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ABSTRACT
In this state-of-the-art report, a comprehensive review of the latest developments in geotechnical construction methods and som
emerging techniques is presented. The review focuses mainly on four topics: (1) ground improvement, (2) deep excavation and
tunnelling, (3) natural hazard mitigation and (4) dredging and land reclamation. Other topics such as grouting and groundwate
control are also discussed briefly. Different construction methods for each topic are summarised or classified. The gmihciples
mechanisms of different construction methods are outlined. Applications of some of the most recent construction methods are
illustrated using case histories. Many references on the topics discussed are also referred to in the report.

RESUME
Dans ce rapport sstate-of-the-arte, une revue compréhensive des développements récents en méthodes de constructionajéotechnique
des techniques nouvelles est présentée. Cette revue se concentre sur quatre domaines: (1) amélioration du sol, (2) excavations
profondes, (3) prévention des risques naturels, (4) le dragage et la construction des terrains gagnés sur la mer. D@asesujets co
injections et contréle de lsécoulement deeau dans le sol sont brievement discutés également. Des méthodes de construction pour
chaque domaine sont résumées ou classifiées. Les points essentiels des principes et des mécanismes des différentes méthodes ¢
construction sont donnés. Des cas exemplaires de lsapplication de quelques des plus récentes méthodes de construatiés sont disc
Le rapport donne beaucoup de références sur les sujets discutés.

Keywords : Deep excavation; Dredging; Ground improvetrridazard mitigation; Land reclamation; Tunnelling

1. INTRODUCTION The report has four main sections: Section 2 on ground
improvement was contributed by Varaksin and Chu, Section 3
The theme of this report is Construction Processes. We arguen deep excavation and tunnelling by Klotz, Section 4 on
sometimes whether geotechnical engineering is an art or aatural hazard mitigation by Chu and Section 5 on dredging and
science. However, there is no doubt that geotechnicaland reclamation by Mengé.
construction itself has to be both an art and a science.
Construction is a process that requires ingenuity beyond th@. GROUND IMPROVEMENT
technology available at a particular time. It is also related to
many other factors such as politics, religion, economy, and oR.1 Introduction
course, geological conditions and the availability of
construction methods and materials. The construction of the&Ground improvement is an old, but fast growing discipline in
Pyramids in Egypt some 4500 years ago is a perfect exampleivil engineering. As one of the major topics in geotechnical
The construction process for each individual project is uniqueengineering, it is also covered in almost all the major regional
One may be able to review the technological aspects of ther international geotechnical conferences. The state-of-the-art or
construction, however, the construction process itself cannot beecent developments in ground improvement have also been
reviewed without referring to the social, economic, geologicalreviewed in the past ISSMGEonferences. In particular the
and technological background associated with the project. Orstate-of-the-art (SOA) report on Ground Improvement by
the other hand, it would not be feasible to present the state-oMitchell (1981) at the 10ICSMFE in Stockholm, the Theme
the-art of construction based mainly on case historiesLecture on Geotechnical Engineered Construction by Schlosser
Furthermore, Construction Processes is a very broad topic. kt al. (1985) at the 11ICSMFE in San Francisco, several theme
would not be possible to cover every aspect of it in one reportlectures on soil improvement related topics at the 14ICSMFE in
To accomplish this smission impossibleZ, the focus has beerl997 in Hamburg, the SOA Report on Ground Improvement by
confined to four main topics: (1) ground improvement, (2) deepTerashi and Juran (2000) at the GeoEng2000 Conference in
excavation and tunnelling, (3) natural hazard mitigation and (4)Melbourne and the TC17 Workshop at the 2007 ECSMGE (in
dredging and land reclamation. Other topics such as groutingC17 website: www.bbri.be/go/tc17). Various specialised
and groundwater control are discussed only briefly with the fourground improvement conferences have been held frequently in
main topics. Each of the four topics itself covers a broad rangethe past and recent years (soamne listed in the references). A
Therefore, different emphasis has to be given to different subahumber of books covering various topics on ground
topics. The selection dhe emphasis is partially influenced by improvement have been published in the past (Van Impe 1989;
the experiences and expertise of the authors. ParticulaHoltz et al. 1991; Bergado et al. 1996; Mitchell and Jardine
emphasis is also given to emerging techniques that may b2002; Bo et al. 2003; Smoltczyk 2Q0Bloseley and Kirsch
potentially adopted in practice ovarlarge scale in the future. 2004; Indraratna and Chu 2005; Woodward 2005; Kitazume
As the theme of this report is on Construction Processes, otheét005). There are also many technical papers published in
related aspects such as design and analysis are not covered. journals and conference proceedings. It @® mpossible to
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mention all. Separate lists are given in the TC17 website Major ground improvement techniques have been
(www.bbri.be/go/tc17). documented by the Working Groups of TC17 and made
A good ground improvement method should be based oravailable in the TC17 website (www.bbri.be/go/tc17). In the
sound concepts and working principles. The notion of sconceptZollowing sections, the ground improvement methods will be
is linked to the art of engineer. It requires the knowledge ofreviewed according the classification shown in Table 1. Main
fundamental behaviour of soils, the knowledge of variousemphasis will be given on construction methods and the most
ground improvement techniques, understanding of soil-structur@ecent developments. Case histories are presented as examples
interaction, the knowledge of performance and limitations ofwhenever appropriate.
available equipment and of course economics. An overview of
the concepts and designs for different ground improvemen®.3 Ground improvement without admixture in non-cohesive
techniques and the various empirical and analytical modellingsoils
and codes including design guidelines has been given by
Schweiger (2008) in the TC17 website (www.bbri.be/go/tc17).2.3.1Dynamic compaction (Al)
The basic concepts are set by either engineers or specialist
contractors based on their experience, knowledge of locallhe terms dynamicampaction and dynamic consolidation have
geological conditions, available parameters, soil-structurebeen used interchangeably. However, it is proposed to use the
interaction, criteria of strength and deformation, schedule anderm dynamic consolidation specifically for the improvement of
equipment availability. Very often, the basic concept of groundsaturated cohesive soils. Both refer to the process of
improvement is the combination of several techniques taking albystematically tamping the ground with a heavy weight dropped
the above criteria into account. from a height. The impact energy adopted is commonly around
Another important element in geotechnical design for ground300 to 500 t-m per impact to achieve a depth of influence of up
improvement works is design parameters. Ground improvemento 8 m in general. However, higher energy between 700 to 4,000
is often carried out with very little knowledge of the ground. It t-m per blow has also been used under exceptional cases to
is not uncommon in practice to obtain a specified end product irachieve a deeper depth of influence.
hundred thousands of cubic meters of soil based on the The dynamic compaction method has been used for several
information provided by only a few kilograms of soil samples decades in the past. A digd review on the design,
which are often disturbed. construction and applications of this method will not be
Ground improvement involves not only the concepts andprovided here as it has been reviewed by several researchers
parameters, but also equipment and construction workmanshigpefore (Mitchell 1981; Lukas 1986; Welsh et al. 1987,
A major part of the advances in ground improvement must beSlocombe 2004). The equipment for compaction has undergone
credited to the manufacturers of various ground improvement constant evolution. As far as the shape of the pounder is
equipment. It is with the constant improvement in the concerned, there are studies (Feng et al. 2000; Arslan et al.
equipment that we are able to push the boundaries of groun2007) that indicate significant increases of the amount of
improvement technologies toward the direction of <betterZ,ground improvement by using a conical rather than a flat-

