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Preface to the Second Edition

Ground improvement by deep vibratory methods continues to be the most
used in situ dynamic soil improvement method today, representing well
over 10% of all special foundation work. Its versatility in improving the
soil conditions in difficult site conditions—be it in view of the treatment
depth, over water, or with restricted head room—and its economical and
ecological advantages in comparison with other foundation solutions are
recognized and form the basis for further development.

Our publishers proposed this second edition that encompasses the content
of the first edition, dealing with a number of corrections and necessary clari-
fications. In addition, it provides a new Section 5.2 on the use of depth
vibrators in constructing so-called vibro concrete columns. Although this
method improves the soil characteristics only marginally, these small
diameter in situ concrete piles are increasingly used for moderately loaded
large spread foundations.

All chapters were updated with equipment improvements and have also
received new additional case histories highlighting new method applica-
tions or special features and advantages. The increasing productivity as a
result of the progress made with efficient special plant and effective data
acquisition systems has led to a considerable growth of the special founda-
tion market.

In Section 4.6, the partial security concept for slope stability and bearing
capacity calculations with stone columns are presented in addition to the
conventional safety concept.

Chapter 6, also includes comments on the Carbon Calculator for
Foundations, which was published in 2013 by the European Federation of
Foundation Contractors and the Deep Foundations Institute, providing a
simple and efficient procedure to calculate CO, emissions of various foun-
dation methods. It is hoped that this tool helps promote those methods that
are characterized by high sustainability and low greenhouse gas emissions.
Unfortunately, experience tells us that the lowest price of a project is still
the decisive factor for the contract award, and as long as the CO, emissions
of construction works are not considered a price worthy item, you should



x Preface to the Second Edition

think that the society is prepared to pay the price for a clean environment
these considerations remain just an idealistic exercise.

It is nevertheless hoped that this book will help to appreciate not only
the economical and technical advantages of ground improvement by deep
vibratory methods, but also to recognize their ecological advantages.

This book is written for civil and geotechnical engineers and for the con-
tractors who are engaged in foundation and ground engineering. Students
will find this book helpful in their advanced and postgraduate studies.

March 2016 Klaus Kirsch (Retired)
Keller Group plc

Fabian Kirsch
GuD Consult GmbH

Acknowledgement

Initiated by our publisher Taylor & Francis Group and generously
funded by GuD Geotechnik und Dynamik Consult GmbH, Berlin (www.
gudconsult.de) and Keller Group plc, London (www.keller.com) our book
is now freely available as an open access book. We do hope that this
decision will help to further increase knowledge and application of the
deep vibratory methods of ground improvement which ultimately will lead
to reduce cement consumption and by this way avoid unneccessary CO2
emissions.

January 2022 Klaus and Fabian Kirsch.



Preface and Acknowledgments
to the First Edition

The use of depth vibrators for the improvement of soils that are unsuitable
as foundations for structures in their original state dates back to more than
70 years. Over the course of time, the deep vibratory methods have become
probably the most used dynamic in situ soil improvement methods today.
They have not only experienced a continuous development of plant and
equipment to carry it out in practice, but also design methods have been
proposed and refined to predict the degree of soil improvement that can be
achieved.

Today the importance of deep vibratory soil improvement is unrivalled
among modern foundation measures; the demand for in situ deep treatment
of soils that introduces, if any, only environmentally harmless materials
into the ground continues to increase with the rising level of awareness for
the environment. Continued development of plant and process controls has
resulted in considerable increase in production rates.

When looking at the design concepts in use today, the reader will realize
that experience with the system in different soil conditions still plays an
important role. Sand compaction, because of the relative simplicity and
convincing economy of the system, and the familiar testing methods for the
estimation of settlements have probably inhibited the development of theo-
ries that would allow the calculation of the improved properties of granular
material based upon the fundamentals of soil dynamics. Recent develop-
ments show encouraging attempts to correlate the characteristic motion of
the depth vibrator working in the ground with the achieved soil properties.
The composite system of vibro stone columns and the surrounding cohesive
soil has become a challenging field for engineers to apply finite element
analyses particularly to the foundation of more complex structures and
single foundations. This computational tool supports the designer in his
endeavor to find the most economical solution by optimizing the founda-
tion system.

It was the son who encouraged the father to embark on this book proj-
ect, after the latter had collected knowledge and experience in the field of
ground improvement over a period of almost 35 years of his professional
life. This book aims to give an insight into deep vibratory soil improvement

Xi
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methods, both from the contractor’s view (Klaus) and from the perspective
of the consulting engineer (Fabian), whose dissertation on experimental
and numerical investigations of the load-carrying mechanism of vibro stone
column groups provided an interesting aspect in this context. We are grate-
ful to our publisher, Taylor & Francis Group, for its support in bringing out
this book, which highlights its continued interest in ground improvement
methods.

We hope that this book provides the practicing engineer and the design
engineer with a comprehensive insight into deep vibratory soil improve-
ment methods. The historical development of these ground improvement
methods is presented in Chapter 2, which is based on an earlier publication,
Kirsch (1993) “Die Baugrundverbesserung mit Tiefenriittlern,” in Englert
and Stocker (eds) 40 Jahre Spezialtiefbau 1953-1993: Technische und rech-
tliche Entwicklungen (Werner Verlag, Diisseldorf, Germany). We thank
Werner Verlag for its kind permission to use it in this book.

We also hope that we will succeed in demonstrating the astounding ver-
satility of these methods as reflected in a number of international case his-
tories from recent years. The reader will hopefully also realize that vibro
compaction and vibro replacement stone columns are presently meeting—
and will continue to do so—all the requirements of sustainable construc-
tion. We will demonstrate in a separate chapter that these methods require
only natural materials for their execution, leaving behind only a minimal
carbon footprint.

Finally, we do hope that this book will help stimulate further work and
research on the subject and on those problems that are not yet satisfactorily
resolved or are still the subject of controversy to enable further plant devel-
opment and to improve ground engineering.

We thank Keller Group plc for their noble assistance in preparing this
book, for funding the preparation of graphs and diagrams but especially
for allowing access to the technical archives, and for allowing use of data
in preparing most of the case histories. In this context, our foremost thanks
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Chapter |

An overview of deep
soil improvement by
vibratory methods

DOI: 10.1201/9781315372341-1

Realization of structures always makes use of the soil on which, in which,
or with which they are built. Whenever engineers find that the natural con-
ditions of the soil are inadequate for the envisaged work, they are faced
with the following well-known alternatives of

1. Bypassing the unsuitable soil in choosing a deep foundation.

2. Removing the bad soil and replacing it with the appropriate soil.
3. Redesigning the structure for these conditions.

4. Improving these conditions to the necessary extent.

When the Committee on Placement and Improvement of Soils of the
ASCE’s Geotechnical Engineering Division published its report Soil
Improvement: History, Capabilities, and Outlook in 1978, it concluded
that “it is likely that the importance of the fourth alternative will increase
in the future” (p. 1). Indeed, in the decades since “the need for practical,
efficient, economical, and environmentally acceptable means for improv-
ing unsuitable soils and sites” (p. 3) has increased.

Before selecting the appropriate soil improvement measures, it is neces-
sary to determine the requirements, which follow from the ultimate and
serviceability limit state of design. These are

e Increase of density and shear strength with a positive effect on stabil-
ity problems.

® Reduction of compressibility with a positive effect on deformations.

e Reduction/increase of permeability to reduce water flow and/or to
accelerate consolidation.

e Improvement of homogeneity to equalize deformation.

When leaving aside the method of exchanging the soil, ground improve-
ment can be categorized into compaction and reinforcement methods.
Table 1.1 shows a classification of the methods of ground improvement
that are of practical relevance today.
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Table I.I Ground improvement methods

Ground improvement methods

Compaction Reinforcement
Static methods Dynamic methods  Displacing effect No displacing effect
Mechanical Hydraulic
introduction introduction
* Preloading * Compaction by * Vibro stone * MIP> method ¢ Jet
* Preloading vibration: columns * CMI® method grouting
with * Using depth * Vibro * Permeation
consolidation vibrators concrete grouting
aid * Using columns * Freezing
» Compaction vibratory » Sand
grouting hammers compaction
* Influencing * Impact piles
groundwater compaction: * Lime/cement
* Drop weight stabilizing
* Explosion columns
 Air pulse
method

Source: Sondermann, W. and Kirsch, K. Baugrundverbesserung. In Grundbautaschenbuch, 7. Auflage.
Teil 2: Geotechnische Verfahren. Hrsg.: Witt, K., Ernst und Sohn, Berlin, Germany, 2009;
Topolnicki, M., In situ soil mixing, in Moseley, M.P. and Kirsch, K. (eds), Ground Improvement,
Spon Press, London, UK, 2004.

2 Mixed-in-place.
b Cut-mix-inject.

This book deals with the important soil improvement methods that uti-
lize the depth vibrator as the essential tool for their execution. Granular
soils are compacted making use of the dynamic forces emanating from the
depth vibrator when positioned in the ground. The reinforcing effect of
stone columns, constructed with modified depth vibrators, in cohesive soils
improves their load-carrying and shearing characteristics, and, as a modi-
fication of the vibro replacement technique, vibro concrete columns are
constructed in a similar process by further modified depth vibrators to con-
struct small diameter concrete piles in borderline soils with characteristics
that cannot be improved anymore by the basic vibro techniques.

Since the development of vibro compaction during the 1930s and vibro
replacement stone columns in the 1970s, they have become the most fre-
quently used methods of soil improvement worldwide because of their unri-
valled versatility and wide range of application.

As we will see, deep vibratory sand compaction is a simple concept, and,
therefore, design and quality control of compaction in cohesionless soils
have remained almost entirely empirical. The development of predictive
design methods based on fundamental soil dynamics was probably inhibited
by the simplicity of in-situ penetration testing for settlement and bearing
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capacity calculations. The study of the effect of resonance developing dur-
ing compaction in granular soils surrounding the vibrator and improved
mechanical and electronic controls of the compaction process have, only rel-
atively recently, opened opportunities for significant advances in this field.

The introduction of coarse backfill during vibro compaction and the
resulting formation of a granular or stone column was a logical and almost
natural development when unexpectedly cohesive or noncompactable soils
were encountered. The composite of the stone column and surrounding soil
stimulated theoretical studies on settlements and shear resistance by apply-
ing standard soil mechanics principles.

When soils needing improvement of their characteristics contain layers
of organic material or are too soft to allow the safe formation of a stone
column, with a modified depth vibrator columns can be built in the ground
using dry or liquid concrete as backfill material, which, after curing of the
cementitious material, act like small diameter concrete piles, frequently with
enhanced soil characteristics below the toe of the pile and alongside its shaft.

Each of the systems, vibro compaction, vibro stone columns, or vibro
concrete columns, has its characteristics and method of execution, and even
machine types are different for the two systems of ground improvement, as
are design principles, field testing, and quality control.

When in motion, depth vibrators send out horizontal vibrations, and are
all excellent boring machines in loose sandy and soft cohesive soils.

The horizontal motion emanating from the depth vibrator being posi-
tioned in the ground is the distinctive characteristic that differentiates this
method from all the other methods, which utilize vertical vibrations. These
methods, which are in general less effective for the compaction of granular
soils and which cannot be used for the improvement of fine-grained cohe-
sive soils, are generally not recognized as true vibro compaction methods
and hence are not discussed here in great detail.

Depth vibrators are normally suspended like a pendulum from a standard
or special crane for vertical penetration into the ground. The vibrator sinks
by the desired depth, sometimes assisted by water or air flushing, additional
weight when necessary, or even by downward thrust developed by special
cranes with vertical leaders. In granular soils, the surrounding sand is com-
pacted in stages during withdrawal, and in cohesive soils imported backfill
is employed to form a stiffening column.

The choice of technique follows from the soil and groundwater condi-
tions given in site investigation reports. As will be explained later, the grain
size distribution diagram of the soil to be improved is a valuable tool for
this choice. Sand and gravel with negligibly low plasticity and cohesion can
be compacted by the vibrations emanating from the depth vibrator (vibro
compaction), while with an increasing content of fines vibrations are damp-
ened rendering the method ineffective. Experience shows that the limit of
vibro compaction is reached with a silt content of more than approximately
10%. Clay particles at even smaller percentages (1%-2%) cause a similar
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effect. In these cases, soil characteristics can only be improved by adding
granular material during the process of forming compacted stone columns
(vibro replacement stone columns).

Following a historic overview of the development of these soil improve-
ment methods, two chapters deal with the improvement of granular soils
by the vibro compaction method (Chapter 3) and of fine-grained cohesive
soils by the vibro replacement stone column method (Chapter 4). The chap-
ters include detailed descriptions of the equipment used and the specific
physical processes controlling the two methods and provide state-of-the-
art design principles, including methods to assess and mitigate seismic risk
when applying either improvement method. Quality control procedures,
the evaluation of suitable soils, and practical method limitations together
with recent case histories complete these chapters. Chapter 5 deals with
method variations, related processes and, especially, with vibro concrete
columns where the stone backfill, as with stone columns, is replaced by
concrete.

In Chapters 6 and 7, environmental considerations and contractual impli-
cations of these ground improvement methods will be described.



Chapter 2

A history of vibratory
deep compaction

DOI: 10.1201/9781315372341-2

An overview of the development of ground improvement by deep vibra-
tory compaction started in Germany between the two world wars. The
worldwide economic crisis from 1929 to 1931 had a severe impact on the
German construction industry. The absence of profits prevented badly
needed investment. Mass unemployment reached to more than 30% and
paralyzed economic activity. Farsighted personalities, however, looked
into new working and construction methods at a time when the govern-
ment under Chancellor Heinrich Briining (1885-1970) tried to mitigate the
worst misery by job-generating measures such as the first program to build
highways, which was then intensified under the Hitler regime after 1933.
In this context, the need to compact large quantities of concrete, sand, and
gravel was the motive for numerous engineers to look for better and more
efficient methods.

2.1 THE VIBRO FLOTATION METHOD AND FIRST
APPLICATIONS BEFORE 1945

The Keller Company was particularly interested in making a dense and
strong concrete by employing a completely new method, as proposed by
Wilhelm Degen and Sergey Steuermann. Their idea was simple, but the
effect was novel and startling (Johann Keller GmbH, 1935).

The basic principle of the new method is shown by two simple model
tests (Figure 2.1):

1. A steel box is filled with concrete aggregate that is compacted by a
vibrator situated at the surface while simultaneously a cement suspen-
sion is pumped with a moderate pressure through a pipe ending in the
lower layer; the cement suspension rises slowly and steadily through
the aggregate to the surface—an ideal concrete pulp and, after set-
ting, a particularly strong and dense concrete is created this way, at a
very economical cement consumption.
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Abb. 1
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Figure 2.1 Effect of the vibro flotation method. (a) Abb. | :Riittler—vibrator, Zuschlagstoff—
aggregate, Oberfliche des fertigen Betons—concrete surface after densification,
Diise zur Einfihrung von Zementleim—nozzle to insert cement suspension;
(b) Abb. 2: Rittler—vibrator, Oberfliche nach Verdichtung—surface after
densification, Rheinsand—Rhine-sand, Diise zur Einfilhrung von Wasser—
nozzle to insert water. (Courtesy of Keller Group plc, London, UK.)

2. The same box is filled with gravelly sand that is compacted in the same
way while water is introduced from below; the sand surface sinks
from its original thickness of 85 cm to a height of 65 ¢m; compari-
son trials show that no other compaction method achieves an equally
strong compression of the sand; even with very intensive vibration,
without the rising water the sand thickness is only 72 cm.

This novel method of concrete densification was, for the first and only time,
tried in 1934 for the foundation of an I.G. Farbenindustrie building near
Frankfurt. The system, which proved so successful even in large scale tri-
als, failed in practice when it was applied to densifying the concrete of a
bored pile foundation. The idea of concrete densification was eventually
abandoned, and the focus of development of this method was aimed at its
possibilities of sand compaction.

The method, shown in Figure 2.1, encompasses all the necessary fea-
tures that today remain important for effective sand compaction: extensive
annulment of internal friction, full saturation of the sand to be compacted,
and complete rearrangement of the sand grains with a minimum void ratio
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as a result of intensive vibrations. Realization of the method required rather
complicated watering systems and, above all, powerful surface vibrators
to compact the sand in sufficiently thick layers. Even the strongest surface
vibrators at the time did not reach deeper than 2.50 m, which limited the
new method considerably.

The compaction of sand at large depths was required for the construc-
tion of the new Congress Hall at Nuremberg. The designers of this gigantic
project had high demands for the durability of its foundations in the light of
the aggressive groundwater, and this could not be fulfilled by conventional
methods. Also, the dimensions of the structure were exceptional, and so
were its loads: the main hall measured 260 x 265 m; the ceiling was 65 m
high with a free span of 160 m from wall to wall. The subsoil consisted of
sand deposits that extended to 16 m depth where strong sandstone started.

As no proven methods existed for compacting this sand, the designer
proposed a field trial to be carried out under the supervision of Degebo
(German Research Society for Soil Mechanics). Two compaction methods
were to be tested and compared: (1) a modified Franki method and (2) the
newly developed so-called Keller method. Trial compaction finally com-
menced in 1936.

The Keller proposal was as follows:

1. To build vibrators following the principle of a bob weight connected
to an electric motor in cylindrical form on a vertical axis with a strong
horizontal force

2. To bring the vibrator by means of a bore hole into any desired depth of
the sand to be compacted. Figure 2.2 shows the fundamental arrange-
ment of the new method: the vibrator has been lowered inside the bore-
hole to the deepest layer of the sand to be compacted, and the casing
has been pulled out to the extent that the vibrator is fully surrounded
by the sand. Vibrator and casing are simultaneously extracted in this
position with progressing densification. Compaction is accordingly
achieved in layers progressing from below to the surface

Loos (1936) reported for the first time before an international audience
about this novel method of soil compaction during the first International
Conference on Soil Mechanics and Foundation Engineering held in 1936 at
Cambridge, Massachusetts in Section M that was particularly devoted to
“Methods for improving the physical properties of soils for engineering
purposes.”

What had been so simply and convincingly formulated at the time, rep-
resented in reality a major technical problem: by means of a heavy wooden
23 m high gantry, a 460 mm diameter drilling casing was lowered through
16 m of sand down to the Keuper sandstone employing conventional boring
methods. Then the 2 m long vibrator was introduced. It should be empha-
sized that this was to generate horizontal vibrations in contrast to the
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Abb.5

Figure 2.2 Vibro flotation method used at the Congress Hall at Nuremberg. (Courtesy
of Keller Group plc, London, UK.)

surface vibrators generally working with vertical oscillations. Compaction
was achieved by simultaneously adding water while casing and vibrator
was slowly withdrawn at a rate of 8 min./m. The compaction effect was vis-
ible at the surface in a crater developing around the casing, into which the
excavation material and additional imported sand was backfilled as neces-
sary. Compaction centers were arranged in a triangular grid at a distance of
2.16 m from each other, representing 4.05 m? per probe. Sand consumption
was 5.5 m’ for each compaction point, an astounding amount, exceeding
all expectations. Degebo confirmed the excellent compaction and raised
the allowable bearing capacity from originally 2.5 to 4.5 kg/cm? (250-
450 kPa). The unexpectedly favorable results, which were also confirmed
by seismic tests, could not obscure grave problems identified during execu-
tion. Not only was the method very time consuming, but the vibrator itself,
still just a prototype, could only be kept operational at considerable repair
expenses. This was the reason that only a relatively minor portion of the
foundation work could be performed by the novel vibro flotation method in
spite of the convincing test results. The major part of the gigantic founda-
tion totaling some 22,000 compaction centers was performed employing
the Franki method compacting crushed gravel and sand backfill (Ahrens,
1941).

Even during the execution of the trial compaction, mechanical
improvements were made to the vibrator, extending its operational time.
However, it was Rappert, then Keller’s project site manager, who had the
decisive idea that led to the breakthrough with this method. To complete
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one compaction point took 22 : 8 h for boring, 12 h for compaction and
backfilling, and 2 h to move the gantry to the next position. He pro-
posed avoiding the extraordinarily time-consuming drilling operation
by making use of the liquefaction effect of the vibrations on the in-situ
sand, enabling the vibrator to sink into the ground under its own weight
to the required depth from where the compaction work was to begin
by extracting the vibrator slowly back up from the ground. The neces-
sary modifications of the vibrator were made in the same year, so that
by 1937 the first foundation works on loose sand with the new vibro
flotation method were carried out. Figure 2.3 shows this new method
of operation, and Figure 2.4 shows the depth vibrator while executing a
trial compaction.

Understandably little was published about the vibrator—the key precon-
dition for the method—and little survived the war in the archives of the
Keller Company. After a patent was granted on the method in 1933, the
vibrator together with other additional features of the method were also
patented in 1936.

Einspiten des Riitiers Begihn der Verdichtung im Zustand nach
m it dem anschieenden Verdichtungsarbeit fortgeschritenen abgeschbssener
- A Gestinge Zustand Verdichtung
Bodenzuqabe
Wasseroustritt

w/V asseraustt W asseraustrit

% N, -

Figure 2.3 Working sequences of the new vibro compaction method. Note: Einspiilen
des....—flushingdown of vibratorand extension tubes, Beginn der....—start of
compaction work, Verdichtung....—working stage, Zustand ...—completed
compaction, Wasseraustritt—water exit, Bodenzugabe—addition of soil.
(Courtesy of Degebo, Berlin, Germany.)
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Figure 2.4 Trial compaction at Berlin. (Courtesy of Degebo, Berlin, Germany.)

Efficient work on-site required the following from the vibrator:

e It should be capable of penetrating as quickly as possible to the
required depth.

e It should be possible to withdraw the vibrator without problems from
the ground during compaction.

e The vibratory effect should efficiently compact a zone in the soil
around the vibrator as large as possible.

A blueprint of a depth vibrator from 1937 (Figure 2.5) shows that it con-
sisted of a 260 mm diameter, 2.0 m long, steel tube. In its interior, two elec-
tric motors of 12.5 kW each were placed on the upper part of the vertical
axis with up to three bob weights at the lower end. The upper part of the
vibrator consisted of a device for channeling water to a nozzle at the vibra-
tor point, an inlet for the electric cable for the motors and mechanical fea-
tures separating the vibratory motions created by the rotating bob weights
from the follower tubes carrying the vibrator and enabling its deep pen-
etration into the ground. The motors rotated at 50 Hz resulting in 75 kN
horizontal force of the eccentric weights creating a double amplitude of
10 mm. The lifetime of the bearings posed a major problem at the time, but
the designers must have quickly succeeded in making the machine robust
enough for its use on-site, because in the following years many interesting
foundations were carried out with the vibro flotation method.
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Figure 2.5 Detail from a blueprint of one of the first Keller depth vibrators, 1937.
(Courtesy of Keller Group plc, London, UK\)

The new method attracted much interest among experts, although skep-
ticism prevailed in the early years in spite of convincing test results. Leading
German ground engineering institutes were involved with trial compac-
tions, and on-sites, introducing various methods to check the densifica-
tion achieved. Not everybody could be convinced of the compaction results
just on the basis of the often surprisingly large amounts of added sand
material. Checking and control measures included all known in-situ testing
methods at the time, such as direct density measurements, deep soundings,
geophysical tests, the exact volumetric measurement of the sand added dur-
ing compaction, combined with site leveling before and after compaction,
and full-scale load testing. As the number of successful applications of the
method increased, loose sand, even when under water, lost its poor reputa-
tion as unsuitable foundation soil.
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In a company catalogue, Johann Keller GmbH (1938) summarized the
advantages of sand compaction:

e Naturally deposited sand can be compacted to any depth.

e Artificial sand fill can be compacted over its full height in one
operation.

¢ Densification achieved is complete and permanent; the void ratio can
be as low as its theoretical minimum.

e The method is safe, fast, and economic.

These advantages were the reason that increasingly costly pile foundations
could be avoided and replaced by shallow foundations on compacted sand
with previously unheard-of bearing pressures. Of equal importance were
the increased shear strength and the reduced compressibility that accom-
pany the high density of the compacted sand. These findings helped the
vibro flotation, or vibro compaction method, as it was also called, to gain
an exceptionally broad recognition during the few years before and even
during the war. Completed projects included warehouses and industrial
plants employing the effect of sand densification at depth to increase the
allowable bearing pressure, thus leading to smaller and more economical
footing sizes. In connection with water structures at the North and Baltic
Seas, the method was also frequently used to compact sand-fill behind walls
or dredged fill. Records of some of these projects survived the war and are
worth recalling, because interesting features of early vibro flotation works
are included.

Degebo was founded in 1928 as a private organization attached to the
Technical University Berlin. It accompanied most of these early vibro com-
paction works and was instrumental in introducing appropriate testing
methods for measuring the densification achieved in natural and artificially
placed sand deposits with vibro compaction (Muhs, 1949, 1969). In this
context, it was found that continuous dynamic penetration tests would not
deliver reliable density measurements with increasing depth of investigation
because the increasing weight of the steel rod rendered the transforma-
tion of the constant energy of the drop hammer increasingly less effective.
A static cone penetrometer was therefore developed that was capable of
measuring, irrespectively of depth, the point resistance of a cone attached
to the rod and being pushed into the ground. Figure 2.6 shows an early
measurement of the point resistance by such an electric cone penetrometer
to control the density of sand fill before and after vibro compaction.

In 1939, a comprehensive compaction trial was carried out for the foun-
dation of the Great Hall in Berlin. Under the supervision of Degebo, the
newly developed method was successfully used in medium sand to a depth
of 20 m. Density increased considerably and bearing capacity was more
than doubled. To test the capability of the vibrator to penetrate to greater
depths, it was suspended from a 40 m high gantry and Degebo (1940)
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Figure 2.6 Early cone resistance measurement curves in sand fill, (a) uncompacted sand
fill, (b) sand fill after vibro compaction. Note: Verdichtungsnachpriifung mit
der Spitzendrucksonde—compaction verification with static cone penetrom-
eter, unverdichtete Schiittung—uncompacted fill, verdichtete Schiittung—
compacted fill, Sandschiittung—sand fill, and Lauenburger Ton—hard clay.
(Courtesy of Degebo, Berlin, Germany.)

observed that the vibrator sank to a depth of 35 m, where it was obviously
stopped by the presence of a hard marl layer (Figure 2.7). It was not until
40 years later that modern depth vibrators achieved the same depth again
in conjunction with the compaction work carried out for the foundation of
the Jebba Dam in Nigeria (Solymar et al., 1984).
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Figure 2.7 Vibro compaction employing wooden gantry, 1939. (Courtesy of Degebo,
Berlin, Germany.)

Scheidig reported in 1940 on an interesting work for the foundation of a
large grain silo at Bremen, where, for the first time, the method was used to
increase the bearing capacity of bored piles by compacting the sand below
the toe and along the shaft of the piles.

During the war, construction activities were increasingly directed toward
military installations or for facilities closely connected with the wartime
economy. Were these to be built on alluvial deposits, or in the vicinity of the
shoreline, the natural density of the sands was frequently insufficient to carry
substantial structural loads using normal shallow foundations without intoler-
ably high deformations. Increasingly in these cases, the vibro flotation method
was used by which sand could be compacted sufficiently to carry even the
highest loads. In this way, it was possible to avoid expensive pile foundations
for which concrete and steel were needed, an effect that was most welcome
given the shortage of almost all raw materials. Also, there were major military
shelters at Rotterdam and near Bremen where the in-situ or dredged sand was
compacted by vibro flotation to such a degree that these heavy structures could
be built using incredibly high bearing pressures. At Rotterdam, where a sub-
marine bunker was built, Casagrande proposed an allowable bearing capacity
of 15 kg/cm? (1.5 MPa) to be used, for which a spacing of the compaction
centers of 4 m? was necessary. To accelerate the work, the compaction grid was
widened to 5 m? per probe and the bearing pressure was reduced to 10 kg/cm?
(1.0 MPa). Figure 2.8 shows a cross section through the submarine shelter.
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Figure 2.8 Foundations of a submarine shelter, 1942. Note: Schnitt—cross section,
Aufgesplilter Boden unter den Fundamenten verdichtet—dredged sand com-
pacted below footings, Gewachsener Boden—natural ground. (Courtesy of
Keller Group plc, London, UK.)

Of much greater importance in the development of the vibro compaction
method were observations made in 1942 in connection with the foundation
of anI.G. Farben facility at Rolingheten in Norway. Here fine-grained, loose
partially silty to very silty sand was to be compacted at high groundwater
table to carry heavy structural loads. The works were supervised by Degebo
(1942), which recommended a rather close spacing of 2.5 m? per compac-
tion probe in this case. However, a satisfactory compaction of the sand was
only possible through the addition of gravely medium sand as backfill mate-
rial during execution (Figure 2.9). Backfill material amounted to 20% of the
compacted sand volume. Site investigation carried out after compaction
revealed for the first time that the core of the compaction consisted primar-
ily of the coarse backfill material, which was compacted to 100% relative
density. In the surrounding fine-grained soil between the compaction cores,
a relative density of 60% was measured. With today’s perception, this com-
paction work was probably for the first time close to what today is called
vibro replacement, whereby, as will be shown later, the in-situ fine-grained
material cannot be satisfactorily compacted by the vibratory motion alone
and coarse backfill material needs to be added. In the Norwegian example,
load tests carried out on, and between, the compaction probes revealed an
allowable bearing pressure of 6 kg/cm? (600 kPa). The effect of the com-
paction work was quite impressive: “although even light vehicles could not



16 Ground improvement by deep vibratory methods

Kies Sand Mo (Mehlsand) Schluff Ton
miffei fein grob mitiel  fein  arob  fern orob fern
loo
9%
Bo
L »n
) . Anstt hendei Material
N
o
8 So ) .
] ZusiUm aferial
< bo
L
2 2
(J]
O 20
10
o
10 s 3 os 0.3 0.1 00s 0.03 0006 0.003  0.001

Korngrofie

Figure 2.9 Grain size distribution curves for vibro compaction work at Rilingheten,
Norway. Note: Gewichtsprozente—percent by weight, KorngréB8e—grain
size in mm, Zusatzmaterial—added material, Anstehendes Material—in-situ
material. (Courtesy of Keller Group plc, London, UK.)

pass the site surface before compaction, heavy trucks could run over it after
compaction without any difficulties” (Degebo, 1942).

In a relatively short time, the vibro flotation method was acknowledged
as an efficient foundation measure and both execution methods and testing
procedures were continuously improved. However, even long after the war,
slow-moving gantries were still in use that carried the vibrator and could
only be moved on tracks. This and the time-consuming method of adding
sand using wheelbarrows allowed shift productions of just 50 lin.m of com-
paction probe or 150-250 m? of compacted sand.

2.2 VIBRO COMPACTION IN POSTWAR
GERMANY DURING RECONSTRUCTION

By the end of the war, the situation of the German construction industry and
particularly specialist foundation companies was frightful. Developments that
had continued and made progress even during the war came to an abrupt
end. Since all efforts were concentrated now on restoring and maintaining
the necessities of life, construction activity was restricted to repairing major
damage and the restoration of the infrastructure. As the people regained con-
fidence in their future after the currency reform in 1949, and much helped by
the Marshall Plan (European Recovery Program) initiated in 1948, construc-
tion work on new buildings slowly developed again. The impressive prac-
tical results of the vibro flotation method were, however, not forgotten by
engineers, consultants, the administration, the industry, and the universities.
The method quickly gained increasing importance during the reconstruction
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phase due to its astounding flexibility and adaptability in solving different
construction problems. Whenever the density of naturally deposited or filled
sand was insufficient for foundation purposes, the depth vibrator was a useful
tool to remedy the situation. Eventually, the outdated gantries were replaced
by crawler cranes which, together with other modern equipment, reduced site
installation costs and increased production rates considerably.

Besides the densification effect of the depth vibrator as described earlier,
its potential to temporarily liquefy fully saturated sand below the water table
was soon realized and further developed for practical use. Prefabricated con-
crete piles and steel tubes as well as sheet piles could be easily lowered into
the liquefied zone surrounding the depth vibrator. The process was further
supported by strong water flush emanating close to the point of the vibrator.
This was of significance as top vibrators and vibratory hammers did not then
exist. Many such jobs were successfully executed during the first decades
after the war including one spectacular case: a complete lighthouse, Tegeler
Plate, was sunk 40 km northwest of Bremerhaven 18 m deep into the sandy
bottom of the North Sea by means of six depth vibrators attached to its
foundation shaft consisting of a 30 m long, 2.5 m diameter heavy steel pipe.

In 1953, when the planning of a new dry dock at Emden commenced, the
designers were considering a special proposal to use the ability of the depth
vibrator to sink larger bodies into the ground to install anchors which were
necessary for the uplift protection of the dock. Experiments were carried out
to establish the optimal size of the anchor blocks together with the number
of depth vibrators needed to lower the blocks to the predetermined depth.
For the dry dock, 500 cross-shaped concrete anchor blocks were sunk 14 m
into the underlying sand layer, simultaneously using two or three vibrators
for each block. The 46 mm diameter corrosion-protected steel cables, which
were securely fastened in the anchor blocks, extended into the slab of the
dry dock from where they were posttensioned with 1 MN. As the sand
below the dry dock was also well-compacted, when the vibrators were with-
drawn, the system of anchors and dense sand provided an excellent solution
for the foundation of the dry dock which was more economical than a con-
ventional gravity structure.

In 1956, at Braunschweig, similar difficulties were experienced during
vibro compaction works for an engine shed for the German Railway as at
the above-mentioned project in Norway in 1942. Here, the subsoil again
consisted of very fine, very silty water saturated sand that was totally lig-
uefied by the vibratory motions, transforming the ground surrounding the
vibrator into a viscous liquid. A measurable compaction effect, if at all,
was only achieved after a very long time. The vibro flotation method had
reached its limit of application. The solution that was finally adopted con-
sisted of lowering the vibrator into the ground without the use of flush-
ing water, withdrawing it completely from the ground after it had reached
its final depth and filling the temporarily stable hole left behind by the
vibrator with coarse material. By repeated repenetration and backfilling,



18 Ground improvement by deep vibratory methods

a stone column consisting of well-compacted coarse material was formed.
The in-situ soil was displaced laterally providing, at the same time, a sup-
porting horizontal confining pressure.

To build efficiently such a vibro replacement stone column, as the system
was soon called, the available depth vibrator proved rather unsuitable. Not
only was its surface not smooth enough, and the water pipes attached to it
prevented rapid penetration, but the vibrator and its extension tubes were
not connected with each other rigidly enough to exercise the desired down-
ward thrust.

2.3 THE TORPEDO VIBRATOR AND THE VIBRO
REPLACEMENT STONE COLUMN METHOD

The new findings gathered on-sites formed the basis of considerations to rede-
sign the original vibrator which was used unaltered for more than 20 years
in sand compaction and to make it suitable for the treatment of cohesive
soils. Finally, the Keller Company developed a much improved depth vibrator
which was, as a result of its shape, called Torpedo vibrator (Figure 2.10). It
was characterized by a much more powerful 35 kW electric motor, running

Figure 2.10 The Keller Torpedo vibrator. (Courtesy of Keller Group plc, London, UK.)
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at 3000 rpm and developing a horizontal force of 156 kN. The double ampli-
tude of the freely suspended vibrator measured 6 mm. Fundamentally new
features were its almost smooth surface and a coupling that was capable of
transmitting substantial vertical forces via the vibrator into the ground stem-
ming from either heavy extension tubes or later from the downward thrust
of the special machines carrying the vibrator. In this way, the vibrator could
achieve penetration into the ground without the assistance of flushing water,
provided the necessary total weight could be applied.

Relatively soon the first foundation works were carried out in only par-
tially saturated silts by forming stone or gravel columns with the vibrator.
These well-compacted stone columns were closely interlocked with the soil
and acted together with the surrounding soil and other adjacent columns
like a normal load-bearing soil. Initially, the stone columns were exclusively
constructed using crane-hung vibrators that were lowered into the partially
saturated soils under their own weight without the help of water. In this
way, the consistency of the soils was not negatively influenced. The vibra-
tor was normally completely withdrawn from the ground and a specified
charge of coarse fill was placed into the cylindrical hole left behind by the
vibrator. Then the vibrator repenetrated and compacted the fill, squeezing
it also laterally into the surrounding soil. By repetition of this sequence, a
strongly compacted stone column was created.

Consequently, by the end of the 1950s, deep vibratory systems were
already being utilized across almost the full range of alluvial soils. Grain
size distribution curves became a prime indicator for the appropriate choice
of ground treatment method (Figure 2.11). When sands and gravel with less
then 10% fines were encountered, vibro compaction was the chosen method
of treatment. In all other cases, the alluvial soils would be improved by the
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Figure 2.11 Range of application of deep vibratory methods. Note: Siebdurchgang—
percent passing by weight, KorngréBe—grain size, Riittelstopfverdichtung—
vibro stone columns, Riitteldruckverdichtung—vibro flotation. (Courtesy of
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vibro replacement method, whereby fine-grained soils with low water con-
tent would be treated without the use of water, and those with high water
content with the help of flushing water. In both cases, the temporary stabil-
ity of the cylindrical hole created by the depth vibrator was important and
decisive for building a proper stone column of moderate length. The state of
the art which the deep vibratory systems had reached in Germany by the end
of the 1960s is described by Lackner (1966) in his inaugural lecture at the
Technical University of Hannover, underlining the versatility of the method
and its economic importance for the treatment of otherwise unsuitable soils.

With the increasing usage of the method, particularly in fine-grained
soils, occasional failures and setbacks forced the engineers to think more
about the limitations of the stone column method. It was realized that
cohesive soils with very high water contents and correspondingly low con-
sistencies could not provide strong lateral support for the stone columns. If
the stone columns were placed insufficiently closely packed to each other in
these soft soils, which were frequently interspersed by peat layers, overall
settlements would exceed expectations. In the absence of accepted design
principles for these stone columns which would allow a reliable quantita-
tive settlement prediction, the works on-site were more closely supervised
instead. Besides geometrical measurements of the stone columns, the super-
vision of their steady and consistent build-up by control and registration
of the energy used during their construction was introduced. These find-
ings were supplemented by other standard in-situ testing methods and load
tests on single columns and column groups. In this way, special contractors
and consulting engineers collected valuable information on the behavior of
stone columns in different soils, which were very helpful for their further
application. The lack of computational methods, however, was increasingly
considered a shortcoming of this method, but at the same time it repre-
sented a challenge for the engineers. Numerous ideas for the design of soil
improvement by stone columns were developed not only in Germany but
also elsewhere when its use spread beyond its borders.

2.4 DEVELOPMENT OF VIBRO COMPACTION
OUTSIDE GERMANY

Steuermann, one of the method’s inventors, had already left Germany a few
years before World War II broke out. A personal contract with the Keller
Company on the usage of certain joint patent rights granted Steuermann
full rights to the method in the United States where he went to live. In 1939,
he published an article in Engineering News Record on the experiences
gained with the method of vibro flotation in compacting sands in Germany.
However, it took almost 10 more years before reliable compaction equip-
ment was built in the United States and the first construction works could
be carried out.
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The new method was called vibro flotation in the United States. It only
gained full recognition in the early 1950s after the Bureau of Reclamation
reported vibro flotation experiments at Enders Dam (1948) and particu-
larly after D’Appolonia (1954) had published his article, “Loose sands—
their compaction by vibroflotation.”

The vibrator or Vibroflot, as it was called in the United States, was
equipped, like its German forerunner, with an electric motor and was oper-
ated at 1800 rpm developing 30 Hz with a horizontal force of 100 kN at
maximum double amplitude of 19 mm (Figure 2.12). Due to these char-
acteristics, it was ideal for the compaction of sands. The advantages of
vibro flotation were seen in the first instance in its easy and controllable
working method for effectively compacting loose sands. Soon practical rec-
ommendations were developed enabling the engineer to design and super-
vise the compaction works. The main criterion for judging the success of
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Figure 2.12 Section through Vibroflot. (Courtesy of Vibroflotation Foundation Company
brochure.)



22 Ground improvement by deep vibratory methods

the compaction became the relative density of the sand, measured initially
directly, but increasingly indirectly using the Standard Penetration Test,
and later on also by static Cone Penetration Testing. The general under-
standing that a safe foundation on sand in a seismic zone required a densi-
fication to at least 85% relative density supported the increasing popularity
of the method, at first along the east coast of the United States, then in the
Midwest, and later also in California. The range of application was from
simple foundations for apartment and office buildings to rather complex
structures, such as numerous rocket launching pads at the Cape Kennedy
Space Centre in Florida (Figure 2.13) and the extensive compaction works
at the then largest dry dock at Bremerton in Washington, which the U.S.
Navy built in 1961 for the aircraft carriers of its Pacific Fleet (Tate, 1961).

All these works were exclusively for the compaction of sands before the
experiences gained in Europe, and particularly in Germany, with the vibro
replacement stone column method were recognized in the United States,
and the first stone column foundation was carried out in 1972 for the foun-
dation of water tanks at Key West, Florida.

As international consulting engineers gathered experience with ground
improvement by means of depth vibrators, the new method of vibro com-
paction spread beyond the borders of Germany and of the United States.
British consultants with their connections within the Commonwealth played
a particularly important role in this scenario. By way of license agreements,
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Figure 2.13 Saturn rocket launching facility at Florida. (Courtesy of Vibroflotation
Foundation Company brochure.)
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vibro flotation works were already being carried out by the late 1950s in
these countries using vibrators from Germany and the United States. From
about 1965, the Cementation Company in the United Kingdom built its
own vibrators with similar features to the American equipment. However,
in 1968, the electric motor was replaced by a hydraulic drive.

More important than these mechanical modifications was the fact that
depth vibrators were now increasingly also used in the United Kingdom for
the improvement of fine-grained cohesive soils. The application of stone col-
umns in soft soils was accompanied by efforts to develop suitable criteria for
the design of this ground improvement method (e.g., Thorburn et al., 1968).

Vibro flotation foundations and, since 1968, also vibro replacement stone
column foundations were carried out on some very large international proj-
ects, and this made the method known on all continents.

From 1955 to 1958, extensive compaction trials were carried out by the
Keller Company to establish the design criteria for the foundation of the
Aswan High Dam (Sad al-Ali) now retaining Lake Nasser in Upper Egypt.
The effect of vibro flotation performed under water in hydraulically placed
fine to medium dune sand was investigated and compared with the results of
compaction by blasting. It was found that densification of the sand by vibro
compaction was superior to that by blasting (Figure 2.14), and the Board of
Consultants for the Sad al-Ali Commission, led by Terzaghi, recommended
compacting approximately 3.4 million m? of dredged sand through 35 m of
water under the core of the dam by this method. The Suez crisis of 1956 and
the political tensions thereafter rendered the financing of the project difficult
and prevented the contract award to an originally favored German construc-
tion consortium. The gigantic project was finally financed and built by the
Soviet Union, and purpose-built Russian vibrators were used to compact the
sand from 1965 to 1967. Apart from the information that these machines
were operated at 1750 rpm, no other characteristics became known, nor did
the equipment appear again on the international market.

Of similar scale was the foundation work carried out in 1960-1963 for
the Usinor steel works at Dunkirk in France. The subsoil consisted of alluvial
fine sands to a depth of up to 30 m, frequently interspersed by silt and clay
layers, occasionally even peat. Stiff clay followed below requiring relatively
deep embedment of an alternative piled foundation. The economical and
practical advantages of a vibro compaction solution convinced the client to
follow the recommendations of its foundation consultant, Kerisel, for shal-
low foundations on vibro-compacted sand, in preference to the piled option.
The vibro approach additionally enabled detailed planning to be carried out
after the whole area was first compacted, providing program advantages for
projects of this size. In less than two years, some 480,000 lin.m of compac-
tion were carried out. Where necessary, the cohesive layers were bridged by
large diameter vibro replacement stone columns built by two vibrators (in
places even four) suspended 80 cm apart from each other from one crane
using particularly strong water flush. The works were performed in double
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shifts employing up to 15 vibrators simultaneously. Compaction results
were checked continually by static cone penetration tests. The settlement
performance of the structure was as expected by the soil mechanics consul-
tants. Measurements conducted over many years after the plant was put into
operation showed only 2-3 cm of settlement even of the heaviest footings.

After India and Pakistan gained their independence in 1947, lengthy and
difficult negotiations over the usage of the water from the main tributar-
ies of the Indus flowing from India to Pakistan commenced. The agree-
ment eventually reached was laid down in the Indus Valley Plan, a project
financed and controlled by the World Bank and which finally started in
1960. The plan foresaw a series of barrages built on loose sandy river depos-
its within deep excavations reaching deep below groundwater table. For
load transfer purposes and to prevent liquefaction in case of earthquakes,
the in-situ sands below the barrages and distribution structures had to be
compacted to depths of 20 m. At Sidnai (1963), Mailsi (1965), Marala
(1966), Rasul (1966), and Chashma (1968), British and German vibrators
compacted more than 2 million m3 of sand. Figure 2.15 gives an impression
of the considerable size of these works showing the deep excavation for the
Chashma barrage at the time of the vibro compaction works.

