distance 7, from the expression and other constants.

As Gutowski and Dym (1976) and Long (1989) have shown, the
dimensionless coefficient of geometric damping (y) will be
dependent on the location of the source and type of waves under
consideration. It also typically ranges from 0.5 to 2.0 depending
on the type of wave. For surface measurements, because the
dominant vibrations will be the Rayleigh waves, a value of 0.5

can be adopted for . Woods and Jedele (1985) have shown that
the material damping factor, ¢, for different soils is frequency
dependent, and at 50 Hz, the typical range of damping factors is
from 0.005m ' (hard soils and competent rock) to 0.30 m’
(weak or soft soils). Equation 13b can now be simplified by
taking the natural logarithm of both sides of the equation.

):ln‘P—O.lenD—axD

[ PPV
13c. VE. /M

Because the normalised PPV value (or PPVy/\/E,/M) can be
evaluated from the measured PPVs and the vibrator information,
generalised values of the other two unknowns in the equation
(namely, ¥ and @) can be evaluated from a regression analysis.
Figure 9 shows the plot of the logarithm of the normalised PPV
against the distance from the source for the four different types of
vibrator data sets.

It can be observed that there are a lot of overlaps between the data
clusters. This indicates that the evaluated relationship following
Equation 13c has good reliability. The plot also shows a logistic
regression line taking the form of Equation 13c. The two
constants from the regression (A and B), give the generalised
values of the unknowns of Equation 13c. ¥ corresponding to the
best fit (50% probability of exceedance) is estimated to be around
0.020 to 0.025 (all in MKS units). Applying regression on all the
data set, the material damping factor o is observed to be
approximately 0.030m™!, which is in good agreement with
Woods and Jedele (1985) and for the soils typically treated with
deep vibro-techniques. Amick and Gendreau (2000) also reported
similar values for intermediate-strength soils in their summary
from different literature. The expression for the general best-fit
curve shown in Figure 9, which take the form of Equation 13b,
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Figure 9. Plot of normalised PPV against distance from the
source for the different vibrators (general regression)

and by replacing the unknowns with the computed values, can be
given as

(PPVR )
VE /M @ 50%

14a. = 0.025 x D" x exp(—0.030 x D)

The upper bound curve, which corresponds to a confidence level
of 97.7% against exceedance, can be estimated on the basis of the
computed statistical parameters, such as the standard deviation of
the data set. The upper bound curve can then be given as

< PPV, >
VE/M @ 97.7%

14b. = 0.08 x D™ x exp(—0.030 x D)

The calculated modification factor of about 3.2 to convert
Equation 14a to Equation 14b is observed to be similar to the
factor suggested by Hiller and Crabb (2000) to convert a 50%
confidence level to a 95% confidence level (2.88). Similarly,
Achmus et al. (2010) have a factor of about 2.55 to convert a
50% confidence level to a 97.7% confidence level on the basis of
the resultant ground PPV.

Because the PPV equation has been reduced to distance- and
vibrator-dependent variables according to Equations 14a and 14b,
one can easily apply it to practical use, as shown in the next section.

Alternatively, as the material damping factor is frequency
dependent and because deep vibro-technique solutions are

applicable to different soil types, the material damping can be
expressed as

PPV,
(2R ) v -05xmD-"Txf xD
15a ¢

VE. M

where the coefficient 71 is the material damping loss factor, ¢ is
the wave speed relevant to the type of wave under consideration
and f, is the vibrator frequency (in Hz). The corresponding
expressions for the 50% and 97.7% confidence levels against
exceedance can then be written as

<PPVR )
VE /M @ 50%

15b. = 0.025 x D0 exp (—n X Jo X D)
c/n

( PPV )
VE/M @ 97.7%

=0.025 x D% x exp (—n Loy D)
c/n

150 x exp(2 x Oyy)

Equations 15b and 15¢ can be applied to any specific site where
the ground parameters (e.g. ¢ and 7)) and installation parameters
(e.g. fo, E,, M and D) are identified. These equations can also be
plotted separately for vibro-replacement and vibro-compaction
projects, as shown in Figure 10. Through regression, the value of
the ground parameter ¢/1 can be evaluated and compared with the
typical values for the ground conditions. The values of ¢/n
computed from regression were similar — that is, approximately
3500 and 4000 m/s for vibro-compaction and vibro-replacement,
respectively. For vibro-replacement works, where most of the
ground improvement is carried out in weak cohesive materials,
the typical values for the loss factor, 1, are 0.30 (silty) to 0.50
(clayey), whereas for vibro-compaction applications in sand, the
typical value of 17 is 0.10 (Gutowski and Dym, 1976). Using these
values, it would be evident that the appropriate wave speed ¢
should be the longitudinal wave velocity.