-deeperZ, «fasterZ, and -cheaperZ. bottom pounder. However, this does not seem to be true in all
the cases. The commonly used modified crane system can drop
2.2 Classification of ground improvement methods a weight of 6 to 22 tons with a single line attached. Lukas

(1986) shows that the attached line from the crane reduces the

Ground improvement methods have been classified in differenefficiency of the energy by as much as 20%. An alternative
ways. In the State-of-the-Art report by Mitchell (1981), the system used in China is shown in Fig. 1. The light hoisting
ground improvement technologies were classified under 6equipment and struts supported booms allows an up to 30 tons
categories based on the principles of the methods. These are: ineight to drop freely from a height of more than 10 m.
situ deep compaction of cohesionless soils, precompressiorExceptional hoisting equipment with 4,000 t-m (Fig. 2) was
injection and grouting; admixtures; thermal treatment andused for the airport project in Nice, France. A 900 t-m
reinforcement. Terashi and Juran (2000) adopted thiscompaction frame as shown in Fig. 3 was also used for a
classification framework, but added one more categoryliquefaction mitigation project at Palm Springs, California,
sreplacementZ. Another ground provement system is based USA, which was located a fewiles from the San Andrea fault.
on whether foreign materials are introduced to the soil or notHowever, it is not economical to move these giant structures
TC17 adopts a classification system as shown in Table 1. Thifrom one place to another. Therefore,ithesage is limited to
classification is based on the broad trend of behaviours of thenega projects only.
ground to be improved and whether admixture is used or not
Indeed, techniques without admixture are extremely depender
of field behaviour and require extensive monitoring and quality
control by adequate methods. This is the case particularly fo
dynamic methods where extensifield calibration tests are
required before a reliable design can be achieved. In contras
the methods for ground improvement with admixture require
preliminary design to set proper arrangement for the admixture
its characteristics and selection of proper tools. Based on th
TC17 classification, the following 7 working groups have been
setup within TC17:

WG-A: Concept and design

WG-B: Ground improvement without admixtures in non

cohesive soils
WG-C: Ground improvement without admixtures in cohesivefs
soils

WG-D: Ground improvement with admixtures

WG-E: Ground Improvement with grouting type admixtures === . E——

WG-F: Earth reinforcement in fill Figure tlld o isting equipment and struts

WG G: Earth reinforcement in cut supported booms
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Table 1. Classification of ground improvement methods adopted by TC17

Category Method Principle
d Al. Dynamic compaction Densification of granular $nildropping a heavy weight from air onto ground.
mﬁgglér:nent A2. Vibrocc_)mpaction _ Densification oﬁgnulgr so_il using a vibratory prqinserted into ground. _
without A3. Explosive compaction Shock waves a_nd wbra_tlons are gtmbpy blasting to cause granular soil groynd
- . to settle through liquefaction or compaction.
admixtures in - - —— -
non-cohesive A4. Electric pulse compaction Der_15|f|cat|on of granula_r sa@ing the shock waves and energy generated by
. . electric pulse under ultra-high voltage.
soils or fill — - - - - - -
materials Ab5. Surface compaction (including rapid| Compaction of fill or ground at the surface or shallow depth using a variety of
impact compaction). compaction machines.
B1. Replacement/displacement (including Remove bad soil by excavation or displacement and replace it by good soil or|rocks.
load reduction using light weight Some light weight materials may be used as backfill to reduce the load or|earth
materials) pressure.
B. Ground B2. Preloading using fill (including the Fill is applied and removed to pre-consolidate compressible soil so that its
improvement use of vertical drains) compressibility will be much reduced when future loads are applied.
without B3. Preloading using vacuum (including| Vacuum pressure of up to 90 kPa is used to pre-consolidate compressible soil{so that
admixtures in combined fill and vacuum) its compressibility will be much reduced when future loads are applied.
cohesive soils [ B4. Dynamic consolidation with enhanced Similar to dynamic compaction except vertical or horizontal drains (or together| with
(also see drainage (including the use of vacuum) | vacuum) are used to dissipate pore pressures generated in soil during compagtion.
Table 4) B5. Electro-osmosis or electro-kinetic DC current causes water in soil or solutions to flow from anodes to cathodes which
consolidation are installed in soil.