When the works in Pakistan were still in progress, quite complex vibro
compaction works had to be designed and carried out for an underwater
tunnel that was to connect the cities of Parana and Santa Fe in Argentina.
The 2400 m-long road tunnel was assembled from prefabricated concrete
elements, each 10.8 m in diameter and 65.5 m long, which were placed by a
lifting platform into a trench dredged out in the river bed. The double-lane

Figure 2.15 Vibro compaction works in progress at the Chashma barrage in Pakistan.
(Courtesy of Keller Group plc, London, UK.)
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tunnel at its deepest has its crown 17.7 m below water level and covered
by 3.5 m of sand. To create a safe foundation and to minimize the lateral
pressure, the in-situ and dredged sand below and around the tunnel was
compacted. Some 125,000 lin.m of deep compaction were carried out in
1968 under difficult site conditions.

One example for the advantageous use of the deep vibratory methods in
harbor construction is the foundation works for the quay wall of Thuwal
harbor on the west coast of Saudi Arabia. About 160,000 lin.m of vibro
flotation in loose coral sands were carried out in 1978 for this project from
a working ship equipped with five vibrator units. Numerous and often quite
extensive foundation works employing deep vibratory methods were carried
out on the Arabian peninsula starting in the early 1970s for the infrastruc-
ture as it exists today: large power plants and desalination units and impres-
sive facilities for the petrochemical, steel, aluminum, and cement industry.
Vibro compaction was and is regularly recommended by the consulting engi-
neers in this area when, besides the cost advantage of the system, the ground-
water is particularly aggressive against concrete. This concrete attack, which
is especially strong on piles, can be better controlled and indeed avoided by
the choice of a shallow foundation placed on improved ground whereby the
direct contact with the aggressive groundwater can be avoided or minimized.

Although the first phase of a large grain terminal at Kwinana at the west
coast of Australia was founded in 1969 on driven piles, the owner opted
for vibro compaction with depth vibrators for the second phase of the
project. Situated near Perth, this grain terminal with its loading facilities is
among the largest of its kind. The in-situ fine-grained sand was compacted
to a depth of 24 m to safely carry the heavy loads of the silos, to reduce
the overall settlement of the structures, and to increase their safety against
earthquakes. After just 14 months, some 260,000 lin.m of vibro compac-
tion was completed in 1974. The foundation works for this impressive grain
terminal won the 1974 Construction Achievement Award of the Australian
Federation of Construction Contractors which helped the method of vibro
compaction to gain acceptance also on the fifth continent (see Figure 2.16).
This was followed by some interesting works at Botany Bay Harbour south
of Sidney and then some vibro replacement works for the foundation of
railway embankments on soft ground.

In 1962, the Ughelli Power Plant in Nigeria had its foundations laid using
the vibro compaction method. In 1972, the method was again used for the
foundation of the Massingir Dam in Mozambique. Complex compaction
work became necessary for the construction of the Jebba Dam in Nigeria
in 1982 and 1983, where deep underlying noncohesive, loose river deposits
had to be compacted up to 90% relative density to fulfill earthquake design
requirements. The necessary densification to depths of 45 m together with
the large volume to be compacted in a relatively short time pushed the limits
of the technology and the existing equipment. It was only achieved by a com-
bination of vibro compaction to 30 m with deep blasting for the sand below.



A history of vibratory deep compaction 27

Figure 2.16 Areal view of the Grain Terminal at Kwinana, Western Australia. (Courtesy
of Keller Group plc, London, UK\)

By the end of the 1970s, soil improvement using depth vibrators was
already an internationally accepted foundation method, which had not
only passed its acid test on all continents but enjoyed great popularity
thanks to numerous publications on very different fields of application. In
1973, Breth described in a German publication on nuclear reactor safety
the importance of vibro compaction to reduce the liquefaction potential
of saturated sands during earthquakes. At the same time, interesting stud-
ies and field trials on vibro replacement stone columns were carried out
in California in conjunction with the foundation of a sewage treatment
plant (Engelhardt and Golding, 1973). The investigations were performed
to study the behavior of stone columns in a seismic environment. The find-
ings were indeed very encouraging and extended the field of application
of the method considerably. It was demonstrated that vibro replacement
stone columns provide very effective drainage paths helping to reduce the
excess pore water pressures that normally develop in saturated soils during
a seismic event. Due to their large shear resistance, the stone columns can
also safely carry the horizontal loads that develop during an earthquake as
a result of the horizontal ground acceleration. Figure 2.17 shows a picture
of a horizontal load test to identify the stone column’s shearing resistance.
Subsequently numerous foundations employing the vibro compaction and
replacement methods were carried out in the seismic zones of Europe,
North America, Africa, and Asia and have performed successfully since.
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Figure 2.17 Preparation of a horizontal load test on vibro stone columns. (Courtesy of
Keller Group plc, London, UK.)

2.5 METHOD IMPROVEMENTS

During the first years after the war, the vibro flotation method continued to use
the rather ponderous wooden gantries that traveled on rails and from which the
vibrators were suspended and operated by standard rope winches (Figure 2.7).
Soon, however, this slow setup was replaced by standard crawler cranes and,
for moderate compaction depths, by purpose-built lifting gear, the so-called
vibrocats (Figure 2.18), which resulted in a considerably better output. With

Figure 2.18 First generation vibrocats, 1956. (Courtesy of Keller Group plc, London, UK.)
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the increasing application of the vibro replacement stone column method, it
was found that the vibrator would not penetrate fast enough into cohesive soil
with relatively low water content. A remedy was found initially by increasing
the weight of the extension tubes of the vibrator. But the additional load incre-
ment was rather limited. Only after the vibrocats were modified and improved
in such a way as to allow a downward thrust to be effected on the vibrator was
this handicap eliminated and satisfactory performance also achieved in these
soils. This new setup provided a considerably improved process security and
enhanced productivity when compared with the crane-hung method, and this
was welcomed for technical reasons by supervising engineers and for economi-
cal reasons by specialist contractors (Figure 2.19).

The construction of a stone column, using the dry top feed method,
requires the vibrator to be completely withdrawn from the ground to allow
the stone or gravel to be filled in scoops into the hole created by the vibra-
tor. This modus operandi reaches its limit in very soft, saturated soils when
the vibrator hole tends to collapse immediately after the vibrator has been
withdrawn from the ground. In these circumstances, vibrator hole stabil-
ity can be obtained by using water that emanates from the vibrator point,
creating an annular space around the vibrator, through which the backfill
material can be fed into the hole. The coarse backfill sinks to the bottom of
the hole where it is compacted by the vibrator, which is withdrawn in stages
from the ground. The flushing water is loaded with soil particles and flows
back to the top of the hole from where it needs to be channeled away from

%
.
%5

Figure 2.19 Vibrocat developing downward thrust, 1977. (Courtesy of Keller Group plc,
London, UK.)
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the compaction point generally into a settling pond. Sludge handling and
water treatment to allow its safe return into the environment can be time
consuming and expensive. However, this wet method is still being used
today whenever the local conditions permit.

A major breakthrough was achieved when, in 1972, a patent was regis-
tered for the bottom feed vibrator. It allows the stone backfill to be chan-
neled via special piping in the extension tubes, at the outside of the vibrator,
and supported by compressed air to be released directly at the vibrator
point. The vibrocats were adapted for the new requirements and a special
material lock was subsequently developed that allowed the stone backfill to
be fed in a controlled way into the extension tubes now acting as material
containers. The advantages of the improved method were soon fully real-
ized and were so convincing that the wet method for stone column instal-
lation was almost completely replaced by the new bottom feed method.
It was not only the sludge-handling problem that was responsible for this
development, it was also the new concept itself, which enabled for the first
time a safe—and even for critical users visible and verifiable—construction
of an uninterrupted stone column. Hitherto occasionally occurring discon-
tinuities or even interruptions in stone columns, which had caused excess
settlements, were a key reservation that critics raised against the method.
Not only did clients and their consultants welcome the new bottom feed
method, but also the practitioners on-sites, because by the new method the
quality of stone columns was substantially increased without increasing the
accompanying controls.

After the main patent rights to the vibrator elapsed at the end of the
1960s, other specialist contractors, especially in Germany, started design-
ing and constructing their own vibrators. Since hydraulic motors had gained
general acceptance in the design of construction equipment, it was not sur-
prising that hydraulic drives were also used for these vibrators. Above all, it
was the aim of the designers to increase the stamina and endurance of the
vibrator for its rough usage on-sites. Nevertheless, design and development
targets for the improvement of vibrator performance were—and are still
today—not at all equal among the few companies specialised in the manu-
facture of vibrators. And it is interesting to see that very little has been pub-
lished so far about their key characteristics. It is generally accepted today
that an optimal ground improvement can only be achieved by an optimal
choice of the compaction equipment.

2.6 DESIGN ASPECTS

Although densification of clean sands by vibro flotation is the oldest form of
deep vibratory compaction, no computational design method has yet been
developed. As the degree of density in given sand achieved by vibro com-
paction depends on the distance between compaction centers, the vibratory
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energy consumed and the characteristics of the vibrator itself, it is common
practice to determine the necessary probe spacing for the required density
by field trials. Correlations of direct and indirect in-situ density measure-
ments with the deformation modulus form the basis of settlement predic-
tions. Seed and Booker (1976) and later on Baez (1995) developed certain
design principles for the application of vibro compaction or stone columns
to reduce the liquefaction potential of sands in seismic areas.

During the 1970s, the use of vibro replacement stone columns depended
very much on the experience gained from numerous projects. As the interest
in the method increased with more scientifically orientated engineers, field
experience was increasingly complemented by design approaches to predict
bearing capacity and deformation behavior of stone columns. Numerous
publications on the subject reflect this development during the 1980s. Stone
columns improve the ground because they are stiffer than the soil that they
replace. Their stiffness depends on the characteristics of both the soil and
the stone column material. Although their interaction under load is very
complex, reasonably accurate computational methods for predicting settle-
ments do exist for the simple case of the infinite grid of stone columns.
Priebe proposed a simple, semi-empirical method in 1976, which he then
refined and adapted to better match reality in later years, for the last time
in 2003, when he extended his method and formulae into extremely soft
soils (Priebe, 1976, 1987, 1988, 1995, 2003). This and other methods have
in common the fact that they are not applicable for small groups of stone
columns, a case which is of great practical importance. We will see later in
Sections 4.3.3, 4.3.5, 4.6.3, and 4.6.4 that this gap is being closed today by
numerical methods for the calculation of the bearing capacity and settle-
ment behavior of stone column groups.

On-site, a fully controlled and instrumented construction process of
the deep vibratory method is today—80 years after it was for the first
time introduced in Germany—as important as is an efficient verification
of the success of the soil improvement itself. The flexibility and versatility
of the method has widened the spectrum of its use not only geographically
but even more so from a technical point of view. It is environmentally com-
pletely neutral as it uses only inert and chemically inactive materials, and
an overview of its eight decades of history is not just nostalgia but, as will
be shown in the following, opens up interesting perspectives for its further
development.
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Chapter 3

Vibro compaction of granular soils

DOI: 10.1201/9781315372341-3

3.1 THE DEPTH VIBRATOR

The design principles of modern depth vibrators have changed little since
the time they were invented and then further developed to suit the needs of
practical use on-site. The vibrator is essentially a cylindrical steel tube with
external diameters ranging between 300 and almost 500 mm, containing
internally as its main feature an eccentric weight at the bottom, mounted
on a vertical shaft that is linked to a motor in the body of the machine
above. The length of the vibrator is typically between 3 and 4.5 m and its
weight ranges from 1500 to about 4500 kg. Figure 3.1 displays these fea-
tures in a cross-sectional presentation.

When set in motion, the eccentric weight rotates around its vertical axis
and causes horizontal vibrations that are needed for the vibro compaction
method. The dynamic horizontal forces are thus applied directly to the sur-
rounding soil through the tubular casing of the vibrator, with the machine
output remaining constant regardless of the depth of penetration; this is the
key factor distinguishing vibro compaction from other methods employing
vibratory hammers with their vertical vibrations.

A flexible, vibration-dampening device or coupling connects the vibra-
tor with follower tubes of the same or slightly smaller diameter, providing
extension for deep penetration into the ground. These tubes contain water
and power lines for the motor, occasionally also air pipes for jets located
at the nose of the vibrator and at opposite sides generally just above the
coupling.

Motor drive is either electric or hydraulic, powered by a generator or
power pack which is generally mounted as a counterweight on the rear of
the crane carrying the depth vibrator. Common power ratings of vibrator
motors are between 50 and 180 kW, with the largest machines developing
up to 360 kW. The rotational speed of the eccentric weight, which can also
be split into two or more parts for structural reasons, is with electrically
driven machines determined by the frequency of the current and the polarity

33
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Figure 3.1 Cross section through depth vibrator.

of the electric motor. A 50 Hz power source results in a 3000 or 1500 rpm
rotational motion with a single or double pole drive. When operating at
60 Hz, the rotational speed is 3600 or 1800 rpm, respectively.

The width of the horizontal oscillation 24, or double amplitude, is lin-
early distributed over the length of the vibrator (see Figure 3.2). It is zero at
the vibrator coupling and reaches its maximum—typically between 10 and
almost 50 mm—at the point or nose cone of the freely suspended vibrator
when operating without any lateral confinement. This is also the point of
maximum acceleration a-®? at the vibrator surface, which can reach more
than 50 g.
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e = Eccentricity of bob weight
M = Mass of bob weight

a = Vibration amplitude f =Ama-o

D =Vibrator diameter ®=2-11, n[Hz]

Figure 3.2 Principle of vibro compaction and vibrator accelerations in a horizontal plane.

The centrifugal force F results from the rotational speed o of the eccen-
tric weight with the mass M and an eccentricity of e, and acts as a lateral
impact force on the surrounding soil causing its compaction:

F=M- e o (3.1)

The centrifugal force F ranges between 150 kN for smaller vibrators and
more than 700 kN for the heaviest depth vibrators. When the machine is in
normal working conditions, it is restrained by the ground and oscillation
amplitudes, and surface accelerations are much less despite the constant
centrifugal force F.

Table 3.1 provides an overview of vibrator and motor characteristics of
depth vibrators in use today. It is, however, only a selection of a surpris-
ingly large variety of depth vibrators and reflects the ongoing research
and development in this field, driven by geotechnical objectives but
very often restrained by mechanical and material limits. Hydraulically
driven vibrator motors had until recently certain operational advantages
because any desired frequency changes are relatively easily effected.
However, operational faults may cause unwanted oil spills posing a
potential hazard to groundwater and soil unless biologically degradable
hydraulic oil is used.
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When the vibrators are in operation, the ground response causes—as well
as the dampening of acceleration and oscillation width—a certain reduction
in the operational speed of the vibrator motor. This reduction is generally
less with electric motors where it reaches up to 5%, corresponding with the
slip in asynchronous motors. More recently, electronic control technology
by frequency converters has made it possible to operate electrically driven
depth vibrators at variable speeds. In order to avoid the otherwise loss of
lateral impact force when reducing rotational speed, designers have devel-
oped special divisible eccentric weights that increase their eccentricity sub-
stantially when reversing the rotational direction to continue compaction at
reduced speed.

One of the key objectives of machine design, besides keeping wear and
tear low and repair costs within economically acceptable limits, is to
maintain substantial amplitude in the ground. This depends on the inter-
action of vibrator characteristics and soil response—a complex prob-
lem especially with soil constraints differing not only from site to site,
and with depth on the same site, but also with compaction time at any
given depth. It is, therefore, desirable to know as precisely as possible the
operational condition of the vibrator at any time and depth during com-
paction. The specialists working in this field have developed registration
and control devices that record a multitude of parameters as a function
of time:

Depth of the vibrator

Amperage or oil pressure as a measure of the power output
Operational frequency

Air or water flow pressure

Although these working parameters are recorded generally and continu-
ously as a standard procedure on every project, temperature and accelera-
tion measurements at selected critical locations inside the depth vibrator are
possible and help in protecting and improving the machine characteristics.

Visual display and recording of these working parameters is today essen-
tial and allows the operator to perform the compaction work in an orderly,
repeatable, and verifiable manner. Temperature measurements at selected
locations within the vibrator motor can also be displayed at the control
device serving as motor protection in extreme working conditions.

The outer surface of the depth vibrator is subjected to strong abrasive
forces from the surrounding soil. They are particularly severe for broken
quartz particles but less so when rounded calcareous material is encoun-
tered. Aggressive groundwater, and indeed seawater, accelerate corrosion
and may require special attention. For these reasons, the vibrator is generally
protected by special wearing plates or other protective means on its outside.

The efficiency of the vibratory systems, when working on-site, is very
important and all potential problems leading to unwanted interruptions
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Figure 3.3 High-voltage cable connector. (Courtesy of Keller Group plc, London, UK.)

of the construction process need to be scrutinized. A special connection
of the electric cable leading to the vibrator motor was therefore developed
to avoid the otherwise rather time-consuming process of a vibrator change
in deep penetrations where the heavy cable has to be drawn through the
complete length of the extension tubes. This cable connector (cable joint)
is of the same diameter as the depth vibrator, is capable of transmitting an
electric current of 600 A at 400 V, is waterproof up to 10 bar, and is situ-
ated just above the vibrator coupling (see Figure 3.3).

The instrumentation and control systems in combination with GPS-
based setting out of the compaction probes represent only a first step that
will eventually lead in future to a fully automated vibro compaction pro-
cess. The elements of such technology do already exist and, to some extent,
are already being used on-site with modern equipment. However, current
labor laws and safety regulations are still prohibitive for its practical real-
ization and introduction in most countries.

3.2 VIBRO COMPACTION TREATMENT TECHNIQUE

3.2.1 Compaction mechanism of granular soils

Clean sands in loose to medium dense states are densified as the particles
become rearranged more closely. The resulting degree of volume reduction
depends on the characteristics of the vibrations, the soil properties, and
the duration of the compaction process. In these soils, the practical depth
of efficient surface compaction by powerful vibratory rollers is limited to
about 1.5 m. When deeper sand deposits need densification, deep compac-
tion methods using depth vibrators are normally used. In contrast to sur-
face compactors and vibratory hammers, depth vibrators agitate the soil by
horizontal vibrations.
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With increasing radial distance from the vibrator, the ground vibrations
are attenuated by the forces acting between the soil particles. Compaction
is therefore only possible when their frictional contact is broken by over-
coming the residual frictional strength of the soil. Only then will the soil
particles rearrange themselves to find a state of lower potential energy,
that is, from loose to dense. For this purpose, a minimum dynamic force
is required with a dependent acceleration sufficiently high to break the soil
strength. Where, despite continuing transmission of attenuated weak vibra-
tions, the resisting forces within the soil prevent further compaction, there
is a limit to how far from the vibrator effective vibrations reach.

It has been found that the stability of the structure of granular soils is
destroyed by dynamic stresses when a critical acceleration of more than
0.5 g is reached. With increasing accelerations, the shear strength of the sand
decreases until it reaches a minimum between 1.5 and 2 g. At this point,
the soil is fluidized, and a further increase of acceleration causes dilation.
Figure 3.4a shows the idealized relation between shear strength of the soil
and the induced acceleration.
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Figure 3.4 (a,b) ldealized response of granular soils to vibration. (After Rodger, A.A.,Vibro-
compaction of cohesionless soils, Internal Report, R.7/79, Cementation Research
Limited, Croydon, UK, 1979.)
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In a stage of fluidization, the shear strength of the soil is reduced but not
eliminated completely. Therefore, vibrations, although of course dampened,
can be transmitted through this zone where particle contacts are continu-
ously broken and remade. As the acceleration transmitted from the vibrator
decreases with increasing distance from its source, several annular density
zones surrounding the vibrator can be defined as is shown in Figure 3.4b.

In water-bearing soils, fluidization occurs principally when the rate of
the pore water pressure increase that is induced by the vibrations exceeds
the rate of dissipation, until this pressure overcomes the normal pressure
acting between the particles. It may also occur in dry soils by the action of
water jetting or when the upward-directed vertical component of accelera-
tion exceeds gravity. As modern machines easily produce accelerations in
excess of 10 g, fluidization is induced in the vicinity of the vibrator normally
as a combination of the two effects. Soil instability directly caused by the
action of acceleration in dry soils is referred to as fluidization, whereas in
saturated soils the vibrator-induced oscillations cause liqguefaction depend-
ing on pore fluid pressure.

Soil properties that influence the vibro compaction process are

Initial density.

Grain size.

Grain shape and grading.

Specific particle gravity.

Depth (influencing intergranular and normal stress level).
Permeability.

Essential vibrator characteristics influencing compaction are frequency,
amplitude, and acceleration of the induced oscillations and out-of-balance
force. Finally the duration of the vibration also influences the degree of
compaction achieved.

Interpretations suggest that the fluidized zone, which is characterized
by minimum shear strength, is a measure of the soil’s transmissibility of
vibrations and thus is responsible for the radius of influence of the vibra-
tory treatment. In the transitional or plastic zone, the dynamic forces are
not sufficient to fluidize the soil but are still strong enough to shear the soil
particles from each other at such a rate that they can find a closer pack-
ing. From the point of maximal achievable density (Figure 3.4b), attenua-
tion of vibration occurs until it reaches certain threshold shear strength in
the ground where any further compaction is inhibited. Water saturation
reduces the effective stresses and therefore increases the radius of the com-
paction zone. It is for this reason that in dry soils the use of flushing water
and even flooding of the whole site extends the radius of compaction.

Practical experience gained from construction sites, where depth vibra-
tors with different compaction frequencies were working side by side, has
shown that sand can generally be most effectively compacted by vibrating
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frequencies that are close to what we might call their natural frequency. For
this reason, specialist contractors have developed vibrators capable of com-
pacting granular soils using frequencies as low as 25-30 Hz. Occasionally,
the accompanying reduction of centrifugal force with frequency was found
to be advantageous in optimizing the compaction effect.

Theoretical study of these observations—both in surface and deep
compaction—that treat vibro compaction as a plastic—dynamic problem,
confirm some fundamental findings that have been acquired in practice
under operational conditions: for example, at constant impact force the
effective range of the vibrations increases with decreasing vibrator fre-
quency, whereas the degree of compaction increases with an increasing
impact force. The studies generally aim to develop some kind of on-line
control of the vibro compaction by continuously evaluating information
obtained from the vibrator movements during compaction. Fellin (2000)
suggested making simultaneous measurements of horizontal acceleration
in two orthogonal directions at the vibrator tip and coupling. These would,
together with the phase angle @ of the rotating mass, completely describe
the vibrator motion when working in the ground. This information could
indeed eventually provide the operator with valuable information to bet-
ter control and direct the compaction work on-site. So far, this additional
vibrator instrumentation has only been realized in exceptional cases to sup-
port special investigations and scientific research programs.

The study of surface compaction using vibratory rollers also shows an
optimal compaction of the soil at its resonance frequency which will gen-
erally be between 13 and 27 Hz. These findings compare favorably with
the experience obtained from vibro compaction projects indicating that
sand and gravel are compacted best by using agitating frequencies of below
30 Hz which are close to their natural frequency.

Model tests carried out in saturated sand also indicate that resonance
of the vibrator—soil system could lead to optimal compaction of the sur-
rounding soil. However, in practice, the control of resonance at any point
and time during compaction requires sophisticated on-line measurement of
vibrator data such as the phase angle ® between the position of the rotat-
ing mass and the vibrator movement and its control during compaction by
changing the vibrator frequency f. Figure 3.5 gives the principle of the slip
angle measurement, which would form the basis of this control mecha-
nism, with ® = /2 at resonance. The complexity of such an undertak-
ing in practice becomes evident when remembering the interdependency of
vibrator performance characteristics and soil properties with time during
compaction.

Today, numerical simulations of the vibro compaction process can also
help to better understand this method. It is a well-established fact that
granular soils can be better compacted by repeated shearing rather than by
compression, and that the degree of compaction achieved depends in the
first place on the shear strain amplitude. If the induced strain is too low, the
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minimum density cannot be reached even with very large numbers of load
cycles; conversely, with large strain amplitudes, optimal densification may
not be obtained owing to the effects of dilatancy of the sand.

Based on these principles, a three-dimensional finite element model was
recently developed using quartz sand with an initial void ratio of 0.85, a
dry density of 1.43 g/cm?, and a particle density of 2.65 g/cm?. A disk-
shaped element, 0.5 m high and with a radius of 15 m, at a depth of 15 m
below surface was modeled. The movement of the vibrators (both a depth
vibrator and a top vibrator or vibratory hammer) were simulated using
boundary conditions at the surface of a cylindrical hole in the center of
the disk. The frequency was chosen as 30 Hz with amplitudes of 7.5 mm,
horizontal for the depth vibrator and vertical for the vibratory hammer.
By observing the evolution of the void ratio with increasing numbers of
strain cycles, three zones were distinguished surrounding both types of
vibrators. In the first zone, immediately surrounding the vibrator—radial
distance 7 smaller than 0.5 m—compaction was finished after a few cycles
without reaching the minimum void ratio. It is believed that, owing to the
relatively large strain amplitudes prevailing within this zone, dilatancy and
contractancy balance each other, resulting in a relatively small volumetric
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change or densification. In the second zone, which extends from 0.5 to
3 m the compaction works best. Strain amplitudes are too small to create
dilatancy, allowing the soil to compact. However, with increasing distance
from the vibrator, more stress cycles are required to achieve measurable
densification before, in zone 3, at a distance of more than 3 m, the strain
amplitudes are too small to overcome the intergranular stress level, so no
compaction is achieved.

The numerical model not only supports the qualitative findings described
above and as shown in Figure 3.4, it also ties in well with the experience
gained on-site, particularly that compaction time plays an important role
in extending the radius of influence of this zone. Figure 3.6 shows the
void ratio development with increasing strain cycles as a function of the
distance from the vibrator axis. Although the model predicts too fast a
compaction rate when compared with field application, probably due to
simplifying assumptions of the model, it highlights the importance of mul-
tidirectional shearing in achieving an optimal compaction. While with the

Vibrator

1—Zone of poor compaction
2—Compaction zone
3—No compaction

10 cycles
______ 20 cycles
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.................... 60 cycles
———— 80cycles
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Figure 3.6 Development of void ratio e as a function of the distance r from the source
of vibrations (a) for a depth vibrator and (b) for a top vibratory hammer.
(Redrawn from Arnold, M. et al., Comparison of vibrocompaction methods
by numerical simulations, in Karstanen, M. et al. (eds.), Geotechnics of Soft Soil:
Focus on Ground Improvement, 2nd International Workshop on Geotechnics of Soft
Soils, University of Strathclyde, Glasgow, UK, 2008.)
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depth vibrator, the minimum void ratio in zone 2 extends from 0.5 to 2.2 m
after 100 cycles, this zone reaches only 0.5 to 1.0 m for vibratory hammers,
simply because the depth vibrator compacts the soil by multiaxial shearing,
while the vibratory hammer compaction turns out to be a completely radial
symmetric phenomenon resulting in much less multidirectional shearing;
this explains the known superiority of depth vibrators in the practice of
deep soil compaction.

It is hoped that the findings of newer research work to better understand
the complexity of the compaction of granular soil will eventually help to
further modernize this technology particularly by obtaining information
on the compaction process achieved directly from certain vibrator param-
eters measured during compaction.

3.2.2 Vibro compaction in practice

With the machine running, penetration of the vibrator and its extension
tubes under their own weight is supported by high volume water flow ema-
nating from the lower water jets. At this stage, the jetting water needs to be
only at moderate pressure albeit relatively high volume, sufficient to trans-
port loosened sand to the surface through the annulus between the vibrator
and the surrounding soil. This material flow allows the vibrator to sink.
It is advantageous to maintain a balanced outflow at the surface. Any tem-
porary excess pore water pressure is quickly reduced, again as a result of the
high permeability of the granular material in which the compaction work is
being carried out. In dry sand, any existing local effective stresses or even
slight consolidations from cementation are quickly released and overcome
by water saturation and by the shear stresses emanating from the vibrator.
For very deep compactions in excess of 20 m (Figure 3.7), it may be neces-
sary to attach additional water lines with jets at intervals along the exten-
sion tubes, or to apply additionally compressed air to maintain or to support
the upward water velocity within the annulus against the water losses by
seepage from the hole. Should no flushing medium be used in dry sand
during the penetration phase, compaction of the material surrounding the
vibrator will eventually tighten the soil to such an extent that penetration
is stopped. This phenomenon depends—besides the soil properties—mainly
on the characteristics of the vibrator. Sinking or penetration rates are gener-
ally 1-5 m/min. It is during this penetration stage that the vibrator tends to
twist to a certain extent, although fins are generally attached to the vibrator
(Figure 3.1) to prevent or at least reduce this behavior, which is the result
of the rotational movement of the eccentric mass. Twisted cables and water
hoses can be adjusted, if necessary, by removing the vibrator completely out
of the ground or, with certain vibrator types, by changing the rotational
direction of the electric motor upon reaching the final penetration depth.
When the vibrator attains the design depth, the penetration aids (water
and air) are usually switched off or reduced considerably. High pressure,
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Figure 3.7 Crane-hung depth vibrator, rigged up for 40 m compaction depth. (Courtesy
of Keller Group plc, London, UK.)

low volume horizontal water jets situated near the vibrator coupling are
now switched on with the aim of undercutting the sand at the sides of the
bore and at making it to fall to the vibrator tip, thereby providing a suf-
ficient volume of sand to be compacted. Ideally, the water flow should also
be strong enough in terms of volume to maintain a stable bore, balancing
any water losses along the bore and at the surface.

Compaction occurs as the vibrator is slowly withdrawn from the ground.
It is important at this stage that the vibrator maintains a good and perma-
nent contact with the surrounding soil. When this contact is lost, the vibra-
tor motions may become irregular resulting in insufficient compaction.
For better operational control, compaction is normally done in stages of
0.3-1.0 m maintaining the machine steady at each level either for a prede-
termined time or until monitored vibrator data indicate sufficient compac-
tion having taken place (i.e., power consumption of the electric motor or
oil pressure of the hydraulic engine). These time intervals are generally



Vibro compaction of granular soils 47

between 30 and 90 s depending on the characteristics of the soil, the
required degree of compaction, and the characteristics of the vibrator used.

Whatever the individual operational modes of the specialist contractors
may be, it should be remembered that effective compaction requires time
and that the unwanted lowering of the machine during the compaction
stage may give rise to increased power demand and to a false indication of
satisfactory compaction. Densification of the sand surrounding the vibra-
tor causes a reduction of the pore volume, which must be compensated
either by extracting it from the material to be compacted, or by introduc-
ing imported suitable backfill into the bore from the surface. When no
imported sand fill is used and the sand surface is allowed to settle as a result
of densification, the surface settlement may reach up to 15% of the compac-
tion depth depending on the original density and the degree of compaction
achieved. Independent of the operational mode, an effective regulation of
the water flow in the annulus is important. Falsely arranged side jets and
badly controlled jetting volumes often lead to the wrong assumption that
only by the addition of coarse backfill, which tends to sink more rapidly,
can too slow compaction be avoided.

When the cycle of lowering the vibrator to design depth and subsequent
stage-by-stage compaction is completed, a new compaction probe can be
commenced by repeating the procedure described. The compaction process
so carried out leaves behind a compacted sand column of enhanced density,
with a dense core followed by material of decreasing density as the distance
from the center increases. The diameter of such a column ranges typically
between 3 and 6 m depending on the characteristics of vibrator and soil. By
arranging the individual compaction points in a grid-like fashion, almost
any surface configuration can be treated to the desired depth, both from
the dry and offshore.

The distances between compaction points in an equilateral triangular
pattern are normally 2.5-5.0 m, and this can cover areas of up to 15 m?2for
each compaction probe. In this way, up to 20,000 m? of sand of a favorable
grading can be compacted within a 10-hour shift with a single vibrator
operation. When twin vibrators can be employed, the production out-
put can almost be doubled, and when special circumstances dictate (for
instance large volumes to be compacted offshore with difficult access to
site), a multitude of depth vibrators can be used simultaneously safeguard-
ing accuracy of the compaction probe location and the mode of operation
(see Figure 3.8).

Typically, for large compaction volumes, the depth vibrators would be
suspended from a heavy crawler crane, which also carries an electric genera-
tor at its rear. For economic reasons it may be advantageous to operate more
than one vibrator from one base machine. In this way, up to six vibrators
have been used simultaneously, carried by a specially designed frame for
compaction over water (see Figure 3.8b). However, this kind of operation
is restricted for practical reasons to a compaction depth of about 25 m.
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Figure 3.8 (a) Twin and (b) multiple depth vibrators for underwater compaction. (Courtesy
of Keller Group plc, London, UK.)

This depth range also represents the maximum depth for the majority of
applications. Only in particular circumstances—as were prevailing during
the rehabilitation of the derelict open pit brown coal mining areas in Lusatia,
Germany—might deeper compaction, in excess of 50 m, become necessary.

As a result of both the vibrator shape and the much-reduced lateral
soil pressure close to ground level, densification by the vibro compaction
method is generally less effective in the upper 1-2 m below working grade
level. If required by the foundation level, this layer therefore needs addi-
tional compaction by standard surface compactors before construction
work commences.

It is the aim of specialized contractors to continuously better the efficiency
of their depth vibrators, not only by improving the compaction characteris-
tics but, equally important, by improving the wear resistance and durabil-
ity of the equipment, avoiding in this way otherwise expensive overhauls
or equipment breakdowns. These generally occur by ordinary wear and
tear, particularly in abrasive soils, at the vibrator surface, and internally
by excessive heat development in motors and bearings as a result of the
compaction work. Selecting appropriate materials and construction parts
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Figure 3.9 Fixed mast crane attachment for head room restrictions with telescopic
vibrator extensions and cable tightening device. (Courtesy of Keller Group
plc, London, UK.)

for vibrators, extension tubes, and attachments is therefore very important.
When restrictive working conditions on-site require special solutions, the
vibro compaction method often proves its flexibility: in a recent case, the
maximal allowed equipment height was restricted to just 10 m, but den-
sification of loose sand was required to a depth of 15 m. The specialist
contractor designed and built a telescopic extension for the depth vibrator
(and the necessary cable tightening system) attached to the vertical mast of a
standard excavator guaranteeing the head room restrictions (see Figure 3.9).

3.3 DESIGN PRINCIPLES

3.3.1 General remarks

The foundation of structures on sand was, for centuries, regarded as a
treacherous undertaking, and even today any constructor who intends
to build on sand should also beware of sudden settlement of foundations
caused by ground vibrations which may be activated by reciprocating man-
made and natural impacts from such effects as traffic, vibrating machinery,
earthquakes, and even wave action. A sufficient knowledge of the charac-
teristics and behavior of the sand—a clean free-draining granular soil—is
a prerequisite of any design attempt aiming to describe its compressibility
under load, its shear strength, or its permeability.

Granular soils are characterized by distinctive features that determine
their behavior under load. Vibratory deep compaction is mainly concerned
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with the improvement of the mechanical characteristics of sand. According
to the Unified Soil Classification System (USCS), sands contain more than
50% of coarse-grained particles of diameters larger than 0.074 mm, with
more than half of the coarse fraction being smaller than 4.75 mm. Clean
sand should not contain more than 5% of material which is finer than
0.074 mm. Further subdivisions are made with regard to the nature (silt
or clay) of the fine-grained material with grain sizes below 0.074 mm as is
shown in Figure 3.10.

Sand is the product of mechanical abrasion of larger stones and boulders
during its transport and redeposit. Its geological origin is generally alluvial
or glacial, transported by rivers and streams or melt waters flowing from
glaciers, sometimes followed by secondary transport process by wind, and
finally deposited as sediment. Its most frequent mineral is silica, SiO,, crys-
tallized as tetrahedron, forming quartz and having a grain density typically
of 2.65 g/cm?. It is of some importance whether or not the sand deposit was
subjected to glacial loading after its sedimentation, since most mechanical
properties of the sand are a function of loading stage or stress history.

The mechanical properties of the sand deposit are also influenced by
its grain characteristics such as size, shape, and surface of the particles.
Depending on the length of their transportation, sand grains are more
or less intensely rounded. In sand, all particles are in contact with each
other without any bond or cohesion. Grain packing measured by the rela-
tive amount of voids influences the strength and compressibility, the key
mechanical properties of the sand. Two different ratios, the porosity 7 and
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Figure 3.10 Grain size distribution curves of sands (SW, well-graded, clean sand, fines
content <5%), SP (poorly graded, clean sand, fines content <5%), SM (silty
sand, fines content >12% is mainly silt), and SC (clayey sand, fines content
>12% is mainly clay).
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the void ratio e, describe the volume of voids, (V - V), in relation to the
total volume, V, and to the volume of solids, V,, respectively. Equation 3.2
describes this relationship.

V-v) ,_(V=V)

An idealized sand material consisting of spherical grains of equal diam-
eter can be deposited in two extreme arrangements having a porosity of
between 7,,;, = 0.259 and n,,,, = 0.476 or void ratios of ¢,;, = 0.352 and
Cnax = 0.924. These boundaries mark what is called the densest and the
loosest packing stage of the deposit. All intermediate stages with porosities
n or void ratios e are characterized by their density D or relative density D :
Mpax — N Dr — €max — €

Mmax ~ Mmin €max ~ €min

D= (3.3)

D, values are slightly larger than D, but describe substantially the same
thing (see Table 3.2).

Accordingly the loosest and the densest stages are defined by a relative
density of D, = 0% and D, = 100%, respectively. In reality, sand deposits
consist of a variety of grain mixtures with boundaries for the loosest and
the densest stages falling into the following ranges:

Mimax =0.39...0.46 e, =0.64...0.85
Mmin =0.25...0.33 e, =0.33...0.49

Minimum and maximum void ratios of sand are determined by well-
defined laboratory tests. The loosest stage of density is achieved by care-
fully filling a cylinder with dried sand; to achieve the densest stage, the
same cylinder is filled with sand while subjecting it to vibrations and static
loading. Unavoidable imperfections of the testing procedures, plus the fact
that the maximum compaction achievable in the laboratory is sometimes

Table 3.2 Density and relative density of sand

Relative density D, (%) Density D (%) Description
0-15 0-15 Very loose
15-35 15-30 Loose
35-65 30-50 Medium
65-85 50-80 Dense

85-100 80-100 Very dense
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below that achieved by vibro compaction in the field, may result in relative
densities D, in excess of 100%.

It is important to understand that all mechanical parameters describ-
ing the behavior of sand, such as stiffness and strength or permeability,
are directly related to its relative density. The modulus of elasticity of the
quartz grain itself, for example, is about 1000 times higher than that of
sand, even at its densest stage.

All forces acting on the soil such as gravity or additional loading are
transferred by grain contacts. The contact points themselves are able
to transfer normal and shear forces, the latter depending on the surface
characteristics of the grains. If an idealized sand material is considered to
consist of spherical grains of equal diameter, the loosest arrangement is
hexahedral whereby each sphere has six contact points with its neighbor-
ing spheres. In the densest stage, the spheres form an arrangement which is
characterized by 12 contact points with their neighboring spheres, allowing
considerably higher stresses per unit volume to be transferred with much
less deformations.

As already mentioned, the stiffness of a sand deposit depends on the pre-
vailing stress level and therefore rises generally with depth and the relative
density as shown in Figure 3.11.

Beyond a certain threshold, all additional stresses acting on a granular
soil are accompanied by a rearrangement of its grains and a nonrevers-
ible (plastic) deformation. Unloading of the soil leads to a stress relief and
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Figure 3.11 Relationship between density D, vertical stress G,, and constrained modulus
of sand. (After Smoltczyk, H.-U., Wasser und Boden, 9, 1966.)
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occurs without rearrangement of the grains and with considerably reduced
reversed (elastic) deformations. Since this grain rearrangement requires the
contact forces between the grains to be overcome, this process can be sup-
ported by the lubrication effect of water and by vibrations.

Whenever granular soils are subjected to shear stresses—and practically
all loading contains a certain amount of shearing—the grains are forced to
rearrange and to find a new stage of equilibrium that is best characterized
by their relative density. Depending on the initial density, the applied shear
strain can result in compaction or loosening of the sand specimen. This
nonlinear deformation behavior of sand is shown in Figure 3.12.

As can be seen from Figure 3.12, dense sand tends to expand under shear
stresses, an effect that is called dilatancy. We know from Coulomb’s theory
of friction that the transmissible shear force is a function of the normal
force acting on the contact surface. Whenever this volume increases, or
dilatancy is restricted in the shear zone—for example, by the adjacent
soil—the normal stresses are higher, thereby increasing the necessary shear
forces.

Dilatancy of sand has considerable practical importance. It is, for exam-
ple, responsible for the greater characteristic values of shaft friction to
be used in the design for grouted micro piles in sand as compared with
the relevant values for bored piles. In general, it is therefore of great eco-
nomic benefit for almost all geotechnical problems where granular soils are
involved to increase the density of natural and man-made sand deposits at
least to a medium dense stage.

The design of structures on sand is therefore often concerned with one or
a combination of the following features:

¢ Reduction of settlement by increasing the deformation modulus

e Increase of bearing capacity by increasing the shear strength

e Decrease of liquefaction potential by increasing the density and/or the
permeability

Table 3.3 depicts the main characteristics influencing the density of sand
that ultimately determine the key properties—modulus, friction angle, and
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Figure 3.12 Shear stresses in sand (€ = plain strain and €, = volumetric strain).
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Table 3.3 Physical properties of saturated sand (guideline values)

Medium Very
Very loose  Loose dense  Dense  dense
Relative density D, (%) <15 15-35 35-65 65-85 85-100
Nspr (blows/30 cm) <4 4-10 10-30 30-50 >50
CPT q.(MPa) <5 5-8 8-15 15-20 >20
Nppy (heavy) (blows/10 cm) <5 5-10 10-15 1520 >20
Unit weight (wet,above GWT) (MN/m3) <14 14-16 16-18 18-20 >20
Constrained modulus E_ 4 (MPa) 15-30 30-50 50-80 80-100 >100
Friction angle ¢ (°) <30 30-32.5 32.5-35 35-375 >375
Shear wave velocity V, (m/s) <150 220 350 450

permeability—necessary for design. The direct or indirect measurement of
the density therefore plays a decisive role in determining the need or other-
wise for sand compaction and in any quality control measures.

3.3.2 Stability and settlement control

Natural sand deposits and artificially placed sand fill are likely to have
a considerable variation of their key characteristics depending on the
nature or method of placement, geological history and, as already
explained, the distinctive features of the sand grains (mineralogical ori-
gin, size, shape, hardness, and roughness). As we have seen, the potential
increase of the fines content inhibits densification, and Figure 3.13 shows
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the broadly accepted range of grading suitable for vibro compaction as
will be further discussed in Section 3.35.

Compressibility, shear strength, and, to some extent, permeability
depend primarily on the density of the sand, which is generally described by
its relative density D, in terms of the void ratio or of the dry unit weight of
the soil in the loose (L), dense (D), or natural (N) state. Figure 3.14 shows
how the settlement of a sand deposit can be assessed based upon the prin-
ciple of minimum and maximum void ratios.

What appears at first glance to be so simple a procedure turns out to be
rather more difficult in practice, because the laboratory work involved in
measuring minimum and maximum dry densities of the sand, and then col-
lecting an undisturbed sand sample in the field, and the subsequent determi-
nation of its natural dry density, in the laboratory are subject to experimental
errors. Not only is this procedure very much dependent upon the experience
and accuracy of the soils engineer, it is also very time-consuming and com-
paratively expensive, particularly in water-bearing soils at greater depths.
The direct measurement of relative density in greater depth is therefore today
almost completely replaced by indirect methods such as the various available
penetration tests that can be approximately related to relative densities.

Table 3.3 gives approximate values for the strength properties of clean,
predominantly silica sand, which can be useful for design purposes. However,
it must be remembered that sand deposits, natural and artificial, generally
vary widely in their properties both in depth and horizontal extension.
Thorough site investigations together with precise and noncontradictory
specifications for the densification of the sand are therefore indispensable.
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Figure 3.14 Settlement of sand. (After D’Appolonia, E., Loose Sands: Their Compaction by
Vibroflotation, ASTM No. 156, Special Technical Publication, 1954.)
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Experience shows that a compacted free-draining granular soil has a rel-
ative density of at least 70% throughout, which is sufficient for foundation
purposes under normal conditions and that any subsequent ground motions
other than earthquakes are generally not strong enough to cause additional
settlement. In the case of seismic events and exceptionally strong impacts
from explosions or similar events, the induced energies can be extremely
high and a detailed study of the required density, which will often need to
be in excess of 85% relative density, becomes necessary (see Section 3.3.3).