Effect of vibration on nearby structures

It is to be noted that the potential of damage to structures is due
to not only the PPV and frequency but also the duration of the
vibration and repetitive exposure. Structural damage can also be
due to resonant structure response, structure vibration due to
transmitted ground vibrations, dynamic settlements of the ground and
accumulated strains from repetitive vibrations (Svinkin, 2004).
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Figure 10. Plot of normalised PPV for (a) vibro-replacement and (b) vibro-compaction works

The potential of damage due to vibration is also dependent on
how susceptible the structure is to damage to begin with.
Recommendations for structure vibration can be taken from BS
5228-2 (BSI, 2008), and the vibration impact threshold, as
elaborated in BS 7385-2 (BSI, 1993), can be followed. BS 5228-2
also discusses methods of vibration mitigation, which will not be
discussed in this paper. It is also evident from the codes of
practice that the damage to structures can be either cosmetic
damage (within the serviceability limit state) or structural damage
(leading to an ultimate limit state). However, in this paper, a
distinction is not made between these, as either can lead to an
interruption of the works and potential damage claims. Figure 11
shows the definition of the allowable vibrations as per the
different codes mentioned in Table 3.

E 55 L Typical range of vibrators'’
IS operating frequencies
=
(a1
[a 18

BS 7385-2

P DIN 4150-3

SN 640-312a

B

0 | I I | 1 I

30 40 50 60 70 80
Frequency: Hz

o
—_
o
N
o

Figure 11. Comparison of limiting PPV and corresponding
frequencies from different codes of practice considering a light-
framed residential building (modified after Hiller and Crabb (2000))

It is to be noted that the recommendations of the codes, as shown
in Figure 11, are for transient vibrations. To assess the potential
effect on structures from accumulated strains due to repetitive or
continuous vibrations, one can follow the recommendations of
many codes of practice that recommend reducing the limiting
PPV by a factor of 1.5 to 2.5 (BS 7385-2 (BSI, 1993), BS 5228-2
(BSL, 2008) and DIN 4150-3 (DIN, 2016)).

As the extensive study done by Massarsch (2002) shows, the
resonance frequency for most of the soils will be typically in the range
of 10 to 20 Hz. From Table 2, it can be observed that the operating
frequency of the depth vibrators considered in this study is in the
range of 30 to 60 Hz. Thus, it is not likely to cause soil resonance with
deep vibro-techniques, and hence, the risk of consequential effect or
amplification effects to the surrounding structures is insignificant. The
relatively high vibration frequencies from deep vibro-techniques also
have the benefit of corresponding higher allowable PPVs, due to the
lower probability of damage from higher frequency vibrations. In this
section, the effect on structures due to transmitted vibrations from
deep vibro-techniques will be discussed.

Focusing on the structural damage due to transmitted vibrations, if
the allowable PPV is given, then the corresponding distance for a
chosen confidence level can be computed on the basis of Equation
14a for the preferred confidence level. Figure 12 shows the plot of
recommended distances from the source following Equation 14b
in order to have PPV values with a 97.7% confidence level
against exceedance.

Some examples from typical practice and site conditions can be
considered to illustrate the use of Figure 12. Four such examples
are shown in Table 4. In all the cases, the vibration threshold
taken is based on repetitive vibrations on the structure, not the
transient or onefold vibration limits. Table 4 also includes
comparisons of Equations 14a and 14b with the other selected
predictive models from Table 1, namely, using Wiss (1981), Ko
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vibrators

et al. (1990) and Attewell ef al. (1992a, 1992b). From the table, it
is evident that the estimates from these predictive models are not

in line with the proposed approach. Wiss (1981), which is a 50%
regression line, gives conservative results for the near-field and
optimistic estimates for the far-field. The 97.7% confidence level
prediction approach by Attewell et al. (1992a, 1992b) also yields
similar results. Moreover, this approach also gives unrealistic
results in the far-field, where the vibration estimates for bigger
and more powerful vibrators are smaller than those from less
powerful vibrators. Although the approach by Ko et al. (1990)
has its merits in considering material damping, it is not sensitive
to the type of vibrator or to differences in operating power. As
such, as the examples in Table 4 demonstrate, the proposed semi-
empirical predictive models are useful tools for deep vibro-
techniques.