B6. Thermal stabilisation using heating gr Change the physical or mechanical properties of soil permanently or temporafily by

freezing heating or freezing the soil.

B7. Hydro-blasting compaction Collapsible soil (loess) is compacted by a combined wetting and deep explosion
action along a borehole.

CL1. Vibro replacement or stone columns Hole jetted into soft, fine-grained soil and back filled with densely compacted gravel
or sand to form columns.

C2. Dynamic replacement Aggregates are driven into soil by high energy dynamic impact to form columns.

C. Ground The backfill can be either sand, gravel, stones or demolition debris.

improvement C3. Sand compaction piles Sand is fed into ground through a casing pipe and compacted by either vibration,
with admixtures dynamic impact, or static excitation to fiocolumns.

or inclusions C4. Geotextile confined columns Sand is fed into a closed bottom geotextile lined cylindrical hole to form a cglumn.

C5. Rigid inclusions (or composite Use of piles, rigid or semi-rigid bodies oolumns which are either premade |or

foundation, also see Table 5) formed in-situ to strengthen soft ground.

C6. Geosynthetic reinforced column or | Use of piles, rigid or semi-rigid columns/inclusions and geosynthetic girds to

pile supported embankment enhance the stability and reduce the settlement of embankments.

C7. Microbial methods Use of microbial materials nwdify soil to increase its strength or reduce |its
permeability.

C8 Other methods Unconventional methods, such as formation of sand piles using blasting and the use
of bamboo, timber and other natural products.

D1. Particulate grouting Grout granular soil or cavities or fissures in soil or rock by injecting cement gr other
particulate grouts to either increase the strength or reduce the permeability of soil or
ground.

D. Ground D2. Chemical grouting Solutions of two or more chemicals react in soil pores to form a gel or a solid
improvement precipitate to either increase the strength or reduce the permeability of soil or

with grouting
type admixtures

ground.

D3. Mixing methods (including premixing
or deep mixing)

Treat the weak soil by mixing it with cement, lime, or other binders in-situ us
mixing machine or before placement

ng a

D4. Jet grouting

High speed jets at depth erode theasdilnject grout to form columns or panels

D5. Compaction grouting

Very stiff, mortar-like grout is injected into discrete soil zones and remain
homogenous mass so as to densify loose soil or lift settled ground.

D6. Compensation grouting

Medium to high viscosity particulate suspensions is injected into the
between a subsurface excavation and a structure in order to negate or
settlement of the structure due to ongoing excavation.

E. Earth
reinforcement

E1. Geosynthetics or mechanically
stabilised earth (MSE)

Use of the tensile strength of various steel or geosynthetic materials to enhal
shear strength of soil and stability of roads, foundations, embankments, slof
retaining walls.

E2. Ground anchors or soil nails

Use of the tensile strength of embedded nails or anchors to enhance the
slopes or retaining walls.

E3. Biological methods using vegetation

s in a

ground
reduce

ce the
es, or

tability of

Use of the roots of vegetation for stability of slopes.

in the Nice airport project

This improves the efficiency of the line attached drop and
reduces the backwards reaction of the hoisting equipment.

achieved.

where a surcharge placed at the future oil tank location

A recent improvement to the dynamic compaction system
the use of progressive drop. As shown in Fig. 4, the weight is
allowed to fall freely after a slowly unloading from the boom.

is

yet
With

this improvement, a more than 875 t-m effective drop can be

A theoretical approach of dynamic surcharge was proposed
by Varaksin (1981). Similar work was undertaken at the Jurong
Mobil Oil tank yard in Singapore (Yee and Varaksin 1997)

was

«dynamically surchargedZ by pounding with 300 t-m energy
- o : impact around the toe of the surcharge creating from 3 to 12
Figure 2. Dynamic compactlon hoisting equipment with 4,000 t-m usedimmediate settlement afte40 days static surcharge.