As we saw earlier, the effectiveness of the vibro compaction process
decreases with increasing distance from the center of compaction, depend-
ing on a number of variables (vibrator characteristics, soil properties, oper-
ational modes). Figure 3.4b shows an idealized density profile for a single
vibro compaction point at a selected depth. The decrease from a maximum
in the neighborhood of the center is rather rapid at first, before it lessens
in an exponential way as the distance increases and the original density is
met. By arranging additional compaction points in regular patterns, prac-
tical experience shows that the density at the weakest point within any
chosen pattern increases broadly by the density increases of the adjacent
probes for single probe behavior at that distance. As it is common practice
today that the specified minimum density for a project is to be met also at
the weakest point of the pattern, this procedure generally provides an addi-
tional safety margin because, by definition, all other areas away from this
point are then characterized by higher densities (see Figure 3.15).

The prime objective of vibro compaction treatment is to provide a zone
of improved ground sufficiently dense beneath surface spread foundations.
The settlements of spread footings such as individual pads, strips, or smaller
rafts are primarily controlled by the compactness of the ground immedi-
ately below the footings. Compaction points are therefore arranged beneath
them as shown in Figure 3.16. Depth of treatment is very much dependent
upon the development of the pressure bulb, according to elastic theory, gen-
erally about two or three times the minimum plan dimension of the footing.
For smaller rafts and closely spaced smaller footings, the required depth may
be somewhat deeper and may often need to reach 8—10 m. Determination

=
® = Center of compaction
W = Weakest point

g

Figure 3.15 Triangular and square compaction patterns.
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72

(2

Figure 3.16 Typical arrangements of compaction probes below isolated and strip
footings.

of the vibro compaction probe spacing is either by experience from similar
cases or by field trials. In view of today’s diversity of available depth vibra-
tors, design charts, as have been proposed and widely used in the past
(D’Appolonia, 1954; Thorburn, 1975), are not to be recommended any-
more. With modern machines, probe spacing can be increased to more
than 3.0 m for clean sand, allowing safe bearing pressures in excess of
500 kN/m? with settlements less than 25 mm (see also Greenwood and
Kirsch, 1984). One should always remember though that the main objec-
tive of settlement control is in most cases to reduce differential settlement.
This aim normally does not require compaction to maximum density. Very
often, equalization by a moderate widely spaced compaction may be suf-
ficient whereby the sand deposit receives an equally distributed density and
stress history for its loaded areas.

Considerably greater depths may become necessary for large raft foun-
dations as well as for dams, embankments or tanks, or where compac-
tion is required to prevent liquefaction or settlement of deeper deposits due
to earthquakes or other artificial vibrations. In these cases it is necessary
to ensure that the stress levels induced into the soil by vibro compaction
exceed those which might occur under design conditions.

We have seen earlier that the radius of influence of vibro compaction
depends, for given sand, primarily on the characteristics of the depth vibrator
and the chosen mode of operation. It generally varies between 2 and 4 m and
it is therefore impracticable and not advisable to specify the necessary spac-
ing of the probes together with the required density criterion. Since the latter
is determined by the requirements of the overall design of the project, the
necessary spacing follows the choice of machine, and is generally established
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Figure 3.17 Typical arrangement of a vibro compaction field trial to establish probe
spacing with exemplary result for specific soil condition and vibratory
parameters. (After Moseley, M.P. and Priebe, H.J., Vibro techniques, in
Moseley, M.P. (ed.), Ground Improvement, Blackie Academic & Professional,
Glasgow, Scotland, 1993.)

by experience and, for larger projects, by field trials. Figure 3.17 shows a
typical test arrangement of such a trial. If the chosen method of testing is
the cone penetration test (CPT) the comparison of pre- and post-CPT results
with the desired or specified criterion then determines the necessary compac-
tion probe spacing (see also case history in Section 3.6.6). Field observations
show that modern machines with a grid spacing of more than 10 m? per
probe in clean compactable medium sand can achieve 80% relative density.

Numerous researchers have studied the behavior of sand and have pro-
posed useful correlations of the various dynamic and static deep penetration
tests, in particular the standard penetration test (SPT) and the CPT, with
relative density, compressibility, and friction angle. However, the use of these
tables and charts (Figures 3.18 and 3.19, Table 3.3) requires a careful vali-
dation and interpretation of their applicability in any specific case.

Figure 3.18 provides the possibility of estimating the peak friction angle
¢ as a function of the relative density D, and the gradation characteris-
tics of normally consolidated, saturated, predominantly silica sands for a
given stress level in the range of 150 kPa. A similar relationship is shown
in Figure 3.19 for uncemented moderately incompressible, predominantly
silica sands, indicating that the cone resistance increases linearly with the
vertical effective stress for constant friction angles.
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Figure 3.18 Relationship between friction angle ¢" and relative density D, (Redrawn
from Lunne, T. et al., Cone Penetration Testing in Geotechnical Practice, Blackie
Academic & Professional, Glasgow, Scotland, 1997; after Schmertmann,
J.H., Guidelines for cone penetration test, performance and design, Report
FHWA-TS-78-209, 145, US Federal Highway Administration, Washington,
DC, 1978.)

For foundations on sand with a smallest width of more than 1.5 m, set-
tlement is normally the key criterion for the design rather than bearing
capacity. A reliable in-situ determination of the sand stiffness is of great
importance because of the difficulties of measuring the deformation modu-
lus in the laboratory on undisturbed samples obtained from the field as they
are extremely difficult to retrieve from granular soils. However, to deter-
mine stiffness data for sand from in-situ penetration tests is also rather
complex because of their dependence on stress levels, stress history, drain-
age, and sand characteristics.

For normally consolidated, unaged and uncemented predominantly silica
sands, the constrained modulus M can be obtained from the following rela-
tions based on CPT results after Lunne and Christophersen (1983):

M=4.q, forq. below 10 MPa
M=2-q.+20(MPa) forq.between10and 50 MPa (3.4)
M =120MPa forq. above 50 MPa
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Figure 3.19 Relationship between &', q., and ¢’ (Redrawn from Lunne, T. et al., Cone
Penetration Testing in Geotechnical Practice, Blackie Academic & Professional,
Glasgow, Scotland, 1997; after Robertson, P.K. and Campanella, R.G., Can.
Geotech. J., 20(4), 718, 1983.)

For overconsolidated sand, the same researchers recommend as a rough
guideline:

M=5-q. for g. below 50 MPa
(3.5)
M =250 MPa for g. below 50 MPa

When SPT results are considered or specified in a project, Table 3.4 pro-
vides a useful guideline for the translation of N-values into equivalent g,
values of the CPT (see also Figure 3.28).
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Table 3.4 Proposed translation of Ngpr into g, values for design purposes independent
of depth, relative density, and water conditions

Soil type q. (kglcm?)/Nspr (blows/30 cm)
Silt, sandy silt, and slightly cohesive silt—sand mixtures 2

Clean, fine to medium sands and slightly silty sands 35

Coarse sands and sands with little gravel 5

Sandy gravels and gravel 6

Source: Schmertmann, J.H., J. SMFD,ASCE, 96(3), 101 I, 1970.

As we have seen, correlations between in-situ measured penetration resis-
tances and relative density provide well-established means for the design
where silica sands are concerned. However, special care is necessary where
sands with high carbonate content are concerned. Calcareous soils with car-
bonate contents below 50%—70% generally behave similar to noncalcareous
soils. Where higher carbonate contents are encountered, these soils often
contain up to 100% CaCO;, and the engineering properties are much more
difficult to assess. Their coarse grains all derive from shell particles which
are subject to grain fracturing during cone penetration and, in addition, very
often high cone penetration resistances above the water table are the result
of particle cementation due to precipitation, a phenomenon which predomi-
nantly occurs in arid countries.

It has been observed that an increasing shell content at first leads to
an increase of the cone penetration resistance g. until grain fracturing
becomes a dominant mechanism and the g, values start to decrease again.
Grain fracturing during testing will increase in these sands with increasing
shell content, effective overburden pressure, and density. For these sands,
measured g, values tend to grossly underestimate relative density when
compared with the results in silica sands which can be up to three times
higher at the same density (University Karlsruhe, 2006; Wehr, 2007).
When conditions prevail as described above, the performance of load tests
or direct density measurements and their evaluation and correlation with
CPT values are more appropriate and therefore recommended (see also
Section 3.5).

We will see later, in Section 3.3.3, that densification of saturated loose
sand represents the key improvement measure to prevent liquefaction dur-
ing an earthquake, although it is accompanied by a certain decrease in
permeability. Consequently, this is apparently counterproductive; however,
with density playing the prime role in controlling liquefaction, the method
is very effective for this purpose. Conversely in saturated fine-grained
sand and silty sands in which densification is difficult to achieve, if at all
possible, liquefaction can most effectively be controlled by increasing the
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overall permeability of the soil mass. To this end, permeable granular vibro
replacement stone columns can be installed which shorten the drainage
paths considerably, leading to an accelerated pore water pressure relief (see
Section 4.3.4).

The above-mentioned effect of permeability reduction by vibro com-
paction is occasionally used for groundwater control by reducing seep-
age through existing flood protection dykes or for reducing the ingress of
groundwater into deep excavation pits. Sidak (2000) reports on interesting
case histories that indicate that vibro compaction reduced the permeabil-
ity of sand by up to two orders of magnitude, an effect that can often be
achieved only by less environmentally acceptable methods.

In addition to the usual application of decreasing the void ratio of granu-
lar soils to allow higher bearing pressures and reducing settlement, vibro
compaction methods are well-suited to resolving a large variety of geotech-
nical problems. For the design of retaining structures, vibro compaction
can be used to reduce the lateral earth pressure acting on them. The method
can also be used below and around piles and caissons to increase their
load-bearing capacity, and as the method can also be effectively executed
offshore, it is particularly important in construction of harbors and similar
work (Kirsch, 1985, and Section 3.6).

As we have seen, density represents the key characteristic of sand, which
needs to be measured in-situ to establish most of the other parameters nec-
essary for the design. The flow chart in Figure 3.20 provides soil-inherent
(internal) characteristics influencing the density of sand together with
external measures by which they can be influenced.

Necessary design parameters: E or M, ¢, k

Measured by
penetration resistance
Norgq,

Internal characteristics External measures to increase
influencing density: density:
Mineralogy Extent of compaction (vibrator
Grain size and distribution characteristics, compaction
Grain shape time, compaction geometry, and
Grain hardness and roughness added material)

Figure 3.20 Interdependences for the design of structures on sand.
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3.3.3 Mitigation of seismic risks
3.3.3.1 Evaluation of the liquefaction potential

It is well-known that saturated medium-to-fine-grained sand may lose
its strength during an earthquake. The phenomenon is called soil lique-
faction and occurs primarily in saturated, cohesionless, fine-to-medium
grained soils. In an attempt to explain liquefaction of sand, Casagrande
(1936) used the concept of the critical void ratio—dense sand tends to
dilate under shear, whereas loose sand undergoes a volume decrease
under the same loading condition. The density at which no volume
change occurs in the sand under shear load is called the critical density
(critical void ratio).

Sands having a density below the critical density will therefore settle
when subjected to earthquake motions. If drainage is prohibited, the pore
water pressure # will increase until it equals the overburden pressure and
the resulting effective stress 6" becomes zero. At this point, the sand has lost
its strength completely and has become a liquid.

c'=c-u (3.6)

where:
o’ is the effective stress
o is the total stress
u is the pore water pressure

The disastrous earthquakes at Niigata, Japan, and in Alaska, both in
1964, triggered studies and investigations on liquefaction caused by earth-
quakes to better understand the principles and parameters controlling this
phenomenon.

Today, the state of the art is best described in the publications of the
National Center for Earthquake Engineering Research (NCEER) at the State
University of New York.

The simplified procedure to assess the liquefaction potential of soils
was first developed by Seed and Idriss (1971) and was subsequently peri-
odically corrected and updated with new developments and findings. It
deals with level or gently sloping sites over Holocene alluvial or fluvial
sediments at relatively shallow depths not exceeding 15 m. The proce-
dure defines the cyclic stress ratio (CSR) that would result from a design
seismic event and compares it with the cyclic resistance ratio (CRR), also
called liqguefaction resistance, which the soil is able to mobilize during
the earthquake.

CSR is defined in the following equation:

CSR =" = 0.65'(61[““}'{6‘10}'7& (3.7)

’
Gy0 g G0
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with a,,. representing the peak horizontal acceleration at ground level
resulting from the design earthquake, g the gravity acceleration, 6,,and o'
the total and effective vertical overburden pressure, respectively, and 7, the
stress reduction coefficient. CSR represents the ratio of the average hori-
zontal shear stress 1,, developed by the design earthquake to the initial ver-
tical effective stress before the cyclic loading occurred. Figure 3.21 shows
the 7, versus depth curves that are recommended for noncritical projects.
The spread of the curves indicates the uncertainty of the method, particu-
larly at depths greater than 15 m.

The simplified procedure replaces the unevenly distributed cyclic shear
stresses of an earthquake by an equivalent average uniform shear stress that
is equal to 65% of the maximum cyclic shear stress.

Equation 3.7 allows us to calculate the cyclic stresses at different depths
and to determine the respective cyclic stress ratios. The magnitude of an
earthquake determines the duration of the ground shaking and thus the sig-
nificant number of stress cycles N, necessary to generate maximum shear
stresses. Table 3.5 provides representative numbers.

By comparing the shear stresses induced by the design earthquake
(determining the CSR value) with those shear stresses that are neces-
sary to cause liquefaction under the prevailing site conditions, zones in
the soil profile can be identified where liquefaction is likely to occur.
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Figure 3.21 Stress reduction coefficient ryas a function of depth. (After Seed, H.B. and
Idriss, .M., J. SMFD, ASCE, 97(SM9), 1249, 1971.)
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Table 3.5 Earthquake magnitudes and number of significant stress cycles

Earthquake magnitude M Number of significant stress cycles N_
7 10
7.5 20
8 30

Source: After Seed, H.B.and Idriss, .M., J. SMFD, ASCE, 97(SM9), 1249, 1971.

Therefore, the next step is to evaluate the liquefaction resistance of the
soil or CRR taking into account the actual soil characteristics that are
responsible for this phenomenon.

The difficulties and associated costs for retrieving undisturbed samples
from water-bearing granular soil are prohibitive for most projects. Only
in exceptional cases and with specialized sampling techniques can suffi-
ciently undisturbed specimens be collected; these are subsequently tested
in the laboratory, where the seismic loading conditions can be modeled
adequately. Instead, field tests have replaced this procedure and are widely
used for routine liquefaction investigations. NCEER recommends four
methods: (1) the SPT, (2) the CPT, (3) shear wave velocity measurements,
and (4) the Becker penetration test. Since, for the latter two, only limited or
sparse test results from liquefaction sites are available, the following deals
only with the CRR value measured by SPT and CPT methods.

Figure 3.22 depicts the CRR values as a function of the corrected blow
count of the SPT (N;), developed by Seed et al. (1985) from empirical
data as recommended by the NCEER for 5%, 15%, and 35% fines in the
sand. However, these are only valid for magnitude 7.5 earthquakes. The
blow count (N,),is the measured blow count N, corrected to account
for the influencing factors, overburden pressure (Cy), energy ratio (Cg),
borehole diameter (C;), rod length (Cy), and sampling method (Cs) by
Equation 3.8:

(NiJso = Npm-Cx-Cg-Cy-Cg - Cs (3.8)

Suggested ranges of correction factors can be taken from Table 3.6. To
account for the overburden pressure, the Cy factor is calculated by using
the effective overburden pressure o' in Equation 3.9 that acted at the time
that the SPT test was carried out,

0.5
Cx :( 2 j (3.9)

'
Gvo

with p, representing the atmospheric pressure of 100 kPa.
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Figure 3.22 Recommended base curve for calculation of CRR from SPT data. (Redrawn
from NCEER, in Youd, T.L. and Idriss, .M. (eds.), Proceedings of the NCEER
Workshop on Evaluation of Liquefaction Resistance, Technical Report NCEER-

97-0022, 1997.)

The SPT-based method of computing the CRR has the advantage that
the number of test measurements at liquefaction sites is abundant and that
disturbed soil samples can easily be collected during testing to establish
fines content and other grain characteristics.

Figure 3.23 shows a similar graph that was developed from empirical data
but was based on the relationship between the corrected CPT tip resistance
.1~ and the CSR, showing CRR curves for clean sands with fines contents
below 5% and valid for a 7.5 magnitude earthquake. Normalization of the
measured cone penetration resistance g. is achieved by correcting it for the

effective overburden pressure o’ by

gean = Cq (ch (3.10)

with Cq = (p./c%)" and p, = 100 kPa, the atmospheric pressure, and 7 ranging
from 0.5 for clean sands to 1 for clays.
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Table 3.6 Corrections to SPT values

Factor Equipment variable Term Correction
Overburden pressure Cn Cy = (pa/540)*®
CW<2

Energy ratio Donut hammer C 0.5-1.0
Safety hammer 0.7-1.2
Automatic-trip donut 0.8-1.3
type hammer

Borehole diameter (mm) 65-115 G 1.0
150 1.05
200 1.15

Rod length (m) 34 G 0.75
4-6 0.85
6-10 0.95
10-30 1.0
>30 >1

Sampling method Standard sampler Cs 1.0
Sampler without liners I.1-1.3

Source: NCEER, inYoud,T.L.and Idriss, .M. (eds), Proceedings of the NCEER Workshop on Evaluation of
Liquefaction Resistance. Technical Report NCEER-97-0022, 1997.

0.6 I I
0.25 < D50 < 2 (mm)
fines content < 5%

0.5 }
&2 04
)
L
5 Liquefaction — No liquefaction
w 0.3 ‘
2 |
> ——— CRR-curve
g
)
5 0.2

/ M=75
0.1
T
0
0 50 100 150 200 250 300

Corrected CPT tip resistance g1y

Figure 3.23 Curve for calculation of CRR from CPT data. (Redrawn from NCEER,
in Youd, T.L. and Idriss, I.M. (eds.), Proceedings of the NCEER Workshop on
Evaluation of Liquefaction Resistance, Technical Report NCEER-97-0022, 1997.)
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Figure 3.24 CPT-based soil behavior type chart after Robertson 1990. | = sensitive,
fine-grained, 2 = organic soils—peat, 3 = clays—silty clay to clay, 4 = silt
mixtures—clayey silt to silty clay, 5 = sand mixtures—silty sand to sandy silt,
6 = sands—clean sand to silty sand, 7 = gravelly sand to dense sand, 8 = very
stiff sand to clayey sand*, 9 = very stiff, fine-grained* (*heavily overconsoli-
dated or cemented). (Redrawn from NCEER, in Youd, T.L. and Idriss, |.M. (eds.),
Proceedings of the NCEER Workshop on Evaluation of Liquefaction Resistance,
Technical Report NCEER-97-0022, 1997.)

In Figure 3.24, a soil behavior type chart is shown as developed by
Robertson (1990) identifying different soil types as a function of their cone
resistance and their friction ratio. The CPT friction ratio (sleeve resistance
f. divided by cone tip resistance q.) increases with increasing fines content
and plasticity of the soil. The boundaries between the different soil types
of the graph can be approximated by concentric circles of the radius I,
referred to as the soil behavior type index:

I, =/(3.47 —1ogQ)* +(1.22 + logF)’ (3.11)

with Q and F representing the normalized cone resistance and the normal-
ized friction ratio as follows:

Q{(%—Gvo)]( Pa ) (3.12)
pa Gyo
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F:{fs]mO% (3.13)
(qc — Gy

I. is calculated in an iterative process starting with #» = 1 as exponent for
clayey soils in Equations 3.11 through 3.13. If the calculated I. value is
above 2.6 the soil is generally considered too cohesive to liquefy. For safety
reasons the NCEER recommends these soils to be sampled and laboratory
tested for confirmation. If the computation arrives at I. values less than
2.6 the soil is more likely granular, and calculations of Q and I, should be
repeated with # = 0.5 for sand. If I. then falls below 2.6, the soil is consid-
ered nonplastic and granular and I. can be used to determine the liquefac-
tion potential for sand with fines contents as explained below. However,
should I, be again greater than 2.6, the soil is likely to be cohesive and
plastic and I, should be recalculated with the intermediate value of 7 = 0.7.
The intermediate I, is then used to establish the liquefaction potential of
this soil, which should also be sampled and tested for verification purposes
according to NCEER recommendations. Soils with a soil behavior index I,
above 2.6 would generally not liquefy but would be rather soft (region 1 in
Figure 3.24) and could therefore suffer considerable deformation during an
earthquake. These soils would also be considered nonliquefiable according
to the so-called Chinese criteria by which liquefaction would only occur if
all three of the following criteria were met (after Seed and Idriss, 1982):

1. The clay content is less than 15%.
2. The liquid limit is less than 35%.
3. The natural moisture content is less than 0.9 times the liquid limit.

Correction of the normalized cone penetration resistance gy of these silty
sands to an equivalent clean sand value (index cs) for determining the lig-
uefaction resistance CRR from Figure 3.23 is by the following relationship:

(qc,lN)cs = KC N (314)

where K, represents the grain characteristics correction factor, which can
be taken from Figure 3.25 as a function of the soil behavior type index I.
as defined by Equation 3.11.

To correct the CRR;; values, which are only valid for 7.5 magnitude
earthquakes, as taken from Figure 3.22, as a function of normalized cor-
rected SPT blow counts, or from Figure 3.23, for normalized corrected CPT
tip resistances, this value is multiplied by the magnitude scaling factor for
stresses MSF,, as proposed by the NCEER and as taken from Figure 3.26,
and as given in Equation 3.15:

CRRy =MSE, -CRR; 5 (3.15)
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Figure 3.25 Grain-characteristic correction factor for determination of clean-sand
equivalent CPT resistance. (Redrawn from NCEER, in Youd, T.L. and Idriss, .M.
(eds.), Proceedings of the NCEER Workshop on Evaluation of Liquefaction Resistance,
Technical Report NCEER-97-0022, 1997.)
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Figure 3.26 Magnitude scaling factor. (Redrawn from NCEER, in Youd, T.L. and Idriss, |.M.
(eds.), Proceedings of the NCEER Workshop on Evaluation of Liquefaction
Resistance, Technical Report NCEER-97-0022, 1997.)
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Figure 3.27 K factor as a function of confining pressure. (Data from NCEER, in Youd, T.L.
and ldriss, I.M. (eds.), Proceedings of the NCEER Workshop on Evaluation of
Liquefaction Resistance, Technical Report NCEER-97-0022, 1997.)

The factor of safety (FS) against liquefaction can now be written as a func-
tion of the CSR, the CRR for 7.5 magnitude earthquakes CRR-;and the
magnitude scaling factor MSF as follows:

FS:[CRR” -MSF (3.16)
CSR

We have seen from Figure 3.21 that the CRR values, as developed from
Figures 3.22 and 3.23, are only valid for depths not exceeding 15 m. A cor-
rection factor K for overburden pressures greater than 100 kPa was therefore
developed. While the liquefaction resistance generally increases with increasing
confining pressure, cyclic triaxial compression tests revealed that the resistance
in terms of the cyclic stress ratio decreases in a nonlinear form with depths
greater than 15 m. To account for this effect, the NCEER recommends the K,
factor according to Figure 3.27 for clean and silty sands and for gravel.

For an in-depth study of the liquefaction phenomenon of saturated sand,
the reader is referred to the NCEER (1997) publication and numerous other
publications referenced therein.

The computational method described and proposed by the NCEER
needs to be carried out for all layers of a given soil profile that are likely
to liquefy during an earthquake. FS against a design earthquake can be
calculated in this way, and safety profiles can be developed to estab-
lish the eventual need of soil improvement. To facilitate the calculation,
particularly to avoid the cumbersome iteration procedure to find the
correct soil behavior type index I, professional software has been devel-
oped based upon these NCEER recommendations (i.e., Shake, 2000;
LiquefyPro, 2008).
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3.3.3.2 Settlement estimation of sands
due to earthquake shaking

Besides the potential catastrophic effects of liquefaction to structures, and
their possible avoidance by soil improvement measures, the foreseeable
extent of earthquake-induced deformations in granular soils is of particu-
lar interest in seismic zones. It is well-known that sand tends to compact
and settle when subjected to earthquake shaking. The degree of deforma-
tion depends, of course, primarily on the initial density of the sand deposit
and the earthquake magnitude, and ranges generally between less than 1%
volumetric strain for dense sand and up to 5% for very loose sand.

To estimate the probable settlement as a result of earthquake shaking,
Tokimatsu and Seed (1987) proposed that the calculations be divided into
saturated sand settlement below groundwater, where generally liquefaction
would occur, and settlement for dry or unsaturated sand above, with the
sum of both representing the total earthquake-induced settlement.

It is recommended to base these calculations on SPT values and to convert
any other in-situ density measurements, such as CPT results, into normalized
(N,)¢o values by using Equation 3.10 and Table 3.4. For this purpose, Figure
3.28 also provides a useful relationship (after Robertson et al., 1983) between
the mean grain size D5, and the g /(100-N) ratio for different types of sand.

If the soil behavior type index I_ is known, the conversion can also be
done based upon the following relationship:

qclzs.s-[l_h} 3.17
(N)).. 46 3.17)

with g in tsf (1 tsf = 95.7 kPa).

0.001 0.01 0.1 1.0
Mean grain size Dg, (mm)

Figure 3.28 Relationship between D¢,and q./(100-N) ratio, q. in kPa. (After Robertson,
P.K. etal., J. Geotech. Eng., 109(l1), 1449, 1983.)
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The primary effect of the shaking of saturated sand is the generation of
excess pore water pressure with settlement occurring as it dissipates. The
time for the settlement to develop depends on the length of the drainage
path and the permeability of the sand. In highly permeable sand, it may
occur immediately, but in less permeable sand only after many hours.

It has been found that volume deformation decreases with increasing den-
sity of the sand and decreasing induced strain. Accordingly, the volumetric
strain ¢, in saturated sand developing after liquefaction as proposed by
Tokimatsu and Seed (1987) is presented in Figure 3.29 as a function of the
CSR and corrected normalized SPT blow count (N,).,. The abscissa uses a
conversion between relative density D, and SPT N-values proposed by the
same researchers, which is based upon an empirical expression which G.
Meyerhof had presented in 1957 as follows:

D, =21 N (3.18)
oy +0.7

with the effective overburden pressure oj in kg/cm? (1 kg/cm? = 100 kPa).
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Figure 3.29 Relationship between CSR, (N,),, and volumetric strain in saturated sand.
(Redrawn from Tokimatsu, K. and Seed, H.B., J. Geotech. Eng., ASCE, |13,
861, 1987.)
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As can be seen in Figure 3.29, the earthquake-induced volumetric strain
can range well over 3% in loose sand and is insignificant when dense condi-
tions prevail. To use this figure also for earthquakes other than M = 7.5,
the values of the cyclic stress ratio have to be multiplied by the magnitude
scaling factor MFS as obtained from Figure 3.26 and using:

(Ta,vj =(Ta,vj - MSF (3.19)
G0 /M-m G0 Jm=75

The studies of Tokimatsu and Seed (1987) also revealed that, for conditions
of incomplete liquefaction, only small amounts of settlements will occur,
which are generally represented by volumetric strains well below 1% (dashed
lines in Figure 3.29). Figure 3.30 gives the relationship between volumetric
strain and normalized stress ratios below 1 (i.e., for stress levels below lig-
uefaction stage) for saturated clean sand, resulting in a volumetric strain of
just 0.1% for a stress level of 80% of that causing liquefaction.

The liquefaction induced settlement As of a soil layer with the thickness »
is then calculated by multiplying it with the representative volumetric strain
value €, (%) of this layer:

Asge =2 b (3.20)
100

For the dry soil settlement, investigations by Silver and Seed (1971) revealed
that it is a function of the relative density of the sand, the magnitude of
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Figure 3.30 Relationship between volumetric strain and normalized stress levels for
nonliquefied saturated clean sand. (Redrawn from Tokimatsu, K. and Seed, H.B.,
ASCE |. Geotech. Eng., ASCE, 113, 861, 1987)
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the cyclic shear strain and the number of strain cycles. It is insignificantly
affected by the degree of the vertical stress. At a given depth in the soil, the
effective shear strain vy, can be written as

T T
P AP — 3.21
et Geff Gmax(Gcff /Gmax) ( )

with G, the shear modulus at low strain level, G the effective shear
modulus at the induced strain level, and t,, the average cyclic shear stress at
that depth. According to Equation 3.7, the average CSR is

T, = 0.65- Tmx o (3.22)
g

leading with Equation 3.21 to

Gcff — 0.65- Amax " Ovo " 14

Yeff * G 2 G, (3.23)
with

Gunax = 1000+ (Ky)max - /O in psf-units (3.24)
and

(K2)max =20-(Ny)"? (3.25)

In this way, the product Y - Ge/Gmax can be determined for any given
sand layer which is plotted as abscissa in Figure 3.31 as a function of the
shear strain v.4 with the confining pressure o), as parameter valid for an
M = 7.5 (15 cycles) earthquake. Tokimatsu and Seed (1987) then use the
cyclic shear strain in Figure 3.32 to determine the volumetric strain €, for
this layer.

For different earthquake magnitudes, the volumetric strain values thus
developed need to be multiplied by the relevant magnitude scaling factor
for strain ratios MSF2 from the fourth column in Table 3.7.

Figure 3.32 is valid for one-directional shear conditions and the €, values
have to be multiplied by 2 to reflect multidirectional shear conditions,
which normally prevail in an earthquake. The dry soil settlement of the
soil layer with a thickness b is then

2~8v_h
100

ASgey = (3.26)
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Figure 3.3 Plot to determine the induced strain in sand deposits resulting from
M = 7.5 earthquake. (After Tokimatsu, K. and Seed, H.B., J. Geotech. Eng,,

ASCE, 113, 861, 1987)

Table 3.7 Magnitude scaling factors for stress ratios causing liquefaction in saturated
sand (third column) and for strain ratios in dry sand (fourth column)

Representative stress Scaling factor MSF 1 Scaling factor
Magnitude M cycles at 0.65 T, for stress ratios MSF2 for strain ratios
8.5 26 0.89 1.25
7.5 15 1.0 1.0
6.75 10 1.13 0.85
6 5 1.32 0.6
5.25 2-3 1.5 0.4

Source: Tokimatsu, K.and Seed, H.B.,J. Geotech. Eng., ASCE, 113, 861, 1987.

The total earthquake-induced settlement in a sand deposit is the sum of the
settlements of layers below the water table and the settlements of the layers

above:

Sat = Y ASwer + D Asary (3.27)
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Figure 3.32 Relationship between volumetric strain, shear strain, and penetration resis-
tance for dry sands. (Redrawn from Tokimatsu, K. and Seed, H.B., J. Geotech.
Eng., ASCE, 113, 861, 1987.)

3.4 QUALITY CONTROL AND TESTING

Once the design of the vibro compaction project has determined the geo-
metrical extent of the treatment, together with the probe spacing necessary
to obtain the required density using the method as described in Section 3.3.1,
a suitable quality assurance program needs to be developed. The aim is to
ensure that the operating parameters so obtained are observed when execut-
ing the works by repeating it for each vibro compaction probe. Such a pro-
gram will have to include all elements that are essential for a well-organized
special foundation site. For the vibro compaction process, water management
is a very important issue. It has to be channeled away from the work posi-
tion into settling ponds before it is released, normally without further treat-
ment, into the available recipient. Similarly important is the well-organized
transportation of the backfill material to the working area and its stockpil-
ing on-site, when necessary. Continuous measurement of the added material,
together with site surface level measurements before and after compaction,
will help to evaluate compaction success after its execution.
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The latest monitoring devices record—as a function of real time for each
vibro compaction probe—penetration depth, energy consumption of the
vibrator motor, lifting height and holding time for each step, total execution
time, verticality of the vibratory probe and, if found necessary, pressure and
quantity of the flushing media, water or air, used. These devices can also pro-
vide additional information about the working condition of the vibrator in
displaying temperature and acceleration at selected locations inside the vibra-
tor in use (Figure 3.33). As the ground to be compacted is in general a natural
deposit, variations in its granular composition from the location of the trial
compaction area are likely to occur. An accompanying postcompaction test
program will normally reveal any deviations from the specified requirements,
deriving from variations in the compaction method or the soil properties.

Suitable testing methods for the measurement of the compaction result,
such as the SPT, the CPT, the Menard pressure meter test (MPT), the
shear wave velocity measurement (V,), the full-scale load test (LT), and the
DDM, are listed out in Table 3.8 together with their specific advantages or
disadvantages of their application in sand deposits. Under special circum-
stances, and when specific knowledge exists, other in-situ testing methods
may also be used.

Before starting a project, it is important to select the appropriate testing
method and to agree not only on the frequency of pre and postcompaction test-
ing but also any remedial measures and procedures should the specified density
not have been met (see also Chapter 7). Engineering judgment is required to
determine the need and extent of recompaction that generally follows only
after the deficiency was verified by a second test in the vicinity of the failed test.

Figure 3.33 Display of multifunctional vibro compaction control panel. (Courtesy of
Keller Group plc, London, UK.)
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Table 3.8 Suitable testing methods to measure compaction results in sand for the
assessment of the liquefaction potential

Can test

Measures provide  Detection
Type of  Available Depth  index or soil of soil
test data Repeatability ~ range  property sample?  variability Cost
SPT Abundant Poor to good Deep Index Yes  Good Low
BPT Sparse Poor Deep Index No  Fair Low
CPT  Abundant Very poor Deep Index No  Verygood Low
MPT  Sparse Poor Medium Property No  Fair Moderate
v, Limited Good Deep Property No  Fair Low
LT Limited Very good Low Property No  Poor High
DDM  Limited Poor Low Property  Yes  Verygood Very high

Source: NCEER, in Youd, T.L. and Idriss, .M. (eds), Proceedings of the NCEER Workshop on Evaluation of
Liquefaction Resistance, Technical Report NCEER-97-0022, 1997.

Notes: SPT, standard penetration test; BPT, Becker penetration test; CPT, cone penetration test;
MPT, Menard pressure meter test; V,, shear wave velocity measurement; LT, load test; DDM,
direct density measurement.

It is also very important that all pore water pressure increases created
by the vibratory motion in the treated soil are allowed to fully dissipate
before any postcompaction testing commences. Full relief of the excess
pore water pressure in the soil has normally occurred about one week after
compaction. In cases of doubt, it is better to wait for a longer period or to
measure the pore water pressure development over time directly. To avoid
any adverse influence on the postcompaction testing, this criterion should
be adhered to for a zone of about 30 m around the testing area where no
simultaneous compaction work should be carried out.

In special, not yet fully understood, circumstances, a so-called aging effect
can occur in sand whereby the strength properties of the compacted sand
continue to increase significantly for up to several weeks after compaction
(Mitchell et al., 1984; Massarsch, 1991; Schmertmann, 1991). It is therefore
recommended to perform field trials at the beginning of larger projects with
in-situ testing to start at different time intervals after compaction. By this way,
the significance of any potential time effect on the posttreatment test results
can be assessed, and the appropriate conclusions may be drawn. Increases in
cone resistance g, of up to 100% have been reported 10 weeks after the first
postcompaction test performed one week after completion of deep compaction.

According to an analysis made by Charlie et al. (1992, from Lunne et al.,
1997), covering projects that represent a wide range of geological and cli-
matic conditions, the variation of the cone resistance g. with time can be
expressed by an empirical relationship as follows:

(ge)n = (1+KlogN)(ge)s (3.28)
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with
N is the number of weeks
K is an empirical constant, dependent on the average air temperature T
measured in °C according to Equation 3.29

K =0.04-10T (3.29)

(q.); is the normalized g, after 1 week
(g)x is the normalized g, after N weeks

The temperature-dependent relationship indicates that chemical reactions
may support intergranular chemical bonds developing with time between
particles and being responsible for this strength increase.

3.5 SUITABLE SOILS AND METHOD LIMITATIONS

It can be regarded a prerequisite that the need for compaction of loose
soils or soils with varying density is established by a site investigation. As a
rule, soils suitable for vibro compaction should be granular in nature with
a negligibly low cohesion or plasticity. For a quick assessment of the suit-
ability of granular soils for treatment by vibro compaction, Degen (1997Db)
has proposed a first approach based upon the USCS together with useful
comments on the compaction method as shown in Table 3.9. Accordingly,
suitable soils are generally sand and gravel. Ideally their silt content (grain
size below 0.06 mm) should be below 10%. Larger percentages of silt, and
any clay content, will considerably obstruct the compaction process, if not
prevent it totally.

Figure 3.13 shows application limits in a grain size distribution graph
where area B represents soils that are ideally suited for vibro compaction

Table 3.9 Suitability assessment of granular soils for vibro compaction

Soil type Uscs Comment on suitability for vibro compaction

Gravel, well graded  GW Well suited for vibro compaction, potential penetration
difficulties with less powerful machines

Gravel, poorly graded GP If Dgo/D,y < 2 compaction only marginal (trial
compaction recommended)

Gravel, silty or clayey GM, GC Compaction not possible if clay content >2% and silt
content >10%

Sand, well graded SW Ideally suited

Sand, poorly graded ~ SP If Dgo/D o <2 compaction only marginal (trial
compaction recommended)

Sand, silty SM Compaction inhibited if silt content >8%

Sand, clayey SC Compaction inhibited if clay content >2%

Source: Modified from Degen, W., Vibroflotation Ground Improvement (unpublished), 1997b.
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with a content of fines below 10%. The soils represented by area A are very
well-compactable, but an increasing amount of coarse gravel and cobbles
also increases permeability leading to a total loss of water at about k =
102 m/s. This may obstruct penetration of the depth vibrator to such an
extent that the desired depth cannot be reached in some or all parts of the
site. In cases like this, where the process may become uneconomic or even
impossible, to execute a precontract trial is recommended.

Such trials may also be advisable for soils falling into area C, where vibro
compaction is still possible but only with considerably extended compac-
tion time. Speed and effectiveness of the vibro compaction process depend
largely on the permeability, k, of the sand. At a permeability below 103 m/s,
penetration of the vibrator will increasingly be slowed down. While for
soils lying in areas A and B the necessary backfill material for compensa-
tion of the surface settlement resulting from the compaction process itself
can be taken from the surface, imported coarser (i.e., more suitable) back-
fill material is necessary when the soils to be compacted fall into area C.
Soils falling completely or partially in area D cannot be compacted by the
deep vibratory process. Vibro replacement stone columns (see Chapter 4) or
other foundation measures may become necessary in such a case.

The boundaries described above have all been established empirically
over many years of application, and it must be kept in mind that specialist
contractors often rely on considerable knowledge and experience when it
comes to borderline applications. In this context, the choice of the appro-
priate vibrator with specific characteristics can be decisive for the execution
of vibro compaction. A vibrator with particularly good penetration char-
acteristics may be advisable for soils in area A, while vibrators compacting
at lower frequencies (below 30 Hz) will perform better in conditions of
area C—hence the development of depth vibrators with variable frequency
that combine both characteristics within one machine.

In addition to the particle size distribution of the soil, static CPTs may
also be used to establish compaction suitability of soils. Figure 3.34 shows
an empirical relationship proposed by Massarsch (1994) between cone pen-
etration resistance and friction ratio, and defines the zone of compactable
soils to fall within friction ratios below 1% at a point resistance of at least
3 MPa. It also indicates a zone for soils that are only marginally compactable
with friction ratios between 1% and 1.5% at g, values between 1 and 3 MPa.

A suitability number (SN) based on grain size distribution has been pro-
posed by Brown (1977), according to Equation 3.30:

0.5
SN:1.7( 3 1.1 j

+ 3.30
Dsy*  Dy® Dy’ ( )

Dsy, Dy, and Dy are grain size diameters in millimeters at 50%, 20%, and
10% passing in a grain size distribution curve. It is suggested that a low SN
is better suited for vibro compaction than a high number of 40-50, above
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Figure 3.34 Compactable soils as a function of cone penetration resistance and friction
ratio. (After Massarsch, K.R., Design aspects of deep vibratory compac-
tion, in Proceedings of Seminar on Ground Improvement Methods, Geotechnical
Division, Hong Kong Institution of Engineers, Hong Kong, China, May 19,
1994, pp. 61-74))

which the ground is unsuitable, and that quicker compaction is achieved
with lower numbers.

Very steep grain size distribution curves, with D/D,, below 2, are a
strong indicator that vibro compaction may only be marginally possible if
not inhibited completely. A compaction test in the laboratory, or a field trial,
will determine the suitability of such soils when no local experience exists.

The above approaches provide reasonable guidelines, but permeability
plays an important role in speed and effectiveness of vibro compaction.
With decreasing permeability below k = 10=5 m/s, compaction is increas-
ingly inhibited, while very high permeability in excess of 102 m/s may slow
penetration of the vibrator as a result of the loss of water. In this instance,
where jetting water is normally of limited use, more powerful machines
operating at higher frequencies, in excess of 50 Hz, are more suited and
are capable of penetrating even highly permeable gravel and cobble. In this
category are applications where brick demolition rubble is regularly com-
pacted dry in regenerating derelict industrial city centers in the North of
England to at least the depth of the former basements.

Where shallow treatment depths below 1.5 m are concerned, standard sur-
face compaction methods such as vibratory roller compaction or heavy tamp-
ing tend to be more economical. This is especially so since the upper 1.0 m of
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sand is generally not well-compacted enough by vibro compaction requiring
either removal or subsequent surface densification by standard methods.

Very deep compactions, well in excess of 50 m, are known to have been
executed successfully in exceptional cases, either to mitigate earthquake
risks, to improve stability hazards of slopes, or in other similar cases.
In these instances, besides very heavy cranes, considerable experience is
required in safely operating the extended depth vibrators. Although deep
vibratory compaction is a very versatile method, in-situ trial compactions
may be advisable when unknown territory is entered.

The need to compact newly dredged sand in reclamation areas for the
safe foundation of quay walls, berths and similar structures often require
densification of the foundation soils through deep water. This can be
achieved from floating barges and pontoons or, in shallower water, from
special platforms. In offshore applications, the critical problem will always
be the accurate setting of the compaction locations, which can today be
mastered by satellite-supported positioning and inclinometer measure-
ments. As a result of the complex surveying problems, the use of multiple
depth vibrators (more than four units have been used) may be advisable. It
is only heavy seas or swells and strong water currents that may prevent a
safe, secure performance of the vibro compaction process until a friendlier
environment prevails again.

Deficiencies in the material grading can also affect penetration of the
vibrator and successful compaction of sandy soils. A layer of cobbles or
gap-graded material of fine uniform sand with floating cobbles may prove
difficult for the compaction process; the cobbles can accumulate in front of
the vibrator point and obstruct further penetration. The use of air as the
flushing medium or changing the vibrator frequency can help to alleviate
the situation.

However, particle size distribution, in-situ density measurement, and
permeability are not always sufficient to define the suitability for vibra-
tory deep compaction, nor are the in-situ measurements always easy to
interpret. The mineral composition and specific gravity of the sand deposit
can greatly influence the result of indirect density measurements. In this
context, and in contrast to silica sand, in carbonate sands containing con-
siderable amounts of shell debris the evaluation of CPT results cannot be
translated easily into relative densities.

Various researchers have found that even relatively small percentages of
shell debris (10%-20%) (Vesic, 1965; Cudmani, 2001) in silica sand have
considerable influences on the CPT point resistance at the same density.
Bellotti and Jamiolkowski (1991) found a linear relationship between the
q.(silica)/q (shell) ratio and the relative density D, as given in Equation 3.31.
Ratios between 1.5 and 3 have been reported in special publications.

q. (silica)

=1+0.015(D, -20 3.31
q. (shells) " ( ) ( )
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It is therefore recommended to correlate the CPT results with direct in-situ
density measurements or to conduct special laboratory calibration tests
between density and penetration resistance, whenever the carbonate con-
tent resulting from shell debris is in excess of 10%, unless enough experi-
ence and data exist for the referenced soil.

Wehr (2005a) presented a shell correlation factor f, as a function of the
relative density D, for Dubai sand (carbonate content in excess of 90%, D .,/
D, = 3) by which the CPT results measured in the calcareous sand need to
be multiplied to arrive at corresponding values for silicate sand:

£ =) o 6046 D, 113629 (3.32)
q. (shell)

The study revealed that the influence of the in-situ density was in all tests
so dominant compared with the overburden pressure that the latter could
be neglected. Accordingly this correlation factor ranges between 1.4 and
1.8 and amounts to 1.64 for a relative density of 60%. It was stated that the
values found represented lower limits since all shell particles larger than
4 mm in diameter were removed from the test specimens representing about
8% of the total weight.

