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I ntroduction

It was often noticed by engineers that a significant but unintentional improvement in the
soil was obtained in loose cohesionless layers, when driving or vibrating casings during the
construction of pile foundation. Consequently, compaction using vibratory probes with
vibratory needles was introduced at first in Germany in the early 1930’s [1].With this deep
compaction technique, one can reach very high and uniform relative densities (Dr > 80%),
unlike with the dynamic compaction or explosive technigue. In marine projects which need to
soil improvement of reclaimed land or for increasing the bearing capacity of gravity structure
foundations such as blocky or caissons quay walls, in many cases, this compaction technique
is the optimum or probably the exclusive practical method. In Fig. 1, improvement of the
loose cohesionless layer under seabed by vibroflotation and from a shipboard is shown.
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Fig. 1) Improvement of theloose coheaonle&layer under seabed by V|br0flotat|0n
Compaction of granular soils by depth vibrators is known as Vibro Compaction. The

method is also known as “Vibroflotation”. Natural deposits as well as artificially reclaimed
sands can be compacted to a depth of up to 70 m. The intensity of compaction can be varied
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to meet bearing capacity criteria. Other improvement effects such as reduction of both total
and differential settlements are achieved.

In this paper, as regards to very few experiences of using the vibroflotation compaction
method in our country, it is effort to investigate this method in point of view: description of
basic and fundamental of related different techniques, system equipments and accessories,
advantages and limitations, classification of proper soil to improve, design of compaction and
quality control procedure.

Proper Soilsto Compact by Vibroflotation

Based on a grain size analysis a soil can be judged for its compactability (Fig. 2):
Sails in zones A and B can be compacted by the deep vibratory compaction method Vibro
Compaction (also called “Vibroflotation™), while soils of zones C and D cannot be compacted
by vibration aone. Soils in zone C are often found on sites where liquefaction due to
earthquakes is of concern. These soils can be compacted during the installation of Stone
Columns. Soils in zone D are not compactable by vibration, but can be substantially
reinforced, stiffened and drained by installing Stone Columns.
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Fig. 2) Compactability of different soils by vibratory methods based on grain size distribution

With vibroflotation, the most effective compaction is possible in sandy soil. The fine grain
content of the soil should not be exceeding about 20 to 25 percent. Requirements for the soil
to achieve good compaction by vibration [2]:

The soil must be permeable enough to alow rapid drainage of the pore water during
the compaction process. The permeability is high enough for all granular soils with
less than 10% fines smaller than sieve #200 (0.074 mm) and less than 2% clay.
Although, the effectiveness of vibroflotation is reduced in gravelly soils when the
coefficient of permeability exceeds about 1 cm/s.

The friction angle of the soil must be high enough to permit the passage of the
compacting shear waves. This requirement is usually satisfied if the soil is well
graded.

The sand or gravel should not be easily crushable (carbonate content in form of shells)
or contain very platy mica minerals that would increase soil compressibility. The
cementitious soils are not suitable to compact by this method.

Description of the Method
As mentioned, vibration makes the cohesionless soils to densify. A cylindrical penetrator
about 381 mm (15 in) in diameter and 1.8 m (6 ft) long, called a vibroflot, is attached to an
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adapter section containing lead wires and hoses. A crane handles the whole assembly. A
rotating eccentric weight inside the vibroflot develops a horizontal centrifugal force of about
89 kN (10 tons) at 1800 revolutions per minute. Total weight isabout 18 kN (2 tons).

To sink the vibroflot to the desired treatment depth, a water jet at the tip is opened and sets
in conjunction with the vibrations so that a hole can be advanced at arate of about 1.2 m (3.6
ft) per minute; then the bottom jet is closed, and the vibroflot is withdrawn at a rate of about
30 mm (0.1 ft) per minute. Newer, heavier vibroflots operating at 100 horsepower can be
withdrawn at twice this rate and have a greater effective penetration depth. Concurrently, a
cohesionless sand or gravel backfill is dumped in from the ground surface and densified.
Backfill consumption is at a rate of about 0.62 to 1.77 m® per m? (0.7 to 2 cubic yards per
square yard) of surface. In partly saturated sands, water jets at the top of the vibroflot can be
opened to facilitate liquefaction and densification of the surrounding ground. Liquefaction
occurs to aradial distance of 305 mm to 610 mm (1 to 2 ft) from the surface of the vibroflot.
Most vibroflotation applications have been to depths less than 18 m (60 ft), although depths
of 27 m (90 ft) and more have been attained successfully [3].

Newer vibroflots result in greater relative densities. Allowable pressures for "essentially
cohesionless fills' are less than for clean sand deposits, because such fills invariably contain
some fines and are harder to densify. Continuous square or triangular patterns are often used
over a building site. Alternatively, it may be desired to improve the soil only at the locations
of individual spread footings.