cm

If the
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magnitude of improvement is dely related to the nature of the However, as the degree of improvement varies with depth, it

soil to be improved, the depth of improvement for the impactwould be more desirable to describe the amount of

techniques becomes an important design parameter. Menaichprovement as a function of depth. For this reason, the above
(1975) and Mitchell (1981) provided a method to estimate theequation has been revised recently by Varaksin and Racinais
depth of significant effect of the compaction, D, as a function of(2009) as:

the square root of the energy. Varaksin further refines the f, f 2
equation as follows: fz o7 z NGL“ f; (2)
(D)=C G/WH (1) Where: f(z) is the improvement ratio at elevation (z); z is the

depth in meters; NGL is the natural ground level; D is the depth

where: C is the type of drop. Its value is given in Tabl&g.a  Of influence of dynamic consolidation; fis the maximum
correction factor.G = 0.9 for metastable soils, young fills, or improvement ratio observed at ground surface and it is

very recent hydraulic fills an@= 0.4 ... 0.6 for sands. dimensionless. The value may be taken;as@.008E and E is
the energy in tons-meterfmand $ is the improvement ratio at
Table 2 Values of coefficient C in Equation (1) the maximum depth of influence that can be achieved.
. . . Double Most of the dynamic soil improvement projects are specified
Drop | Free | Rig Mec.h anical Hyo.lrau"c hydraulic based on density requirements and relative density is often used.
method | drop | drop winch winch winch It should be kept in mind that below the ground water, densities
C 1.0 0.89 0.75 0.64 0.5 or relative densitiegare extremely difficult to measure and the

process to correlate in-situ tests with relative densities is
extremely dependent on the nature variations of soil, type of
testing and the influence of overburden pressure. An effort has
to be made to directly specify performances, such as bearing
capacity, stability, settlement or factor of safety against

liquefaction.

Dynamic compaction has also been carried out under water
by Menard for a port project in Kuwait. A 32 tons tamper as
shown in Fig. 5a was used to compact a 2 m stone layer 10 m
under water as shown in Fig. 5b.

Figure 4. Progressive drop technique for dynamic compaction Figure 5(b). Compaction of loose sand over a layer of stone below water
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2.3.2 Vibrocompaction (A2) possible resonance effect generated by the dual or triple
vibrators are mentioned. (Zhou et al. 2008). However, there is
In the last few years, vibrocompaction (or vibroflotation) has no system so far that can adjust or synchronise the frequency of
been used for a number of mega projects in the world, fothe vibrators to create resonance.
example the Changi East Reclamation Project in Singapore (Bo
et al. 2005) and the Palm Projects in Dubai (Wehr 2007). Thd
vibrocompaction method was pioneered by John Keller in 1936
following the invention of the depth vibrator. The more recent
techniques are reported by Mitchell (1981), Welsh et al. (1987)
Massarsch (1991), Massarsch and Fellenius (2005) and Ra]
and Sondermann (2005). The technologies including the
equipment have been greatly improved over the years throug
the research efforts mostly carried out by Keller and othe
vibrocompaction companies. These include the lowering of
frequency of vibration and the substantially increase in the
amplitude and eccentric forces. Onshore and offshore project
have been carried out to a depth of more than 60 m. The methg
is mainly applied to the densifitah of hydraulic sand fills
with various carbonate contents.
The operational sequence of the vibrocompaction method i
illustrated in Fig. 6. During operation, the cylindrical,
horizontally vibrating vibrator is usually suspended from a
crane or similar equipment. It weighs 15 to 40 kN, with a
diameter of 300 to 500 mm and a length of 2 to 5 m. The
vibrator reaches a required depth of application by means o
extension tubes. The vibrator shell is constructed of a steel pip4
forming a cylinder. Eccentric weight(s) in the lower section are
powered by a motor at the top end of a vertical shaft within thq
vibrator. Energy for the motor is supplied through the extensio
tubes. The rotational movement of the extde weights causes
vibration in lateral direction. The vibratory energy is transferred —
to the surrounding soil through the vibrator casing. This energ -
affects the surrounding soil without being dependent on the,
vibratores depth of operation. A vibration damping device %p..._
(elastic coupling) between the vibrator and the extension tubey ™
prevents the vibratory energy from being transmitted to therjgyre 7. Utilisation of dual vibrators for the Palm Deria project in
extension tubes. Supply pipes for water and air (optional) ar@uba, (after Wehr 2007)
also enclosed in the extensitwbes. These pipes can deliver
water and air through the vibrator tip as well as through special However, there are limitations in the vibrocompaction
areas of the extension tubes to aid the ground penetration actigfiethods. Past experience indicates that vibrocompaction should
of the vibrator. be used mainly for relatively clean sand. The method becomes
less effective when the fines content (< ¥ in the soil
exceeds 10 to 15% (Mitchell and Jardine 2002). Massarsch
(1991) suggested using CPT results to judge the suitability of
the vibrocompaction method based on Fig. 8. Wehr (2007) also
observed that the efficient utilisation of his vibrocompaction
method is confined to granular soils with CPT friction ratios not
exceeding 1% and the fines content of less than 15%.

100

Figure 6. Vibrocompaction method opting phases (after Raju and
Sondermann 2005)

[campaccabie) : ot

Wehr (2007) reported the use of a new S700 vibrator with ar
eccentric force capacity of 700 kN with adjustable working
parameters (Fig. 7a). The new vibrator utilises water jetting anc
compressed air alongside the vibrocompaction tools. This ha
enhanced substantially the performance of the vibratory
equipment. The effectiveness of the new vibrator has beel
demonstrated during the massive compaction works at the Pali
Deira in Dubai (see Fig. 7b, Wehr 2007). In this project, a
compaction grid of up to 4.5 x 4.5 m was adapted. As shown ir 5 05 j & 2 25 3
Fig. 7a, dual vibrators were used for compaction in this project. FRICRON,RAHO %

Similar technlques using dual or triple vibrators are also

adopted in China. In these systems, the benefits of interaction drigure 8. Soil classification for deep compaction based on CPT (after
Massarsch 1991)
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Table 3 Vibro equipment used for the Peritira dam project in Canada (after Lauzon 2006)