In general it is always recommended, in addition to keeping an accurate
record of all imported backfill material, to also consider the measured sur-
face settlement after vibro compaction as an indicator and as supporting
evidence of the increase in density achieved comparing the pre and post-
compaction volumes.

When interbedded sand layers with cohesive soils above and below
required compaction, it is often found that the result of the standard deep
compaction is below expected levels. The reduced compaction is especially
noticeable at the upper and lower interface in the granular soil with the
cohesive material. It is surmised that the vibratory motions are dampened
to a certain extent by these cohesive layers. The proper functioning of the
sand backfill is important in these cases to compensate the volume reduc-
tion in the sand layer which will come to the fore at the upper interface.
An extended compaction time and, if necessary, also reduced compaction
probe spacing will help to avoid this problem.

Natural cementation of sand can be found in many parts of the world. It
occurs predominantly in arid climatic conditions in calcareous sand deposited
above the water table. Cementation can also occur when hydrous silicates or
iron oxides act as a kind of glue at the contact point between the sand par-
ticles. Cementation may indicate a greater density or strength than actually
exists and in-situ density measurements and their standard correlation may
result in misleading interpretations. Weakly cemented soils with actual low
relative densities may respond to vibratory compaction by collapsing and
yet producing lower post- than pretreatment test results, although the com-
pacted material is now in a much more stable condition. Strong cementation
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may also be an obstacle that cannot be overcome by the vibratory treatment
without the help of preboring. To conclude, it is important to know if particle
cementation exists at a site where vibro compaction is envisaged. Only then
can appropriate measures be designed for its in-situ improvement.

3.6 CASE HISTORIES

3.6.1 Vibro compaction for a land reclamation project

In early 2000, the island state of Singapore embarked on another major
reclamation project, for which it is renowned and by which it seeks to over-
come the chronic land scarcity, a major obstacle for the development of the
country. Led by the Jurong Town Corporation, a much needed industrial
space was developed at Tuas, which is located toward the western tip of
Singapore Island.

The vibro compaction method was chosen to safeguard the stability of
the hidden dyke that defines the boundaries of the reclamation area (Figure
3.35). It is composed of a well-graded, gravelly, fine to coarse sand with an
in-situ relative density after dredging of only 35% (Figure 3.36). Specifications
required a minimum cone tip resistance measured by the CPT method of

K\—«_,_/_/GPS

v v

v

—20.0 m existing seabed profile :
—25.0 m designed dredge level

Onshore <——> Offshore

Figure 3.35 Vibro compaction at hidden dyke. (Courtesy of Keller Group plc, London, UK.)
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Figure 3.36 Typical grain size distribution and properties of sand.

4 MPa between 0 and 2 m depth, of 6 MPa between 2 and 8 m, and of 8 MPa
below. Vibro compaction had to be carried out up to a maximum depth of
35 m.

The chosen compaction grid pattern, an equilateral triangular grid
of 4 m, was established together with other operational details, such as
the amount of water used and compaction time, in a field trial. In total,
22.4 million m? of sand were finally compacted, 67% on the dry from the
land side, 33% offshore as a marine operation. Two heavy crawler cranes
were used on land each carrying a single S300 Keller depth vibrator with
characteristics according to Table 3.1. For the marine work, a 200-ton
crane with twin S300 vibrators was mounted on a barge to carry out the
compaction work. In such a configuration, work was conducted in day and
night shifts for six days a week, compacting approximately 1 million m? of
sand per month. To locate the compaction points with sufficient accuracy
over water, the GPS was used with antennas mounted directly on top of the
vibrator extension tubes.

Quality control was by CPT carried out seven days after the comple-
tion of a specific section of the works. Figure 3.37 shows typical pre and
postcompaction test results. Surface settlement measured after vibro com-
paction averaged around 1.5 m, which is equivalent to 6% of the average
compaction depth of 25 m.

3.6.2 Ground improvement treatment by vibro
compaction for new port facilities

The versatility of the vibro compaction process in solving special foun-
dation problems is particularly appreciated where harbor construction is
concerned. The need to increase the density of dredged sand fill behind or
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Figure 3.37 Pre- and postcompaction test results. VC, vibro compaction. (Courtesy of
Keller Group plc, London, UK.)

below quay walls or inside and outside coffer dams is a typical requirement
that can best be achieved by this method (Figure 3.38).

The quayside unloading and breakwater facilities of the Merak harbor
in West Java, Indonesia, serving the delivery of material for a pulp and
paper manufacturing plant, are shown in Figure 3.39 with a typical cross
section through the quay wall. The fill material is a fine to medium sand
with basically no fines with a D,/D,, = 4. About 50% of its grains are
silica sand, 20% shells and 30% other fragments with an overall specific
gravity of 2.82.

Structural stability and the reduction of the liquefaction potential
required the hydraulic sand fill in the areas shown to be compacted to a
relative density of 70%. In total, some 1.3 million m? of sand fill needed
treatment to up to 25 m depth. The layout of the compaction probes was
chosen after a trial compaction before the start of the works as a 3 m
square grid.

Quality control consisted of continuous measurement and recording
of vibrator motor current over depth as a function of real time, together
with postcompaction tests carried out as CPTs, 10 days after completion
of a defined section of the works not exceeding 750 m?2. The specified den-
sity criterion of 70% relative density was generally exceeded in this well-
compactable sand material. In addition, surface settlements induced by the
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Increasing load carrying Improving stability of
capacity cofferdams

Necessary VC
Optional VC

Increasing bearing capacity and settlement
control

Figure 3.38 Typical examples for ground improvement by vibro compaction in harbor
construction. VC, vibro compaction.

: VC treatment

Figure 3.39 Plan of quay walls and breakwater with treatment area and cross section through
quay wall. VC, vibro compaction. (Courtesy of Keller Group plc, London, UK.)
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compaction were measured for each works section. They reached on aver-
age 7% of the compaction depth with maximum values in areas of particu-
larly clean sand of more than 10%.

3.6.3 Vibro compaction field trial in calcareous sand

On a major prestigious development project in the Middle East that was
realized between 2006 and 2009, different specialist contractors were
engaged to allow the developer to follow a very tight time schedule for his
project, in particular for the dredging operation and the following compac-
tion works. Consequently, a variety of depth vibrators were employed which
were all tested on-site prior to the start of any contractual work. The tests
were designed to establish the required vibro probe grid spacing to achieve
the specified density as was laid down in a CPT target curve according to
Figure 3.42. Accordingly ground improvement had to be designed and con-
ducted to ensure an allowable bearing pressure of 150 kN/m?at 1 m below
ground surface, total settlement (from static loads and liquefaction induced)
not to exceed 25 mm at a maximum distortion of 1:500, and to eliminate
the liquefaction risk of a design earthquake not exceeding a magnitude of
6 with a maximum ground acceleration of 0.15 g at bed rock level.

The dredged sand material was a light brownish grey to grey, shelly to
very shelly, fine to medium carbonate sand (its CaCOj; content was more
than 90%) with many broken shell fragments smaller than 20 mm. The sand
was generally only loose to medium dense. The average depth of the man-
made deposit was about 16 m, which is followed by the natural ground,
consisting of cap rock and weathered limestone. Ground surface was gen-
erally 3 m above mean water level of the adjacent sea. Figure 3.40 gives
the band of grain size distribution curves which is representative of the
project area. Its fines content (grain size less than 0.063 mm) was generally
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Figure 3.40 Representative grain size distributions.
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less than 10% and its clay content below 2%. The mean grain size D, was
0.1-0.5 mm with a maximum grain size of 10 mm.

The following describes the details of field trials using twin Keller
S700 vibrators with characteristics according to Table 3.1. The total weight
of the 32.1-m long set-up, consisting of a tandem beam, 500 kN pulley
head, extension tubes, water and power inlets and vibrators, was 31.1 tons.
The safe operation of this special equipment required the use of a 90-ton
crawler crane with a boom length of ca. 37 m (see Figure 3.41).

Vibro compaction probes were installed in four trial areas of 30 x 30 m
each, using triangular grid spacings of 4.2, 4.5, 4.7, and 5.0 m, respectively.
The following working sequence was adopted during the trials, ultimately
also forming the method for the construction work.

Probe penetration started with placing the vibrators over the probe loca-
tion and opening the bottom water jets. In this phase, the depth vibrators
were set to rotate at 2000 rpm. During penetration into the ground, the upper
side jets were opened at a depth of about 4 m. The bottom jets were gener-
ally closed again just before reaching final depth. Now the vibrators were
switched to compaction mode with an operating frequency of 1300 rpm and
were held in this deepest position for 1 min or until a current consumption of
420 A was reached, whichever occurred first. The vibrators were then with-
drawn in lifts of 0.75 m. After each lift, the vibrators were held for 40 s or
until 420 A was reached. The craters that developed around the vibrators
as compaction proceeded were filled with sand collected at ground level
whenever the crater depth reached about 2 m. When approaching ground

Figure 3.4] Vibro compaction equipment set up for S700 twin vibrator operation.
(Courtesy of Keller Group plc, London, UK.)
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Table 3.10 Trial compaction details to obtain necessary grid spacing

Area A B C D

Number of probes 60 50 46 42
Grid spacing (triangular) (m) 4.2 4.5 4.7 5.0
Depth (average) (m) 13.96 13.82 13.90 13.91
Penetration time (min) <4 <4 <6 <4
Compaction steps of 0.75 m (nos.) 18 18 18 18
Total compaction time (min) 16 17 17 19
Completion time per probe (min) 20 21 23 23
Subsidence (m) 1.170 1.050 0.925 0.906
Relative subsidence (%) 8.4 7.6 6.6 6.5

surface, the vibrators were switched back to penetration mode at 4 m to
avoid twisting of the hanger slings. Table 3.10 gives further details of the
trials performed.

Postcompaction ground levels were also taken to calculate the soil sub-
sidence resulting from deep compaction as an additional indicator of soil
densification. After a minimum of two weeks, CPT started to measure the
densities achieved, for comparison with the postcompaction criteria of the
contract. As explained in Chapter 7, a special procedure was adopted—in
this case reflecting the calcareous nature of the sand—consisting of a pair of
postcompaction CPTs at the one-third and at the midpoint of the triangular
grid, as shown in Figure 7.1 with the weighted, rolling average calculated
according to Equation 7.1. From the comparison of the postcompaction CPT
curves thus established for the different grid patterns with the CPT target
curve, the 4.5 m grid was finally chosen for the contract (see Figure 3.42).

As can be seen from Figure 3.42, the specified cone resistance was not
always achieved in the upper 2-3 m. It was therefore decided to perform a
surface compaction employing the novel impact rolling compaction method
at least 2 weeks before contract verification testing was allowed to com-
mence. Figure 3.43 shows an impact roller in operation. According to
Avalle (2007), impact rolling is an efficient and highly productive surface
compaction method requiring a careful design before, and a high degree of
quality control during, its execution.

From the total compacted volume of 141 million m?3, more than 30 million
m? of sand fill was compacted using Keller S700 depth vibrators by adopt-
ing the method described. On average, a shift production of 14,500 m?3 was
achieved for twin vibrator operation. The specified compaction criterion
was achieved without the need for retesting and recompaction for 68% of
the total area. For 17% of the area, the performance line was met after
retesting. For 9%, recompaction was necessary to achieve the specified den-
sity, while for only 6% of the total area, verification of the density had to be
done by a liquefaction analysis based on the local conditions encountered.
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Figure 3.42 Comparison of average post-CPT results for different grid patterns with
target curve.

Figure 3.43 Impact roller in operation. (Courtesy of Keller Group plc, London, UK.)

3.6.4 Foundation of a fuel oil tank farm

For the extension of a large power and desalination plant in the Middle
East, 16 fuel oil storage tanks were to be constructed in 2008. The soil
conditions at the site typically consist of an approximately 10 m thick layer
of sand which rests on relatively incompressible bedrock made up of silt
and limestone. The sand deposit consists of calcareous material of loose to
medium density, generally clean to slightly silty, in places also gravelly, but
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its density was not sufficient to carry the high load of 250 kN/m? of the steel
tanks of equal diameter of 39 m which were of the fixed roof type.

Foundation design required densification of the sand layer below the
tanks together with a § m wide strip outside to 80% relative density, as
represented by specified cone resistance target curve with g_-values of up to
10 MPa at 3 m depth, of 15 MPa between 3 and 5 m, and 20 MPa between
5 and 7 m. Maximum settlements were restricted to 50 mm at the center of
the tanks and 25 mm below the ring beam supporting the tank shell.

Trial compactions were carried out at a representative location within
the future tank farm using Keller S300 vibrators on three different trian-
gular grids with probe spacings of 2.20, 2.50, and 2.75 m. Generally all
grids showed a significant increase of the CPT cone resistance after vibro
compaction, and a considerable ground surface subsidence of about 8%.
Although all grids met the target curve within the upper 7 m, CPT tip
resistance fell below in a layer situated just a few meters above bedrock of
about 1 m thickness where the friction ratio rose generally above 0.5% at a
cone resistance below 5 MPa, representing the presence of silty sand, which
generally can only be marginally compacted (see Figure 3.34). Therefore,
conservatively the 2.20 m grid was chosen for the vibro compaction work
for all tanks. In addition, a row of 0.90 m diameter vibro replacement stone
columns were installed below the tank shell at center-to-center distances of
2 m. These columns extended 6.50 m into compacted sand.

Settlement performance of the chosen design was demonstrated by a
finite element analysis based upon the constraint modulus of the sand as
developed from the postcompaction CPT results. For the maximum settle-
ment in the tank center 44 mm were computed, and below the tank shell
24 mm. About 10% of these settlements derived from the bedrock material
below the zone of soil improvement.

Contract vibro compaction work was carried out using a pair of S300 vibra-
tors suspended from a standard crawler crane. The stone columns construc-
tion followed, employing the wet vibro replacement method using the same
depth vibrator. Surface subsidence was measured after vibro compaction for
each tank ranging between 6.7% and 13.3% depending on the presence of
silty sand layers, with an average of 8.5%. Contract conditions required the
relatively large number of 21 postcompaction CPTs to be carried out for
each tank for quality control purposes, which is equivalent to one test for
every 100 m? of compacted ground. Figure 3.44 shows average CPT curves
developed for each tank, which indicate that the 80% relative density target
was generally met, except in cases where the presence of a high silt content
in the sand in zones close to bedrock reduced or hampered the effect of vibro
compaction and where vibro stone columns were additionally installed.

In addition to the CPTs, three zone load tests were also carried out using
a prefabricated reinforced concrete footing measuring 2 X 2 X 0.6 m placed
in the center of four vibro compaction probes. The load tests were set up and
performed in accordance with ASTM D1194, employing a loading platform
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Figure 3.44 Posttreatment cone penetration tests (each curve representing the average
of 21 CPTs) and CPT target line.

with a total dead load of 2200 kN consisting of concrete blocks. The load
was applied in equal increments of 25% of the design footing pressure of
250 kPa up to a maximum load equal to 500 kPa. Figure 3.45 gives the pres-
sure versus settlement curve for one of the load tests, and Table 3.11 shows
the recorded settlements at design and twice design bearing pressure for all
three load tests.

The relatively high stiffness as derived from the load tests indicates a
better compaction than expected. When using a constrained modulus of
145 MN/m?2, which was measured in load test 1, for a settlement calcula-
tion, the tank centers will settle less than 20 mm, which compares favor-
ably with the finite element analysis mentioned above in which the stiffness
employed was derived from a correlation with post-CPT tip resistances.
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Figure 3.45 Typical pressure—settlement curve for a 2 X 2 m footing on vibro
compacted sand. (Courtesy of Keller Group plc, London, UK.)

Table 3.11 Settlements and moduli as obtained from load tests

p = 250 kN/m? Kp = 500 kN/m?
Load test Settlement s (mm) Modulus* E (MN/m?) Settlement s (mm)
| 3.06 145 13.27
2 2.54 173 9.44
3 2.55 173 6.81

* E = 0.88-p-B/s with footing width B =2 m.

3.6.5 Liquefaction evaluation of CPT data after
vibro compaction and stone column treatment

The ground improvement program for a Southern California church building
was completed in late 2007 and addressed the liquefaction-induced settle-
ment under the site design earthquake. To accomplish the site liquefaction
mitigation, the soils were densified, drained, and reinforced. In general,
procedures for the liquefaction mitigation with vibro stone columns were in
accordance with the methods presented by Baez and Martin (1993) and Baez
(1995). The stone column program consisted of a primary spacing of 19 ft
(5.8 m) center-to-center and secondary columns at the midpoint of the square
grid to achieve a replacement ratio of 14.1%. Figure 3.46 shows a typical
soil profile and the stone columns. Totally 416 primary stone columns and
380 secondary columns were installed at the site with an average column
diameter of 3 ft (0.9 m) and a maximum column length of 48 ft (14.6 m).

A liquefaction evaluation was performed on the posttreatment CPT data
for this project. The following outlines the analytical approach and com-
pares CPTs before and after the stone column treatment.

Liquefaction-induced settlement analyses were based on Tokimatsu and
Seed (1987) procedures and NCEER (1997) for site liquefaction evaluation.
To be conservative, the soil thin layer connection was not used. The site is very
close to an active fault and has a design earthquake magnitude of 6.6 and a
peak ground surface acceleration of 0.69 g. The site design water table depth
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Figure 3.46 Typical soil profile with stone columns under the church building, all dimen-
sions in feet. (Courtesy of Hayward Baker, Hanover, MD.)

is 12.5 ft (3.8 m) below ground surface. A factor of safety of 1.1 was used in
the liquefaction analysis and its settlement calculation. The stated procedures
were developed as a function of the penetration resistance. Results of the cal-
culations at location of pre-CPT and post-CPT are plotted in Figure 3.47.
As shown, the stone column treatment significantly increased the cone tip
resistance. However, the increase of the tip resistance caused the soil behavior
type index I, to decrease when compared with pretreatment values.

Since the posttreatment I value decreases, the fines content calculated from
post-CPT seems lower than the pre-CPT, therefore causing higher posttreat-
ment liquefaction-induced settlement based on the Tokimatsu—Seed procedure.

Obviously, the vibro stone column treatment cannot reduce the soil’s fines
content. To correct the fines content calculation error, the calculation was
modified, maintaining a similar fines content as the pre-CPT data (shown
in Figure 3.48) and the liquefaction-induced settlement was calculated
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accordingly. This I correction reduced about 1 in. (25 mm) calculated
liquefaction-induced settlement, compared with these before I correction.
The posttreatment CPTs were performed two weeks after stone column
installation at the ground surface elevation 4.5 ft (1.4 m) below original
grade. In Figures 3.47 and 3.48, the CPT depths are therefore adjusted to
match the pre- and post-CPT elevations.

Based on the local building code, the site liquefaction analysis should
be based on a 200 years flood water table depth, which is 12.5 ft (3.8 m)
below the ground improvement working elevation. The real groundwa-
ter table depth during production was about 32.5 ft (9.9 m). To assist
the bottom feed, S300 vibro probe penetration through the unsaturated
medium stiff to very stiff clay layers present on-site, a Bauer BG-24 drill
rig was used to pre-drill the top 30 ft (9.1 m) with a 2 ft (0.6 m) diameter
auger.

The effectiveness of vibro compaction is directly related to the soil
type. Figure 3.49 shows the comparison of normalized CPT tip resistance
between pre and posttreatment as a function of I, and the calculated soil’s
fines content, with the I. values being the corrected values according to
Figure 3.48.

It must be emphasized here that the soil liquefaction and vibro com-
paction share the same mechanism, for example, the sand densification
under cyclic shear stress. The soils near the vibrator experienced an
extremely strong artificial earthquake. Therefore, the soil liquefaction
screening criteria can be used directly to evaluate the vibro densifica-
tion effectiveness. In soils with a soil behavior type index I_ in excess of
2.6 and considered as nonliquefiable, the vibro stone column treatment
only has minimal effect in terms of post-CPT tip resistance, as shown in
Figure 3.49a.

Traditionally, geotechnical engineers use the soil’s fines content as an
indicator of its suitability for vibro compaction, especially in silty sands
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(a) Soil behavior type index, I, (b) Soil’s fine content (%)

Figure 3.49 The effectiveness of vibro densification (a) related to I, and (b) the soil fines
content. (Courtesy of Hayward Baker, Hanover, MD.)
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with SPT sampling and laboratory gradation test results. However, the
clay content in sands has more impact on their densification and lique-
faction behavior than the mere percentage of fines passing the 200# sieve
(0.07 mm). Although less expressive, Figure 3.49b indicates that sands with
a soil fines content interpolated from CPT in excess of 30% do not respond
anymore to vibratory compaction.

3.6.6 Trial compaction in quartz sand to establish
compaction probe spacing

The foundation of a multistory office building in Berlin required densifica-
tion of the underlying subsoil existing of loose medium silicate sand (SW)
of glacial origin with a percentage of fines below 5%. Considerations con-
cerning the allowable settlement of the building required a stratum of about
6.0 m thickness below the structure to have an average relative density of
D, = 75%, corresponding to the existing circumstances with a static CPT
resistance value of 20 MN/m?2. CPT values of the natural ground before any
compaction were generally below 12 MN/m?2.

Prior experience in Berlin sand with the depth vibrator, which was cho-
sen for the project, indicated a vibro probe spacing between 2.0 and 3.0 m
for a triangular compaction pattern. The test field arrangements as shown
in Figure 3.50 was designed according to Figure 3.17 for three potential
probe spacings of 2.0, 2.5, and 3.0 m. Static CPT results before and after
vibro compaction are given in Figure 3.51. Since the specified cone resis-
tance of 20 MN/m? was not achieved with the 3.0 m grid in the depth range
of 5.0-9.0 m below surface a grid spacing of 2.5 m was finally proposed for
the vibro compaction works.

T =)

o N

= O VC probe
N — X Pre-CPT
o O Post-CPT
[

= 3

N N

Figure 3.50 Test field to establish vibro compaction probe spacing. VC, vibro compaction.
(Courtesy of GuD, Berlin, Germany.)
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Figure 3.51 Pre- and post-CPT results. (Courtesy of GuD, Berlin, Germany.)
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3.6.7 Ground improvement works for the
extension of a major shipyard in Singapore

The economical development of the island state of Singapore during the
past 50 years depended to a large extent on its readiness to extend its ter-
ritory into the sea by land reclamation. The construction of a large hull
shop on Tuas Island for a major shipbuilder in Singapore required exten-
sive ground improvement measures which were carried out in 2013 and
2014 for the foundation of its heavy structures. The main facility is the
hull shop measuring 680 x 185 m. Its heavy loads result in floor loadings
typically ranging between 20 and 160 kPa with column loadings of 100-
2000 kN. The structural design was based upon relatively stringent defor-
mation criteria: The postconstruction settlement was generally restricted
to only 50 mm (in certain areas up to 100 mm were allowed) with the dif-
ferential settlement along crane rails not to exceed 1 in 1000.

Figure 3.52 is a cross section through the hull structure with the repre-
sentative subsoil conditions of the project. Loose to medium dense sand fill
ranges between 15 and 26 m below ground surface, followed by ca. 10 m of
stiff marine clay. A competent stratum of hard clayey silt is generally found
below 26 m depth. The groundwater table corresponds with the sea level
and is about 4 m below grade.

As an alternative to a driven pile foundation, the successful contractor
proposed a soil improvement scheme which foresaw generally the compac-
tion of the sand fill to a density necessary to comply with the settlement
criteria, and in addition to preload those areas where the marine clay was
present. Time constraints necessitated the execution of prefabricated verti-
cal drains (PVDs) in the marine clay layer to accelerate settlements during
the surcharge time and to shorten the overall construction time for the
foundation works to just six months.

/\ /\
N S~
Y ] 7 I J
—+0
6l
Loose to medium dense sand T 10 =
&
T Stiff to verystiff clay TH A
| —— osand

Soft to firm clay | 30

Hard to clayey silt 1 40

—+ 50

Figure 3.52 Representative soil conditions. (Courtesy of Keller Group plc, London, UK.)
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In this period, an area of 126,000 m2was treated by vibro compaction to
depths between 11 and 26 m. In areas where preloading was necessary (ca.
30,000 m?), the vibro compaction treatment depth increased by 5.6 m, the
height of the sand surcharge. PVDs were carried out beforehand to depths
of up to 40 m (ca. 20 m sand fill, 10 m sandy clay fill, and 10 m marine clay)
to reach the bottom of the marine clay layer. Drain distances were designed
conservatively to 1 m, in square grid, in order to achieve 80% consolidation
within three months’ time under the 5.6 m sand surcharge. Consequently,
some 1,300,000 lin. m of prefabricated vertical drains were executed.

To accommodate the deformation criteria for the various parts of the
large hull structure, the postvibro compaction soil stiffness was specified
by the soil consultant in terms of carefully selected, standardized CPT
acceptance criteria. Several different criteria were proposed according to
the design loading and allowable settlements, but generally varied between
8 and 16 MPa, in a stepwise manner increasing with depth.

The sand fill material was hydraulically deposited by a standard dredg-
ing operation. As in many instances in Singapore, it is taken from the sea-
bed and imported to the reclamation area. It consists primarily of quartz
sand, with less than 10% carbonate content, and can be described by the
USCS as SW material (well graded clean sand with less than 5% fines) and
reaches after dredging generally just medium density.

The specialist contractor chose to perform precontract compaction trials
to establish the necessary compaction parameters (probe distance, compac-
tion time) to meet these specifications. Figure 3.53 shows the locations of
the five CPTs performed within a 3.6 m triangular compaction pattern.

With the five postcompaction CPT results, an area weighted average was
calculated which then served as reference curve for a treated representative
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Figure 3.53 Post-CPT locations to establish acceptance criteria for vibro compaction.
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Figure 3.54 Pre- and postcompaction CPT results for trial compaction. (Courtesy of Keller
Group plc, London, UK.)

sand volume to be compared for acceptance with the specified target curves.
Figure 3.54 shows the precompaction CPT curve together with the five post-
compaction curves and the calculated average CPT curve (post-average) for
one of the trial patterns.

The vibro compaction work was performed with S700 Keller depth vibra-
tors (see Table 3.1) in three different triangular patterns depending on the
target specifications. In total about 400,000 lin. m of vibro compaction was
performed on an area of 126,000 m2. The compaction areas were divided
into panels of 3000 m2. Eight quality control tests were performed in each
panel. In general, the sand fill material responded rather well to the vibra-
tory treatment which was visible by a surface settlement, equivalent to about
5% of the compaction depth, which was compensated during execution of
the works by imported sand fill.



Chapter 4

Improvement of fine-grained
and cohesive soils by vibro
replacement stone columns
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4.1 VIBRO REPLACEMENT STONE COLUMN
TECHNIQUE

We have seen from the description of the development of the deep vibra-
tory processes that vibro stone columns extend the limits of application of
these ground improvement methods from predominantly noncohesive into
fine-grained cohesive soils. With regard to the grain size distribution of the
soils to be improved, vibro replacement stone columns are used when con-
ditions prevail as represented by areas outside of zone B in Figure 3.13. In
the following, it will be shown that the load-carrying capability of soils so
improved depends primarily from the interaction of the stone columns with
the surrounding soil. The columns are supported by the soil which they
replace and which requires therefore a certain minimum strength.

With increasing fines content in the grain size distribution of sands,
the spacing between compaction probes needs to be decreased to obtain
sufficient compaction when using the vibro compaction technique, as dis-
cussed in Chapter 3. At the same time, the addition of coarse backfill mate-
rial helps to achieve the desired density. However, when the fines content
exceeds about 10%, the vibrations emanating from the depth vibrator can
no longer separate the soil particles from each other to achieve a closer
density, owing to their cohesive forces. Improvement of such soils, which
are generally relatively soft and impervious, can be effected by introduc-
ing stone columns. Two methods are currently being distinguished by the
strength range of the soils to be improved, generally in terms of their und-
rained shear strength c,.

The vibro replacement wet method is employed only in water-bearing
soft soils within a strength range of around ¢, = 10-30 kN/m?. In these
soils the depth vibrator normally sinks by its own weight, and that of the
extension tubes, to the desired depth, helped only by the low pressure,
large volume bottom jets. Collapsing soil from the side walls of the hole is
transported in the water flow to the surface where an effective sludge and
water management has to take care of it. To avoid pollution, only water
that has been largely freed from soil particles is allowed to be disposed
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of into available recipients. The water can contain significant amounts of
suspended silt and clay which require proper handling in settling ponds and
standing pools before the water can be reused for the stone column produc-
tion or before it is released. These procedures need to be well organized
to avoid disruption of the work or slowing down of production. In this
context it is, however, necessary to remember that sufficient water volume
is an integral part of the wet vibro replacement stone column method to
guarantee stability of the hole and its diameter.

On reaching the desired depth, the vibrator is often completely with-
drawn from the bore before it is allowed to repenetrate rapidly—sometimes
a few times—to full depth, in this way allowing the bore to be cleaned from
loosened soil material and its diameter to increase. In most cases the bore
created is at least temporarily stable, and coarse backfill can now be filled,
preferably in small doses, into the bore hole. The vibrator is then lowered
again to full depth and the vibrations, together with a slight upward and
downward motion with amplitude of generally not more than a meter,
cause the backfill to be compacted and rammed into the sides of the bore.
With increasing density of the backfill, vibrations are also transmitted to
the surrounding soil. The resulting shear stresses may cause the soil to
collapse leading to a further increased bore diameter as the continuing
water flow, movement of the vibrator and of the backfill, transports this
fine material to the surface. When equilibrium is reached, column build-
ing begins as further stone is added as described or through the annulus
around the vibrator remaining in the bore hole. Rising resistance indi-
cated by slowing down the sinking rate of the machine, accompanied by
increased power consumption of the vibrator motor, is a sign that column
building is completed at this level and that repetition of this procedure
should start at the next higher level.

In this manner, an stone column is formed up to ground surface in a
self-compensating way with diameters of about 0.8-1.2 m, depending on
the soil resistance and the shearing and flushing action over the time of the
build-up (Figure 4.1a).

It is evident that this replacement process causes only relatively little dis-
turbance to the surrounding native soil, without apparent smear damage
(Greenwood, 1976), allowing, under loading conditions, the pore water to
freely drain into the columns, resulting in a considerably accelerated con-
solidation process (see Section 4.3.4).

In more stable insensitive cohesive soils with strength values ¢, = 30-50
kN/m?, the dry vibro displacement method is applied whereby the depth
vibrator penetrates by vibratory impact and by its own weight, sometimes
increased by that of the heavy extension tubes, and always helped by com-
pressed air emanating through the bottom jets of the machine. When the
design depth is reached, it is always necessary to extract the vibrator com-
pletely from the ground to allow coarse backfill material to be introduced in
small quantities into the bore. The compressed air is used primarily to prevent
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Figure 4.1 Stone columns built (a) by the wet vibro replacement method and (b) by the
dry displacement bottom feed method.

the bore from collapsing as a result of the suction developing when the vibra-
tor is withdrawn, as it is generally in a tight fit in the ground. The column is
built by tipping the backfill into the bore hole and by lowering the machine
back into it in lifts of about half a meter. By the action of the depth vibrator,
the coarse backfill is compacted and displaced laterally and downward form-
ing in this way a tightly compacted stone column of about 0.5-0.6 m diameter
which is well interlocked with the surrounding sheared soil. To safeguard
column verticality and to assist penetration into stiff soil, custom-built cranes
with leaders were developed, replacing the standard cranes as base machines.

As this method has its downsides with deeper penetration, it being rela-
tively slow and requiring well-supervised workmanship, a special depth
vibrator was developed avoiding the need to remove it from the ground
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for material backfilling and at the same time ensuring column continuity
for deeper columns in much softer soils (¢, = 10 kN/m?). With this dry
displacement bottom feed method the backfill is discharged directly at the
point of the vibrator through a pipe that is fitted to its outside and which is
fed by a backfill container with an airlock situated on top of the extension
tubes. The system is best used with dedicated cranes for the depth of less
than 20 m (these are called vibrocats and develop considerable pull-down
forces to compensate the increased friction force developing as a result of the
increased depth vibrator cross section) (Section 4.2). For greater depths stan-
dard crawler cranes can be used. A continuous column is formed by pulling
the vibrator in steps of 0.5-1.0 m within the ground, in this way allowing
the backfill to flow into the bore hole, helped by a moderate flow of com-
pressed air. By repenetrating until resistance is met, the coarse material is
compacted and laterally displaced into the soil. This procedure is repeated
leaving behind a well-compacted stone column of about 0.5-0.8 m in
diameter up to working grade level. The method is to a certain degree self-
compensating since in softer soils column diameters tend to be larger than
in stiffer soils. Figure 4.1b shows a typical plant while forming vibro stone
columns with the dry bottom feed method.

It is evident that the wet system primarily replaces native soil by coarse
backfill with relatively little lateral displacement; the dry system is, in con-
trast, in the first place a displacement method. Nevertheless both methods
are today generally named vibro replacement stone column methods, but
we will see later that displacement of the surrounding soil can add extra
strength to columns of otherwise equal dimensions.

The grading of backfill stone for the vibro stone columns differs slightly
between the different methods of construction.

e For the replacement wet method rounded or subangular stone or gravel
30-60 mm in size and comparatively uniformly graded is used which
passes easily through the annulus around the machine. It is always
found, on excavation of a stone column, that the voids between the
stones, which are in close contact with each other, are always found to
be filled with the coarser particles (sand and coarse silt) from the native
soil ensuring a well compacted stone column. The finer parts of the
native soil are transported to the ground surface with the flushing water.

e For the bottom feed method, finer gravel or crushed stone of
10—-40 mm is necessary to pass through the delivery system including
the feed pipe to the vibrator point. Well-graded sand can also be used
should no coarser backfill be available, but this will forfeit a consider-
able amount of column strength in comparison to the coarser stone

backfill (Section 4.3).

The material of the stone backfill should be environmentally acceptable
and can be taken either from natural gravel deposits, crushed natural stone,
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or from recycled concrete or brick debris. The material itself should be of
sufficient hardness and strength to resist the strong abrasive forces resulting
from the vibratory action of the depth vibrator. It should not contain any
organic and other deleterious material. It should be chemically inert and
should resist—in cases of aggressive groundwater conditions—any poten-
tial ion attack during the lifetime of the foundations.

Regardless of the method, whether suspension from crawler cranes, or
guided by leaders, vibrators are always applied in the vertical orientation.
The vibrator forms a vertical hole largely by displacement, sometimes
enlarged by water flushing, ultimately hanging as a pendulum in the bore
hole. While crane-hung vibrators receive no guidance when penetrating
and during column construction, the special rigs (Section 4.2) are generally
equipped with vertical leaders providing excellent guidance to the vibra-
tor in all working phases. Varying soil strengths during penetration, and
obstructions, may cause the vibrator to depart from its vertical position. It
is very important that these deviations are detected and corrected in good
time in order to ensure the verticality of the stiffening columns.

Vibro stone columns improve the foundation ground because they are
stiffer and of higher strength than the soil which they have replaced. The
reinforcing effect depends primarily on the column diameter and the dis-
tance between adjacent columns. They are generally installed with center
spacing of 1.5-3.5 m, in rows below strip footings and in triangular or
square patterns below single footings and widespread loaded areas. As with
vibro compaction, the upper 0.3-0.5 m of a stone column are generally less
well compacted as a result of vibrator shape and missing lateral support
from the surrounding soil. Therefore, before concreting work begins, the
foundation area is excavated to the required level, about 0.3 m of well-
graded coarse gravel is placed on top of the treated area and the whole
surface prepared in this way is well compacted with a standard surface
compactor.

Production rates depend, in the main, on the stiffness of the ground
needing improvement but also on the stone volume consumed for the stone
columns, on the characteristics of the vibrator, and on the efficiency of
the working crew. Rates generally range between 150 and 450 m of stone
columns for a 10-h shift per vibrator unit.

4.2 SPECIAL EQUIPMENT

For the construction of vibro replacement stone columns employing the
wet method, essentially the same equipment is needed as for the vibro
compaction process and as described in Sections 3.1 and 3.2. When work-
ing in cohesive soils, the water management and sludge handling on-site
requires special attention. Silt and clay particles in suspension cannot
be completely or easily removed from the water before it is released into
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natural or artificial recipients. If this shortcoming is environmentally
acceptable, the construction of stone columns with diameters in excess of
0.6 m can best be achieved by employing vibrators with larger diameters
(see Table 3.1) and high-volume, low-pressure water pumps. Very often
when soil conditions prevail where layers of sand alternate with cohesive
soils, the use of high-amplitude, low-frequency vibrators is advisable as
these machines allow both efficient compaction of the sand layer and
forming of stone columns in one operation.

With the dry vibro displacement method, vibrators with higher frequen-
cies and smaller diameters are used which generally penetrate more effec-
tively into the ground. The water pipes are replaced by smaller diameter
air pipes also leading to the vibrator point. Compressed air generated by
standard compressors (9 m3/min, 5 bar), often mounted together with the
electric generator or hydraulic power pack on the rear of the crawler crane,
produces a moderate airflow, just strong enough to avoid suction develop-
ing when the vibrator is withdrawn from the ground, and sufficient to keep
the stone backfill flowing in the stone supply system when the bottom feed
method is used. Strong airflow at high pressure should be avoided as it
often does more damage to the fabric of soft soils than helping to remove
the vibrator from the bore hole (Greenwood and Kirsch, 1984). It can also
cause unwanted heave of the ground.

Today, we mainly use purpose-built machines with vertical leader and
on-board generator and compressor. Since these machines are generally
mounted on crawlers they are often called vibrocats. A special gravel con-
tainer at its front allows the stone backfill to be funneled into the bore
hole, generally in small quantities just enough to form about 1 m of stone
column length. As effective penetration aids, these machines develop a pull-
down force of up to about 300 kIN. When obstructions or stiff layers pre-
vent the vibrator from reaching the design depth, a more powerful vibrator
can resolve the problem or preboring with continuous flight augers might
become necessary, preventing uneconomical slow production and unneces-
sary wear and tear on the depth vibrator.

The special bottom feed equipment both for crane-hung and vibrocat
operation is today the standard setup for dry stone column construction.
Figure 4.2 shows a vibrocat rig with a special depth vibrator whose extension
tubes have been transformed into gravel containers, feeding the stone backfill
through a half-moon-shaped gravel pipe to the point of the depth vibrator.

The construction details of a bottom feed vibrator are shown in
Figure 4.3 in a schematic mode. Since its cross section is substantially
increased as a result of the attached gravel pipes, penetration resistance of
the soil increases considerably, requiring much more pull-down capability
of the vibrocat—hence the need for the strong activating forces available in
modern machines. As can also be seen from Figure 4.3, the cross section
through the vibrator and gravel pipe is of oval shape, no longer circular.
The stone columns so constructed are also of an oval shape and need to be
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Figure 4.2 Vibrocat with bottom feed vibrator. (Courtesy of Keller Group plc, London, UK.)

transformed into circular columns of equal cross-sectional area in relevant
design calculations.

As already mentioned, the vibrocat carries a generator and a compressor and
is equipped with a gravel hopper which is filled with stone backfill at ground
level and which slides up the vertical leader to the top of the extension/gravel
container pipe. The hopper is emptied via an airlock into the extension tube
acting as gravel container with a capacity of approximately 0.1 m*/m of length,
allowing the stone column construction to continue, usually without any inter-
ruption. With modern machines this process can be carried out in an auto-
mated way, whereby the vibrator lifts, including stone filling, repenetration and
compaction are predetermined at the beginning of the site and repeated in the
same manner for all stone columns of any given project. Feeding of the stone
container is equally automated, to allow the operator to concentrate on the
process controls displayed in front of him in the cabin of the rig. The need to
refill the gravel container is indicated to the operator via a level control inside
the gravel container. All process data as displayed to the operator are stored as
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Figure 4.3 Special features of a bottom feed vibrator.

a function of time and can be plotted for each individual stone column in real
time or at the end of the shift. These data include for each stone column: time
of execution, depth, power, and stone consumption over depth, total stone
consumption, verticality of the leader, and optionally also the pressure of the
airflow and the stone column diameter.
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Modern data acquisition systems controlling both column building and
operational parameters of the equipment employed will eventually, together
with GPS systems, allow the contractor to construct large number of stone
columns per working hour of uniform quality and in a fully automated
way. Telemetric systems are already used to transmit not only service and
machine performance indicators (fuel consumption, oil pressure, etc.) but
also machine location, and all relevant process data as compiled by the
control and data acquisition unit employed.

To limit or even avoid operational errors and mistakes when construct-
ing these stone columns a specialist contractor recently proposed an operator
guidance system (Betterground, 2014) enabling also less experienced operators
to install the stone columns according to specifications in difficult soils. Based
on the data acquired during the installation process, the onboard computer
helps the operator to decide when the stone filling process for a predetermined
column diameter in specific soils is completed and the vibrator can be lifted
into the next position where the filling process will start again. The system
allows programming the up and down movements of the vibrator, for exam-
ple, in the following way (Betterground, 2014):

e Start column at a certain depth

¢ Build at least an 80 cm column, unless a specific amperage (say
240 A) of the depth vibrator motor is reached in which case also
smaller column diameters are allowed

e If the amperage stays below a certain value (say 150 A) soft soil is
encountered and a larger column diameter (say 140 cm) is to be built
or the threshold amperage is reached, whatever comes first

Needless to say that the interpretation of the real-time recordings of trial
vibro stone columns carried out at the beginning of a foundation project
requires considerable experience.

Modern vibrocats are designed to install stone columns to depths of up to
20 m. To expedite setting up of the vibro replacement equipment on-site spe-
cial rigs were developed for shorter, more frequently used columns of up to
10 m, which represents the depth range of the majority of sites, allowing the
complete bottom feed depth vibrator to remain on the rig when being trans-
ported. To make use of standard excavators (which are plentifully available
on the construction equipment market) as base machines for carrying depth
vibrators to construct vibro stone columns specialist contractors have devel-
oped purposely built attachments. These provide essentially the same char-
acteristics necessary for safe and controllable execution of stone columns;
they do however, develop only a moderate pull-down force. Figure 4.4 shows
such equipment capable of building 11 m deep stone columns.

For stone columns deeper than 20 m, and for columns to be constructed
over open waters, the crane-hung bottom feed method can be used. Base
machines for this purpose are generally heavy crawler cranes that carry the
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Figure 4.4 Attachment for standard excavators to carry out stone column installations.
(Courtesy of Keller Group plc, London, UK.)

depth vibrator with standard extension tubes and welded on gravel pipes. A
gravel container capable of carrying about 2 m? of stone backfill is situated
on top of the extension tube. Gravel is filled at ground level by payload-
ers into a hopper, which is pulled upward and delivers its contents via a
receiving mechanism into the gravel container, from where it is released by
special controls into the gravel pipe. Figure 4.5 shows a crane-hung bottom
feed assembly for constructing deep stone columns.

When stone columns need to be built through deep water, supply of
the backfill stone to the machine is often rather difficult to achieve. For
such applications, special pneumatic or hydraulic transport systems for the
gravel were developed which replace mechanical stone delivery by hoppers.
Figure 4.6 shows such an arrangement by which the gravel is transported
hydraulically via special pumps and hoses into the receiving tank from where
stone supply takes place through the gravel pipe in an uninterrupted manner
under constant air pressure until it is released at the vibrator nose cone into
the soil. Up and down movements compact the stone and displace it into
the soil, thus forming a stone column up to the sea bottom or ground level.

In very deep water, the length of the vibrator unit with its extension
tubes and the associated stone storage and delivery system may become
excessively long, requiring very large cranes to handle the whole appara-
tus. To avoid this drawback, specialist contractors have developed recently
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Figure 4.5 Crane-hung dry bottom feed system for deep stone columns (S-Alpha system).
(Courtesy of Keller Group plc, London, UK.)

submersible stone storage systems allowing the usage of moderate size
cranes for the construction of stone columns to great depths without com-
promising their quality and execution accuracy.

4.3 PRINCIPAL BEHAVIOR OF VIBRO STONE
COLUMNS UNDER LOAD AND THEIR DESIGN

4.3.1 Overview and definitions

Vibro stone columns are in general used to improve characteristics such
as the strength and compressibility of fine-grained cohesive soils that are
deemed insufficient for the geotechnical purpose. These soils are predomi-
nantly water-bearing silty and clayey sands, sandy silts, and silt and clay
mixtures. Their main characteristics, water content, consistency, and shear
strength, are shown in Figure 4.7. These soil properties, together with those
of the stone columns, influence the behavior of the composite soil-stone
column matrix.