In vibro compaction method, only vibration is used for soil densifying and not any external
material is added to the subsoil. In stone column vibro compaction method, when vibroflot is
pulled upward, adding selected cohesionless materia (sand and gravel) through the annular
gpace alongside the vibroflot creates the stone column. The later method is classified in 2
types. @) Wet Top Feed and b) Dry Bottom Feed stone columns [4].

Vibroflotation Effects

The compaction process consists of a flotation of the soil particles as a result of vibration,
which then allows for a rearrangement of the particles into a denser state. The following
figure illustrates the compaction process:

Locea Flotation Dense

Fig. 3) Effects of vibration to densify of soil structure
Vibroflotation effects on soil behavior and parameters are as follows [5]:

The sand and gravel particles rearrange into a denser state.

Theratio of horizontal to vertical effective stressisincreased significantly.

The permeability of the soil isreduced 2 to 10 fold, depending on many factors.

The friction angle typically increases by up to 8 degrees.

Enforced settlements of the compacted soil mass are in the range of 2 % to 15 %,
typicaly 5 %.

The stiffness modulus can be increased 2 to 4 fold.
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Wet Top Feed Stone Columns

Wet Top Feed Stone Columns were invented in Germany in the early 1960’s. They are
faster to install and need less sophisticated equipment than Dry Bottom Feed Stone Columns.
However, the installation technique requires more experience than Dry Bottom Feed Stone
Columns. Generally, using of this method is preferred in conditions as follows:

Where the compaction of sandy and gravelly layers is required and those layers are
located above the water table. Compaction is generally better accomplished with the
wet method than with the dry method, as the flushing water assists in compaction of
the sandy soil around the column.

Where particularly clean stone columns are required. The flushing water cleans the
columns during installation.

Wherever there are no contaminants in the soil and the soil is not highly plastic clay
leading to the problem of handling the mud in the process water.

Where space is available for a 500 m? settling pond.

Where the instalation crew has sufficient experience in the more demanding
installation methodology.

B N
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Fig. 4) Execution sequence of the Wet Top Feed stone columns method

In Fig. 4, execution sequence of the Wet Top Feed stone columns method is shown. In first

step (Fig. 4.a), the vibroprobe penetrates to the required depth by vibration and jetting action

of water. As shown in Fig. 4.b, adding gravel through the washed out annular space alongside

the vibroprobe creates the stone column. Finaly, the surface is leveled and roller compacted
(Fig. 4.c).

Dry Bottom Feed Stone Columns

Dry Bottom Feed stone columns were invented in Germany in the early 1970’s. They are
particularly useful if washout of soil to the surface is to be prevented or where handling of
process water for the Wet Top Feed method is problematic. Dry Bottom Feed stone columns
have been successfully used on large infrastructure projects like earth dams, highway
embankments, airport runways, port facilities and under large industrial structures such as ail
tanks and silos. They are a common choice for foundations in liquefiable soils in earthquake
prone areas.
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(a) Penetration (b) Installation (c) Completion
Fig. 5) Execution sequence of the Dry Bottom Feed stone columns method

In Fig. 5, execution sequence of the Dry Bottom Feed stone columns method is shown. In
penetration step (Fig. 5.a), the vibroprobe penetrates to the required depth by vibration and
Jetting action of air. In installation step shown in Fig. 5.b, adding gravel through atremie pipe
alongside the vibroprobe creates the stone column. In the last step (Fig. 5.¢), it is worth to
mention that the column diameter may vary depending on the initial stiffness/density of the
soil. Differential settlements are greatly reduced by allowing more gravel to be placed in
weaker soil regions. The required diameter at any depth interval can be sensed by observing
the vibroprobe’s motor current, which is an excellent indicator of the confinement of the
machine in the soil.

Equipments
The vibrator is typically suspended from a crane. The penetration of the vibrator and, to a

certain extent also the compaction process, is aided by water flushing with jets of variable
pressure. The pressure pipes and jets form an integral part of the vibrator string. The
compaction is carried out from the bottom of penetration upwards in predetermined pull out
steps and compaction intervals. The compaction result is dependent on the effectiveness of
the vibrator and the soil conditions. The equipment has three el ements:

The vibrator or vibroflot,

Extension tubes,

Crane consists of water supply, pump, generator and cables.
Detail of vibroprobe is shown in Fig. 6 for both Wet Top Feed and Dry Bottom Feed
vibroprobs.

(a) Wet Top Feed Vibroprobe (b) Dry Bottom Feed Vibropraobe
Fig. 6) Execution sequence of the Dry Bottom Feed stone columns method

Application of Vibroflotation Technique

While the principle of Vibro Compaction (flotation of grains into a denser state by
vibration) is a simple concept, the application of the technology in an optimal manner is still
an art that few have mastered.

The difficulty lies in the many parameters that can be varied and the narrow band in which
those parameters have to be adjusted to deliver the desired results. Some of the parameters
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that can be varied are type of vibrator, grid spacing, holding time per depth interval, water
pressure, location and type of water jets.