Length Diameter Weight Motor Vibration Vibration Grids Maximum
Motor .
Probe type power frequency amplitude depth
(m) (mm) (kg) (kw) (rpm) at tip (mm) (m) (m)
TR-75 4.2 420 2300 Hydraulic 224 1950 16 32..30 60% reached 20
TR-100 4.2 420 2400 Hydraulic| 224 1950 21 3.2...30 10% reached 32
V-48 4.1 380 2600 Electric 175 1500 48 44.2 52meters

The Muller Resonant Compaction (MRC) is another deep2.3.3 Explosive compaction (A3)
vibratory soil compaction system (Massarsch 1991). It uses the ) - )
resonance effect in soil layers to increase the efficiency offhe use of blasting for the densification of granular soil has
vibratory soil densification. As shown in Fig. 9, a high been developed for many years. The principle of the method is
impedance probe is vibrated into the soil and a resonanto generate settiement of granular soil ground or fill by causing
frequency is determined by surface measurement. A heavil’e SOl to liquefy or be compacted using the shock waves and
vibrator with variable frequency is attached to the upper end o¥iPration generated by blasting. This method was used in the
a flexible compaction probe. The probe is inserted into thePa@st mainly for mitigation of liquefaction in hydraulically
ground at a high frequency in order to reduce the soil resistancglaced sand fill. Therefore, the method has also been called
along the shaft and the toe. When the probe reaches the requirégPI0Sive compaction. The development and application of this
depth, the frequency is adjusted to the resonance frequency gtgllo)d Efplé%i&gecsrig);cﬁgﬁ r\:V:Srethseug] dr?/:::f:gde t:)); Il(\)/l\;\t/czggt
the son] Iayer., the.reby amplnfymg Fhe ground response. .Theand ease of treating large depths. However, the method has not
probe is excited in the vertical direction and the vibration

is t itted to th di i al th bbeen widely accepted mainly because it is still based on
energy Is transmitted fo the surrounding soil along the pro xperience rather than theory.ns® field studies (Charlie et al

surface. When resonance is achieved, the whole soil layer wil 992; Gandhi et al. 1998: Gohl et al. 1998; 2000) have been
oscillate simultaneously and this an important advantage, carried out in order to understand better the blasting process.
compared to other v_|bratory methods. The compaction duratioRrheoretical analyses and nerital modelling using cavity
depends on the soil properties and on the required degree @kpansion theories and blasting mechanics have also been done
densification to be achieved. Compaction is usually carried OU'(Henrch 1979; Wu 1995: Van Court and Mitchell 1995; Gohl et
in a grid pattern, in two or more passes. The grid spacing rangeg. 1998) to improve the design and analysis. In recent years,
typically between 3.5 to 4.5 m. This method was applied in theexplosive compaction has also been applied to the mining sector
Changi East reclamation project (Bo et al. 2005). However, theg shake down tailings ponds for tailings consisting of
MRC method may be over optimistically performed as far asessentially non-plastic silt and sand-size particles. In this way,
cost-effectiveness is concerned. The weights of the vibratinghe volume of the existing taigs is reduced, which increases
beam and the vibrator require a very heavy carrier and the totahe storage capacity of the tailings impoundment and minimizes
power consumption is excessive as compared to other methodsthe need to raise the crest elevation of the tailings containment
The depth of vibrocompaction is mostly confined to be dike. The soil types treated by the explosive compaction method
within 30 m. In a recent case reported by Lauzon et al. (2006jange from silt tailings to gravel cobbles and boulders. Typical
for the foundation soils of the Peribronka hydro-electric dam involume changes range from 3% to 8%. More information on
Canada, a 52 m penetration was achieved through locally denssxplosive compaction can be found in
layers and cobles using V-48 (see Table 3). For this projecthttp://www.explosivecompaction.com/index.html
three sets of vibro equipment as shown in Table 3 were
compared based on mainly the capacity to penetrate great&.3.4 Electric pulse compaction (A4)
depth and compaction efficiency. The specification for this
project was a cone resistance exceeding 13 MPa. Recently, a method called electric pulse compaction is under
investigation for soil improvement purpose. This method was
originally developed in Russia and applied for the improvement
of sand and slump-type loess soils (Lomize et al. 1963, 1973).
The method was adopted in a similar way as compaction
grouting. A probe that generates electric sparks is lowered in a
shallow hole filled with liquid grout and a series of electric
discharges in the range of 20 kilo Joule are applied at a
frequency of 10 discharges per minute at every 0.5 mto 1 m
interval and created compactiofi the borehole sides. A setup
as reported by Lomize et al. (1973) is shown in Fig. 10. A
similar method, the so-called <electro-hydrodynamic effectZ
(EHDE), has also been used recently for increasing bearing
capacity of drilled shafts (Bishop et al. 2007). However, the
results are not conclusive. The method is affected by the
selection of ground conditions and the use of super high voltage
sometimes can also be difficult. A picture showing the
operation of electric pulse compaction is shown in Fig. 11.

2.3.5 Surface compaction (A5)

Surface compaction has been used mainly for the compaction of
engineered fills placed in thin layefEhis is mainly because the
energy level imposed by theonventional surface compaction
methods using rollers and plates is small and thickness of
improvement is limited. In recent decades, alternative
="l techniques to impose a large influence depth have been

Bl

ot
L3 iy . b~

Figure 9. MRC compaction machine and compaction probe developed. These include high energy impact compaction
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(HEIC), rapid impact compaction (RIC), and polygonal drum method was shown to be effective for the compaction of
method. A comparison of the working principles of different predominantly granular but also variable and sometimes clayey

types of surface compaction methods is shown in Fig. 12sub-grade soil to depths of upto 1.5to 2.0 m.
These high energy surface compaction techniques have also
been adopted for the densification of hydraulic sand fill of |

limited depth (Mengé 2007).