Certain definitions and some of the terminology used in conjunction
with ground improvement by vibro replacement stone columns are further
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Figure 4.6 Crane-hung bottom feed system with gravel pump for stone supply.

discussed in this section. The terms vibro replacement stone column, vibro
stone column, and stone column are used synonymously. In contrast to a
single stone column, a group of stone columns is represented by a certain
number of stone columns that are arranged in such a way that they influence
each other in the ground when loaded and this is described as the group
effect. In contrast to the isolated stone column and the column group, large
numbers of regularly arranged stone columns of equal diameter and equal
separating distance are normally referred to as an infinite grid pattern of
stone columns. Their behavior under load can be described by the unit cell
concept, whereby—irrespective of the position of the column within the
grid—all columns behave equally, and the description of the mechanical
model of a single column is representative for the whole grid. Figure 4.8 gives
the geometry of the unit cell for triangular and square grid patterns.

The equivalent diameter of the circular unit cell d, as a function of the
column distance b can be calculated as

d.=C-b (4.1)

with
C = 1.05 for the triangular pattern
C = 1.13 for the square pattern
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Figure 4.7 Water content, consistency, and shear strength of fine-grained cohesive soils.
(Based on CUR, Building on Soft Soils. Centre for Civil Engineering Research
and Codes. A.A. Balkema, Rotterdam, the Netherlands, 1996.)

Another important parameter of the infinite grid pattern is the area replace-
ment ratio a, calculated as ratio of column area A, and total unit cell area A:

_A_ 1 (dY
a. = e [deJ (4.2)

As the unit cell is symmetric by geometry, a uniform load evenly distrib-
uted over the infinitely extended area and applied by a rigid raft will not
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Figure 4.8 Column grid patterns and unit cell concept.

cause any shear stresses or horizontal deformations to develop at its outside
boundaries. Consequently, the uniform loading will remain within the unit
cell. Since the stone column is stiffer than the surrounding soil, vertical
stresses are concentrated in the stone column material with an accompany-
ing stress reduction in the less stiff soil surrounding the column. This stress
distribution between column and soil within the unit cell is generally called
stress concentration 7 and is represented by the ratio of the vertical stresses
o, in the column and the vertical stress o, in the soil:

n="2¢ (4.3)

GS
Equilibrium with the acting vertical stress ¢ is given by the relationship

cs:cscic+cs(l—i‘j=ac-cc+(1—ac)‘cs (4.4)

which leads to expressions for ¢, and o, as follows:

GC:G~L:1¢C~G (4.5)
(1+m-1)-a.)
with
n. = n (4.6)

1+(m-1)-a.)
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6,=6-————————————=1,-C (4.7)
with

n=—— (4.8)
1+(m—-1)-a.)

The expressions 7. and 7, represent the ratio of stresses in the stone column
and the soil, respectively, to the average stress 6 acting on the unit cell and
are connected with each other and the stress concentration factor 7 by the
expression:

ne =11 (4.9)

Equation 4.7 can be rewritten for the ratio of the acting stress ¢ with the
soil stress o,:

Z1+(n-1)-a (4.10)

Gs

The unit cell concept stipulates equal settlements for stone column and
tributary soil:
= (4.11)

S

Priebe (1976) was the first to define the settlement improvement B as the ratio
of the settlement s of the untreated soil and the settlement s; of the improved
soil. Using the assumption that settlements behave directly proportionally
with their stresses, based on Equation 4.11, an expression for the settlement
improvement factor B can be derived from the unit cell concept:

p="=Cc1+(n-1)-a (4.12)

Si Gy

In reality, where these ideal conditions do not prevail, the stress concentra-
tion factor 7 depends not only on variables such as the area replacement ratio
a. = AJA, but also on the length of the stone column and particularly on
the relative stiffness of column and soil. Values of 7 measured in the field
are about 1.5-5.0, usually taken close to foundation level. As Barksdale and
Bachus (1983) have already pointed out, # will increase with consolidation
time and will not decrease below its value at the end of the primary settlement.

The expressions according to Equations 4.6 and 4.8 are helpful in both
settlement calculations and stability analyses for cases where the unit
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cell concept can be applied and where the stress concentration 7 can be
estimated with sufficient accuracy from Equation 4.12. With decreasing
numbers of stone columns in large groups the accuracy of the method
decreases.

The main effect of a ground improvement measure is settlement reduction
expressed by the improvement factor B as the ratio of the settlement without
stone columns and the settlement after ground improvement. The different
behavior of a stone column within a group is governed by its relative posi-
tion within it and influencing its overall performance. With increasing num-
bers of columns, group behavior approaches that of the infinite column grid.
It is difficult to define the number of stone columns that no longer behave
as a column group since other factors such as improvement depth, size, and
rigidity of the foundation have an influence. For practical reasons, more
than 50 stone columns regularly arranged below a foundation slab may be
addressed as an infinite pattern of columns when the ratio of foundation
width to column depth is at least 3.

The effect of stone columns on the ground to be improved is manifold.
The higher stiffness of the column material in relation to that of the soil
leads to load concentrations on the columns, thereby reducing the settle-
ment. Since the column material is considerably more permeable than the
soil, stone columns act as drains when constructed and loaded in water-
bearing soils, reducing consolidation time substantially. The fill material also
has a much higher shear strength compared to the original soil; therefore,
also increasing its bearing capacity. The improvement effect is increased by
the load concentration on the columns also leading to increased stability
of structures when supported by vibro stone columns. In saturated soils,
the existence of stone columns reduces the liquefaction potential of silt and
sand deposits during dynamic loading or earthquakes. The combination of
densification, drainage, and increased shear strength prevents total loss of
strength during a seismic event. To summarize, the main effects of the vibro
replacement method are

¢ Reduction of settlements.

e Reduction of consolidation time.

e Increase of bearing capacity.

¢ Reduction of liquefaction potential.

In parallel to the large variety of applications of vibro stone columns, and
as a result of the technical development and better understanding of ground
improvement in general, various computational and design methods have been
proposed. These can be distinguished from each other by the computation
approach, by the column geometry that is being considered, and by the design
objective, which could be bearing capacity, settlement reduction or acceleration,
and earthquake risk mitigation. Some of these methods are exclusively based
on empirical findings, while others use analytical approaches of the cylindrical
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Table 4.1 Necessary design parameters for commonly used computation methods

Goughnour/  Hughes/ Van Impe/  Balaam/

Priebe Bayuk Withers Brauns  Madhav ~ Booker
Column
Unit weight . . .
Friction angle . . . . . .
Stiffness . . . .
Poisson’s ratio . . . .
Angle of dilatancy . .
Soil
Unit weight . . .
Friction angle .
Cohesion
Undrained shear strength . .
Stiffness . . .
Poisson’s ratio . . .
Initial stress state .
Loading .

half space or introduce empirical parameters into their design concept. A more
recent group of methods develops design diagrams that are based on numerical
calculations.

Most design methods deal with the isolated column or the infinite grid
of vibro stone columns. Almost all methods apply the principle of the cir-
cular unit cell (Figure 4.8). Only a few methods consider the behavior of
column groups.

Settlement reduction is of particular practical importance for the design
of vibro stone columns, where the allowable bearing pressure needs to be
secured in a separate step by also determining the ultimate bearing capac-
ity of the system. In addition, consolidation time or the reduction of the
liquefaction potential may also have to be determined.

A selection of the commonly used design methods can be found in
Table 4.1 together with their key design targets. The table also gives the
parameters necessary for the design calculation. These methods are empiri-
cal and analytical, purely analytical, or analytical and numerical.

Ideally, the design models should reflect the interactions between load
application, stone columns, and surrounding soil as will be discussed in
the Sections 4.6.1 through 4.6.3. In particular, the elastic—plastic behav-
ior and the dilatancy of the stone column material are important features
for the model, and the model is not only valid for the two special cases of
the isolated column and for the infinite column grid, but it also governs
the column group behavior (Section 4.6.4). However, such high demands
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are not yet state of the art in designing stone columns, since all meth-
ods are still based on far-reaching simplifying assumptions (Soyez, 1987;
Bergado et al., 1994; Kirsch, 2004).

4.3.2 Load-carrying mechanism and settlement
estimation

Principal loading situations for stone column foundations are shown
in Figure 4.9. Foundation stresses acting on the improved soil lead to a
stress concentration in the material of higher stiffness, that is, in the stone
columns, which results in a stress relief of the soft surrounding soil. From
the assumption that vertical deformations of stone column and soil are equal
in horizontal planes, with the reduced load on the native soil, follows the
settlement reduction of this ground improvement system. Various research-
ers have confirmed this assumption in the laboratory (Nahrgang, 1976),

(c) (d)

Figure 4.9 Different loading scenarios for stone columns: (a) Single column, (b) Single
column below footing, (c) Column group below footing, and (d) Column grid
below embankment.
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by numerical calculations (Balaam and Poulos, 1983) and by in-situ mea-
surements (Gruber, 1994; Kirsch, 2004).

In contrast to the load-carrying mechanism of a rigid foundation ele-
ment, such as a pile, where the load transfer into the ground is by toe resis-
tance and friction at the pile perimeter, stone columns transmit their load
into the soil by stimulating its horizontal earth pressure without relative
displacement between column and soil. In this state of contained compres-
sion, the stone column, which is characterized by high density and stiffness,
will ultimately fail by bulging as a result of the high column load and the
minimal supporting capacity of the surrounding soil. Owing to its high
density, the column yields locally in its upper part under the shearing forces
by lateral bulging, counteracted by the surrounding soil, depending on its
stiffness and strength. This horizontal deformation is further increased by
the dilatancy of the column material. This volume increase was measured
to about 9%, albeit that there is considerable axial column compression
(Kirsch, 2004).

The hypothesis that a column is triaxially loaded in confined compres-
sion leading to the peculiar horizontal deformation, as described, has been
verified by numerous researchers (Greenwood, 1970; Hughes and Withers,
1974; Hughes et al., 1975; Brauns, 1980; Barksdale and Bachus, 1983;
Kirsch, 2004). This has been done theoretically, in model tests and in field
tests on excavated columns. Figure 4.10 shows such a model test to investi-
gate column group behavior. The different behavior of a center column in
comparison to one at the edge is clearly visible.

Figure 4.10 Model tests on four and five stone columns to study column group behavior.
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As column bulging is followed by lateral support, triggering soil defor-
mation which in response further increases the horizontal stresses, the
overall load-carrying mechanism is controlled by the interaction of the load
application with columns and native soil. Figure 4.11 shows the different
features of this interaction of the composite of column and soil with the
load application.

In most applications of the vibro replacement method, the column heads
are not in direct contact with the applied load, which is almost always
transferred via a load distribution layer. Occasionally, horizontal load-
carrying layers consisting of a combination of coarse granular material and
special geotextiles are used, particularly below embankments and similar
structures, where horizontal forces need to be controlled. These load-transfer
layers can provide an additional load concentration at the column head
when they are thick enough in relation to column diameter and distance for
an arching effect to develop. This is beneficial for the design of the founda-
tion slab, but the load distribution has no significant effect on the overall
settlement (Figure 4.12).

y
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: Interaction:
4 @ @ Footing-column
| <>

@ Footing-soil

@ Column-soil

@ Column-column

e

h Load transfer layer

with ¢

min 1 =flb, d, Quanster layer) $

Figure 4.12 Load-transfer layer and arching effect.



Improvement of fine-grained and cohesive soils 125

Almost all approaches to calculating the settlement reduction by the use
of vibro stone columns are based on the infinite column grid. Few deal with
the quantitative behavior of column groups, and all make major simplifying
assumptions. Investigations of the settlement behavior of isolated columns
are rare and of little practical use. Frequently, however, single-column load
testing is performed as a quality control measure and to predict settlement
performance of structures, a method requiring particularly careful evalua-
tion (see Section 4.4).

Greenwood (1970) was the first to propose a design chart for the infinite
column grid providing a relationship for the reciprocal improvement factor
1/ as a function of the column distance in the grid for cohesive soils with
strengths between ¢, = 20 and 40 kPa (Figure 4.13). From the context of
the paper the column diameter can be assumed as 0.9-1.0 m for wet and as
0.6-0.7 m for dry column construction.

Of the many design methods, only two are of practical importance today—
the Priebe method and the Goughnour and Bayuk method—which will be
further discussed in this section. The Priebe method is widely used in Europe
and was presented for the first time in 1976, with improvements and altera-
tions made to it later (Priebe, 1976, 1988, 1995, 2003). The method uses the
unit cell concept as shown in Figure 4.8 describing the stress situation of an
infinite grid pattern of stone columns loaded with the vertical stress ¢ via a
rigid foundation raft. The deformation of the stone column is approximated
by the cylindrical cavity expansion method, which was proposed by Gibson
and Anderson (1961), for describing the pressure meter deformations.

From equal settlements for stone column and tributary soil within the
unit cell, and equilibrium between foundation load and the loading shares

Spacing of stone columns (m)

0 2.20 2.25 2.50 2.75 3.00 3.25
0 |

Clay strength

40 kN/m?

%/ 20 kKN/m?

k D%
40 kN/m? \

Dry method \
100 clay strength I

Figure 4.13 Settlementdiagram for stone columns in soft uniform clay. Note: Curves neglect
immediate settlement and shear displacement. Columns assumed resting on
firm clay, sand or harder ground. (After Greenwood, D.A., Mechanical improve-
ment of soils below ground surface, in Ground Engineering, The Institution of
Civil Engineers, London, UK, 1970.)

Settlement of treated ground
as % of settlement untreated
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of column and soil, comes an expression for the improvement factor B as
the ratio of the settlement of the untreated (s) and the improved ground (s;):

_ =1+£. 1/2+f(HS,AC/A)_1 (4‘13)
Si A Kac f(usaAc/A)

with

1- f 1-2u)-(1-AJA
Flu, AdA) =178 (1=20) ) (4.14)
1—p, — 28 1-2u,+AJA

and
K,.= tan*(45° — ¢./2) (4.15)

In these equations the notations of the unit cell from Figure 4.8 are used;
with @, representing the friction angle of the column material and p, the
Poisson’s ratio of the soil.

For easy use of the method, Priebe developed a diagram for the improve-
ment factor B for the infinite column grid as a function of the ratio A/A,
(total grid area A to column area A.) with friction angle @, of the column
material as sole parameter. In Figure 4.14, this diagram is presented with
the area replacement ratio a, = A /A as abscissa for the practically relevant
range of a. between 0.05 and 0.35. The graph was also extended to column
material friction angles in excess of 45°.

In practice, the method requires a conventional settlement calculation
to be carried out for the untreated ground, usually by the summation of

6.0 ¢, 60.0° 57.5° 55.0° 59.5°
5.5 / j / // /
5.0 / / J /

45 / // 47.5°
4:0 / pd d /; / 45.0°
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Ground improvement f3 (-)

Figure 4.14 Basic ground improvement design chart for infinite column grid patterns
with a. between 0.05 and 0.35 and extended range of @_. (After Priebe, H.J.,
Die Bautechnik, 53(8), 1976.)
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settlement contributions from layers of differing depths, properties, and
stresses. This settlement s without soil improvement is then divided by the
improvement factor B as taken from Figure 4.14 for the respective replace-
ment ratio a. and the column friction angle ¢.. The settlement with soil
improvement s, follows accordingly:

(4.16)

o S
"B
Stress concentration factors 7 after Priebe range between 5 and 11 for area
replacement ratios a_. between 0.1 and 0.4 and for friction angles of the stone
column material between 35° and 45°. These 7 values overestimate the effect
of the stone columns to a certain extent when compared with field measure-
ments in which 7z was found to be between 1.5 and 3, as already mentioned.
Priebe assumes that the stress state in the soil surrounding the stone column
will be influenced by its installation in such a way that hydrostatic stresses
develop. Consequently, he sets the earth pressure coefficient to Kg = 1. Other
key assumptions initially made in this simplified calculation procedure are that
the stone columns are based on a competent bearing stratum and that the
column material is incompressible. In addition, both column and soil density
are neglected, which has the consequence that the lateral support provided
by the surrounding soil would not increase with depth, resulting in a column
expansion that would be constant over its full length. Subsequent revisions
of the method (Priebe, 1995, 2003) consider the positive influence of the
compressibility of the column material, of the bulk weight of column and soil,
and allow for an estimate of the additional settlement of floating stone col-
umns that are not founded on a load-carrying stratum. One of these revisions
(Priebe, 1988) also includes charts for computing the settlements of single and
strip footings. Unfortunately, the settlement computations with these refine-
ments are somewhat more cumbersome, as can be seen in Section 4.6.1, where
a computational example demonstrates the use of the revised Priebe method.
The method has also been frequently adapted to spreadsheet programs and
ready-made software solutions. For a quick assessment of the expected settle-
ments of a structure, the standard method is, however, considered adequate.
Goughnour and Bayuk (1979b) and Goughnour (1983) propose an
incremental solution, based on the unit cell concept, for the settlement cal-
culation of an infinite column grid. The unit cell is divided into slices of
thickness Ab for which the vertical deformation is independently calcu-
lated, based on elastic and elastic—plastic analysis, with the larger of the
two being the relevant deformation. Computation starts with the incremen-
tal slice at the column head and is carried on to the bottom of the column.
Figure 4.15 shows a flowchart of the necessary computational steps. The
method is, however, rather unsuitable for a conventional hand calculation
because of the iterative calculation approach necessary for the solution of
its set of equations. Computer programs were therefore developed instead.
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Figure 4.15 Computational steps of the Goughnour and Bayuk method.

Key assumptions of this method are that shear stresses are zero at the
unit cell perimeter, that they are also zero at the surface and bottom of each
incremental slice, and that no relative deformation occurs between column
and soil. In Section 4.6.1, a sample calculation of this method in compari-
son with the Priebe method is presented.
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From the relatively large number of methods proposed for the estimation
of settlements of soft soil improved by stone columns, those have been pro-
posed that are widely used today, delivering reasonable results within the
normal accuracy bound of settlement calculations, provided that reason-
able assumptions are made with regard to the shear strength of the column
material and in particular to the area ratio of the column grid.

Numerical calculations adopting the finite element method are recom-
mended for major projects and in the presence of particularly soft soils, say
below ¢, = 20 kPa, provided that the elastic—plastic behavior of the unit
cell and the shear zones in the stone column can be modeled with sufficient
accuracy. For large foundations, two-dimensional calculations may suffice,
but other foundations may require the use of three-dimensional approaches.

4.3.3 Failure mechanism and bearing
capacity calculations

The bearing capacity of a foundation on vibro replacement stone columns is
governed by a number of possible failure mechanisms. For isolated columns
these are

* Bulging of long, supported columns

e Shearing of short, supported columns

e Punching failure by sinking of short, floating columns
e Bulging in deeper layers

as demonstrated in Figure 4.16.

Bulging of the column is the main load-carrying mechanism of a stone
column, which will fail when the surrounding soil cannot lend any further
lateral support. In homogeneous soil conditions, bulging is concentrated
within a region between the column head and a depth of about four times
the column diameter. Short columns with lengths below four column diam-
eters may fail by sinking into the soil. However, if these columns are placed
on a reliable bearing stratum and the lateral support by the soil is sufficient,
failure surfaces will develop through the column head and the adjacent soil
close to grade. The described failure mechanisms are idealized. Failure may
also occur at greater depths than four column diameters in the presence

P ira
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m
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Figure 4.16 Failure mechanisms of isolated stone columns: (a) bulging, (b) shearing,
(c) sinking, and (d) bulging in soft deeper layer.
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Figure 4.17 Failure mechanisms for column groups: (a) bulging, (b) shearing, and (c) bulging
and sinking.

of particularly soft soil layers that are thick enough (say in excess of two
column diameters) to allow bulging to develop as shown in Figure 4.16d.

Column groups show basically similar failure mechanisms, which are
however less simple due to the complexity of the interaction between load
application, soil and columns, and their geometrical parameters. Figure 4.17
displays failure mechanisms for column groups that can develop with rigid
concrete foundations.

When looking at the infinite stone column pattern, the behavior of the cir-
cular unit cell under load has to be analyzed. In this symmetrical state of con-
tained compression, no shearing will occur in the soil. Initially, soil and column
will settle by elastic deformation and consolidation. However, the column is
already under relatively low stresses, and will shear, dilate, and bulge, but it will
be contained in plastic equilibrium, with the internal stresses corresponding
with their plastic state. Typically, such infinite grids of stone columns are used
for the foundation of storage tanks and embankments. To avoid uneconomical
stone column patterns, design load on the unit cell needs to be high enough
for the columns to pass through their maximum stiffness, rendering sufficient
settlement reduction for the structure (Greenwood and Kirsch, 1984).

Similar conditions prevail for vibro stone columns below embankments
where, besides reducing the overall settlement, they act predominantly to
enhance slope stability. As will be shown later, the approaches that do not
consider the stress concentration in the stone columns and that rely only on
the higher shear resistance of the column material in relation to the native
soil lead to overconservative factors of safety, and uneconomical designs.
Design is generally based on conventional slip circle analyses and must take
into account that, in order to fully mobilize the high column shear strength,
substantial overburden pressure is required.

The easiest estimate of the ultimate bearing capacity of an isolated stone
column makes use of a plane failure surface as defined by Bell (1915), and
defines the equilibrium of a soil element at the column perimeter. The esti-
mate is only valid for plane strain conditions and thus underestimates the
capacity when applied to the axis-symmetric stone column. The maximum
horizontal stress within the soil o}}, is governed by its undrained shear
strength ¢, and the vertical stresses g, which represents the loading on the
soil next to the column when the soil itself is assumed to be weightless:

Oon =q+2¢, (4.17)
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The maximum vertical loading 6t m.c on the column can then be calculated
using the passive earth pressure coefficient for the horizontal equilibrium as
follows:

Otymax = Osj - tan ( (p‘j (@ +2c,)- tan2[n+q)cj (4.18)
4 2

Based on the hypothesis of Greenwood (1970) that loaded single columns

are in triaxially confined compression, all respective computational meth-

ods use the following relationship:

Gult = Olyumax = tan ( + & j (Glp + k- cy +u) (4.19)
4 2
where:
Otymax 18 the maximum vertical column stress in kPa
0. is the friction angle of column material
O4n is the horizontal soil stress before column construction in kPa
k is the factor of influence
Cu is the undrained shear strength of soil in kPa
u is the pore water pressure at column perimeter in kPa

The equation describes the failure state in a column according to Figure 4.16a,
bulging, when the maximum horizontal stress in the column cannot be bal-
anced anymore by the resisting horizontal soil stress. According to Brauns
(1978), the factor of influence k can be computed by

k= 1+ln[ d) (4.20)

3¢,

with E,, ; being the oedometric, or constraint, modulus of the soil.
Brauns also proposes a relationship for the shear failure of a vibro stone

column according to Figure 4.16b, which may occur near the column head as

. 14+ . /2
Oty max :[q+.2cuj.[l+tan(n+(p)].tan2 (Z+(;cj (4.21)

sin(2 - ) tand

where:
q is the surcharge at ground surface in kPa
d is the angle of the assumed failure cone in the column

The minimum value of 6, . = 6y needs to be found by variation of the
slip angle 8, with 8 = 65° being a reasonable starting value.

Since no bearing capacity failure can occur with the infinite column
grid, we look now at the failure of column groups under load as shown
in Figure 4.17. The complexity of an analytical problem solution requires
simplifying assumptions to be made with all methods available to date
(Aboshi et al., 1979; Priebe, 1995), which are not always physically
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justifiable. It is therefore proposed to utilize the method after Barksdale and
Bachus (1983), assuming planar failure surfaces within the column group.

The failure load g, is calculated as follows, utilizing the notations of
Figure 4.18:

Gur =03 -tan” 3 +2 - Cayg - tand

where:

(4.22)
G;

)
c

is the inclination of failure plane of the composite soil
avg

is the average horizontal soil pressure in kPa
is the average cohesion in kPa
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Figure 4.18 Bearing capacity of vibro stone column groups (a) below square footings and
(b) long strip footings. (Based on Barksdale and Bachus, Design and Construction

of Stone Columns. FHVWWA/RD-83/026,US Department of Transportation, Georgia
Institute of Technology,Atlanta, GA,1983.)
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In this consideration, quick loading conditions are assumed with the
undrained shear strength ¢, prevailing in the soil (¢, = 0) and with no
cohesion for the stone column material. For the composite material of
soil and stone column, an average friction angle ¢,,, and a composite
cohesion c,,, can be calculated using the Equations 4.26 and 4.28 below
with 7, representing the stress concentration in the column. For simplic-
ity, the stress concentration may be neglected with 7, = 1 and tan ¢,
calculated as the weighted average of the stone column and soil areas.
However, this leads to conservative ultimate bearing capacities. With the
improvement factor B developed with the Priebe method at the average
depth of %2 - B - tan §, the stress concentration factor 7 can be calculated
using Equation 4.12 and introduced into Equation 4.27.

The lateral average earth pressure oy is calculated by the classical earth
pressure theory for the long strip foundation using Equation 4.23 and
according to the cylindrical cavity expansion approximation after Vesic
(1972) for the square foundation with Equation 4.24.

03:M+2~cu (4.23)
2
o;=c-F+q-FE (4.24)
where:
c is the cohesion
q is the mean stress 1/3 - (o + 6, + 63) at failure depth

E,F; are the cavity expansion factors according to Figure 4.19

I is the rigidity index EJ/(2(1 + W)(c + g - tang,))
E, is the Young’s modulus of the soil

u is the Poisson’s ratio in soil

0, is the friction angle in soil

Y is the unit weight of soil

The relevant slip angle & can be calculated from Equation 4.25:

§ =450 Pae (4.25)
2
with
tan Qg = __nEange M. - d. -tan @, (4.26)

(A/A.) +(n—1)

(remember ¢, = 0 in quick loading conditions) and

A — (4.27)
1+(m-1)-a.)
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Figure 4.19 Cylindrical cavity expansion factor for soils with friction angle ¢, and
cohesion c. (After Vesic, A.S., [SMFD. ASCE, 98, 1972.)

The average cohesion of the composite soil follows from
Cavg =(1—ac)-c (4.28)

A sample calculation of this method is shown in Section 4.6.3.

We have seen that a bearing capacity failure of an infinitely distributed,
evenly loaded grid of stone columns cannot occur. However, at the edge of
large column groups (below tanks and embankments), the general rotational
or linear type shear failure resistance needs to be investigated. The design
is generally based on conventional slip circle analysis and it is evident that,
for a significant improvement of the safety factor, it is necessary to consider
the stress concentration on the columns to fully mobilize their superior fric-
tion strength together with a substantial overburden pressure. Barksdale and
Bachus (1983) have proposed, for this purpose, how to make use of the stress
concentration # in hand calculations when adopting the unit cell concept.

Figure 4.20 shows such a unit cell at a depth where it intersects with the
assumed failure line. The vertical effective stress o), resulting from the col-
umn weight and the applied stress 6 can be expressed by

G:/,c =Yc'Z¥+n.-0 (429)
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Figure 4.20 Unit cell concept for slope stability analysis. (After Barksdale, R.D. and
Bachus, R.C., Design and construction of stone columns, FHWA/RD-83/026,
US Department of Transportation, Georgia Institute of Technology, Atlanta,
GA, 1983)

with . being the unit weight of the stone column material (use buoyant
weight in submerged condition) and 7, representing the stress concentration
factor in the stone column at depth z.

The shear strength of the stone column follows then as

T, = (G} - cOs*d) tan @ (4.30)

Vertical effective stress o, and shear stress T, in the soil surrounding the
column are calculated from

Oy =7Vs 2+Mn,-C (4.31)
and
T, =C+ (0, -cos’d)tang, (4.32)

The weighted average unit weight vy,,, of the reinforced unit cell is used to
calculate the acting moment.

Yavg = dc Y T s Vs (433)

With the known stress distribution factors # which have to be estimated
or which can be calculated relatively easy by the Priebe method using the
relationship between 7 and B according to Equation 4.12 and taking B from
Figure 4.14, the slope stability analysis can be carried out with known stan-
dard methods. Calculating 7, 7., and 7, for different depths z from Equations
4.6, 4.8, and 4.9 using Priebe’s graphs for the improvement factor  can be
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avoided by opting for an average depth z,,, taken as representative of the
slip circle or plane considered, and establishing in this way the average stress
concentration factors. An example calculation of the stability of an embank-
ment founded on stone columns is shown in Section 4.6.2.

When comparing results of slope stability analyses carried out by three-
dimensional finite element methods (Kirsch and Sondermann, 2003)—with
a good reproduction of the depth-dependent stress distribution between
column and soil with conventional methods using homogenization of the
shear parameters by the weighted area average or the Barksdale and Bachus
method with the f and 7 values developed after Priebe—it can be concluded
that the weighted area method underestimates safety considerably, that the
combined Barksdale and Bachus/Priebe methods overestimate safety, and
that a safety factor obtained from a calculation with the average of both
methods represents a reasonable result close to reality.

4.3.4 Drainage, reduction of liquefaction potential,
and improvement of earthquake resistance

It is obvious that stone or gravel columns installed in fine-grained and
cohesive soils represent elements of considerably greater permeability than
the surrounding native soils. In water-bearing soils their beneficial effect of
accelerating consolidation settlement and reducing the liquefaction poten-
tial of sandy soils (Seed and Booker, 1977) is generally appreciated.

As with sand drain construction, the wet installation of vibro replace-
ment stone columns is superior to the displacement dry methods because
it avoids the development of smear zones along the column perimeter. For
standard, nonseismic applications, the choice of grading of the stone col-
umn material installed by the wet process in sand, silty sand, and sandy silt
is unproblematic even when using uniformly graded coarse backfill, since
the voids are generally filled with the remaining coarser particles of the
native soil which were not washed out during column installation, in this
way precluding material entry from the surrounding area.

When looking at the gradation of the column material for vibro replace-
ment stone columns installed by the dry method—which is generally quite
uniform as we have seen in Section 4.1—the question of filter stability is
occasionally raised. It is suggested that the uniform grading of the column
material would allow surrounding cohesive material to be transported with
the seepage flow into their voids, thereby not only clogging them up but
also leading to additional settlement. This effect has never actually been
observed in practice, and dry vibro replacement stone columns generally
show similar load settlement behavior to wet columns. When analyzing
this problem, the Terzaghi filter rule cannot be used as it is only appli-
cable for noncohesive soils. Stability of the boundary between the granular
column material and the cohesive soil is governed instead by the relevant
void diameter of the filter, the tensile strength of the cohesive soil, and the
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prevailing hydraulic gradient. It appears from a recent study of this ques-
tion that these hydraulic gradients, measured in practice, are too small to
cause material transport into the stone columns (Boley, 2007).

In water-bearing nonplastic silts that generally behave like granular soils,
the choice of method (dry or wet) and column material deserves more careful
consideration. Modern dry bottom feed systems allow the use of well-graded
gravel and even sand as column material to avoid any transport of fines into
the columns as a result of seepage flow. However, this choice would result in
a distinct reduction of the friction angle of the column material.

In water-bearing fine-grained soils under load, that are improved by stone
columns, pore water moves toward columns and drainage layers above or
below. The curved flow paths can be divided into vertical and radial com-
ponents, and the seepage flow rules adopted accordingly. Equation 4.34
describes the degree of consolidation U in the stone column-reinforced
layer as the combined effect of the vertical consolidation U, and the radial
consolidation U..

U=1-(1-U)-(1-U,) (4.34)

The settlement s, at time ¢ is in direct proportion with the degree of consoli-
dation U and the final settlement s.

ss=U-s 4.35)

The time factor for vertical flow T, is given by Equation 4.36 as a func-
tion of the elapsed time ¢, the length of the drainage path b, and the coef-
ficient of vertical consolidation ¢,. The time factor T, for radial flow is
given by Equation 4.37. Figure 4.21 gives the notations used for vertical
and radial flow conditions, in the latter case utilizing the unit cell concept.
Figure 4.22 provides the degree of consolidation U, and U, as a function of
the time factor T, and T, for vertical (v) and radial (r) flow conditions with
stone column grid parameters d./d = 3, 5, and 10.

ot
T, = e (4.36)
T Cch -t
T (4.37)
Ch kh
Ch _ Fh 4.
e Tk (4.38)
where:
k, and k, are the vertical and horizontal permeability of the soil,
respectively

¢, and ¢, are the coefficient of vertical and horizontal consolidation,
respectively
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With known parameters for the above expressions, the consolidation time
t can be calculated for different degrees of consolidation of the composite
layer of soil and stone columns. In practice, it is helpful to remember that
horizontal drainage is dominant in this scenario. Not only is the length of
the flow path within an infinite stone column pattern in radial direction very
often considerably shorter than in the vertical direction, but also horizontal
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permeability in clays is generally up to 15 times larger than in vertical direc-
tion. Consequently, it is sufficient to assess the consolidation time by neglect-
ing the effect of vertical consolidation and to rely only on radial consolidation.

The relevance of this proposal can easily be verified by the following
consideration. Let us assume that an infinite pattern of stone columns with
diameter d = 1 m is placed in a triangular grid with distances of 2 = 3 m,
yielding the unit cell diameter d, = 3.15 m. Column length is 10 m, equal to
the vertical drainage path length. Let us calculate the degree of combined
consolidation at time ¢ when the vertical consolidation U, has reached just
10%. Assuming conservatively a ratio of 1 for horizontal to vertical perme-
ability, and using Equations 4.36 and 4.37 at time #, we get an expression
for the time factor of radial consolidation T, as follows:

Y (¢ T
1 —_ N . 7h .
r_(dej (Cvj ' (%39

and with (Equation 4.38)

bY (ke 10 Y
T=| 2] [ 2l o 2| .7, =10.08-T, 4.40
2] (&) n-(35) (440

From Figure 4.22, we obtain, for U, = 10%, the time factor T, = 0.01 for verti-
cal consolidation, which when used in Equations 4.39 and 4.40 leads to T, =
0.1. From Figure 4.22 follows now with d/d, = 3.15 = ~3, the degree of radial
consolidation U, = 90%. With Equation 4.34 the combined consolidation
ratio is then U = 91%. Accordingly, at the chosen time #, the contribution of
vertical consolidation represents only 1% of the combined total consolidation.

U=1-(1-0.1)-(1-0.9)=0.91 (4.41)

This example was used to demonstrate that the vertical drainage flow can
be neglected under normal conditions since radial consolidation gener-
ally governs the rate of combined consolidation of soil improved by stone
columns. This also shows that this simplification is a safe assumption.
When adopting the dry bottom feed method for the stone column con-
struction, a zone of reduced column permeability may develop at its perim-
eter as a result of mixing of disturbed soil with the column material. In
order to account for this smear effect, as it is called, it is recommended to
reduce the column diameter by 5% and to use this effective diameter in the
relationships presented above. Regardless of the construction method, it is
important to ensure the vertical flow of water in the stone columns, and
this requires a permeable granular blanket to be placed over the column
heads on ground surface that has good horizontal drainage characteristics.
When stone columns are installed in nonliquefiable cohesive soils, they
can take considerable horizontal earthquake loads. These horizontal
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loads are generally transferred by friction from the load distribution layer
placed below the foundation into the heads of the stone columns. When
considering only the shear capacity of the stone column, that is, neglecting
the higher shear resistance of stone column and tributary soil, a safety fac-
tor against earthquake-induced shear failure can be defined for the infinite
stone column pattern with the notations from Figure 4.23 according to

T.-A. o -tang.-A. m-a.-tan,

SF = = (4.42)
dh'GV'A dh'GV'A ay
where:
T. is the shear resistance which can be mobilized in the stone column

a,, is the horizontal design earthquake acceleration factor
is the acting normal foundation stress

is the area replacement factor

n. 1is the stone column stress concentration factor

The allowable shear stress 1. developed by the stone column can either
be verified by a direct shear test executed on an actual column on-site
(see Figure 2.15 and Section 4.4), or can be estimated from the relationship
for 7. in which the area replacement factor a. and the stress concentration
factor were introduced:

T. =0, -tan@, =1, -G, - tan Q. (4.43)
When introducing Equation 4.43 into 4.42, the safety factor can be rewritten

as a function of the angle of internal friction @_ of the stone column material
and the horizontal design earthquake acceleration factor a,. In cases where

Foundation slab

7

""" Load distribution layer

Unit cell

_—" boundary

Figure 4.23 Shear forces acting on unit cell as a result of earthquake motions.
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the vertical component a, of the ground acceleration also needs to be consid-
ered, the resisting normal stresses o, in the stone column would have to be
reduced by the vertical design earthquake acceleration a, accordingly and the
expression in Equation 4.42 would then be

_ay-n-d.-tanQ,

SF (4.44)

ay

The column stress concentration factor 7. is in the order of 2 close to foun-
dation level. It can also be estimated with the assumptions of the Priebe
method by first taking the improvement factor B from Figure 4.14 for a,
and @, then calculating # and 7. with Equations 4.12 and 4.6. However,
as previously indicated, the Priebe method seems to overestimate the effect
of the stone column leading to 7, values of about 3 for the infinite grid
with a. = 0.25 and @, = 45°. Unfortunately, only few data from field mea-
surements exist for # and 7. but they indicate n_ values between 1.5 and
2.0 only (Kirsch, 2004). It is therefore recommended to conduct field shear
tests in critical cases to establish the allowable shear force that can be
mobilized under actual conditions. In Section 4.6.4, a detailed discussion
of the stress concentration factors can be found which will help to provide
a better understanding of the variation of this parameter with depth ¢ and
relative column length A.

Provided that sufficient compaction time is allowed, the stone column
installation will also significantly increase the relative density of loose,
clean sand layers, which could be imbedded in the soils to be improved,
and which might liquefy. To ensure that sufficient density was achieved to
prevent liquefaction, the methods described in Section 3.3.3.1 need to be
applied with the earthquake-induced settlements to be estimated accord-
ing to Section 3.3.3.2.

However, in silty sands that can only marginally be compacted by vibro
compaction, the stone columns will act as gravel drains and will help to pre-
vent the detrimental pore water pressure build-up occurring in cohesionless
soils during an earthquake. Seed and Booker (1976) have developed design
principles for stone or gravel columns acting as drains by which the neces-
sary drain spacing and diameter can be evaluated to avoid liquefaction.
Figure 4.24 gives useful design charts allowing determining the necessary
relative stone column pattern spacing d/d, as a function of the maximum
allowable pore water pressure increase 7,, a ratio for the earthquake sever-

gd
ity N./Nj, and the time factor T, according to the following expressions:

r, = u,/c), is the greatest pore water pressure ratio allowed in the design

N,, is the equivalent numbers of uniform stress cycles causing a stress
ratio T,,/c', during time ¢, (see also Section 3.3.3.1)

N, is the number of stress cycles causing initial liquefaction in the labo-
ratory with T,



142 Ground improvement by deep vibratory methods

Ry ta
Tw my-(d12)

-
I

(4.45)

k, is the horizontal permeability of the soil
Yo s the unit weight of water

ty is the duration time of earthquake

d  is the diameter of drain

my; is the coefficient of volume compressibility

The above design assumes an infinite permeability for the stone column
material but it is also valid for stone column permeability in excess of
200k, of the soil. In addition to the soil permeability k,, the computation
requires the following parameters, which needs to be determined specifi-
cally for each project:
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Figure 4.24 Design charts for the relative stone column spacing d/d, as a function of the
greatest design pore water pressure ratio r, for different time factors T,4and
earthquake severities N, /N,. (After Seed, H.B. and Booker, J.R., Stabilization
of potentially liquefiable sand deposits using gravel drain systems, Report
No. EERC 76-10, University of California. Berkeley, CA, 1976.)
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* The number of equivalent stress cycles N, and the duration ¢, of the
design earthquake

e The liquefaction resistance of the soil expressed by the number of
stress cycles N, causing liquefaction

* The allowable pore water pressure ratio 7, chosen for the design

With the calculated time factor T4, the relative stone column spacing can
be determined from Figure 4.24 for various earthquake severities.

The selection of an adequate grading of the stone column material for
seismic applications requires special considerations. It is important that the
high permeability of the vibro stone column is maintained during the earth-
quake by a proper choice of the grading of the backfill material. Saito et al.
(1987) have presented a particle size selection standard for the use of gravel
in vertical drains as a countermeasure for sand liquefaction. The proposed
filter criterion, which was developed for dynamic loading conditions with
less restrictive lower limits for D of the filter material when compared
with Terzaghi’s filter rule is given by Equation 4.46.

20'd15 <D15 <9'd85 (4'46)

The notations D,;and d;signify that 15% by weight of smaller grain diam-
eters of the filter material and the natural soil, respectively, are passing the
sieve. Vrettos and Savidis (2004) describe an interesting case history of
the successful improvement of liquefiable silty sand by stone columns for
the foundation of an immersed road tunnel in Greece. The marine stone
column installation used gravel with a grain size distribution according to
the Saito criterion for highly permeable, choke-free drains. In total over
130,000 lin.m of stone columns with a diameter of 600 mm and a nominal
length of 15 m were executed from a barge to depths of up to 42 m apply-
ing the wet method. In Section 4.7.7, another example is described where
the high permeability of stone columns helped building the foundations of
a power plant in an earthquake-prone environment.

Ground improvement to mitigate the liquefaction potential of cohesion-
less soils by vibro replacement stone columns constructed using the dry
bottom feed method has become a standard foundation solution in the
United States. This method not only utilizes the compaction effect of the
depth vibrator, but also combines it with the enhanced drainage capac-
ity of the stone columns placed within the less permeable sand material.
Stone backfill used in these instances generally consists of sufficiently hard,
durable, clean, crushed rock, free of vegetable matter and other deleterious
substances. The stone should have a sufficiently high durability index—
over 40 measured by the California Test 229 as specified by the State of
California, Department of Transportation. The gradation of the backfill
suitable for the bottom feed gravel system and designed for an SW sand
would be reflected by 100% passing the 50 mm sieve, 90%-100% passing
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the 25.4 mm sieve, and 10%-80% passing the 12.7 mm and up to 5% pass-
ing the 4.75 mm sieve. Should higher sand contents be required for eco-
nomic or technical reasons, up to 30% passing the 4.75 mm sieve can be
used. Typically, for these projects a maximum distance of the stone col-
umns, (generally in the range of 3 m) together with their required diameter
of about 800-900 mm would be specified. The sand between the columns
would have to be compacted to certain equivalent clean sand CPT tip resis-
tance values; in general, normalized and corrected for overburden pressure
in accordance with the seismic risk evaluation (see Section 3.3.3 and the
case histories in Sections 3.6.5 and 4.7.8).

4.3.5 Recommendations

The various steps in designing a vibro replacement foundation will gener-
ally commence with an assumed and preliminary arrangement of the stone
columns, which will have to be verified by the assessment of bearing capac-
ity and deformation under load. These assumptions primarily concern
attributable load per column (generally between 200 and 500 kN), dis-
tance between column axis (generally between 2 and 5 column diameters),
stone column diameter (ranging between 0.5 and 1.2 m), and column depth
(ranging normally between 2 and 25 m). The choice will have to take into
account the prevailing soil conditions, the available coarse backfill material
and the chosen depth vibrator, and the method of installation. In water-
bearing soils of low plasticity (sandy silts to clayey silts), depth vibrators
with larger diameters will be used in general, and column construction will
be by either the wet or the bottom feed dry method, always creating col-
umns in excess of 0.8 m. Conversely, in stiffer cohesive soils, smaller diam-
eter, high-frequency depth vibrators will ensure penetration to the required
depth and will generally form columns with diameters below 0.8 m.

As we have seen when discussing the design principles, essential param-
eters controlling the performance of the stone column foundation are their
diameter and the distance between each other, expressed by the area replace-
ment factor a., together with the angle of internal friction @, of the column
material. The gravel material which is normally used is generally coarse-
grained alluvial deposits or crushed rock. It’s stress-dependent friction angle
usually decreases with increasing normal pressure, with @_ ., correspond-
ing with o, and vice versa. The friction angle of gravel is, as with other
granular material, also directly proportional to its density. Installation
methods generally guarantee that the column material is very well com-
pacted by the vibratory motions of the depth vibrator with void ratios in
general close to minimum values as field measurements have shown (Herle
et al., 2007). Their shear parameter @, can be taken from a 6—t diagram,
which can be determined relatively easily by shear box tests in the labora-
tory. Maximum friction angles can be as high as 60° (generally measured
at moderate pressures of ~50 kN/m?) with minimum values of about 50°
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measured at normal pressures of over 200 kIN/m?2. Herle et al. (2007) have
also noted that conventionally used friction angle values of only 40° appear
too conservative when designing vibro replacement stone columns.