Therisk of liquefaction in an earthquake prone areais also drastically reduced. Loose sandy
soils below the water table liquefy during an earthquake. To prevent this, stone columns can
be installed and have a threefold effect: They drain the soil, compact loose sand and gravel
layers and reinforce layers that cannot be compacted and facilitate drainage (mainly very silty
sands to sandy silts).

The world’s largest Vibro Compaction project has been carried out in Penny’s Bay of Hong
Kong for the compaction of a loose sandfill in preparation for the placement of a rockfill
seawall on this sandfill (Fig. 7). Reclamation volume in this project was more than 40 million
m® and up to 40m deep [5].
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Fig. 7) Example of vibroflotation technique application in soil improvement of reclaimed land and weak
foundations (Penny’s Bay in Hong K ong)

Design of Vibroflotation Treatment

The design of a vibroflotation treatment requires specifications of the desired relative
density and the pattern and spacing of vibroflot holes. A relative density of at least 75% has
been a frequently used requirement to insure against excessive settlement or liquefaction;
however the value specified is afunction of the type of project and the local conditions. Also,
design of sand volume to be supplied shall be made appropriately, examining the
characteristics of the subsoil, the required relative density and the Nspr or CPT values.

Aims of Test Panel Execution
Generdly, the aims of test panel execution are summerized as follows:

Evauation of arrangement and dimensions of the compaction network to find the
optimal pattern.

Investigation of variations and improvement of foundation material parameters with
the controlling methods.

Practical evaluation of execution methods for the estimation of real-time work.
Examine practica methods for accurately estimating the costs of work

Planning to maximum utilization of equipment and machinery

Test Panel Procedure

On large projects the optimal compaction grid spacing has to be determined by test grids.
The compaction effect in the test grids should be as close as possible to the treatment in the
later production areas. In order to achieve this, it is advisable to arrange the test grids close to
each other. In Fig. 8, example of avibroflotation test panel is shown:
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Fig.8) Example of a vibroflotation test panel

Quality Assurancefor Vibroflotation

Detalled measurements and observations are therefore of paramount importance and an
efficient quality assurance/control system is mandatory. Modern data acquisition systems
intelligently combined with equipment built to allow for the exact measurement of process
parameters (such as precise gravel consumption by volume over depth) is now available.

In order to be able to print out column diameter variations with depth, it is necessary to
measure precisely the volume of each gravel batch and the depth, at which it was placed in
the ground. This volume measurement is particularly useful for offshore (marine) stone
column installation, where a visual control of the gravel consumption or gravel loss on the
seabed is not possible.

Quallty control for avibroflotation consists of the following steps:

Before compaction: Determine pre-compaction CPT or SPT sounding. Establish the
pre-compaction ground level of the compaction area.

During compaction: Record ampere variation with depth during every compaction
point installation.

After compaction: Determine post-compaction CPT or SPT sounding and adjust for
post-compaction ground levels.

Also, evauation of the treated ground may be done by other methods such as. surface
settlement markers, volume of added soil, pressure-meter test, seismic shear wave velocity
determination, pile driving resistance, plate loading test and down-hole density meter.

Vibroflotation Design Experiencesin Iran

In this section, as regards to very few experiences of designing and execution of the
vibroflotation compaction method in our country, an experience of the author in the
vibroflotation design to improvement of an embankment dam aluvial foundation is
explained.

Simineh-Roud reservoir embankment dam is located on the river immediately downstream
of the junction of the two main branches of the Simineh-Roud river. The embankment dam
will be constructed about 21 km southwest of the Bukan city in the Kurdestan province. The
dam crest elevation is 1,400 meters above sea level and river bed about 47.5 m and a crest
length of the dam is approximately 1345 meters [6].

Due to the wide alluvial basin (about 400 m) and aluvia relatively thick (maximum 31 m)
at the dam site, the identification and characterization of aluvia foundation texture are
considerable importance. On the basis of comprehensive geotechnical investigations the dam
aluvia foundation are mainly consist of silty gravel and sand in groups of GW-GM, GM,
SW-SM, SP-SM, SM and GP-GM unified classification.
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The liquefaction analysis carried out based on parameters such as: SPT results, soils grain
size distributions, peak ground acceleration of maximum credible level (MCL) earthquake
and etc. [7], proved that the alluvium foundation is prone to liquefy. Therefore, treatment
methods of soil improvement such as dynamic compaction, soil replacement, vibroflotation,
deep soil mixing were technically and economically compered, and finally the vibroflotation
technique was selected and designed.

The design of vibroflotation treatment in this project consists of determining:

- Location and general condition of the test panels
Specifications of vibroflotation equipments and accessories requirement
Quality control and assurance
Execution procedures
Report presentation

Conclusion

Vibroflotation is one of the weak soil treatment methods. In many cases especidly in
marine projects, it may be the optimum or probably the exclusive practical method. In this
paper, as regards to very few experiences of using the vibroflotation compaction method in
our country, it is effort to investigate this method mainly in point of view: description of
basic and fundamental of related different techniques, system equipments and accessories,
advantages and limitations, classification of proper soil to improve, design of compaction and
quality control procedure.
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