Figure 13. A Landpac impact compaction machine (after Mngé 2007)

1 Electric pulse plant,; 2 electric probe; 3 high-voltage cable; 4 cable A rapid impact compaction (RIC) §ystem is shown in Fig.
for supplying plant from 380-kine; 5 truck cane; 6 hose for delivering  14. It compacts the ground by dropping a hammer from up to
water; 7 3K-6 pump; 8 compacted soil 9 wetting contour 1.2 m at a frequency of up to 40 blows per minute. The weight
Figure 10. Electric pulse compactiontimed (after Lomize et al. 1973)  Of the hammer is between 8 to 12 tons. Energy per impact

ranges mainly between 10 to 20 t-m per blow. The diameter of
the tamping foot is usually 1.5 m or 1.8 m. The compaction

depth is up to 4 meters. However, the RIC method may not be
suitable for saturated silts and clays (Watts and Charles 1993).
Case studies showing the applications of the RIC system are
given in Serridge and Synac (2007).

Depth of !
Inﬁﬁence ’ The polygonal drum or a square compaction machine is
d shown in Fig. 15. It adopts a 14 to 25 ton polygonal shape drum
to combine the wedging (by the corner) and pushing (by the
T plate) effect to achieve a greater depth of influence of up to 4 m.
Type of f;‘mgmmm I‘";'ﬁi‘:‘:gﬁ:de / high ampiitude / Other similar drums such as the square impact roller (Avalle
Energy and kneading high frequency low frequency 2004) have also been used for surface compaction.

Figure 12. Comparison of three different types of surface compactior
methods (after Mengé 2007)

The common types of high energy impact compaction

machines include Landpac impact compactor, Broons anc

Geoqiup. One example of the Landpac impact machines i ;
shown in Fig. 13. The weight of the rollers ranges from 7.9 tons
to 16 tons. The lift or drop height varies from 0.15 to 0.23 m.
The energy per impact mostly ranges around 2.5 tm. The
effective compaction depth ranges around 1.5 m and the
maximum depth of treatment is up to 2.5 m in some cases
Therefore, Landpac impact compactors are capable of achievini==
thick-lift, often single layered compaction of fills, in layers as
much as 600-1500 mm. This capability allows relatively high
production rates to be achieved, resulting in improved® ' : : =
utilisation of earthmoving equipment. For the Chek Lap Kok ¥ I ) g > g

Airport project in Hong Kong, the Landpac impact compaction Figure 15. A plygonal drum ompatin machine (after Mngé 2007)
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The design procedure for the impact methods is closely2.4.1 Soil replacement or displacement method (B1)
linked to properly tested calibration sections after ensuring that
the soil characteristics are suitable for those techniques. Th&oil replacement or displacement is one of the oldest soil
limit for the high energy impact techniques lays around 30 toimprovement methods and need no further elaboration. The
35% of fines in saturated sands. The proctor type of soilmethod offers a quick fix to soft ground, but can be costly and
behaviour is followed in low to medium energy compaction in environmentally unfriendly as the amount of excavation and
unsaturated soils. More applications of the impact compactiorearth moving works involved can be excessive. When dealing

method will be given in Section 5. with very soft soil or peat mires, excavation using machine may
be difficult. In this case, controlled blasting may be used to
2.3.6 Case history remove the soil. One such an example is given by Yan and Chu

(2004). The explosive replacement method was used for a

As a case history, the soil improvement using the impacthighway construction through valley zones which were
methods at the King Abdullah University of Science and underlain by a 6.0-8.5 m thick soft clay layer with an undrained
Technology (KAUST) site in Saudi Arabia is briefly presented shear strength of less than 20 kPa. The method is illustrated in
here. This site is extremely heterogeneous. For this reason, #ig. 18. Charges are firstly installed in the soft clay to be
test pits, 2,500 CPT tests, 128 SPT tests and 2,600emoved. Crushed stones are piled up on the improved side of
pressuremeter (PMT) tests wereriat out. The soil profile at  the road next to the area to be improved. When the explosive is
one section is shown in Fig. 16. The profile varies over 20 mignited, the soft clay will be pushed out and a cavity is formed.
depth from loose sand with some silt up to 6 m of near liquid-The crushed stones will collapse into the cavity to form the base
like sandy silt with a CPT tip resistance of below 0.2 MPa.of the road. The soft clay that is blown into the air will form a
Locally this layer of soil is called Sabkah. It is a fine grained liquid and flow away after it falls to the surface. After
deposit in lagoon type areas (Fig. 16), mostly due to storm orstabilization, the crushed stones form a slope of 1 in 3 or 1 in 5.
the lagoons or windblown in tidal areas and salty water. TheThe impact of the explosion also causes an instantaneous
adopted construction method to treat these 2,600,000 m? site ireduction in the shear strength of the soil below the level of
less than 8 months was based on the depth of penetration of tlexplosion so that the crushed stones can sink easily into the
impact hammer at constant energy, a known procedure, in thdeeper layer. More crushed stones can be placed to form the
pile driving industry. For the loose silty sand and loose tofinal ground profile. The above process can be repeated to
medium dense sand (shown at the right of Fig. 16), dynamiacdemove and replace the soil in another section. This method has
compaction was carried out. The compact energy adoptetbeen successfully used to improve up to 8 m of soft ground in a
ranged from 250 to 430 t-m per blow for 175,000 impact points.road construction project.
A picture showing the dynamic compaction is given in Fig. 17.
Dynamic replaceent, as will be explained in Section 2-5, was 2.4.1 Soil replacement or displacement method (B1)
also adopted for the improvement of Sabkah.