Table 4.2 shows stress-dependent peak friction angles of dense gravel
and provides useful guidelines for selecting the appropriate friction angle
of the stone column material, where its physical properties can be con-
sidered and also the prevailing stress regime. We remember that a loaded
stone column tends to bulge under load generally within its upper part. In
this plastic state of equilibrium, it appears appropriate to use the residual
friction angles in any settlement or slip failure calculation. It is therefore
recommended to reduce the peak friction values in Table 4.2 by 5%-7%
to obtain approximate residual values. Whenever backfill material with
unknown shear characteristics has to be used it is strongly recommended
to perform suitable laboratory tests for determining their friction angle
for design purposes.

The material chosen for constructing the stone columns needs to be chem-
ically inert to resist aggressive groundwater, and physically strong enough
to endure the abrasive forces emanating from the vibrator during column
installation. Their grain size distribution should enable the formation of a
dense column and guarantee sufficiently high and permanent permeability
for effective drainage. The European standards EN 14731 on deep vibratory
methods and EN 1097-2 and EN 13450 on physical properties of crushed
rock provide useful guidelines for specifying sufficiently durable stone back-
fill for use in stone column construction. Whenever recycled material is

Table 4.2 Stress-dependent friction angles of dense gravel to be used as stone column

material
Gc, min Gc,max

Type of gravel Pemax () (KNIM?) @ in (°)  (KN/m?) Remarks
Crushed lime stone 63.1 50 53.8 200 DS
River gravel 58.8 50 51.9 200 DS
River gravel, subround 57.1 50 50.9 200 DS, dgy/d)y = 2.6
River gravel, subround 59.2 50 53.2 200 DS, d,y/d, = 2.1
River gravel, crushed 60.4 50 55.2 200 DS
Basalt 71.8 8 45.6 240 TX, Dy = 30 mm
Basalt 70.0 8 51.1 120 TX,Dgy = 39 mm
Basalt 64.2 27 45.6 695 X
Sandstone 60.1 27 374 695 X
Dolomite 64.0 I5 43 500 TX,y= 1.7 g/lem?
Dolomite 54.0 I5 40 500 TX,y= 1.5 g/lem?

Source: Data from Herle, I. et al., EinfluB von Druck und Lagerungsdichte auf den Reibungswinkel des
Schotters in Riittelstopfsaulen, in Pfahl Symposium 2007, Institut fir Grundbau und
Bodenmechanik. TU Braunschweig, Braunschweig, Germany, 84, 2007.

Note: TX, triaxial test; DS, direct shear test; and dg/d,,, uniformity coefficient.
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foreseen for this purpose, its abrasion resistance and its chemical character-
istics require special consideration.

When adopting the displacement method of constructing stone columns,
the horizontal stresses increase in the soil adjacent to the stone columns during
their installation more significantly than with the wet replacement method.
This stress increase is permanent and results also in an elevated modulus in
those soils that are sufficiently stiff and do not tend to creep. Kirsch (2004)
has measured this effect in a field test on two groups of 25 stone columns
each in silty clay and sandy silt, respectively. Column diameter was d = 0.8 m
and column depth 6-9 m. Figure 4.25a shows the effective horizontal stresses
after column installation in relation to the initial stresses, expressed as the
ratio of the earth pressure factors at rest K after and before (index 7) column
installation, with a maximum of 160% (approx.) at a distance of between 4d
and 5d from column axis. Figure 4.25b shows the modulus increase mea-
sured with the Menard pressure meter with a maximum of about 2.5 times
the initial stiffness at distances of between 4 and 6 column diameters.

Figure 4.25 also shows the stress relief due to remolding caused by
dynamic excitations in the vicinity of the columns, which will normally
recover to original levels during reconsolidation of soils. The same paper also
provides the results of a numerical analysis that simulates this installation
effect on a foundation supported by 25 stone columns. Figure 4.26 summa-
rizes the findings and compares the load settlement behavior of this footing,
which is characterized by an area replacement factor (total stone column
area/footing area) of a_ = 0.28, ¢. = 45°, and [, = 6 m (A = 0.5, floating situ-
ation), as derived from the numerical analysis with the results of standard
analytical computations according to Priebe (2003) and Goughnour and
Bayuk (1979b) (extended by Kirsch, 2004, to column groups).

It is interesting to see that the numerical method simulating the installation
effect with groups of stone columns ties in well with the Priebe method (a) lead-
ing to improvement factors B that are about 50% higher than those calculated
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Figure 4.25 (a) Horizontal stress increase and (b) development of ground stiffness,
during installation of stone columns.
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Figure 4.26 Analytical and numerical results of the load settlement behavior of a group
of 25 stone columns (a. = 0.28, ¢. = 45°, A = 0.5, and settlement s normal-
ized with foundation width B) and influence of column installation on the
improvement factor.

without (b). This hidden reserve on the improvement factor as a result of the
beneficial influence of the column installation in certain soils, as described
above, indicates that the use of the standard analytical method after Priebe suf-
fices for settlement estimation in such soils. Further studies to better define the
characteristics of these soils in greater detail is nevertheless recommended.

Numerical simulations of the behavior of stone column groups are help-
ful to better understand their performance under load and to provide use-
ful recommendations for their design. Figure 4.27 gives a flowchart for the
various steps necessary for the design based on settlement.

The study has shown that only with sufficiently high replacement values
(a. between 0.2 and 0.5), with a friction angle of the column material @, of at
least 45° and a relative stone column length A of more than 0.5, improvement
factors [ between 1.5 and 2 can be achieved when dealing with column groups.
Where the stone columns can be extended into a bearing stratum (A = 1) the
improvement factor increases to 3 = 2.5. Selection of a stone column material
that, when properly compacted, allows friction angles . of over 45° to be used
will further increase the improvement factors to values in excess of 3.

As a result of the study, it can be concluded that stone columns should
preferably always be extended into a competent stratum, and only in excep-
tional cases, when the thickness of the layer needing improvement is large
in comparison with the width of the foundation, floating columns should be
executed. However, in these cases, the stone columns should always be longer
than 1.5 times the smallest width of the footing. If B needs to be increased
further, it is more effective to achieve this by increasing the column length
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Figure 4.27 Flowchart for the design of a group of stone columns.

beyond A = 0.75. If, however, the thickness of the soft soil is very large in com-
parison with the dimensions of the footing, stone column lengths in excess of
three times the footing width no longer contribute to the settlement reduction.
Any chosen design must finally be checked with regard to its bearing capacity
according to Section 4.3.3.

Generally, a load distribution layer consisting of gravel or crushed rock
with a thickness of at least 300 mm is placed over the vibro stone column
heads. This layer also serves to safeguard the drainage capability of the
stone columns in water-bearing soils when loaded, but requires effective
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access to a working recipient. Thorough compaction of this layer is recom-
mended before concreting work commences. Measurements and the above
parametric study reveal that this layer helps to concentrate foundation
loads into the stone columns. It helps to equalize the bearing stresses acting
on the footing. However, the load distribution layer itself does not increase
the improvement factor of the stone column-reinforced strata any further.

Footing and slab stiffness help to evenly distribute foundation loads on
the stone columns leading finally also to evenly distributed settlements.
stone columns should always be arranged directly below footings and foun-
dation slabs. Only when other criteria dictate—bearing capacity, slip fail-
ure, or earthquake mitigation—do they also need to be placed outside.

For the prevention of liquefaction, it is also recommended to extend the
stone columns outside the structure over a width which is equal to at least
two-thirds of the soil improvement treatment depth.

4.4 QUALITY CONTROL AND TESTING

In addition to the quality control measures that were discussed in Section 3.4
for the vibro compaction method, concerning assurance of the geometrical
layout of the vibro stone column pattern and their treatment depth, verifi-
cation of the column diameter d is of prime importance. This geometrical
relation is represented by the area replacement factor a_, which significantly
influences design and performance of the vibro stone column foundation.

Modern data acquisition systems for vibro replacement collect, store,
and display all relevant data of a stone column including column identifica-
tion number and, as a function of real time, depth, AC current or hydraulic
pressure of the vibrator motor, stone volume (measured directly or deduced
from measured stone weight), air pressure, and installation duration. All
data are generally collected numerically and can be stored or used for graph-
ical displays to support construction and supervision procedures or to serve
for quantity surveying purposes (Bauldry et al., 2008). Interpretation of
the graphical printouts obtained in this way is very important but requires
experience. Deficiencies of the column installation, particularly necking of
the column diameter, can however only be detected when real-time record-
ings of the parameters are made available.

Where the stone backfill quantity cannot be measured directly versus
depth and recorded by the monitoring device, a realistic estimate of the
total volume of stone needs to be carried out. It should be correlated with
the total length of stone columns executed during reasonable time inter-
vals and calibrated with the delivered stone quantity. Material wastage and
excessive heave developing at the working platform during column instal-
lation have to be considered.

Where heterogeneous site conditions prevail and compactable sand lay-
ers alternate with cohesive soil layers, improvement can be achieved by a
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combination of the densification effect of vibro compaction with the rein-
forcement effect of stone columns. In these instances, the degree of com-
paction can be measured in the sand layers by the methods described in
Section 3.4. Improvement of the cohesive soils is then achieved in the first
place by a sufficiently high area replacement value a. and the friction angle
@, of the stone column material.

The stiffness of the improved soil is controlled primarily by the shear
strength of the stone column material. It is therefore recommended to ver-
ify, for each major site, the friction angle @, of the stone backfill chosen in
the design with suitable laboratory tests, if insufficient experience with the
material exists. In exceptional cases, and if the size of the project merits
the expenditure, the shearing resistance of the stone column alone or of
stone column and tributary soil (i.e., the unit cell) can also be measured
directly on-site by full-scale shear tests (see Figure 2.15). Barksdale and
Bachus (1983) recommended these shear tests to be performed as double
ring tests as described in the Jourdan Road Terminal Test Embankment
report (Parsons-Brinkerhoff et al., 1980).

Suitability of the stone backfill material in terms of hardness and abra-
sion resistance may be controlled by relevant testing methods such as the
Los Angeles Test following ASTM C131 designations or similar regulations
such as the European standards EN 1097-2 and EN 13450.

When verification of the performance of single or strip foundations on
column groups is needed, full-scale loading tests are recommended with
actual footing dimensions because of the complex interaction between
stone columns, footing size, and stiffness. Alternatively, it may be possible
to achieve sufficient confidence in some cases by performing tests with a
footing on at least three columns.

For verification of the settlement performance of large column groups
or infinite column grids, zone tests are necessary for modeling this loading
scenario realistically. Load tests on single columns with the load only being
applied directly on the column itself do not reflect actual stress conditions
in these situations.

In cases where the soft soil to be improved is close to foundation level,
say up to five times the unit cell diameter d., load tests on single columns
are, however, indicative for the performance of an infinite column grid
with the test footing size being equal to the unit cell area A=0.25-7-d>.
From the load-settlement curve of this unit cell loading test, an equivalent
Young’s modulus E* can be defined as the ratio of the uniform load g
multiplied by an equivalent column length [* and divided by the measured
settlement s_.. The uniform load g on the infinite grid causes the settlement
of the infinite grid s, with the actual column length / and the equivalent
modulus E* as follows:

gl _ e _al (4.47)
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In a parametric finite element analysis it was shown that the equivalent
column length [*, which is just a calculating unit, is essentially independent
of the actual column length of the load test and of the stiffness ratio of col-
umn material and surrounding soil. It depends predominantly on the grid
geometry as represented by the unit cell diameter d, and can be taken for
different unit cell diameters from Figure 4.28a.

These unit cell load tests on single columns to represent the load set-
tlement performance of the infinite grid were developed from parametric
studies and are, however, not yet verified in practice. In this context it is
important, as with other load tests, to avoid any disturbing influence of
the load application system on the settlement during their execution. It is
therefore recommended to perform the load test with a setup such as that
shown in Figure 4.28b.

Reports on the execution of load tests on groups of vibro stone columns
are numerous, of which only a limited number of more recent publications
are included in the references. These follow general ASTM or similar proce-
dures for quick load tests on spread footings to indicate bearing capacity of
the foundation applying test loads of at least 150% design load. For settle-
ment control purposes, long-term tests are required whereby it is necessary
to allow a sufficient time span to elapse (generally 0.01 mm/min) before the

\
I*=(5.0..6.5) d,0?

I/d,
w

0 2 3
(a) Unit cell diameter d, (b)

Figure 4.28 Equivalent column length I*as a function of the unit cell diameter (a) for deter-
mination of infinite column grid settlements from single column load tests
(b). (After Kirsch, F. and Borchert, K.-M., Probebelastungen zum Nachweis
der Baugrundverbesserungswirkung, in 21. Christian Veder Kolloquium: Neue
Entwicklungen der Bodenverbesserung, TU Graz, Graz, Austria, 2006.)
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next load increment is applied. Load test results need to be theoretically
analyzed to predict as realistically as possible the actual performance of
the stone column-reinforced ground under load. Unfortunately, field tests
are expensive and very often for a true and realistic assessment of the effect
of ground improvement certain elements—for instance the settlement per-
formance of the untreated soil—are missing. It is therefore strongly recom-
mended to carefully design all field measurements to reflect not only the
relevant loading conditions as closely as possible but also the prevailing
geotechnical conditions on-site.

Occasionally, static cone or dynamic penetration tests are proposed
to measure the integrity (density and continuity) of the stone columns
installed, although test results obtained in this way are often questionable
if not misleading and generally difficult to interpret. Very often, the steel
rod of the testing equipment deviates from the vertical and leaves the rela-
tively slender stone column without noticeable indication, thereby giving
room for incorrect interpretations. Scrutiny in checking the printouts of the
data collection system is the better, and most commonly used way to detect
deviations from the specified geometry of the constructed stone columns.

4.5 SUITABLE SOILS AND METHOD LIMITATIONS

In Figure 3.11, the application limits of the vibro compaction method are
basically restricted to areas A and B. Soils with grain size distribution fall-
ing into areas C and D cannot be compacted anymore by vibratory motions,
but their characteristics may be improved by the vibro replacement stone
column method, provided that their stiffness does not prevent the depth
vibrator penetrating further.

Degen (1997b) has provided useful comments for the applicability of the
vibro stone column method in these soils using the USCS classification system
(Table 4.3), which particularly take into account the plastic behavior of these
soils. To securely construct a stone column, the soils must have a minimum
strength, expressed by their undrained cohesion, which should not fall below
¢, = 5 kPa, since otherwise it cannot provide sufficient containing pressure
for the column. If these soils extend to ground level, their softness generally
requires a competent gravel blanket of about 0.5 m thickness to be placed as a
working platform over the whole site. Into stiffer soils at lower water content
and cohesions of above ¢, = 50 kPa, even slender, powerful, high-frequency
depth vibrators may not be able to penetrate. Although their characteristics
may not need improvement, softer soils may necessitate the stone columns to
reach deep. In these cases, pre-drilling of the stiffer soils with suitable meth-
ods is advisable. Pre-drilling is often also necessary if a hard surface crust has
developed by drying out or through site traffic, or when stone and weathered
rock layers or other obstructions pose penetration problems.

In stiff soils with low water content, closely spaced vibro stone columns
at distances below 3d can cause substantial heave at ground surface during
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Table 4.3 Suitability assessment of fine-grained cohesive soils for vibro replacement

Comment on suitability for vibro

Soil type uscs replacement stone columns
Silty sands SM Stone column necessary and suitable for silt
content >10%
Clayey sands stone Stone column with marginal overall compac-
column tion effect, very fast draining after treatment
Inorganic clays CL ¢, > 5 kPa recommended for upper 3 m, pot-
(low plasticity) ential difficulties for vibrators to penetrate
with ¢, > 50 kPa (very stiff conditions)
Inorganic clays CH As for CL, but not suitable when w, too
(high plasticity) close to w
Silts and clays with w < 50 ML Pre-boring necessary when dry
Inorganic and organic silts MH Collapsing soils not suitable
and clays withw, <50and  CH Soils generally not or only
high plasticity OH Marginally treatable
Peat, organic matter PT In excess of | m thickness not
predominant recommended

Source: Modified from Degen, W., Vibroflotation Ground Improvement (unpublished), 1997b.

their installation. It is important in these circumstances to avoid neighbor-
ing columns causing mutual damage during construction. Should exces-
sive heave be unavoidable, partial pre-boring can assist. After removal of
the upper 0.5 m of surface soil following stone column installation, the site
surface and stone column heads need to be recompacted before the load
distribution layer is installed on top.

The practical depth range of vibro stone columns is 2-25 m. Exceptional
cases may necessitate the installation of very deep stone columns, for exam-
ple, if stability or liquefaction requirements dictate. For these cases, crane-
hung bottom feed systems have been developed with depth capability, both
on and offshore, in excess of 50 m. These not only need careful planning
and thorough site investigations but also execution should only be by very
experienced contractors.

The vibro stone column method is often used to treat heterogeneous
strata, sometimes with successive layers of very different characteristics
or with imbedded lenses of soft, organic soil of inconsistent extent and
thickness. Site investigation will not always detect these ground conditions.
Although the method is no substitute for a site investigation, the regular and
well-documented installation method is likely to detect unexpected ground
irregularities. The Engineer and contractor will then have to define ways
and means of coping with the changed soil conditions, either by additional
stone columns at closer spacing or by increasing the stone column diameter.
In these circumstances stone columns may be able to bridge the soft layers if
their thickness is not greater than about two column diameters. Any thicker
layers will almost certainly have been detected by the site investigation and
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considered in the stone column design in the first place. The stone backfill
may be replaced by concrete over the thickness of the soft organic layer
while below and above the normal method of stone column construction is
applied (see Chapter 5).

4.6 COMPUTATIONAL EXAMPLES

4.6.1 Analysis of settlement reduction

The following analytical example is based on geometrical and material
properties, which were slightly idealized from an existing ground improve-
ment project for the foundation of a road embankment. The soil is charac-
terized by very soft alluvial deposits. These soils make vibro stone columns
for infrastructural measures a very common technology, in order to reduce
settlements. Figure 4.29 and Tables 4.4 and 4.5 show the cross section
through the embankment and its foundation together with the necessary
design parameters.

The settlement analysis as an analysis in the serviceability limit state
according to Eurocode 7 is done first, using characteristic values of the soil
parameters and applying the Priebe method (Section 4.3.2) for the center
of the embankment, assuming unit cell conditions. The analysis requires
the division of the soil mass into a sufficiently large number of horizontal
layers. Here equidistant slices of 1 m thickness are chosen. The method of
Priebe (1976) is based on a classical settlement analysis using stress distri-
bution and the computation of a settlement improvement factor by which
the calculated settlements are reduced.

CL
15m | 10 [2] 10 2] 8 | 10 |
1 T T 1 1
e — 14 m
- 9m
| 4m
~ — 0 m
42
I~ —4m
43
~ —-9m
44
— —14 m
[«— Region 1 Region 2 45

Figure 4.29 Cross section through embankment.
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Table 4.4 Soil properties chosen in the design

Soil layer vy (kNIm?) E..g (MNIm?) ¢ )  (kNm?)  u-)
| embankment fill 21.8/12 — 35 0 0.33
42 firm silt 16/6 4 0 40 0.33
43 very soft silt 14/4 0.6 0 6 0.33
44 soft silt 14/4 0.8 0 8 0.33
45 hard silt 18/8 20 0 200 0.33

Table 4.5 Stone column parameters chosen in the design

Stone Diameter ~ Square grid ~ Area replacement Eeved Yy (kN/

columns (m) spacing (m) a.(-) (MN/m?) m3) o (°)
Region | .1 2.1 0.22 120 19/12 42
Region 2 .1 1.7 0.33 120 19/12 42

The basic improvement factor B, after Priebe, is calculated from
[30:14_&. M_l (4.48)
A Kac : f(MQ’AL/A)
where:
K, =tan*(45°-o./2) (4.49)

p— 2 p— . p—
flo Ay =t (=2 (L= ATA (4.50)
1—pg — 215 1-2pu+AJA

The basic improvement factor is usually reduced to account for the fact that
a complete exchange of the soil by the column material should lead to a
maximum improvement factor B, ,, represented by the ratio of the modulus
of column material and the modulus of the soil.

Bmax = E./E, (4.51)

Hence, the corrected improvement factor B, is calculated according to
Priebe (1995) from

B 1A{1/2f<uA/A>1} (.52)

A Ky flun AJA)
where
_— 2 _— . _—
1—p, —2p; 1-2pu,+AJA
A

_ (4.54)
A AJA.+A(A/A,)
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1

A(A/A,) = AL 1 (4.55)
with g = 0.33
[IACJ __4'Kac '(Bmax_2)+5
A 2-(4-K,.-1)
(4.56)

+l' 4'Kac'(Bmax_2)+5 2+16'Kac'(Bmax_1)
) 4K, -1 4K, -1

On the other hand, the improvement factor B, so calculated, which is
mainly based on the assumption of a lateral support of the column by the
surrounding soil, does not take into account the increasing support of the
soil with depth z. Therefore, the improvement factor is increased by intro-
ducing the depth factor f, to

Ba=rc-B (4.57)
where
fi= ! 4.58
CT T (Ko~ D/Kac] - 2y, - ADYp, (4.35)
pe=+ 4 4
T AJA (1= ATAY (polp)] (4.59)
pe _ 112+ f(u,A ] A)
Pe _ 4.60
pS Kac 'f(“s’Ac /A) ( )
Ko =1—sing, (4.61)
The factor f, is limited by
E./E
< fells (4.62)
De/ps
and the improvement factor B must not rise above B, given by
A [ E
<P, =140 [Ee g 4.63
B2 <P + N (Es j (4.63)

The above equations are best programmed, for example, in a spreadsheet,
together with the equations for classical settlement calculation under load.

The results of the Priebe analysis are presented in Table 4.6. Ground
pressure in the middle of the embankment is calculated by using

p=14m-21.8 kN/m® = 305 kN/m? (4.64)
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Table 4.6 Settlement analysis with the Priebe method

Settlement without ~ Improvement Settlement with
Depth (m)  improvement (mm)  factor B, (-)  stone columns (mm)
| 76 2.38 32
2 76 238 32
3 76 2.38 32
4 76 245 31
5 508 2.50 203
6 508 2.50 203
7 508 2.50 203
8 508 2.50 203
9 508 2.50 203
10 381 2.49 153
I 381 2.49 153
12 381 2.49 153
13 381 2.49 153
14 381 2.49 153
I5 15 | 15
16 15 | 15
Total 4783 2.47 1936

A second analysis shows the application of the method after Goughnour
and Bayuk (1979b). It follows the flowchart as shown in Figure 4.15.
As mentioned there, the algorithm consists of an iterative approach, which
is best solved by using a computer routine.

The analytical procedure of Goughnour and Bayuk requires the defini-
tion of the initial void ratio e, and the compression index Cc. In order to
ensure comparability with the above analysis, e,and C. were chosen to fit
the constrained modulus E . as shown in Table 4.4 in terms of settlements
of the unimproved ground. Therefore the compression index was calculated
from an assumed initial porosity e, = 1.2 by

Ce=(1+e)In (10)% (4.65)

with the Young’s modulus E and the initial vertical stress o, ,. All other
parameters and the geometry were kept identical.

The Goughnour and Bayuk method calculates total settlements of the
improved ground to be approximately 2.70 m (see Table 4.7) which is about
140% of the settlements calculated with the Priebe method. With a fully
three-dimensional finite element analysis of the situation, a maximum
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Table 4.7 Settlement analysis with the Goughnour and Bayuk method

Compression  Initial void  Settlement without Settlement with
Depth (m) index Cc ratio e, improvement (mm)  stone columns (mm)
I 0.03 1.2 24 16
2 0.05 1.2 36 23
3 0.08 1.2 47 29
4 0.10 1.2 56 34
5 0.80 1.2 402 241
6 0.91 1.2 436 257
7 1.03 1.2 467 272
8 I.14 1.2 497 285
9 1.26 1.2 524 298
10 1.03 1.2 413 232
I I.11 1.2 431 239
12 1.20 1.2 449 246
13 1.29 1.2 466 252
14 1.37 1.2 482 258
I5 0.06 1.2 21 21
16 0.07 1.2 22 22
Total 4771 2726

settlement of 2.40 m was calculated in the center of the embankment
(Kirsch and Sondermann, 2003).

4.6.2 Analysis of slope stability

The example from Section 4.6.1 will now be analyzed with respect to its
stability. To this end, it is necessary to calculate the shear strength of the
improved ground. In a first analysis the stability in the ultimate limit state
(ULS) is calculated using characteristic values of both loads and resistances
computing an overall factor of safety. Since the load is concentrated in the
stone column material, it would be too conservative to compute average
shear strength values only on the basis of the area ratio a., since allowable
shear stresses in the column are governed by the stress-dependent inner
friction. Therefore, Priebe (1995) suggests calculating the strength of the
improved ground on the basis of ratio 7 of the load carried by the column
to the total load acting on the unit cell.

m:Gc'Ac

oA (4.66)
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With Equations 4.2 and 4.5, the above equation can be rewritten as

P n-ac (4.67)
1+(n-1)-a.)

Introducing Equation 4.12, we get

n-a. :B—1+ac

p p

Equation 4.68 denotes the maximum load ratio attributable to the stone
columns. Conservatively, 7 can be reduced to m” by simply neglecting
the area ratio a.. The load ratio m} may then be calculated from the
settlement improvement factor B, according to Priebe (Equation 4.52),
which includes the correction for column compressibility by the follow-
ing equation

(4.68)

m =

 _Pi—1 4.69
m B, ( )

On the other hand, it might be unsafe to calculate the average shear strength
based only on the load ratio of the stone columns, because doing so would
apply the stress concentration also to the unit weight of the in-situ soil,
which may not be conservative, especially with deep slip circles. In Kirsch
and Sondermann (2003), it is therefore recommended to calculate the shear
strength of the improved soil as the mean of the strength values on the basis
of either the area ratio or the load ratio.

Priebe (2003) recommends modeling each individual stone column in a
two-dimensional slip circle analysis with vertical slices, and factorizing the
load on top of the columns by the stress concentration factor and simulta-
neously reducing the load on the soil in between. This can, for example, be
achieved by adjusting the unit weight of the embankment. With large sys-
tems, this approach can be quite laborious. Therefore Priebe alternatively
proposes calculating average shear strength values on the basis of the load
ratio but reducing them with depth by applying a reduction factor being the
quotient of the load on top of the improved ground Q,,, and the total load
QO ol at the respective depth. The maximum reduction of the load ratio is
reached when the columns are unloaded. In this case, the strength of the
improved ground is the average of the strength of the soil and the columns,
weighted by the area ratio according to Priebe adopted for the compress-
ibility of the column material:

! = ATA + (1) — ATA) - Lo (4.70)

total
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With the adjusted load ratio i, the average strength of the improved
ground can be calculated by the following equations:

Payg = arctan (mf - tan o, + (1 —mj) - tan @) (4.71)
Cavg = (1 - mi,) Cs (4'72)

Calculating the average cohesion c,,, also on the basis of the reduced load
ratio 1 is on the safe side, since physically one could apply the area ratio,
which would lead to higher cohesion values.

In order to calculate the corresponding shear strength values, the
system is divided into five vertical sections, A to E, in which the ground
is improved by stone columns of different area ratios a. = 0.22 in sec-
tion A and a4, = 0.33 in sections B to E. Additionally, the four existing
layers (Figure 4.29) are subdivided into sublayers of approximately 2 m
thickness. The five sections A to E in Figure 4.30 are characterized by
different loading conditions due to the different embankment heights
which are averaged within the section for simplicity. Table 4.8 gives an
overview of the resulting shear strength values. The soil properties of
the unimproved ground (layers 42-45) and the embankment material
(layer 1) are given in Table 4.4.

Figure 4.30 shows the embankment geometry with the different soil lay-
ers as chosen in the calculations, and the decisive slip circle, in this case
with a minimum factor of safety of 2.08, together with the contours of
equal safety.
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Figure 4.30 Cross section with soil layers as used in the computation and decisive slip
circle.
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Table 4.8 Depth-dependent shear strength of the improved ground in sections A to E

Depth Qtop/ (pavg Cavg Qtop/ (pavg Cavg
(m)  Laer mi Quu mi  (°) (kPa) Layer mi Qua mi (°) (kPa)
A B
-2.0 2 058 096 057 27.00 1736 10 070 095 068 31.56 1271
-4.0 3 058 093 055 2647 1788 Il 070 091 0.67 3095 13.36
=55 4 059 091 056 2663 266 12 072 089 0.68 3141 1.93
-7.0 5 059 089 055 2639 269 I3 072 087 067 31.14 197
-9.0 6 0.59 087 054 2607 274 14 072 085 0.66 30.79 203
-10.5 7 059 086 054 2584 370 I5 072 083 066 30.54 276
-12.0 8 0.59 084 053 2562 374 16 072 082 0.65 30.29 28I
-14.0 9 059 083 053 2534 379 17 072 080 0.64 2998 287

C D

-20 18 0.70 092 0.67 31.08 1322 26 070 078 0.62 29.01 1537
-40 19 070 0.86 0.64 30.09 1426 27 0.70 0.64 0.56 26.82 17.54
-55 20 0.72 083 0.65 3041 209 28 072 059 056 2680 2.63
-70 21 072 080 0.64 2999 2.5 29 0.72 055 0.54 26.08 274
-9.0 22 072 076 0.63 2947 223 30 0.72 050 0.52 2526 2.86
-105 23 072 074 062 29.10 305 31 072 047 051 2474 391
-120 24 072 072 061 2876 3.12 32 0.72 044 050 2427 3.99
-140 25 0.72 0.69 060 2833 321 33 072 041 049 2372 4.0

E

-20 34 0.70 0.00 0.31 15.60 27.60
-40 35 0.70 0.00 03I 1560 27.60
-55 36 0.72 000 0.33 1655 4.02
-70 37 072 000 033 1655 402
-9.0 38 0.72 000 033 16,55 4.02
-10.5 39 0.72 0.00 033 1655 536
-120 40 0.72 0.00 0.33 1655 536
-140 41 0.72 0.00 0.33 1655 536

The analysis is performed using a standard stability analysis program
and applying a division into 50 slices. The groundwater table was set equal
to the ground surface. An additional loading of 20 kN/m? was applied on
top of the embankment.

According to Eurocode 7, partial safety factors on loads and resis-
tances are necessary to be applied and it needs to be proven that the
design value of the loads or actions E is smaller than the design value of
the resistances R, or:

Eq

Ld o (4.73)
R,
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In order to compute the ULS of the slope stability, different design approaches
(DAs) are allowed. In Britain, DA 1 is used, where two combinations of sets
of partial safety factors need to be investigated. Alternatively, in Germany,
DA 3 is utilized in which the actions—here the life load (e.g., from traffic)
at the top of the embankment—are used as design (factored) values and the
resistance in the resulting shear plane is calculated from designing (factored)
shear parameters of the soil. In the above example all characteristic shear
parameters @, and c,,,, respectively, of Table 4.8 were factored according
to the following equation:

Qhvgd = arctan(tan (p;vg,k/yq,);yq, =1.25 (4.74)

C;vg,d = C;vg,k/YC Ve = 1.25 <475)

The unit weight of the soil material as being permanent is factored by
Yo = 1.0 and thus remains unchanged, while the unfavorable life load is
factored by v, = 1.3 to p; = 26 kPa. From a new analysis with the above
parameters it can be shown that

R, 277.4 MNm

4.6.3 Bearing capacity calculation of single
footings on stone columns

The construction of a new steel framed industrial hall with a base area of
228 x 144 m and a height of 12 m makes ground improvement measures nec-
essary, since the subsoil is unsuitable for carrying the high structural loads.
Below a relatively old upto 4.5-m thick layer of fill consisting primarily of
cohesive material follows soft marl with depths ranging to 15 m and more,
which is underlain by dense sand. The foundation of the structure consists
of single footings arranged in a regular pattern of 24 x 12 m, with footing
areas between 3.5 X 3.5 m and 5.8 x 5.8 m depending on the applied loading.

The ground improvement is achieved by arranging vibro replacement
stone columns below the structure with diameters of generally 0.7 m. Below
the slab, the stone columns are arranged in a square pattern of 3 x 3 m,
and underneath the footing groups of 9, 13, and 25 stone columns are con-
structed, depending on footing size and load to be carried.

In the following, this project will also serve as an example to illustrate the
way of assessing the bearing capacity of single footings founded on vibro
stone columns in the ULS. Figure 4.31 shows the soil profile and the plan
view of a highly loaded 5.8 x 5.8 m footing carrying a maximum design
load of V; = 10.1 MN. Table 4.9 summarizes the soil parameters neces-
sary for this bearing capacity calculation. The settlement improvement
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Figure 4.31 Cross section and plan view of single footing founded on 25 stone columns.

Table 4.9 Characteristic soil parameters

Layer I:fill Layer 2: marl Stone columns
Unit weight y (kN/m?3) 16 22 21
Submerged unit weight " (kN/m3) 6 10 I
Constrained modulus E .4 (MN/m?) - 20 120
Poisson’s ratio 1 - 0.45 0.33
Young’s modulus E (MN/m?) - 53 8l
Effective friction angle ¢ (°) - 27 40
Effective cohesion ¢’ (kN/m?) - 10 0
Undrained shear strength ¢, (kN/m?) - 25 -
Coefficient of earth pressure at rest K, - 0.55 -

factor B, according to Priebe (1995) can be calculated using, for example,
Equation 4.52:

B =2.3 (4.77)

The assessment of the bearing capacity now follows the procedure as
proposed by Barksdale and Bachus (1983) and as described in Section
4.3.3 using characteristic parameters and first calculating a characteristic
bearing resistance R,. Using partial safety factors for actions and resis-
tances it then needs to be shown (according to Eurocode 7) that

V<R, (4.78)
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The area replacement ratio can be calculated as the sum of the stone col-
umn areas A_ divided by the footing area Ay:

_ YA _25[(r-0.72)/4]
A 5.82

ac =0.29 4.79)

The stress concentration factor 7 can be computed from Equation 4.12
with B =B, =2.3:

O Bl g 23-1 4 55 (4.80)
5, a 0.29

n =
The stress concentration within the columns can thus be identified from
Equation 4.6:

n _ 5.5 _
1+(n-1)-a. 1+(5.5-1)-0.29

2.4 (4.81)

n. =

Numerical analysis of the situation showed vertical stresses in the columns
close to the footing between 500 kPa and 1 MPa depending on the position
underneath the footing, which fits quite well to column stresses of

o.=n.-06=2.4-300=720kPa (4.82)

As described in Section 4.3.3, quick loading conditions are assumed with
the undrained shear strength ¢, prevailing in the soil (¢, = 0°). Therefore,
the composite shear strength can be computed from Equations 4.26
through 4.28:

tanQ,,, = 7. - d. - tanQ, = 2.4-0.29-tan40°=0.58
(4.83)

o]

= Qo =30
Cavg = Cu(1-a.)=25(1-0.29) = 18kPa (4.84)

Therefore, the inclination of the failure plane within the column group
computes from Equation 4.25 to

5 =450+ P _gs50, 30
2 2

=60° (4.85)
The square column group in the soil is approximated by a composite mate-

rial of circular shape. The equivalent diameter B computes to

5.8%-4
TC

B:

=6.5m (4.86)
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According to Figures 4.18 and 4.31, the depth of the failure wedge is

B-tand+1.9m=6.5m-tan60°+1.9m

(4.87)
=113+19m=132m

The mean horizontal stress level g is estimated from the initial stresses in
the soil according to Figure 4.18:

Y- 19m+(y;-1.9m+y5-11.3m)

5 =48kPa (4.88)

q=ko

The rigidity index I, of the soil can be computed from the Young’s modulus
E, the Poisson’s ratio 1, the mean stress level g, and the shear strength as

I, = E (4.89)
21+ p)-(c'+g-tang’)

In case of undrained conditions, Equation 4.89 can be reduced, with i =
0.5 for deformations at constant volume, to

E 5300 _
3¢, 3-25

I = 70 (4.90)

The Vesic cavity expansion factors ! and F; can be taken from Figure 4.19
or for undrained conditions (¢, = 0) from the following equations:

F =In(I,)+1=5.3
(4.91)
E =1.0
The ultimate lateral stress in the surrounding soil can then be computed:

o3=c¢,-F+q-F=25-53+48-1.0=181kPa (4.92)

According to Equation 4.22 the ultimate vertical stress on the column
group then amounts to

qul: = O3 ~tan’8+2 - Cavg - tan &
(4.93)
=181-tan’60°+2-18-tan 60° = 605kPa

The characteristic bearing resistance R, computes from the ultimate verti-
cal stress as

Ry = qui - Ay =0.605 MN/m? - 5.8* m* = 20.3MN (4.94)
The design value of the bearing resistance R is then computed from

Ry =Ry /yr, =20.3 MN/1.4 =14.5MN (4.95)
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and the design check prevails as

Vi =10.1MN <14.5MN =Ry (4.96)

4.6.4 Some results of a parametric study
of stone column group behavior

Field measurements to study the group behavior by investigating the
interaction of load application, stone columns, and soil for variable
foundation stiffness, column pattern, and length are almost prohibitive
in view of the practical difficulties and costs. Alternatively, finite-ele-
ment-based numerical analyses that are properly adjusted by accompa-
nying field measurements can provide an interesting insight into vibro
stone column behavior under load.

Figure 4.32 shows details of such a study for a rectangular concrete foun-
dation on stone columns of variable number and depth. The parametric 3D
study used APDL programming language for the FEM ANSYS programming
system based on the finite element method (Kirsch, 2004). From the many
parameters investigated, the following concentrates on the influence of the

Transfer

Plate\],/ /J, T T 1 layer

T
Columns
< —
Planview >
B B
+ _t

Model region (plan view)

Figure 4.32 System model and symmetries used in computations.
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area replacement ratio a, (for column groups defined as the ratio between the
total area of stone columns XA, to the footing area A according to Equation
4.90), foundation stiffness, and relative column length A (ratio of column
length [ and depth T of the soft soil layer according to Equation 4.91); on
the improvement factor B; and on the stress concentration factor 7. The
study allowed computing groups of between 4 and 81 columns supporting a
square foundation with a maximum width of B = 20 m. The friction angle
@, of the stone column material varied between 35° and 50°.

. :& (4.97)
Ar
ol (4.98)
= ,

When looking at the influence of the area replacement ratio a_ and the fric-
tion angle @. of the stone column material on the improvement factor 3,
Figure 4.33 shows this relationship for rigid square footings founded on
a variable number of stone columns with A = 1 and A = 0.75. In order to
obtain an improvement factor of = 2 for a foundation with stone columns
extended to the bearing stratum (A = 1), the necessary replacement ratio is
between an uneconomically high value of a. = 0.7 for ¢, = 35° and a realis-
tic value of a, = 0.25 for @_ = 50°. The adjacent figure for A = 0.75, whereby
the columns reach only 75% of the necessary improvement depth, illustrates
the importance extending the stone columns whenever possible into a com-
petent bearing stratum, since the same configuration of stone columns with
a. = 0.25 achieves only improvement factors between B = 1.3 for ¢, = 35°

5.0 5.0
[ I 50°
A=0.75 A=1.00
4.5 4.5
e
- 40 - 40
5 P & 45°
g 35 g 35
= ° =
e -
2 30 =1 230
g vd g 40°
£ 25 20°] = 2°
2.0 = po- 2.0 35
. — .
=T e
1.0 1.0
00 02 03 04 05 06 0.7 08 00 02 03 04 05 06 07 08
Arearatioa,=A /A Arearatioa,=A /A

Figure 4.33 Improvement factor [} as a function of replacement factor a_ and stone col-
umn friction angle ¢ for different relative column lengths A.
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and B = 1.9 for @_ = 50° when the column is floating. For the same a_ value,
the improvement factor drops further with A = 0.5 to B = 1.3 for @, = 35°
and B = 1.7 for ¢. = 50°.

The study also revealed that the improvement factor B is—within the
limits—invariable for different foundation dimensions but equal founda-
tion stiffness K.

3
o (Hj ¥ (4.99)

o~

E; is the modulus of elasticity of footing in kPa

E, is the modulus of soil to be improved in kPa

H s the thickness of footing in m

B is the width of footing in m

T is the thickness of soil layer to be improved in m

Figure 4.34a gives the load settlement curves for different square footings
founded on stone columns with identical area replacement values a. = 0.20.
As expected, settlement rises with increasing load and loaded area as a
result of the different vertical stresses in the ground, which are shown in

Load (kPa) Vertical soil stresses (kPa)
0 50 100 150 200 0 50 100 150 200 250 300 350
O 0 1 1 1 1 y 1 1
2 RN 11
N
\ WO 2 B=80,a,=02
N \ .\. S_Bzw,aczoz
6 NS ~N B=8.0,a,=0
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— \ ™ \\ N 4'B—m,a—O
E g NN N \\
b NN \\\ E % \
=1 ~ - \
2 10 — S 64-----mm- - r----
3 \ N\ Y & Column depth \s
£ 12 > 271
Q ,
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R 841 POOOYg
14 © o ap q
91 po Q
16 4 —-—9 Columns, B=4.8,a,=0.2 \ ... Doooao
— — —25 Columns, B=8.0,a,=0.2 101 boood
18 4 oo 41 Columns, B=10.3,a,=0.2"" 11 Position within
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Figure 4.34 Vertical deformations (a) of square foundations and stress distribution in the
soil (b) for variable dimensions and constant a. (T = 12 m, A = 0.5).
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Figure 4.34Db for a square footing (B = 8 m) founded on 25 stone columns
with a_ = 0.20 in comparison with the infinite grid situation. Stress concen-
tration within the stone columns results in stress relief in the soil as com-
pared with the situation without stone columns (a. = 0). Below the stone
columns—here at a depth of 6.0 m—soil stresses of the improved and
unimproved case are approaching each other again at about 7-8 m depth.

The distribution of stresses between column and soil, which is in the
first place responsible for the soil improvement, depends both on a_and ¢,
and also on the foundation situation of the stone column itself (founded in
competent stratum with A = 1 or floating with A < 1). Figure 4.35 shows
the situation of a square footing with B = 8 m founded on 235 stone col-
umns with constant replacement ratio a. = 0.32 but different lengths /
between 4 and 18 m. Layer 2 has a considerably higher modulus (factor
40) than layer 1 needing improvement.

The findings of the numerical analysis are presented in Figure 4.36 giv-
ing plots of (a) the stress concentration factors 7 = 6,/6, against depth for
different relative stone column lengths A, and (b) the column stress concen-
tration factor n, = ¢ /C.

When looking at the 7, development with depth for the square footing,
it is interesting to see that column stresses rise again even in very long
columns (A = 1) beyond a relative depth of about #/[ = 0.55 to a level of
n. = 1 at the toe of the column. For floating columns, column stresses
decrease gradually with column depth to 7_ levels of 0.8-0.6.

T=18m

OE

12m Q@ E,>>E,

Figure 4.35 Situation considered for study of column length influence.
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Figure 4.36 Stress concentration factors (a) n and (b) n_ for a rigid square foundation
(B =8 m) on 25 stone columns for 6. = 0.32 and ¢_ = 35°.

4.7 CASE HISTORIES

4.7.1 Wet vibro replacement stone columns
for a thermal power plant

For a new 1500 MW coal-fired thermal power plant in southern India, all
ancillary structures such as cooling towers, service buildings, and special stor-
age tanks were founded on improved ground, because the original soil had
insufficient characteristics to carry even moderate loads. It consists of soft
clays to a depth of 7-10 m followed by layers of silty sands and silts whose
density increases with depth, and that are resting on dense sand at a depth of
about 20 m below grade. The water table is generally close to ground surface.
Standard penetration test (SPT) N-values are between 0 and 2 in the upper
7 m rising to N = § at about 10 m depth and then gradually increasing to
well over N = 30 at a depth of 20 m with values in excess of N = 50 below.

The vibro replacement scheme that was proposed for structures such as
tanks, cooling towers, and service buildings consisted of stone columns of
lengths between 7 and 10 m, which were arranged in triangular grids of 2
and 2.5 m equal spacing. Table 4.10 provides details of the structures, their
dimensions and loads, and of the ground improvement scheme adopted.

In 2008, the construction of the stone column foundation was fin-
ished, amounting to 285,000 lin.m for the whole project. The vibro stone
columns were executed with a diameter of 0.9 m by the wet vibro replace-
ment method employing the Keller M vibrator and using 12/75 mm crushed
stone aggregate as backfill material. Its gradation was characterized by
Dy/D,, value of 4, with less than 5% of the material passing the 12 mm
sieve. Process water was channeled into silt ponds before it was released
into a nearby creek. Quality control was performed with a standard data
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Table 4.10 Details of the structures founded on vibro stone columns

Storage tanks Cooling towers Buildings
Dimensions 16.6 m diameter 144X 32 m Il X5m
I'1.5 m height
Loading 135 kPa 90 kPa 55 kPa
Type of foundation Raft Raft Strip footings
Allowable settlement 100 mm 75 mm 40 mm
Triangular grid 25m 20m 25m
spacing
Column length 70m 11.0 m 70m

acquisition system measuring depth and amperage versus time of execution.
In addition, numerous load tests were performed on single columns and on
groups of three columns as proof of the load settlement performance of the
structures. Figure 4.37 shows the stone column arrangement for a storage
tank together with a cross section through its foundation.