The evaluations in Table 4 also do not consider the effect of
dynamic settlements on the structure, which can be detrimental,
especially at close range. The inclusion of 50% and 97.7%
confidence level distances is for comparison purposes. The
adoption of the Dg sov, distances is not recommended as the
likelihood of exceedance is high. The Dg 9779, distances are the
recommended distances where deep vibro-techniques can be
executed safely.

Table 4. Examples of recommended safe distances for depth vibrator operations

Examples considered for evaluation

Reinforced or framed structures, industrial and heavy
commercial buildings
(PPV of 25 mml/s)

Unreinforced or light framed structures (10 mm/s @ 15 Hz
increasing to 25 mm/s @ >40 Hz)

Underground services, metal and reinforced concrete pipes
(PPV of 15 mm/s)

Historical monuments, old and statically undefined structures
(PPV of 5 mm/s)

Estimated safe operating distances

Method for different vibrator types: m
VR-A VR-B VR-C VC-A
Estimated D@ 50% 1.0 1.0 1.0 2.0
Proposed De 97.7% 4.0 5.0 6.0 10.0
Wiss (1981) 1.0 2.5 3.5 3.5
Attewell et al. (1992a, 1992b) 5.5 13.0 16.0 18.5
(97.7% estimate)
Ko et al. (1990) 2.0 2.0 2.0 2.0
Modified
Estimated Dg 509 1.0 1.0 1.0 2.5
Proposed De 97.7% 4.0 5.0 6.0 13.5
Wiss (1981) 1.0 2.5 3.5 4.5
Attewell et al. (1992a, 1992b) 5.5 13.0 16.0 22.0
(97.7% estimate)
Ko et al. (1990) 2.0 2.0 2.0 3.0
Modified
Estimated D@ 50% 1.5 2.0 2.5 4.0
Proposed De 97.79% 9.0 10.0 12.0 17.0
Wiss (1981) 1.5 4.0 5.0 5.5
Attewell et al. (1992a, 1992b)  12.0 20.0 22.0 25.0
(97.7% estimate)
Ko et al. (1990) 4.5 4.5 4.5 4.5
Modified
Estimated Dea 50% 8.0 9.5 11.0 16.0
Proposed De 97.7% 26.5 29.0 32.0 40.0
Wiss (1981) 5.5 9.5 11.0 15.0
Attewell et al. (1992a, 1992b)  70.0 60.0 45.0 35.0
(97.7% estimate)
Ko et al. (1990) 16.0 16.0 16.0 16.0

Modified

Note: these are examples illustrating the application of the semi-empirical approach shown in Figure 9. The inclusion of distances Dg 509 and De 97 79, is for comparison
purposes and to highlight the effect of the distance from the source on the exceedance rate. It is also important to note that the above estimations consider only a
structure vibration transmission case, and no allowance is made for dynamic settlement effects due to the vibration action (especially for close-range cases)
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Conclusions and recommendations

For this paper, a total of about 1000 data points were collected and
analysed from different types of depth vibrators for both vibro-
replacement and vibro-compaction works. The applicabilities of the
different PPV estimation approaches were checked on the basis of
the gathered data. A semi-empirical approach was developed for
evaluating the PPV due to different types of depth vibrators. The
approach that was developed considers both material and geometric
damping. Recommendations for both damping modes were made on
the basis of factors developed from regression analyses. Simplified
expressions for the normalised PPV were made as a function of
distance from the source.

The analyses contained in this paper do not consider the effects of
dynamic settlements and accumulated strains due to repetitive
vibrations. It was also demonstrated that resonant frequency failures
of structures are not likely to happen for vibro-technique works.
For structure failure due to vibration transmission, following the
code provisions for vibration-related damage threshold and a higher
safety margin by considering a confidence level against exceedance
is recommended. A confidence level of 97.7%, or two standard
deviations higher than the mean PPV, is considered to be an
adequate safety margin against potential impact.

Although estimations in the form of PPV and distance from the
source are given, it should not be construed that the potential damage
of structures is purely reliant on these two parameters only. These
estimations are reduced to their current forms for the sake of
simplicity and for the depth vibrators covered in this study.
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