Soil replacement or displacement is one of the oldest soil
SUE ;S b improvement methods and need no further elaboration. The
method offers a quick fix to soft ground, but can be costly and
environmentally unfriendly as the amount of excavation and

LAGOON FILLED BY SABKAH

o = N W &

I P
— T % - . earth moving works involved can be excessive. When dealing
E .l %GJ/// o @ with very soft soil or peat mires, excavation using machine may
5 . ///f o . be difficult. In this case, controlled blasting may be used to
g - e 4//} - @ / remove the soil. One such an example is given by Yan and Chu
& [ W | (2004). The explosive replacement method was used for a
woLl %/% = highway construction through valley zones which were

. % @ \ underlain by a 6.0-8.5 m thick soft clay layer with an undrained

- //f%////, : shear strength of less than 20 kPa. The method is illustrated in

Fig. 18. Charges are firstly installed in the soft clay to be
removed. Crushed stones are piled up on the improved side of
the road next to the area to be improved. When the explosive is
Figure 16. Soil profile at the KAUST site ignited, the soft clay will be pushed out and a cavity is formed.

The crushed stones will collapse into the cavity to form the base
2.4 Ground improvement without admixtures in cohesive soils of the road. The soft clay that is blown into the air will form a

liquid and flow away after it falls to the surface. After
Within this category, 7 methods have been listed in Table 1stabilization, the crushed stones form a slope of 1in 3 or 1in 5.
Among them, the first 4 are commonly adopted. A further The impact of the explosion also causes an instantaneous
elaboration of these 4 methods is given in Table 4. Thereduction in the shear strength of the soil below the level of
advantages and disadvantages of each method are also discusgg@losion so that the crushed stones can sink easily into the
in Table 4. There are many publications and case histories odeeper layer. More crushed stones can be placed to form the
those methods and it would not be possible to mention them alfinal ground profile. The above process can be repeated to
in this report. Only some referred eeénces are listed. For a remove and replace the soil in another section. This method has
more complete reference list, please go to the TC17 websitebeen successfully used to improve up to 8 m of soft ground in a
www.bbri.be/go/tc17. road construction project.

1 = Sabkah (SM+ ML); 2 = Loose silty sand (SM);
3 = Coral; 4 = Loose to medium dense sand
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Figure 17. Dynamic compaction in operation at the KAUST site

regular shapes and thus cannot be readily used to fill an
irregular volume. As an alternative, lightweight fill materials

Pile of crushed stones e A .
/:I@‘( made by mixing polystyrene pre-puff (PSPP) beads with soil
and cement have been used. Recent applications of PSPP beads

L""—SJ\ - mixed lightweight fill include the use of lightweight fill made

by mixing mud dredged with PSPP beads and cement for

~J o~ reclamation (Yoonze et al. 2004) and the use of PSPP beads
/ Section that has been \ i E mixed lightweight fill for embankment on a soft foundation (Ma
% 2| soft clay 2003). The PSPP beads mixed lightweight fill can be made on

replaced by crushed Nl .
Slishis 1 g site into a slurry form and poured to anywhere before it hardens
%, Charge | 4 (Liu et al. 2006). Thus it is particularly suitable to be used to fill
cavities, underground openings of irregular shapes or for
rehabilitation works. Howeer, the PSPP beads mixed
() lightweight fill can be more expensias cement is used and
extra manpower or machines are required for mixing.

Profile before explosion

P aaian \\\/" Profile after explosion
/ \\\
W : Roadway / Pavement
@5H

e Pl EIFS
Soft clay

~ FINISHED GRADE

(b)
Expanded Shale

C
E:iggure 18. The procedure of tlexplosive replacement method (after
Yan and Chu 2004)