Acceptance tests for the vibro stone columns were carried out in accor-
dance with the Indian Standard (IS) 15284, which require tests on single
columns within a group of at least seven stone columns and load tests on a
group of three columns out of a total of a minimum of 12 stone columns.
Footing size required by the standard follows the unit cell principle in spec-
ifying it on the basis of “the effective tributary soil area of stone column for
a single column test and three times the effective area of single column for
a three column group test” (IS 15284, 2003). The test footings were of cir-
cular shape, sufficiently rigid, and centrally placed over a granular blanket
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Figure 4.37 Vibro stone column layout for and cross section through tank foundation.
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of a minimum thickness of 0.30 m. At 150% design load, the single column
settled generally not more than 15 mm with the three column group tests
settling less than 25 mm. At the chosen design load of 300 kN per stone
column, the settlements were only 8 or 8.5 mm, respectively.

4.7.2 Vibro replacement soil improvement
for a double track railway project

The Ipoh-Rawang and Ipoh—Padang Besar double track railway construc-
tion projects in Malaysia have been under way since 2001 and involve
about 330 km of new line. The project crosses five states and encompasses
the construction of a new track near, or next to, the existing railway track.
Ground improvement works were necessary for about 32 km, where the
new track crosses over poor soils. Some stretches of the track cut through
valuable farmland. In such areas, stone column installation was restricted
to the dry bottom feed method to avoid contamination of the neighboring
fields by the silt- and clay-loaded process water. The wet vibro replacement
method was used when low headroom conditions below existing road
bridges only allowed the execution of short columns of about 5§ m length.
As the soil improvement work had to be carried out as close as 2.5 m from
the existing live track, very stringent safety measures were put in place
to minimize the risks for passing trains and for the workmen and their
rigs. Vibro stone columns were also used to support earth embankments
and reinforced earth walls approaching new bridges crossing the railway
tracks. Figure 4.38 shows a typical situation of a dry bottom feed vibrocat
operating next to the existing track.

Where ground improvement was necessary, the subsoil consisted gener-
ally of soft clay deposits to about a depth of 7 m and of firm clay to 10 m.
At that elevation, stiff clay was encountered whose stiffness increased at
15 m depth and beyond considerably. Table 4.11 summarizes the soil condi-
tions in an idealized profile.

The design of the railway line had to fulfill the following performance
criteria:

e A 25 mm maximum settlement with a maximum deflection of
1:1000 of the track over 6 months from the certificate of acceptance

e A minimum factor of safety against slope instability of 1.2 during
construction and of 1.4 during service stage

The vibro stone column scheme that was proposed and adopted con-
sisted of a rectangular grid of 1.0 m diameter stone columns with lengths
of generally 10 m, but in places up to 18 m. The distance between vibro
probes within the grid was 2.25 or 2.5 m, resulting in area replacement
factors a. = 0.16 and 0.13, respectively. In total, an area of over one million
square meter covering unsuitable soil was improved by the vibro replace-
ment method by the end of 2008 using M-type Keller bottom feed depth
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Figure 4.38 Vibrocat in operation next to existing railway track. (Courtesy of Keller
Group plc, London, UK))

vibrators. The key element of the quality assurance program was the stan-
dard data acquisition system recording depth and amperage over time, a
conventional measurement of the stone consumption and frequent load
tests on single columns. The load tests were performed with relatively small
steel plates of 1.5 X 1.5 m or even only 1 m diameter as test footings. The
regularity of the test result served as a good indicator for the steady execu-
tion of the stone columns and their performance under load.

In this context, it should be remembered that zone load tests, or at least
tests with footing sizes equal to the unit cell area, would deliver more sig-
nificant results, the latter at relatively low extra costs, to better interpret the
load settlement performance of the structure.

Table 4.11 Idealized soil profile for stretches of the railway line needing ground

improvement
Depth below Average Undrained shear Deformation

Layer GL (m) Soil type SPT N-value  strength (kPa) modulus (kN/m?)
| 04 Soft clay 0-1 10 1,000

2 4-7 Soft clay 2 20 2,000

3 7-10 Firm clay 4 30 3,000

4 10-15 Stiff clay 10 60 18,000

5 >15 Very stiff clay >15 - -
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4.7.3 Vibro replacement foundation for the
new international airport at Berlin

The new international airport for Berlin is expected to go into operation in
2017. For the construction of infrastructural measures to connect the cen-
tral terminal building with the highway and with high speed and regional
rail traffic systems, ground improvement by vibro replacement was neces-
sary. Subsoil at the site consists of marl and sand layers of glacial origin
that are relatively soft to a depth of about 8 m below ground surface, where
generally stiff marl follows, characterized by CPT cone resistance values
typically well in excess of 15 MN/m?2. Design target of the ground improve-
ment scheme was a reduction of the settlements deriving from the upper
soft layers by a factor of 2 for single footings and a deformation modulus
of 21 MN/m? below rafts and approach ramps. The necessary spacing of
the vibro stone columns was determined by load tests on groups of four
columns for structures and on single columns adopting the unit cell concept
for area loads.

All single column load tests were performed with a test load of 200 kN/
m?2on square test footings of 1.25 x 1.25 m and 2 X 2 m, each supported by
a 9 m long vibro stone column of 0.5 or 0.6 m diameter. Figure 4.39 shows
the load test setup together with a CPT diagram which is representative
of the site. Table 4.12 gives details of the load tests which were evaluated by
the method described in Section 4.4.

By adopting the unit cell concept the settlement of a single column deter-
mines the equivalent deformation modulus E* by introducing the equiva-
lent column length /* from Figure 4.28 into Equation 4.47. The necessary
grid spacing for the target modulus can then be determined graphically,
here by extrapolation according to Figure 4.40, where a necessary area A,
= 7.4 m? for a square grid of 0.6 m diameter stone columns was obtained
for the required design modulus E; = 21 MN/m?2. The ground improvement
works were performed using conservatively a square grid of 0.6 m diameter
stone columns of 9.0 m length with 2.5 m spacing.

While the necessary area replacement factor for the infinite grid was
just a. = 0.05 to achieve a modulus of 21 MN/m?, the evaluation of the
column group tests resulted in a required a, = 0.09 for single footings
to reduce settlements by 50%. Prior to the load tests, large shear box
tests were performed in the laboratory with the stone column material
anticipated for the ground improvement works. It consisted of crushed
granite rock of 10-35 mm grain size. In the laboratory an average fric-
tion angle of 57° was determined for the backfill material at a density of
1.9 t/m3, safely allowing the use of column friction angles of 45° in the
design calculation.

An area of about 20,000 m2was improved by stone columns on this proj-
ect in 2008 using Keller bottom feed M vibrators. Quality control measures
included standard data acquisition systems to record the usual parameters



175

Improvement of fine-grained and cohesive soils

“3nsad | 4D SAneIuasaddad pue uwnjod 3j3uls Uo 1591 peOT 4£F 34n3l4

i

AN
YW

FIvi

N

M TN

e

A WAMRAVEY |

NI Y

N

\

J/

AN

<
¢
nv

[V | b M

rA

2

00T

06

08

0L

09

0'g

0v

0€

0T

0T

¢ v 9 801

(%) °b/™1=74
OT)eI UOTOTI

S 8% T 9€ 0€ ¥T 8T CT 9

((W/NIN) b
2due)sIsalx QEOU

o
o

cooo
=N W s
(W/NIN) “2
EOEUCM ®>w®~m

e
wn

1Sd LdD

9.00

S0Q

uwmnjod auols§ /

Paq [oaRID)




176 Ground improvement by deep vibratory methods

Table 4.12 Evaluation of single column load tests

Test load 200 kN/m? Test |  Test2 Test3 Test4
Column dia. d, m 0.6 0.5 0.6 0.5
Footing area A m? 1.56 1.56 4.0 4.0
a.=AJA - 0.18 0.13 0.07 0.05
Settlement s mm 8 11.4 15.7 23.9
Equiv. diameter d, m 1.41 1.41 2.26 2.26
Equiv. col. length I* m 536 536 588 5.88
Equiv. modulus E* MN/m2 1339 940 750 49.2
Grid area A (d, = 0.6 m) m?2 1.56 2.17 4.0 5.65
Grid spacing* (d.=0.6 m) m 1.25 147 20 2.38

2 For square grid.

160
140 Without improvement Ey= 8 MN/m?
+ Required for design Eq =21 MN/m?
120 Necessary grid area A, =74 m?>  —
~ 100 - \
E -
Z 80
2
60 A \
40 S
20 1 Eq e
Eo .
0
1 2 3 4 5 6 7 8

Grid area A (m?)

Figure 4.40 Determination of grid spacing from single column load test results.

including stone take. Early settlement measurements on the structures indi-
cate that the performance is considerably better than expected and that the
design criteria were met.

4.7.4 High replacement vibro stone columns
for a port extension

The majority of vibro stone column contracts are performed at area
replacements of about 5%-30%. It is feasible to provide higher replacement
when higher bearing capacity, tighter settlement, or higher effective angle
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of friction for slope stability are required. However, the vibrator when pen-
etrating the ground induces lateral displacement of the soil. If the stone
columns are constructed too close to each other, excessive heave can be
generated. This can be overcome for treatment above the water table by
preboring at each vibro stone column location, and in this way area replace-
ments of up to 50%—-60% have been achieved.

Even higher replacement ratios were necessary for two port extension
projects in the United Kingdom. Both involved sand fill being placed behind
new quay walls where the presence of deep weak clays and silts required
special design considerations. While the specified short- and long-term set-
tlement criteria could be achieved by soil improvement using vibro stone
columns at about maximum 40% area replacement, the quay wall stability
required the composite soil to be virtually wholly granular in character and
replacement ratios of 80% and 75% had to be performed.

The first project was based on nominal 1.2 m diameter stone columns
on 1.28 m triangular grid, resulting in a replacement ratio of a. = 0.8.
The larger-than-normal columns were achieved with the wet method by
high pressure water flushing and using Keller S300 vibrators. Intensive
investigations by CPT and piezocone had permitted the development of con-
tours for the base and surface of the soft clays and silts across the area.
The scheme was then designed for the vibrator to be lowered at least 1 m
deeper than the contour base, with the stone columns to be performed to
at least 2 m above contour surface of the soft soils. vibro compaction was
then performed to the overlying sands up to ground level.

About 50% of the soil improvement works were performed at lower levels
behind the tubular pile wall between high tides. It was noted that even
when water flushing was used to wash out the required soil volume, the piles
were being displaced when the compaction was being applied to the stone
to achieve the specified high angle of friction. A practical approach and
sequence of construction combined with monitoring of the piles restricted
these movements to within acceptable limits.

This project involved the construction of about 10,000 columns/compactions
to depths of up to 20 m. Back analysis of the stone consumption revealed that
about 98.7% of the target area replacement ratio had been achieved.

The second project was more complex since there were real stability
concerns and the vibro treatment had to be performed between tie bars
to even more variable soils, the extensive and thick soft clays and silts
sometimes being present to immediately beneath the working level above
high tide. In view of the experience of the first project two advance trials
were performed. The first was to confirm that the required stone column
diameter of 1.2 m and hence replacement ratio of 75% could be achieved.
The second was to examine the effect of the vibro stone column con-
struction using high power vibrators to within 1 m of the sheet pile wall
with external support bund.
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The results of the second trial have been reported by Slocombe and
Smith (2008), where analysis of in-situ earth pressure cells suggested that
K values of about 1 could be developed against the sheet piles during
vibro compaction. Monitoring procedures were therefore put in place for
the proposed main quay combi wall contract works, comprising large-
diameter tubular piles with sheet pile infill. It was also concluded that
“by installing stone columns away from the wall the peak earth pressures
acting on the wall are lower than if the columns were installed towards
the wall.”

The works commenced with vibro treatment to the area in front and
behind the proposed piled anchor wall to the proposed tie bars. The ties
were installed, and the area then filled using clean sand to about high tide
level. Vibro stone columns were then constructed, with sand compaction
above, between the buried tie bars at two levels and at about 3.65 m cen-
ters. Every column location was very carefully set out to avoid damaging
the ties and, when the tie bars were subsequently exposed for tensioning, it
was confirmed that no damage had been caused.

Again, about 10,000 vibro probes (stone columns/compactions) were
constructed to depths of up to about 20 m on a triangular column grid of
1.32 m. Measurement of the stone take revealed that about 97.8% of the
a, = 0.75 target replacement ratio had been achieved. As an illustration of
the complexity of the works, the depths of treatment and elevations for the
tops of the stone columns resulted in groups of no greater than six adjacent
columns being of identical geometry and hence instruction.

A further phase of this port development was built where the soft clay
and silt was thin and easily removed by advance dredging. The area behind
the tubular pile main quay wall was then filled by placing hydraulic sand fill
in about 15 m depth of water. Vibro compaction was then performed prior
to the installation of tie bars using Keller $340 vibrators to achieve the
specified angle of friction and settlement performance. However, the quay
wall design required that the K value be limited to 0.5. Advance trials were
therefore performed to confirm how far behind the wall both high- and
lower-powered vibrators could be used. These revealed that better control
of the wall movements could be achieved by installing the closest line of
compaction using lower-power vibrators prior to using high-power vibra-
tors further away.

4.7.5 Vibro stone columns for settlement
control behind bridge abutments

In the course of the construction of an approach road to an existing highway
in western Bavaria, the necessary embankments were built well in advance
to allow deformations to occur before any bridge and road building was due
to commence. These embankments typically have a height of up to about
6 m and rest on soft tertiary silts and clays of about 4.5-6.0 m thickness.
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Dense tertiary sand, gravel, and marl form the competent bearing strata
below. The silts and clays have a relatively low strength, ¢, = 15 kN/m?, and
a modulus between 5 and 8 MN/m?.

To reduce settlements of the embankment behind the bridge abutment,
the soft silts and clays were improved by vibro stone columns over a length
of about 35 m at both sides of the bridge. Settlement analysis was carried
out using the method after Priebe (1995), with an area replacement value
of a_ = 0.22 for nine stone column rows immediately behind the pile raft
representing the bridge foundation, and of a. = 0.13 for the remainder and
below the embankment shoulders. These replacement values were achieved
by 0.8 m diameter stone columns at square grid configurations with dis-
tances of 1.5 and 2.0 m, respectively. With a chosen angle of friction of
@. = 42° for the stone column material, modified improvement factors 3
were calculated as 3.28 for the 1.5 m grid and 2.17 for the 2.0 m grid, safe-
guarding a smooth transition between bridge and embankment.

In total, 1680 stone columns with an average length of 5.0 m were car-
ried out on this project in 2008 using Bauer TR 17 bottom feed vibrators
operated from MBF 10 and BG 12 base machines. Figure 4.41 shows such
a typical setup.

Figure 4.4] Bauer TR 17 bottom feed vibrator operated from BGI2 base machine.
(Courtesy of Bauer, Bavaria, Germany.)
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4.7.6 Ground improvement for the foundation of
a petroleum tank farm in the Middle East

The tank farm area which serves as a case history is located in the Hamriya
Free Zone in Sharjah/UAE and is typical for many other industrial devel-
opments in the Middle East. The subsoil below the relatively level ground
surface at 2 m above sea level consists of about 2-3 m of artificial sand fill
followed by slightly silty fine to medium-grained sand, which is medium
dense to about 4 m; it is very loose from 4 to 6 m, and very dense below
7 m. The sand layer above this level has typically in excess of about 15%
fines, which renders its suitability for compaction rather questionable. The
groundwater table is at 2 m below ground surface.

The tank farm consists of 16 nos. steel tanks of the fixed roof type with
diameters of 10, 15, and 20 m. The height of the tank is 18 and 24 m. The bot-
tom of the tank rests on a 40 cm thick concrete slab with a reinforced concrete
ring beam placed directly below the tank shell. In view of the deformation
criteria of the tanks, the engineer proposed to improve the existing ground
conditions which he found to be inadequate for the purpose accordingly. Cone
penetration tests (CPTs) carried out for the project revealed the presence of
loose sand between 3.50 and 6 m requiring compaction. In view of its high silt
content and a friction ratio of above 0.5, its suitability for vibro compaction
was only marginal. It was therefore decided to perform a field trial to define if
the soils could be improved sufficiently by vibro compaction, alone or if ground
improvement by vibro replacement with coarse backfill stone was necessary.

For vibro compaction, three different triangular probe grids with 2, 2.25,
and 2.5 m distances were carried out, each consisting of 18 nos. vibro com-
paction probes of 7 m depth. A Keller S340 depth vibrator (see Table 3.1)
was used employing a standard compaction procedure with 50 cm lifts and a
holding time of 40 s. Backfill sand material was taken from a nearby borrow
area to compensate the subsidence occurring during compaction keeping the
working platform at its original level. In total 23 nos. of pre- and post com-
paction CPTs were carried out together with a zone load test on a 3 m square
concrete foundation loaded to design load of 280 kPa in the 2.25-m grid area.

For the vibro replacement trial area, a 1.6 m triangular stone column grid
was chosen consisting of 19 nos. Stone columns of 7 m length each. A Keller
M145S5 depth vibrator (see Table 3.1) was used employing the wet method
with stone supply from ground surface. According to the consumption of the
25-100 mm crushed stone backfill measured during compaction, a column
diameter of about 85 cm was achieved. Pre- and post compaction CPTs were
performed in the midpoints of the column grid, and 5 days after the stone
columns were completed a zone load test was carried out on a 3 m square
concrete test foundation which was also loaded to 280 kPa design load.

It was not surprising to see that vibro compaction failed to achieve, even
with the closest spacing, the specified minimum cone resistance of 8.0 MPa in
the silty sand layer at about 4 m depth. The zone load test carried out in the
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Table 4.13 Results of zone load tests in mm on 3 X 3 m test foundations
at 280 kPa design bearing pressure

Phase Test Settlement (mm)
Precontract On vibro compaction with 18.3

2.25 m grid
Precontract On 4 nos. stone column 9.3
Postcontract On 4 nos. stone column 5.8
Postcontract On 4 nos. stone column 6.7

medium 2.25 m vibro compaction grid area resulted in 18.3 mm settlement
at design bearing pressure of 280 kPa which also was found inadequate.

Consequently, vibro replacement with 85 cm diameter stone columns set out
in an equilateral triangular grid of 1.60 m was chosen as foundation method.
The load test result was used to predict the settlement performance of the
tanks. Table 4.13 shows the results of the two load tests performed on vibro
compaction and on vibro replacement stone columns before the foundation
works commenced together with two further load tests carried out as quality
assurance during the vibro replacement works. At design load of 280 kPa, all
three load tests on stone columns show settlements of between 6 and 9 mm,
whilst the load test on vibro compaction settled at 18 mm.

Based on the load tests, total maximum settlements for the centers and
below the shell of the tanks were predicted with 26 and 20 mm, 23 and
18 mm, and 22 and 17 mm for the 20, 15, and 10 m diameter tanks, values
which yet were to be verified during water testing of the tanks.

Figure 4.42 shows the tank farm in summer 2015 when the hydrostatic
tests were performed on these storage tanks according to API 650 resulting

Figure 4.42 Tank farm in summer 2015. (Courtesy of Keller Group plc, London, UK.)
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Table 4.14 Result of hydrostatic testing performed according to APl 650

Tank no.  Diameter (m)  Water height (m)  Ring beam settlement (mm)

301 10 16 4.3
302 15 22 3.1
303 15 22 6.4
105 20 22 7.1
106 20 22 6.4
107 20 22 14.1

in unexpectedly low settlements. Under maximal load and after 24 h hold-
ing time, settlements of the tank perimeter ranged on average between 3
and 14 mm only for the different tanks. Table 4.14 displays details of six
hydrostatic tests. It can only be assumed that the depth vibrator was able to
compact the silty sand layer between 4 and 6 m below grade much better
than anticipated and measured with the CPTs than originally anticipated,
leading in this way to much reduced settlements.

4.7.7 Stone columns provide earthquake-resistant
foundation for an electric power plant in Turkey

The project area is located at the Iskenderun Bay in the Hatay province
of southeastern Turkey. The region has a long history of well-documented
earthquakes. The combined cycle gas turbine power plant which was to
be erected has a nominal generation capacity of 910 MW comprising of
38 structures to be built on over 30 m deep alluvial deposits overlaying
competent basalt. Below a 3 m thick layer of gravel fill follow 18 m of loose
liquefiable sand and silt layers, 12 m of silty clay and clay resting on basalt
bedrock. The groundwater table is close to ground surface.

From a seismic study of representative earthquakes near the project area
a design earthquake with a magnitude of M = 7.5, an equivalent number of
stress cycles N, = 39, and a duration time of #; = 38 s was developed and
chosen for the design. Such an earthquake is characterized by an average shear
wave velocities in excess of 500 m/s and a scaled peak particle velocity of 0.5 g.

The settlement criteria for the plant required all heavy structures to be
founded on 100 and 120 cm diameter bored piles all resting on 1.5 pile
diameter deep pile sockets in the basalt. All other structures were founded
on 20 m deep vibro stone columns (see Figure 4.43). Vibro stone columns
became necessary to protect the soil—also around the piles—against lig-
uefaction and the corresponding lateral spread of the liquefied soil posing
considerable horizontal loads on the piles necessitating otherwise uneco-
nomically large pile diameters and reinforcement.

Thurner and Kirsch (2014) describe the various steps necessary for the
foundation design of all structures of this power plant, whereas we will
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Figure 4.43 Typical soil profile and foundation for heavy structures.

restrict our considerations on estimating the safety factor against liquefac-
tion of the sand and silt material between the large diameter bored piles
during an earthquake event which would cause intolerable horizontal loads
on the piles where no ground improvement would be performed.

We have seen in Sections 3.3.3 and 4.3.4 that soils losing strength dur-
ing an earthquake as a result of the pore water pressure increase can be
strengthened by stone columns, which provide efficient and short drainage
passes for quick pore water pressure relief. We have also seen that vibro
stone columns will

e Shorten the drainage path
e Increase the soil strength
e Increase the density of granular soils by the vibratory forces

The design was structured in seven steps:

1. Determination of the geotechnical design profile. Necessary informa-
tion required is
e SPT values (N)
Shear wave velocity or dynamic shear modulus (G,,)
Unit weight (y,Y')
Horizontal permeability (k)
Coefficient of compressibility (2,)
Design water table
Strength parameters (¢,c)
Relative density (D,)
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2. Earthquake input values.

* Number of equivalent stress cycles (N,,)
e Relevant duration of shaking time (z,)

3. Improvement factor B for the chosen stone column grid is calculated
according to Section 4.3.2. The increase of the overall soil stiffness as
represented by the B-value is calculated with the Priebe method and is
responsible for the reduction of the vertical deformations. It is implied
that it reduces in the same amount the horizontal shear stresses by an
equivalent increase of the shear modulus G.

4. Determination of layer-dependent cyclic stresses during the design
earthquake using SHAKE 2000. The original acceleration time his-
tory at bedrock level is introduced and the t/c{ ratio (CSR) is calculated
for each soil layer using Equation 3.7. The acceleration is than scaled to
reach design peak ground acceleration (PGA) of 0.5 g for the structures
according to the design requirement.

5. Stress ratio reduction. The improvement factor 3 (here calculated by
the Priebe method) is applied on the shear modulus of the unimproved
soil between the piles and a reduced CSR is calculated.

6. Number of cycles to cause liquefaction (N,). The N, value is preferably
established in the laboratory by undrained cyclic simple shear or triaxial
tests on the in-situ soils. It can, however, alternatively, be estimated using
published results as by Finn et al. (1971), provided comparability of the
in-situ soil characteristics can be ensured.

7. Reduction of liquefaction potential by improved drainage. With the
method described in Section 4.3.4 the time factor T,, is calculated
for the chosen drain configuration using Equation 4.45. With the
earthquake severity ratio N /N, now being established the respective
chart in Figure 4.24 can be chosen. The intersection of the d/d, value
(relative stone column spacing) represented by the drain configuration
with the calculated time factor T, in the chart gives the greatest pore
pressure ratio 7, = #,/c, allowed in the design.

For the 80 ¢cm diameter stone columns placed in square pattern of 2.1 m
within the 100 cm diameter bored piles a time factor T,; = 21 was cal-
culated for the upper sand layers. With an earthquake severity ratio N/
N, = 39/11 = 3.4 the lower right graph in Figure 4.24 is chosen where the
intersection of T,; = 21 with d/d, = 0.34 gives r, = 0.6. Defining the safety
against liquefaction of a specific layer as

n=1n, (4.100)

We see that for the silty sand layer considered in this instance a safety fac-
tor of 1.67 against liquefaction exists. This calculation has to be carried out
for all soil layers which are likely to liquefy during an earthquake event.
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Figure 4.44 Grain size distribution of soils and stone column material.

Should the safety factor n fall below the specified value drain spacing or
drain diameter have to be altered until the specified 1 is met. A specially
composed gravel backfill with a maximal grain diameter of 25 mm was
chosen for the stone column construction with its D grain diameter being
established with the Saito criterion according to Equation 4.46 in order to
safeguard its filter stability over time (see Figure 4.44).

The foundations for the project were completed in 2013. In addition to
the 80 and 100 cm diameter bored piles, approximately 9000 nos., 20 m
deep vibro stone columns with a diameter of 80 cm were carried out.

4.7.8 Seismic remediation of an earthfill
dam by vibro stone columns

An instructive example of the use of stone columns to improve the safety
of an earth embankment dam sealing a reservoir with a hydraulic height
of 50 m and founded on alluvial deposits was published by Lawton et al.
(2004) together with a companion paper by Forrest et al. (2004). The dam
is situated in California and was completed in 1968. The dam as shown
in Figure 4.45 was built as a zoned earthfill dam with a central clay core
founded through 36.6 m of alluvial material on bedrock. Both the upstream
and downstream shells with slopes of 3:1 rest on the river alluvium.

A re-evaluation of the dam’s stability carried out with updated seismic
hazard studies in the early 1990s revealed that the “foundation alluvium
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Figure 4.45 Original dam cross section and remedial alternative selected.

under the shells of the dam would liquefy and loose strength when sub-
jected to shaking from the maximum credible earthquake (MCE).” The
MCE had to be increased to a magnitude 7 and represented a significantly
higher ground motion than used for the original design. Since an MCE
event could lead to damage of the dam, accompanied by uncontrolled water
releases and downstream flooding, the authorities responsible for the safety
of the dam decided to upgrade the dam’s safety to current standards.

To better understand the alternatives which were evaluated, the princi-
pal soil characteristics of the alluvial river deposits are given in Table 4.15.
The above publications give details of the design, safety, and operational
criteria forming the basis of the remedial design studies. Most important
was that the reservoir had to remain in service during construction with
a lowered pool elevation from 158.5 to 155.6 m. The following alternate
approaches were actually investigated and considered:

e Construction of buttresses on one or both sides of the dam founded
on the river alluvium

Foundation improvement of the downstream buttress

Remediation of the upstream shell of the dam

Construction of a new dam downstream of the existing dam
Minimum necessary construction and measures to obtain regulatory
acceptance (permanent reservoir lowering)

The foundation improvement measure (b) was eventually chosen, and the
vibro replacement method was selected as the most competitive from the
other foundation methods which also had been studied: complete exca-
vation to bedrock and placement of engineered fill, dynamic compaction,
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Table 4.15 Principle soil characteristics of the river deposits

Alluvium Elevation Material Max. fines SPT result
layers (ft) (m) description content (%) (N)so (=)
A Above 333 Above 101.5  Sand and gravel 12 20
B 319-333 97.2-101.5 Silty sand and 30 15
gravel with silt
and clay lenses
C 290-319 88.4-97.2 Sand and gravel 20 19
D 280-290 85.3-88.4 Silty sand and 60 16
gravel with silt
and clay lenses
E Below 280 Below 85.3 Sand and gravel 15 20

Sources: Lawton, G.M. et al,, First use of stone columns in California under state regulatory jurisdiction—
The seismic remediation design of Lopez Dam, in Proceedings of Dam Safety, ASDSO’s 2 st
Annual Conference, Phoenix, AZ, 2004; Forrest, M. et al., Stone column construction stabi-
lizes liquefiable foundation at Lopez Dam, in Proceedings of Dam Safety, ASDSO’s 2| st Annual
Conference, Phoenix, AZ, 2004.

vibro compaction, and deep soil mixing. Figure 4.45 shows the ground
improvement solution with stone columns representing the most economi-
cal and environmentally friendly foundation alternative providing the
required protection against liquefaction.

Prior to construction and to better understand and evaluate the effective-
ness of the vibro replacement stone columns in the existing alluvial soils, a
full-scale field test was carried out. Three different triangular patterns with
2.60, 2.90, and 3.20 m probe distances were installed and tested using the
SPT and Becker Penetration Test methods. As was expected the relatively
high fines contents (all in excess of 12%) of the alluvial river deposits pre-
vented significant densification with the wider spacing. Accordingly, the
2.60 m (8-1/2 ft) spacing was adopted for design in an equilateral triangu-
lar pattern. Careful measurement of the stone backfill revealed that stone
column diameters varied considerably depending on the ground conditions
actually encountered. It was also found that pre-densification in sandy
soils would reduce column diameters, and that longer time spent with
probe installation would lead to larger column diameters in silty sands.
Consequently specifications were developed from the field test requir-
ing moderately improved blow counts (minimum statistical values) in the
various alluvial soils and, more importantly, stone column diameters of
100-120 cm in clean sands and sandy gravel, 165-180 cm in silty sands.
Considering the relatively close column spacing, these large column diam-
eters result in very high replacement ratios of between 38% and 45%, which
were used to develop the composite strength for stability and seismic defor-
mation analysis. The composite strength was calculated according to the
method proposed by Mitchell (1981) using an internal friction angle of 40°
for the stone column and 37° for the densified alluvial material between
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the columns. The capability of stone columns to provide also additional
excess pore water dissipation was conservatively neglected in the founda-
tion design. More interesting details can be found in the papers already
mentioned above.

The block of stone columns below the downstream buttress was 76.30 m
long and extended over the whole width of the dam. In total 55,000 lin.m
of stone columns were installed using 81,000 ton of crushed rock resulting
in an average column diameter of 100 cm.

The dry bottom feed method was used to install the stone columns to
depths of 9.00-29.00 m. It is not surprising that the large column diam-
eters together with the high replacement ratios selected for this project
and the densification to be achieved in the alluvial deposits could only be
accomplished using capable stone columns construction equipment (Keller
S-340 vibrators) operated by experienced personnel. The responsible engi-
neer concluded that “some level of design uncertainty in the effectiveness
of stone column densification is unavoidable. A thorough geotechnical
investigation throughout the site area can help minimize that uncertainty”
(Lawton et al., 2004). In addition, the high standard QA/QC program
together with a real-time data acquisition system provided at all times dur-
ing construction an additional back-up security to detect zones in the foun-
dation soil requiring different treatment than anticipated.



Chapter 5

Method variations
and related processes
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5.1 GENERAL

Vibratory deep compaction as described in Chapters 3 and 4 utilizes, as its
main tool, a depth vibrator creating horizontal vibrations when working
in the ground. An alternate method using a top vibrator and vertical excita-
tion to compact sand was developed in the late 1960s for the U.S. market;
it drove a 750 mm diameter steel pipe into the ground using a vibratory
hammer. This so-called terra probe method was then, in Europe, modified
by replacing the steel tube by steel H-beams and purposely built steel planks,
known today as the vibro wing method or the Miiller resonant compaction
(MRC) method. In contrast to vibro compaction, where the depth vibrator
remains in the ground generating horizontal vibrations, the vibro wing or
MRC methods both utilize vertical vibrations that are transmitted from the
steel planks by shear stresses into the soil with the vibrator itself remain-
ing outside the ground (see Section 3.2.1). These methods are restricted to
compaction depths of up to about 15 m. Penetration of the vibratory Y- or
double-Y-shaped planks is achieved at about 25 Hz, whereas compaction is
affected by considerably lower frequencies (16 Hz). To support the shearing
effect in the soil, the plank has numerous apertures to support the lateral
spread of the vibrations.

Process variations of the vibro replacement stone column method include
both material and equipment variations. When concrete or mortar as back-
fill material replaces stone or gravel these columns are generally called
vibro concrete columns (VCCs) or vibro mortar columns (VMCs). They
are preferably used in soils needing improvement which are generally not or
only marginally suitable for treatment by vibro replacement (see Table 4.3).
Although, in the true sense, they do not or only marginally improve the
characteristics of the soil for which they are employed, these methods are
included here (see Section 5.1) in the general context of ground improve-
ment since the methods have gained general acceptance using the same or
similar equipment as with the vibro replacement method.

Other process variants use other tools than the depth vibrator to create a
stone or sand column. These are, for example, the composer sand compaction

189
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pile method, the Franki gravel pile method, the controlled modulus column
(CMC) method, the Geopier method, and the dynamic replacement method
(see also Table 1.1).

The sand compaction pile method has been extensively used in the Far
East for improving very soft marine clays, both in offshore and onshore
applications to depths of about 20 m. The process uses closed-end steel
pipes, with diameters between 0.5 and up to 1.6 m, that are vibrated by
vibratory hammers into the ground, and the process is largely automated
including sand backfilling. Area replacement ratios are generally between
0.3 and 0.5, and settlement improvement is based on experience, with an
empirical stress concentration factor #» = 3 (Tanimoto, 1973). To reduce the
settlements of large diameter replacement sand columns a method has been
introduced in Germany whereby a geotextile liner encases the sand (Raithel
and Kempfert, 1999). Considerable vertical deformations activate the tensile
forces of the geotextile before, ultimately, horizontal deformations of the
column generate supporting stresses of the surrounding soil (Raithel, 1999).

In the Franki gravel pile method, which is similar to the well-known pil-
ing method, a steel pipe is driven, after a gravel plug was formed at its base,
to the required depth and is then gradually withdrawn while the coarse fill
material is rammed out by means of an internal drop weight.

From a multitude of similar small diameter piling methods being installed
for ground improvement purposes in soft soils at relatively close spacing,
the CMC method utilizes a special displacement auger that penetrates the
ground to the predesigned depth essentially without spoil. Grouting of the
pile shaft is carried out through the hollow auger stem. If necessary, this
process can be repeated to push the grout into the soil thereby increasing
contact with it to enhance skin friction at the pile perimeter. In contrast
to the vibro concrete columns, end bearing of these columns is generally
avoided and their design is based on the equal strain concept of soil and
columns whereby column strength can be selected to keep the ratio of soil
and column modulus within reasonable limits.

By contrast with the CMC method, which is used to improve soils at con-
siderable depths, the dynamic replacement method is restricted to moderate
depth ranges of about 5-7 m. With this method, a large diameter gravel
column is formed in cohesive soils by hammering crushed stone into the
ground in a controlled way applying a similar procedure to the well-known
dynamic compaction method, but using moderate weights and drop heights.
The heavy impact of the drop weight is accompanied by very severe shearing
in soft cohesive soils generally without any compaction. To avoid unwanted
heave and to increase column depths pre-excavation may be necessary.
Generally, the method requires experience during its execution and close
supervision of the development of the imprints and their filling with coarse
backfill material (Varaksin, 1990; Luongo, 1992).

The Geopier method constructs impact stone columns in soft cohesive
soils by driving a steel tube of approximately 0.5 m diameter into the
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ground using a special vibratory hammer. After excavating, coarse back-
fill is placed in small quantities that are compacted utilizing an internal
mandrill compactor. In stiffer soils the necessary hole, generally 0.75 m in
diameter, can be drilled out using standard augers. Material backfill and
compaction is then performed in the same way, employing a special com-
pactor (White et al., 2002).

It is obvious that the design approaches that are valid for vibro replacement
stone columns can also be applied to all types of columns that are installed
by full or partial displacement of the surrounding soil and by subsequent
insertion and compaction of granular material. With similar load-carrying
mechanisms, the key design parameter is the strength of the compacted coarse
backfill which is controlled by the compaction energy employed. The adequate
choice of the friction angle @_ and the area replacement factor are decisive for
a realistic prediction of bearing capacity and deformation of these foundation
methods.

All types of columns that consist of materials whose higher strength is
controlled by hardening substances such as cement or other types of hydrat-
ing binder act as piles that develop their bearing capacity from skin friction
and end bearing.

5.2 VIBRO CONCRETE COLUMNS FOR
FOUNDATIONS IN VERY SOFT SOILS

5.2.1 Process description

We have seen in Chapter 4 that vibro stone columns do require sufficient con-
taining pressure from the soil which they are to improve in order to provide
necessary load carrying capacity without undue settlement. The threshold
expressed by the minimum undrained shear strength is generally ¢, = 5 kPa
for these soils. When in these borderline soils (see Table 4.3), particularly in
the presence of natural or artificial organic material, a vibro replacement
foundation would reach its limit or should not be carried out, either in view
of the loads a column would have to carry or, especially, in view of the result-
ing deformations, the column backfill material can be replaced by concrete.
When cured, this vibro concrete column, as it is called, has a stiffness which
is more than 25 times larger than that of the surrounding soil.

The vibro concrete column is constructed in a similar way and using
similar equipment as with the stone column method. When dry concrete is
added in the same way as with the bottom feed method (see Section 4.1),
a so-called premix VCC (PVCC) is built. The special premixed dry coarse
concrete behaves in the same way as normal source backfill material allow-
ing its displacement into the surrounding soil by the vibrator movement
and vibrations. Column diameters range generally between 50 and 80 cm
allowing a working load of about 900 kN to be used for PVCCs.
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Alternatively, liquid concrete can be pumped through a pipe attached to
the vibrator delivering it directly to the vibrator point when the final depth
has been reached. Vibrator together with gravel or concrete pipe displaces
the native soil leaving behind a more or less cylindrical hollow space which
is filled with concrete in a controlled way as the vibrator is withdrawn.
vibro concrete column cross sections constructed in this way are generally
oval shaped with dimensions of ca. 30 x 50 cm. When the concrete is cured,
these columns, or rigid inclusions as they are sometimes called, carry loads
in the same manner as end bearing small diameter unreinforced concrete
piles, supported by skin friction and end bearing in stiffer soils. Their bear-
ing capacity can effectively be increased by the formation of a bulb end in
gravel or stiff clay rather than by increasing their diameter. Working loads
can be as high as 1200 kN (Sondermann and Wehr, 2013). Figure 5.1 shows
the main working sequences when constructing a vibro concrete column.
They are very slender load bearing elements, and therefore column verticality
and integrity is of utmost importance.

When the stone backfill of a vibro replacement stone column is replaced
by concrete for only a part of the column length, so-called hybrid columns
are formed. They are particularly useful in situations where soil condi-
tions and structural loads would allow carrying out a standard stone col-
umn foundation, except for a stratum with questionable characteristics,
especially peats and other organic material, and a thickness in excess of
a column diameter, a combination of the stone column method with the
premix vibro concrete column technique can provide an effective solution.
A normal bottom feed vibrator as described earlier will construct a stan-
dard stone column from design depth upward in the normal way by using
stone or gravel as backfill until the weak soil layer is reached, where then a
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dry concrete mix is used in the same way bridging over the very soft layer
until normal ground conditions have been reached again and normal back-
fill material can be used. Needless to say that in such cases a close grid of
investigation borings and soundings are necessary to clearly identify loca-
tion and depth of the soft soil layer.

5.2.2 Special equipment

Figure 5.1 shows the main pieces of equipment that are used for VCC and
PVCC construction:

e The vibrocat carrying the depth vibrator, which needs to be of the
bottom feed type for PVCC construction, and the electric generator
or the hydraulic power pack necessary for its operation.

® An air compressor and a loader to deliver the dry concrete mix.

e When VCCs are constructed the depth vibrator is modified by an
attached steel pipe allowing the fresh concrete to be pumped down to
the vibrator point.

¢ A standard concrete pump for the liquid concrete delivered to the site.

Figure 5.2 gives details of the depth vibrator modified for the construction
of VCCs and PVCCs. It consists, in general, of a standard depth vibrator
operating at high frequency and moderate amplitude. Attached to its out-
side over its full length is a small diameter steel pipe to deliver the concrete
to the vibrator toe. Recent plant improvement and development aims at
minimizing the cross section of the tool improving in this way the competi-
tiveness of vibro concrete columns over other small diameter pile systems
(see Figure 5.2a).

For the construction of PVCCs standard bottom feed vibrators are used
(see Figure 5.2b).
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|

Figure 5.2 Depth vibrators modified for (a) vibro concrete column and (b) premix vibro
concrete column construction and their cross sections with dimensions in
millimeter. (Courtesy of Keller Group plc, London, UK.)
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The data acquisition system which is indispensible for this foundation tech-
nique has to provide reliable information to the operator of the verticality of
the column being constructed and, most prominently, that the withdrawal
rate of the vibrator is closely controlled, coordinated, and when necessary,
updated with the concrete pumping rate to safeguard continuity of the vibro
concrete column shaft diameter and avoiding any column necking.

When dry premix concrete is used as backfill material for premix vibro con-
crete column construction, the standard dry bottom feed equipment can be used
unaltered (see Figure 4.3). This method is however restricted to water bearing
soils which provide sufficient moisture for the proper curing of the concrete.

5.2.3 Principal behavior and design

Both types of vibro concrete columns generally behave like unreinforced
small diameter concrete piles and do not represent, in the true sense, a soil
improvement technique when the displacement effect and its potential ben-
efit on the properties of the surrounding soil are disregarded.

Vibro concrete columns using liquid concrete for their construction are gen-
erally slender and behave like unreinforced small diameter concrete piles. As
they do receive only limited horizontal support from the surrounding soft soil
they cannot be regarded as displacement or bored piles (see DGGT, in press).

Application of these load bearing elements (VCC and PVCC) is in certain
countries controlled by special governmental permissions (Germany) or follows
local codes of practice, such as ASIRI—Amélioration des sols par les inclu-
sions rigides (see IREX, 2013) in France. In Germany their application is how-
ever restricted to soils with a minimum strength of ¢, = 15 kPa, unless special
improvement measures have been undertaken. Working loads, relying on a
large number of load test results, range up to 900 and 1200 kN, respectively.

Generally, vibro concrete columns act only together with others in column
groups. They are particularly suited beneath large loaded areas. Column design
encompasses

e Verification of the inner load bearing capacity based upon material
strength as for unreinforced concrete elements. Vibro concrete col-
umns cannot support horizontal loads in excess of a tolerated 3% of
the vertical load. The surrounding soil is generally excluded from any
load support in very weak soils.

e Verification of the external load bearing capacity based upon load
tests carried out on-site or on tests in similar soil conditions.

e Verification of the serviceability limit state uses the deformations
measured in the load tests and has to consider additional settlements
deriving from the group effect.

Priebe (2003) has extended his method to calculate settlements of stone col-
umns in very soft soils and allows also to consider the case where the load
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on the column is remarkably lower than its inner strength, a case where in
addition the column module is very much higher than the module of the sur-
rounding soil (E_. > E,). In a two-step calculation, the settlement of a group
of columns can be estimated including any additional deformation below the
column tow, stemming from, what is generally called, the punching effect.

The displacement effect of the bottom feed vibrator during PVCC and
VCC installation and its beneficial influence on the soil properties has been
investigated by Sondermann and Kirsch (2009). They report of closer bond-
ing between column surface and soil and enhanced skin friction leading to
higher bearing capacities of the columns (see also Section 4.3.5).

The effective transfer of the building loads into the column heads
requires a load distribution and transfer layer of sufficient strength, which
can be achieved either by a concrete slab capable of carrying the single
column loads, or by a granular cushion of appropriate thickness and fric-
tion value of its material to allow an arching effect to develop according
to Figure 4.12. To reduce the thickness of such a load distribution layer,
a geotextile of sufficient strength may be placed across the column heads
(Kempfert, 1995; Sondermann and Jebe, 1996; Topolnicki, 1996).

Preparation of the column heads for the following construction work
requires special attention and care. When cutting cured VCCs and PVCCs
to foundation level, cracking of the columns must be avoided and the cut-
ting tools have to be selected accordingly. It is therefore recommended to
achieve this by using handwork or only very light excavators for cutting of
the columns which have not yet been cured. After careful removal of the
debris, the excavations should be backfilled again for column head protec-
tion to ground level with sand or other appropriate material.

5.2.4 Quality control and testing

Since vibro concrete columns are generally quasi by definition executed for
the improvement of very soft soils (although these soils are generally only
bypassed and not improved in their characteristics), an adequate quality
assurance program is indispensible (see also DGGT, in press). It includes all
the elements which are deemed necessary for vibro replacement stone col-
umns according to Section 4.4. In addition the verticality of the columns is
very important and must be carefully controlled, measured, and reported for
each vibro concrete column. In this regard, a competent, horizontal working
platform is required for a stable positioning of the heavy vibrocat machine.
When fluid ready-mix concrete is used, pumping pressure and rate must be
carefully coordinated with the rate of extracting the vibrator from the ground
and with the hollow volume it theoretically leaves behind, and which needs
to be refilled without delay by the concrete. Only by this way a continuous
vibro concrete column can be constructed with a stable minimum diameter.

Vibro concrete columns displace the soil according to the volume of the
construction apparatus. This results in a certain amount of heave at ground
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level but also extends horizontally and may, when the distance to neighbor-
ing columns is too close, result in unwanted horizontal forces on already
cured columns or horizontal deformations of the cylindrical shaft of fresh
or curing columns. The sequence of column construction and the minimal
allowable distance between columns need therefore careful consideration. As
a rule of thumb, the minimum column distance should not fall below three
column diameters. When no experience exists from column executions in
similar soils, a trial execution in a test field is recommended where safe opera-
tional parameters can be developed.

Of equal importance is the avoidance of deformations of the column
heads deriving from the heavy loads of the construction equipment (vibrocat,
concrete pump, and heavy trucks). Figure 5.3 shows the damage which can
occur through such circumstances and which can only be remedied at large
expense.

In the presence of aggressive groundwater, the concrete for column con-
struction has to be chosen in the same way as for a piling foundation under
the same conditions. Quality assurance during construction should include
sampling of the concrete used and retaining the samples for laboratory
testing in the same way as for concrete piles. When necessary, cores from
cured columns may also be extracted and tested in special circumstances.
Column length and verticality have to be recorded.

Column integrity of vibro concrete columns, which are constructed by
using liquid concrete, is particularly important and may be tested by the
low-strain integrity test to detect cracks and diameter irregularities of the
column shaft and zones of insufficient concrete strength. In view of the inher-
ent variations of these columns with larger diameters in zones of extreme
softness, interpretation requires experience. Unexplainable test result may
require the column to be excavated or tested by core drilling.

Figure 5.3 Damage to vibro concrete column heads caused by uncontrolled heavy site
traffic. (Courtesy of Keller Group plc, London, UK\)
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For verification of the load bearing capacity of single columns or column
groups, standard static load tests are necessary. Dynamic load tests or high
strain tests may only be carried out on vibro concrete columns whose col-
umn geometry has already been established and when sufficiently calibrated
against static load tests. It needs to be ensured that the columns can bear
the tensile stresses developing during the impact of the dynamic load test. For
this reason, column heads of test piles can be safeguarded by a special steel
reinforcement. Alternatively, the dynamic impact of the high strain test can
artificially be elongated by packages of large steel springs ensuring that no
detrimental tensile stresses can develop which otherwise result during stress
wave propagation.

5.2.5 Suitable soils and method limitations

We have already seen that the fresh concrete of the column shaft requires
lateral support from the surrounding soil during the curing process. This
is particularly important in soils with thixotropic characteristics which
temporarily lose their strength during installation as a result of the vibrator
motion. In addition, influences from the construction of adjacent columns
acting on each other during installation cannot easily be excluded.
Consequently, a minimum column distance and a threshold for the minimum
soil strength need to be defined and observed for the safe construction of
these columns. In soils which are prone to creep which may result in negative
skin friction and additional vertical forces on the vibro concrete columns,
special care is necessary when using this foundation method.

When extensive heave develops during vibro concrete column construc-
tion, which cannot be controlled by changing the column pattern and which
may have a negative impact on the column integrity; partial or complete
pre-drilling at the column location can often provide remedy to the situation
at a relatively low cost.

5.2.6 Case history: Foundation on vibro
concrete columns in soft alluvial soils

In the vicinity of an existing hospital in southern Germany, a new radio-
therapy center was to be built in early 2015 consisting of three additional
one-storey structures measuring 19 X 18 m. One of the buildings encom-
passed the radiation treatment room, a heavy concrete structure, 6 m high,
and with wall and roof thicknesses of 1.75 and 3.00 m, respectively.

Site investigations revealed the presence of a soft alluvial layer to about 8 m
depth consisting primarily of sandy silt overlaying dense quaternary sandy
gravel to about 12 m depth, where tertiary very stiff to hard silts and clays were
found. Table 5.1 provides average soil characteristics established in site and
laboratory tests. These show that the superficial soft layer is unsuitable to carry
foundation loads without excessive settlements, which had been estimated to
4 cm for the light radiation buildings and to 9 ¢m for the heavy radiation room.
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Table 5.1 Characteristic soil properties

Shear parameters  Stiffness modulus

Soil layer and depth ¢, (kN/m?) ¢ (°) E, (MN/m?)
Superficial alluvial layer (0—8 m)

Sandy — 30 7
Gravelly — 325 15
Silty 30 25 5
Quaternary gravel — 35 100
Tertiary layers

Very stiff 70 225 10
Hard 100 22.5 20

These deformations were incompatible for the envisaged structures, and
it was decided to carry out a vibro concrete column foundation in accor-
dance with existing German regulatory requirements. The vibro concrete
columns were constructed from a stable working platform using the small
diameter Keller N-Alpha vibrator (see Table 3.1 and Figure 5.2b). The min-
imum column diameter, depending on the vibrator diameter actually used,
was chosen as 40 cm and the diameter of the column toe 80 cm. Based upon
experience from the construction of vibro concrete columns in similar soil
conditions, the safe characteristic vertical load capacity of the columns was
chosen as 710 kN and column spacing was selected accordingly. In col-
umn construction, the column toes had to be safeguarded by enhancing the
diameters to at least 80 cm and that all were actually resting on the dense
gravel layer below 8 m depth with envisaged settlements below 1.5 cm.

In total, 103 working vibro concrete columns were necessary for the foun-
dation of the medical center. To verify the selected safe load bearing capac-
ity of the vibro concrete columns, six test columns were installed and load
tested employing the high strain method and analyzed using the CAPWAP
procedure (Rausche et al., 1985). The test columns had a nominal diameter
of 40 cm and lengths between 5.2 and 9.1 m, respectively. Table 5.2 gives the

Table 5.2 Load tests on vibro concrete test columns (CAPWAP test results)

% Activated Skin Point Settlement
Column  Diameter  Length  static bearing  friction  bearing  at test blow
no. (cm) (m) capacity (kN) (kN) (kN) (mm)
| 40 6.2 1238 424 814 8
2 40 9.0 2204 1104 1100 8
3 40 5.2 834 275 559 14
4 40 6.6 1528 416 112
5
6

8
40 8.8 2087 852 1235 8
40 9.1 2287 1025 1262 8
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results of the load tests, which were carried out after the column concrete
had reached a maturity of at least 15 days.

All dynamic load tests, even on the short column of just 5.2 m length,
performed well and showed bearing capacities well in excess of the charac-
teristic load chosen for the design. It should however be remembered that
the execution of vibro concrete columns requires generally standard static
load testing to establish their safe load bearing capacity for every project
site with potential additional dynamic load testing to act as verification
procedure only.
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Chapter 6

Environmental considerations

DOI: 10.1201/9781315372341-6

6.1 GENERAL REMARKS

When not appropriately applied and executed, deep vibratory methods, vibro
compaction, vibro replacement, stone column, and vibro concrete columns
are potential sources of annoyance and nuisance to people and environment.
They may also cause damage to adjacent structures if certain rules are ignored.

It should be appreciated that the vibro methods generate considerably
lower greenhouse gases, notably carbon dioxide, than the common
conventional foundation solutions, and have, with the exception of vibro
concrete columns, no detrimental impact on the groundwater. Cements
and other cementitious materials are commonly used in vibro concrete
column construction are very caustic and need to be included in the risk
assessment and enforcement of safe working conditions on-site. The
general application of the vibro concrete column method for a specific
project to be executed in water-bearing soils follows the same rules of
applications as any concrete pile foundation in such circumstances, and
the choice of specific cements may have to be observed. As we have seen
previously, vibro compaction and vibro replacement use only flushing
water and compressed air and, when stone columns are built, inert back-
fill material (sand, gravel, or crushed stone). Should in specific cases the
use of recycled concrete material pose economical advantages, not only
the abrasion resistance and hardness of such materials need to be suffi-
ciently high, but also their chemistry, when exposed to the groundwater
should be reviewed to prevent unwanted groundwater pollution or any
negative impact of the groundwater on the material chosen (see also
Section 4.3.5).

In the majority of applications, the vibro compaction and vibro replace-
ment methods have, besides any economical consideration, considerable
environmental advantages over other foundation methods.

201
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6.2 NOISE EMISSION

Most countries have issued national laws or regulations for noise emission
of construction sites to protect residents living in the vicinity—for example,
in the UK BS 5228, and in Germany DIN EN ISO 3744. These regula-
tions generally contain permitted values of noise levels for different types
of neighborhood: commercial and industrial areas, housing areas, and
hospitals and nursing homes. Allowable sound levels are generally specified
in dB(A) and are based on the well-established fact that human mental and
physical well being is negatively influenced if continuous sound levels are in
excess of (Maurer, 2008b):

® 50-55 dB(A) outside buildings during the day
e 35-45 dB(A) outside buildings by night

e 30-35 dB(A) inside buildings during the day
e 25-30 dB(A) inside buildings by night

The perception of the noise intensity, generally expressed by its rate of decay
with distance AL, measured in dB(A), is proportional to the logarithm of
the distance ratio r,/r, according to

AL = 20-1og£’1) (6.1)

n

With 7, and r, being the distances from the source of the noise, any dou-
bling of the distance results in a sound level reduction of 6 dB(A).

Numerous noise level measurements conducted with the typical vibro
replacement equipment, consisting of vibrocat, depth vibrator, generator,
and air compressor including the pay loader for the gravel backfill, indicate,
at the source (r, = 1 m), a sound level of about 85 dB(A), which drops to
about 60 dB(A) at a distance of 100 m. During filling of the gravel con-
tainer, noise levels may rise by about 10 dB(A) for a relatively short period
of time. Sound absorbing elements around diesel engines and inside gravel
containers can reduce noise levels at the source by about 5 dB(A), render-
ing the vibro replacement method a relatively noise-nuisance-free ground
engineering construction method (see Figure 6.1).

When vibro compaction work is carried out, typically using crawler
cranes as base machines and water as flushing medium, the noise levels
at the source will be considerably below those measured for the dry vibro
replacement method.

Predicted noise level graphs such as given in Figure 6.1 allow engi-
neers to make a prediction and appraisal of the acceptability of a chosen
foundation method on the projected foundation site. In particular cases,
the direct measurement and review of noise levels and their propagation
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Figure 6.1 Noise levels for different ground engineering construction methods. (From
O’Hara, V., Vibration and noise levels on ground improvement sites, Guidance
Notes for Engineers [unpublished], Keller Ground Engineering, 2003.)

into the neighborhood may become necessary and will help increasing
acceptability of a valued foundation engineering solution (O’Hara and
Davison, 2004).

6.3 VIBRATION NUISANCE AND POTENTIAL
DAMAGES TO ADJACENT STRUCTURES

Vibration nuisance is generally measured by the peak particle velocity
(PPV) of the shear waves emanating from the depth vibrator where poten-
tial damage to structures in the vicinity of the compaction works is con-
cerned. Such structures can be normal buildings at ground surface but also
infrastructure facilities below ground. As we saw in Section 3.2.1 these
vibrations may also have a direct influence on the density of granular,
noncohesive soils depending on the generated ground acceleration, which
can cause settlement and subsequent damage to the structure. Loose sands
below groundwater are particularly sensitive to this effect if a critical accel-
eration of 0.3-0.5 g is exceeded.

For a steady-state vibration with a frequency f, PPV and peak par-
ticle acceleration (PPA) are connected with each other by the following
expression:

PPA=2n-f PPV (6.2)
Different national codes and regulations, such as the German DIN 4150-3

and the Swiss SN 640312a, provide maximum horizontal or resultant PPV
values, respectively, for different types of structures (Tables 6.1 and 6.2).
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Table 6.1 Design values for the maximum horizontal PPV at the top floor level of a
building due to steady-state vibration (according to DIN 4150-3)

Design values for the horizontal PPV of construction

Building type elements at the top floor level, DPPV, (mml/s)
Industrial buildings 10

Residential buildings 5

Very sensitive buildings 25

Source:  From Achmus, M. et al., Untersuchung zu Bauwerks—und Bodenerschiitterungen infolge
Tiefenrittlung, in 3. Hans Lorenz Symposium, Grundbauinstitut H. 41, TU Berlin, 2007.

Table 6.2 Design values for the maximum resultant PPV for construction elements of
buildings (according to SN 640312a)

Design values for the resultant PPV of

Sensitivity classes Frequency class construction elements, DPPV ., (mmls)

Normal sensitivity f<30Hz f=30-60Hz f>60Hz
(e.g., usual residential Occasional 15 20 30
buildings, office Frequent 6 8 12
buildings) Permanent 3 4 6

Little sensitivity (e.g., Up to two times the respective values
industrial buildings) for normally sensitive buildings

Increased sensitivity Between 100% and 50% of the
(e.g., new residential respective values for normally sensitive
and historic buildings) buildings

Source: From Achmus, M. et al., Untersuchung zu Bauwerks—und Bodenerschiitterungen infolge
Tiefenriittlung, in 3. Hans Lorenz Symposium, Grundbauinstitut H. 41,TU Berlin, 2007.

In a recent study, Achmus et al. (2007) have investigated the impact of
various depth vibrators on adjacent buildings by evaluating PPV measure-
ments. In total, over 200 vibration measurements on over 20 different con-
struction sites using four different Keller depth vibrators were analyzed.
Vibrator data were according to Table 3.1 and a typical ground PPV (PPV{,)
relationship versus distance from the vibrator is given in Figure 6.2 for
the M- and S-vibrators, which are characterized by the nominal vibratory
energy E according to Equation 6.3 and PPV, from Equation 6.4. The
factor K in Equation 6.4 is an empirical correlation factor developed from
a multitude of vibration measurements of different ground engineering
methods and can be found in Vrettos (2009).

E:% in kNm (6.3)

where:
f is the vibrator frequency in Hz
W is the nominal vibrator power in kW
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Figure 6.2 Ground PPV values induced by Keller M- and S-vibrators for 50% and
2.25% probabilities. (Redrawn from Achmus, M. et al., Untersuchung zu
Bauwerks—und Bodenerschiitterungen infolge Tiefenriittlung, in 3. Hans
Lorenz Symposium, Grundbauinstitut H. 41, TU Berlin, Germany, 2007.)

KVE

r

PPV = in mm/s (6.4)

where:
K is the factor evaluated by field vibration measurements
7 is the distance from vibrator in m

From Figure 6.2, for a building at a distance of 6 m from the vibrator
position of the S-vibrator, we get a PPV, of 13 mm/s and for the M-vibrator
6 mm/s, when assuming a 50% (exceeding) probability. The corresponding
ground PPAs (PPA;) follow from Equation 6.2 with 2.5 m/s? for the 30 Hz
S-vibrator and 1.9 m/s? for the M-vibrator, operating at 50 Hz, both val-
ues being well below the 0.3-0.5 g threshold. When considering, more
appropriately, a probability of 2.25% (exceeding) only, PPA values rise to
6.6 m/s? for the S-vibrator and to 5.3 m/s? for the M-vibrator, which both
are in excess of the above limit. Should the structure be founded on loose
to medium dense, saturated sand, the resulting accelerations are margin-
ally within acceptable limits for the M-vibrator at the 6 m distance but are
not tolerable should the S-vibrator be used, since it could result in intoler-
able induced settlements of the structure. Based upon a tolerable ground
PPA value of 0.5 g, the necessary distance from the building, not to cause
vibration-induced settlements to it, should be about 8 m for this more
powerful vibrator. When the influence of other types of depth vibrators
are concerned, their vibratory energy E can be calculated using the data
from Table 3.1 allowing a sensible comparison with the results as given in
Figure 6.2.

Achmus et al. have developed from these data a risk assessment method
for potential building damage resulting from the impact of the vibratory
deep compaction.
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In a first step (Table 6.3), the PPV values can be predicted for the average
(50%) and the worst case (2.25%) using the appropriate vibrator energy E
and distance 7. With the resultant ground PPV, . the PPA ., follow using
Equation 6.2. In a second step, the propagation of the vibrations within
the building need to be estimated. Neglecting unlikely resonance effect,
the maximum vertical PPV for floor slabs can be roughly estimated by
applying a transfer coefficient TC of 2 to the vertical foundation PPV. The
horizontal PPV at the top floor level can be assumed equal to the horizon-
tal PPV at foundation level. The third step compares PPVs so established
with design values from relevant regulation, such as given in Tables 6.1
and 6.2. Whenever worst case values are below design values, no building
damage is likely to occur. However, if predicted values, particularly the
average values, exceed the design values, caution is necessary. Direct vibra-
tion measurements should be carried out, which could necessitate increas-
ing the distance from the closest vibro probe, or alternatively usage of a less

Table 6.3 Risk assessment method for potential building damages due to vibratory
deep compaction

Step Description/equation

| Prediction of foundation and ground vibration intensities:

Foundation, horizontal:
For P = 50%: PPV, = 10.3(E'2)/r
For P = 2.25%: PPV, = 23.1(E"?)Ir
Foundation, vertical:
For P = 50%: PPV, = 7.3(E'?)Ir
For P = 2.25%: PPV;, = 17.0(E"?)/r
Foundation, resultant:
2 2 172
PPVeres = (PPV2, + 2PPVE,)
Ground, resultant:
For P = 50%: PPV .., = 37.2(E'?)Ir
For P = 2.25%: PPV, .., = 95.2(E"?)/r
PPAG o = 27tf PPV
2 Transfer coefficient TC = PPV/PPV:
For horizontal vibrations of walls and floors:
TC,= 1.0
For vertical vibrations of floors and slabs, if no resonance is to be expected:
TC,=2
PPV, = TC, PPV,
PPV, = TC, PPV,

3 Comparison with design values/assessment:
PPVg s < DPPV; . for P = 2.25% and P = 50%
PPV, < DPPV, for P =2.25% and P = 50%
PPV, < DPPV, for P = 2.25% and P = 50%
PPA;, .. < DPPA; . for P =2.25% and P = 50%

Source: Achmus, M. et al.,, Building vibrations due to deep vibro processes, in 7th Conference on
Ground Improvement Techniques, Seoul, South Korea, 2010.
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powerful depth vibrator or a modification of the foundation method would
have to be considered. Vibration measurement can, by all means, serve as
preservation of evidence in order to prove the admissibility of vibrations.
In Figure 6.3 results of such direct vibration measurements are shown
from a project area in Berlin where vibro compaction was to be carried out
in loose-to-medium dense medium sand for the foundation of a housing
project. Buildings and commercial structures situated at the perimeter of
the foundation site were potentially exposed to the vibrations emanating
from the construction work. Vibro compaction was to be carried out with
two different depth vibrators operating at frequencies of 49.5 Hz (Type A)
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Figure 6.3 Vibration measurement (PPV) in medium sand exposed to depth vibrator
vibrations. (Courtesy of GuD, Berlin, Germany.)
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and 48.5 Hz (Type B) with a centrifugal force of about 220 kN creating
a maximal double amplitude of 9 mm at their tips. Three test campaigns
were carried out on-site each consisting of three vibro compaction probes
of 7 m depth with five measuring points being placed 50 cm below ground
surface and with distances from the vibrator between 3 and 26.5 m. As can
be seen on the graph, the 5 mm/s PPV threshold for residential buildings
was on average met at about 7-9 m distance from the vibrator.

When vibro compaction works are performed in granular soil behind
retaining structures or inside cofferdams, to make use of the high friction
angle attained from increased density, the design has to take into account
different loading conditions. Initially, the wall has to support a high earth
pressure that derives from a lower density but considerably higher earth
pressure coefficient. Ultimately, the wall is subjected to a reduced earth pres-
sure resulting from the much reduced earth pressure coefficient and in spite
of the higher density.

In the direct vicinity of the wall with a vibro probe, the soil liquefies dur-
ing compaction and local stresses rise to hydrostatic pressures with densi-
ties of approximately 2.25 ton/m? for saturated sand. Stress attenuation
follows as pore water pressure declines (Diuicker, 1957, 1968). These tem-
porary local stress peaks have to be considered in the design, particularly
where steel sheet piles are concerned.

We have seen that the vibro compaction process leads to a densification
of granular soils, which is accompanied by a volume reduction manifesting
itself in a ground surface lowering. Whenever adjacent structures are within
reach of this deformation that develops during compaction, the structure
may undergo intolerable settlements particularly when its foundations are
situated close to ground surface resting on loose sandy soil. Although such
foundation settlements generally do not occur, except within a distance
from the depth vibrator equal to the probe depth, care should be exercised,
particularly when very powerful machines are being used (cf. e.g., DIN
4150-3, Appendix C).

From the above example in Berlin where vibrations at ground surface
have been measured it is possible to calculate the minimum distance at
which no compaction and thus surface settlements have to be expected.
With the measured PPVs, the maximum shear strain amplitudes v,,,, are
calculated according to:

_ PPV (6.5)

max

Cs

with measured shear wave velocities between ¢ = 104 and 118 m/s for the
different measurement campaigns in the prevailing granular soils. Figure 6.4
shows the results of these measurements accordingly. It can be seen that the
lower volumetric strain level of Y= 5105 below which no induced compac-
tion of the granular soil occurs (Vucetic, 1994) is reached at a distance of
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Figure 6.4 Distance from the depth vibrator versus maximum shear strain. (Courtesy of
GuD, Berlin, Germany.)

approximately 4.5 m from the vibratory probe for the average of the mea-
surements for both vibrator types. The 2.25% exceeding probability value is
reached at approximately 7.5 m.

In general, deformation can be minimized by performing the compaction
work in the direction toward the structure concerned, and by adopting an
effective control of the material backfill during vibro probe execution or,
more effectively, by keeping a safe distance from the nearest vibro probe
equal to its penetration depth. Whatever the protective measures, sensi-
tive structures must be well monitored, with regard to induced vibration
and settlement throughout the vibro compaction works carried out in their
vicinity.

To avoid unwanted horizontal loads developing during dry stone column
installation in cohesive soils as a result of soil displacement, pre-boring is
recommended to partial or full depth at the column locations close to sensi-
tive structures. It is also recommended to start with the nearest row of stone
columns and to work away from the structure needing protection. Generally
not more than three rows of stone columns should be carried out in this way
until normal production can be resumed again at larger distances.

6.4 CARBON DIOXIDE EMISSION

The environmental advantages of the deep vibratory ground improvement
methods are evident when looking at the nature and amount of the materi-
als used in the processes and their neutral impact on the ground and the
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groundwater in which they are used. However, this view would be short-
sighted if their carbon dioxide emissions were not addressed. Since research-
ers, most prominently Stern (2006), published reports on the impact of
climate change on the world economy, strategies have been developed in
some countries for the abatement of carbon dioxide emission, setting tar-
gets for 2050 by which global concentration of greenhouse gases could be
stabilized at a level to avoid further dramatic global temperature rises.

Although buildings, including their construction and maintenance,
account for almost half of a European country’s total CO, emission (Egan
and Slocombe, 2010) only a few countries have introduced regulatory rules
that could help to reduce the environmental impact of the construction
industry by controlling the energy demand, the generation of greenhouse
gases, and the production of waste on construction projects. Egan and
Slocombe show in their investigation the environmental advantages of the
deep vibro compaction and replacement methods over conventional piling
methods by applying the principle of reduce, reuse, and recycle, not only
qualitatively to a number of real construction projects but quantitatively by
calculating the embodied CO, for different foundation solutions.

The comparison was made on a like-for-like basis for ground conditions
that allowed both the execution of a standard piling solution and a vibro
replacement stone column foundation with specifications for total settle-
ments of 10 mm for piling and between 15 and 30 mm for the stone col-
umn alternative. The embodied CO, was calculated with values given in
Table 6.4 which followed the principles of PAS2050 (specification for the
assessment of the lifecycle greenhouse gas emissions of goods and services),
which is consistent with the approach described in EN ISO 14040.

Egan and Slocombe conclude that ground improvement foundation alter-
natives (vibro replacement and dynamic compaction—and vibro compac-
tion can be added, although not specifically mentioned) account for a CO,
saving of about 90% compared with conventional piling. Typically, the car-
bon footprint of a normal piling project is made up of 67% embodied CO,

Table 6.4 Embodied CO, for construction materials and services

Materials and services Embodied CO, Remarks
Concrete (300 kg/m3 cement) 225 kg/m? UK data average
Concrete (340 kg/m?3 cement) 255 kg/m3 The Concrete Centre
Reinforcing steel 420 kg/ton Recycled steel

Stone aggregate (quarried) 8.0 kg/ton

Stone aggregate (recycled) 3.7 kglton

Stone aggregate (virgin) 5.0 kg/ton

Diesel fuel 2.6 kg/ton

20 ton truck 4.4 kg/km

Source: Egan, D.and Slocombe, B., Proc. Inst. Civil Eng., 163(1), 63,2010.
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for the concrete, of 27% for the reinforcing steel and of 6% for the works
execution and other supporting services. This picture changes completely
for a typical vibro stone column site for which 68% of the embodied CO,
is consumed by the stone backfill material and 32% by the works execu-
tion and transport, all this however on a much reduced overall total CO,
emission.

Although valid European law and regulations already allow awarding
public work based upon comprehensive standard of values, that is, includ-
ing the cost of CO, emissions, and although the Stern review proposes valu-
ing CO, emission at 85 EURV/t, in reality public submissions in construction
continue to be assessed solely on the basis of traditional economical advan-
tages of cost and time. Within the time horizon of the Stern review to 2050,
it is not yet too late to educate decision makers in construction of the advan-
tages of CO, valuation in general and of the environmental benefits which
can be gained when adopting the deep vibro compaction and replacement
ground improvement methods in particular.

In 2013, the European Federation of Foundation Contractors (EFFC)
and the Deep Foundation Institute (DFI) published the EFFC, DFI Carbon
Calculator which they had jointly developed. It is a carbon accounting
methodology and provides useful carbon footprint analyses by calculat-
ing the emissions of foundation construction projects in a consistent and
comparable way across the industry (EFFC-DFI, 2013). It gives also an
interesting and brief description of the main carbon accounting standards
developed worldwide around 2000. This tool integrates also the best prac-
tices identified in already existing carbon footprint calculators which had
previously been proposed by some members of EFFC and DFI. Vibro com-
paction and vibro stone columns are included in a total of 15 different deep
foundation and ground improvement methods.

We have seen that vibro compaction in its ideal form does not require
any raw material for its execution, and that vibro replacement uses only
stone aggregate as backfill material, in this way significantly reducing
greenhouse gas emission. Both ground improvement methods do not leave
behind troublesome obstructions in the ground encouraging in this way the
unhindered reuse of the building site after demolishing of the structures.
We have also seen that recycled aggregate can be used as backfill material
for the stone columns provided that their physical and chemical properties
are assessed properly for the purpose.
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Chapter 7

Contractual matters

DOI: 10.1201/9781315372341-7

Traditionally, the employer or owner executes a contract by engaging a
consulting engineer to do the design work, preparing the tender docu-
ments, and generally also supervising the works during construction. After
selecting a contractor, he would normally work under a direct contract for
the employer. In this role, he is responsible for the execution of the works
according to the contract conditions and specifications, and to instructions
of the engineer who supervises the works.

In other contract forms, such as BOT (build, operate, transfer) contracts,
the traditional role of the engineer has changed. The employer is often a
group of private companies that are willing to finance a specific project on
behalf of the government. Following a bidding procedure, it would order
a contractor or joint venture of different contractors to realize the proj-
ect, often on a turnkey basis, according to their own design which would
normally be subcontracted to an engineer who might also supervise the
construction works. It is quite obvious that there has been a change in
the responsibilities of the engineer and particularly the key risk of the
employer, that is, the responsibility for unexpected, unknown, and unfore-
seen ground conditions.

Traditionally, the engineer, working directly for the employer, would
provide the contractor also with the results of the geotechnical investiga-
tions and would base his design on his own interpretation of these findings,
which will also direct any contractor’s own design work. Accordingly, it
is the risk of the employer and his engineer if a substantial change of the
geological conditions requires adaptations of the design or the work proce-
dure. In these circumstances, it is the contractor’s responsibility to notify
the engineer of these changed conditions and, ultimately, the employer
would have to reimburse the contractor for any additional work result-
ing from these changes. This principle should also apply if a contract was
executed on a lump-sum basis with warranted dimensions and properties.

Where BOT contracts are concerned the employer’s risk for the geotech-
nical conditions is passed on to the contracting consortium, which has to
carry out all necessary investigations for the design and execution of the
works and which employs therefore its own engineer.
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In a majority of contracts, the necessary ground improvement works will
be carried out by specialist contractors working as subcontractors. With
both types of contracts, the geotechnical investigation and its competent
interpretation by the engineer (either working on behalf of the employer
or for the turnkey contractor) is essential for a successful execution of the
foundation works. Regardless of who ultimately will bear the risk for the
subsoil conditions, it is in the best interest of geotechnical engineers to help
to make specialist foundation works such as ground improvement by deep
vibratory compaction a technically and scientifically accepted method.

Contract conditions will also contain a project description including a
time schedule to allow the specialist contractor to define the required plant
and equipment. A bill of quantities with payment and legal conditions are
the key elements of the contract which is generally complemented by tech-
nical specifications. The rules of the contract have to reflect the employer’s
right to have all works done according to the current state of the art.

The increasing importance of ground improvement in general, and the
rising demand for the deep vibratory methods of vibro compaction and
vibro replacement stone columns in particular, prompted engineering soci-
eties in many countries to work out standards, specifications, and notes of
guidance to support good practice in this specialized field of construction
industry (ICE, 1987; BRE, 2000; CFMS, 2005 or codes such as DIN EN
14731). In the United States, preference is given to case-by-case specifica-
tions that often accommodate the needs of the specific project in a better
way. These and the guideline specifications generally reflect experts’ knowl-
edge in the technical field as well as in contractual affairs and serve for both
design-and-build and for measured contracts.

The previous chapters have highlighted the importance of a comprehen-
sive soil report which is prerequisite for the ground improvement design.
It should contain all information on the soil which is generally necessary
for bearing capacity and settlement calculations under the loading con-
ditions of the project. When vibro compaction of loose granular soils is
envisaged, the soil investigation has to include, apart from general informa-
tion on in-situ densities and water table, stratification, sieve analyses, and
mineralogical composition of the sand layers. We have seen that unsuitable
cohesive soils are not just bypassed with the vibro stone column method.
Their strength and deformation characteristics are essential information
for the design. Equally important are the contractual regulations to cope
with nonconformance situations when assessing the effectiveness of the
ground improvement method. Whenever the deviations from the perfor-
mance requirements are not caused by the quality of the works, specialist
contractor and engineer together have to work out a solution to remedy
this situation which will have to rely on an accurate description and of soil
properties and their meaningful interpretation.

On vibro compaction contracts, performance checks are normally
carried out by comparison of pre- and post compaction in-situ density
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measurements, such as cone penetration test (CPT) or standard penetration
test, with specified values. Depending on the size of the projects, in-situ test-
ing should be carried out at a frequency between 400 and 900 m? per test,
with a time lapse for the posttreatment test of 2 weeks for silica and at least
3 weeks for calcareous sand. Although the location of the post-compaction
test is generally chosen at the weakest point of the vibro compaction probe
grid, other criteria for the location of the verification testing, particularly
for large grid spacing in calcareous soils, were found to be more appropri-
ate. To cope with the relatively sharp density attenuation in these soils with
increasing distance from the compaction center, the weighted average bet-
ter reflects the true compaction result. This can be obtained as shown in
Section 3.6.7 or, somewhat less laborious, by calculating the average g,
out of only two CPT measurements carried out at the third point, being
representative for 40% of the grid area, and at the mid point, represent-
ing 60% of the area, of the distance between two compaction probes (see
Equation 7.1 and Figure 7.1).

Jetwa) = 0.4+ qer3) + 0.6 - ge2) (7.1)

In addition to this approach, it is recommended to smoothen the g, values by
averaging the measurements over a depth increment of 0.3-0.5 m. The curve
so developed can then be compared with performance criteria of the contract.
A failed test would generally trigger verification procedures which ultimately
could require remedial measures. Verification should be done generally by two
additional CPTs which, when one of these fails again, would require remedial
action, which could be recompaction or, in the case of adverse soil conditions,
a detailed geotechnical analysis necessitating other ground improvement mea-
sures (vibro stone columns, compaction grouting, etc.).

The technical specifications should also contain detailed requirements
for the compaction probe records, information on adjacent structures need-
ing protection (underground services, seawalls, quays, and other buildings),
details for the posttreatment surface grading and compaction, and a survey
of the site levels before and after compaction, which is an excellent indica-
tor of the effectiveness of the vibro compaction method.

W = weakest point
1/2P  1/2 P=half point
1/3 P = third point

(@) (b)

Figure 7.1 Location of cone penetration test in triangular grids: (a) silica sand and (b)
calcareous sand.
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Where vibro replacement stone columns are concerned, the specifications
should not give too many details unless trial stone columns have been con-
structed beforehand, allowing the specialist contractor sufficient latitude
in choosing the appropriate equipment and in the detailed construction
procedure (Barksdale and Bachus, 1983). This philosophy is particularly
valid when looking at the range of depth vibrators in use today. End result
specifications therefore appear to be preferable restricting the key require-
ments to a certain design bearing pressure and providing limits for the total
and differential settlement.

The construction process will, in the majority of projects, involve the dry
bottom feed method since the use of jetting water necessary for wet stone
columns requires special considerations in their construction (sludge han-
dling and disposal of process water), and this is only rarely possible due to
environmental restrictions. In the case of soft ground extending to ground
surface, the owner and the engineer need to address the requirement of a
granular working platform which is necessary for safe operation of the
heavy equipment and the efficient execution of the work.

An effective data acquisition system recording all relevant process param-
eters, in particular the actual amount of stone backfill used, is indispensable
for all vibro stone column projects. A realistic measurement of the stone
volume over depth, currently state of the art with the bottom feed method,
enables determination of the stone column diameter. It must be remembered
that the column diameter and the friction angle of the stone column material
are the key parameters determining their behavior under load. Stone con-
sumption is therefore an essential element of quality control procedure and
a key assumption made in the design. Measurement and control of the stone
quantity is particularly important in very soft soils in which an overtreat-
ment is to be avoided which otherwise may lead to an unwanted reduction
of local strength of the surrounding soil by remolding. Similarly important
are measures to avoid excessive heave, particularly in the final stage of col-
umn construction. Pre-boring, which can also become necessary to pen-
etrate obstructive layers, is an effective measure in these instances.

Load testing will not be required when the performance of stone col-
umns can be assessed with sufficient confidence from similar projects with
comparable ground and loading conditions. In all other cases, and par-
ticularly for large contracts, load test on single columns, or on groups of
columns—known as zone tests—is recommended and will help to verify
bearing capacity and settlement performance requirements. Procedures for
testing and instrumentation need to be specified together with the observa-
tion of the pore water pressure development in the ground to allow time to
elapse before commencing the load test procedures.

Measurement of vibro compaction is generally done by the volume in cubic
meter of sand to be compacted to a specified density. Pre- and posttesting at
specified frequencies can also be included in this item. The compaction work
includes rough site leveling. It may or may not include surface compaction
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of the upper 0.5 m. The engineer may specify a depth vibrator with a cer-
tain power rating, although this selection is better left to the specialist con-
tractor and will be reflected in his proposal by the probe pattern, method
statement, and execution time necessary for the volume of works. For pre-
liminary assessment of the time to compact sand from loose to medium den-
sity, an average production rate of about 7500 m? for a 10-h shift of a single
depth vibrator is reasonable. Production and unit price depend, of course,
on many parameters and conditions described in Chapter 3.

For vibro stone columns the proposed unit for measurement is lin.m of
stone column with specified diameter, length, and quality of gravel back-
fill, which the contractor has to identify with appropriate data acquisition,
calibrated before starting the work and at suitable intervals during the
contract. The specifications will indicate which method of execution (wet,
dry top or bottom feed system) should be used. It is advisable to specify a
minimum power rating for the depth vibrator to be used to ensure proper
densification of the stone backfill. The decision to pre-bore through hard
layers should be left with the specialist contractor, provided their strength
can be described sufficiently accurately. For normal conditions, an average
production rate of 300 lin.m of 0.6 m diameter dry bottom feed stone col-
umns can be assumed for a 10-h shift and one machine operating.

The main item for the execution of stone columns is occasionally split
in an item for the column construction in lin.m and a second item for the
delivery and placement of the stone backfill in cubic meter or per ton.
To underline the importance of the stone column diameter, the authors do
recommend always specifying the stone columns together with a minimum
diameter according to the design which has to be verified during execution
of the works. Price of the backfill stone can be decisive for the cost of a
vibro replacement project. It is therefore important to find suitable material
at economic prices. The use of sand or recycled material is often a worth-
while compromise, even if the stone column design needs amending for
reduced shear properties.

Vibro concrete columns represent a variation of small diameter in-situ
concrete piles and should, from a contractual point of view, be considered
accordingly. The establishment and on-site control of the load carrying capac-
ity and settlement performance should generally be by standard load testing,
only in exceptional cases and with sufficient experience should dynamic load
testing be performed. Vibro concrete column foundations should only be car-
ried out by experienced contactors using efficient data acquisition systems
closely controlling especially verticality and diameter of the column.

In all cases in which the works are being executed according to the spe-
cialist subcontractor’s design, the employer or turnkey contractor will base
his decision for the contract award on price, time of execution, and a war-
ranted design. Resolution of disputes on the extent of the treatment (probe
spacing and depth, column diameter, depth, and distance) can only be on
the basis of a comprehensive geotechnical report.
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140-141, 184, 203
vibrator, 35
Aging effect, 79
Amplitude of vibrator, 10, 19, 21,
34-38, 41-44, 110, 193, 208
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in vibro compaction, 15, 77, 81, 84
for vibro stone and concrete
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in cohesive soils, 120-121,
129-134, 144, 148151,
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in granular soil, 8, 12, 14, 31, 53,
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Becker penetration test, 65, 79, 187
Bottom feed vibrator, 30, 110-112,
179, 192-195
Bulging, 123-124, 129-131

Calcareous sand, 84, 89, 215

Carbonate content, 61, 84, 103

Carbonate sand, 83, 89

Cementation, 23, 40, 45, 61, 68,
84-85

Centrifugal force, 35-37, 42, 208

Climate change, 210

Clogging, 136
CMC (controlled modulus column)
method, 190
CO, emission, ix, 210-211
Column
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integrity, 196-197
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Compaction
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Cone penetration test, 22, 25, 58-60,
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Damages, 203, 206
Data acquisition, ix, 113, 149,
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Density
critical, 63
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factor, 154
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Durability index, 143
Dynamic loading, 120, 143
Dynamic replacement method, 190

Earthquake
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resistance, 136
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Effective stress, 41, 45, 58, 60-64,
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Failure mechanism, 129-130
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96-100, 105, 187
Fluidization, 40-41
Franki gravel pile method, 190
Frequency
natural, 42
operating/vibrator, 36-37, 42,
83,204

Friction angle
of column material, 121-127,
131-133, 137, 144-147, 150,
163, 167, 191
of sand, 53-54, 58-59
Friction ratio, 68, 81-82, 93-94,
175, 180

Geopier method, 190
Geotextile, 124, 190, 195
Goughner and Bayuk method, 1235,
127-128, 146-147, 157-158
Grading of backfill, 108
Grain
fracturing, 61
shape, 41, 62
size, 3, 16, 19, 41, 50, 54, 62,
72, 80-82, 105, 143-145,
152,185
Granular blanket, 139, 171
Gravel pump, 116
Grid pattern, 86, 91-92, 116-118,
125-126
Groundwater
aggressive, 7, 26, 38, 109, 196
control, 62
Group behavior/effect, 116, 120-125,
130-134, 146-147, 150,
166-167, 194

Hardness, 54, 62, 109, 150, 201

Heave, 110, 149, 152-153, 177, 190,
195, 197, 216

High strain method, 198

Hybrid column, 192

Impact roller, 91-92
Improvement
depth, 120, 167
factor, 119-120, 125-127, 133,
135, 141, 146149, 154159,
167-168, 179, 184
Infinite grid, 31, 116-117, 121, 125,
130, 141, 150-151, 169, 174
Interaction, 31, 38, 105, 121, 124, 130,
150, 158, 166
Isolated/single columns, 20, 125, 129,
131, 150-151, 171-174,
197,216

Liquefaction, 9, 25, 41
potential, 63-71, 95-100, 136-149,
182-189
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Load concentration, 120, 124
Load test
on column groups, 166-170
horizontal, 27-28
on single columns, 20,
150151, 173

Modulus
constrained, 52, 54, 59, 93-94, 131,
157,173
equivalent, 150
shear, 75, 183-184
Young’s, 133, 150, 157, 163, 165
Monitoring, 78, 149, 177-178

Noise emission, 202-203

Overburden pressure, 61-67, 71-73,
84, 130, 134, 144

Pattern
of compaction, 56-57, 100, 103
of stone columns, 130, 138,
140-141, 149
Permeability, 1, 41, 45, 49-55,
61-63, 73, 81-83,
136-145, 183
Pore water pressure, 27, 41, 45, 62-63,
73,79, 131, 141-143, 183,
208, 216
Porosity, 50-51, 157
Preboring/predrilling, 85, 110, 152,
177,197
Priebe method, 122-129, 133-136,
141, 146, 154, 157, 184
Probe spacing, 31, 57-58, 77, 84, 93,
100, 217
Process water, 77, 170-172, 216

Quality assurance/control, 2—-4, 54,
77, 86-87, 91-93, 104,
125, 149, 170, 173-174,
195, 216

Quartz sand, 43, 100-103. See also
Silica sand

Radius of influence, 41, 44, 57
Reclamation, 21, 83, 85,
102-103
Recompaction, 78, 91, 215
Replacement ratio, 95, 117-119,
126-127, 164, 167, 169,
177-178, 187188, 190

Resonance, 3, 42-43, 206
Retaining structure, 62, 208
Rotational speed, 33-35, 38

Saito criterion, 143, 185
Seepage, 45, 62, 136-138
Seismic risk, 4, 63, 144
Settlement
control, 54, 57, 88, 151, 178
improvement, 119, 154, 159,
162, 190
reduction, 122-125, 130,
148, 154
Shear strength
in sand, 1, 12, 40-41, 49,
53-55
with stone columns, 105, 115-117,
120121, 129-135, 150,
158-165, 173, 191
Shear stress
in sand, 45, 53, 64, 75, 99
with stone columns, 118, 128, 135,
140, 158, 184, 189
Shear wave velocity, 54, 63,
78-79, 183
Shell content, 61
Silica sand, 55, 58-61, 83,
87,215
Sludge handling, 30, 109, 216
Soil behavior type index, 68-72,
96,99
Standard penetration test, 22, 58, 79,
170, 215
Stiffness, 31, 52, 59, 94, 103,
109, 117, 119-123, 130,
146-152, 166-168, 184,
191, 198
Strain
amplitude, 42-44, 208
volumetric, 53, 72-77,
208-209
Stress concentration, 118-122,
127,130, 133-136,
140-141, 159, 164, 167,
169-170, 190
Stress cycle, 44, 64-65, 76, 141, 143,
182, 184
Subsidence, 91, 93, 180
Suitability, 80-83, 150, 153, 180

Unit cell, 116-119, 121, 125-130,
134-140, 150-151, 154, 158,
168, 171-174
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Verticality, 78, 107, 109, 112,
192-196, 217
Vibration
horizontal, 3, 7, 33, 39, 189, 206
measurement, 204-207
nuisance, 203
vertical, 3, 33, 189, 206
Vibrator frequency, 42, 83, 204
operating, 36-37, 90
variable, 36-37, 81
Vibrocat, 28-30, 108-113, 172-173,
192-193, 195-196, 202
Vibro concrete column, 2—4, 189-199,
201, 217

Vibro mortar column, 189

Vibro wing method, 189

Void ratio, 6, 12, 43-45, 51,
55, 62-63, 86, 144,
157-158

Wastage, 149

Water content, 20, 29, 115, 117, 152

Water management, 77, 105, 109

Weakest point, 56, 215

Working platform, 149, 152, 180, 183,
195, 198, 216

Zone test, 150, 216
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