Light weight materials or premade blocks can be used as “&#%
backfill to reduce the overburden load to the ground or the earthi®
pressure to the ground. The expanded polystyrene (EPS) blocl
geofoams have been used in infrastructure rehabilitation anc:
construction of new facilities such as roads and embankments itb)
recent years (Horvath 1995). One example is shown in Fig. 19Figure 19. Use of EPS geofoam as a lightweight fill material for
There are many advantages of using EPS block geofoams hway emban_kments on _the Bostoantral Artery/Tur_meI Project
discussed in detail by Horvath (1995) and Stark et al. (2004) a) concept design (after Riad et al. 2004) and (b) during construction
However, ESP blocks need to be prefabricated off-site and thugafter http:/Awww.tfhrc.gov/pubrds/04mar/08.htm)
involve transportations. The ESP blocks have to be made into
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Type | Method Description/ Mechanisms TypicalApplications Advantages Limitations
= Ground is improved by The method can be 1). It can be applied to all | The method is expensive ang
o removing poor soil and used when the area to Hetypes of soil that can be limited to shallow depth of 3
- g replacing it with suitable improved is limited and | excavated easily; to 4 monly.
= [al & materials. Light weight materials when only the top few | 2). Immediate improvement
il el = can be used as backfill to redugemeters of soil needs to | is achieved; 3). The bearing
g & the load or earth pressures. be improved. capacity and settlement of
e the soil can be controlled.
= Soft soil is improved by using The method is suitable| 1). Itis less expensive than| Soft soil cannot be
% , good soil to displace soft soil to soft, swampy area the replacement method; completely replaced. Some
- | 8 without removing the soft soil | where excavation is 2). It can be used when the| soft soil pockets exist.
% P %_*-' completely. difficult and when the soil to be replaced is very | Therefore, quality control car
£ 26 depth of soil to be soft or highly organic such | be difficult.
8 [agS improved is limited. as muck and peat.
:—i Explosive is used to remove soft It can be used when the 1). It is less expensive than| 1). A relative complete
& soil and causes a pile of rock to| soft soil to be removed | the soil replacement method; replacement can only be
- € fall into the cavity created by is less than 8 m and 2). The soil replacement achieved for the top soil
o (R o "E’ blasting. gravels, rocks or ratio is higher than that depending on the position of
ol 2 crushed stones are achieved by soil the explosives; 2). It is not
o :_%‘ available. displacement method. suitable to urban
g2 constructions; 3). Quality
u = control can be difficult.
= Preloading is a process to apply This method is The method is inexpensive | 1). The method is time
=y surcharge load on to the ground applicable to all soils if a large area is improved | consuming;
k= prior to the placement of (but mainly clay) where [ and the fill materials can be| 2). Stage construction is
2 structure or external loads to consolidation is requireq reused as part of the required if the ground is wea
2|17 o consolidate the soil until most of to reduce the void ratio | construction materials. and/or the fill is too high.
5 |2 % the primary settlement has and water content of the
S @ occurred so as to increase the | soil. It can be used as a
© % bearing capacity and reduce th¢ mean to reduce
o T compressibility of weak ground.,] secondary compression
Q of the soil.
o3 The method is the same as B2-{L, The method is Rate of consolidation can b¢ The method may not be
N o> © except that vertical drains are | applicable to soils greatly accelerated. The applicable when the
O (| £ .f:—’ used to provide radial drainage| having low permeability| construction time can be construction schedule is very|
& B=E 0 and accelerate the rate of or when the controlled by adjusting the | tight or when the ground is s
oQ % 2Z £| consolidation by reducing the | compressible soil layer | spacing of the drain. soft that vertical drains cannd
gz § g drainage paths. is thick. be installed.
= The method is the same as B2,| The method is 1). The method does not 1). This method causes
-‘g except the surcharge is applied| applicable to ground require fill material; inward lateral movement and
> using vacuum pressure. The consists of mainly 2). The construction period | cracks on the ground surfaceg
c vacuum pressure is usually saturated low can be shorter, as no stage| which may affect surrounding
2 distributed through vertical permeability soils. The | loading is required,; buildings or structures;
; oo drains. It also provides method can be used 3). It may be more 2). The vacuum pressure is
o | @ g‘a immediate stability to the when there is a stability| economical than using fill limited to 50 - 90 kPa,
£ £ ] system. The treated soil is problem with fill surcharge; 4) The vacuum | depending on the system
] 5@ enclosed by an air- and surcharge. This method| brings immediate stability td adopted.
kel 3 g watertight barrier to all can also be used to the system.
g g g directions. extract polluted ground
o pore water, if required.
m The method is a combination off The same as for B2 and 1). Construction time can be 1). It is technically more
o3 - 2 B2-2 and B3-when a surchargg B3-1. much reduced as compared demanding than B2 and B3-1;
a S "g more than the vacuum pressurg to staged loading using fill | 2). Datainterpretation is also
=0 is required. surcharge alone; 2). The more complicated.
g g [ lateral movement of soil carf
n|l o2 be controlled by balancing
£ £ the amount of vacuum and
€3 fill surcharge used. 3). The
8 g vacuum brings immediate
stability to the system.
This method improves the soil | This method can be 1). The method made the | 1). The method may only
properties by combining the DQ used to improve the application of DC possible | work for cohesive soil with
O 55 method with vertical drains bearing capacity of soft| to fine-grained soil; relatively low plasticity
& 8 which facilitates the dissipation| soil with low 2). The duration of soll index; 2). The compaction
33 S of pore water pressure generat¢dpermeability. improvement can be energy applied has to be
32 ;‘ < g.u during DC. reduced. within a certain limit, so that
58|m| 88 the depth of improvement is
EE Lo limited; 3). The technical has
< cEE not been fully developed.
] £85 Thus, the success of the
532 method cannot always be
guaranteed.
5 c This method improves the soil | This method can be 1). The soil improvement 1). The method has not been
S 2 properties by conducting DC used to improve soft time can be reduced; fully established. Thus, the
o g and applying vacuum or de- clay or soft ground with [ 2). Can be applicable to success of the method canng
S + 2_ | watering alternately for a mixed soil. most types of soil. always be guaranteed;
Y Eo g 8| number of times. The vacuum 2). The depth of improvement
2| ©-£9%| facilitates a quick dissipation of is normally limited to 8 m.
g P_.‘; E g water pressure generated by DC.
CESSI0)
S332

—
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2.4.2 Preloading using fill and prefabricated vertical drains Shanghai, China, for installing 12 PVDs simultaneously is
(B2) shown in Fig. 21b (Yan et al. 2009).

It should be pointed out that PVDs have also been used as
Preloading is one of the most common methods adopted for thieorizontal drains in some projects. One example is given by
treatment of soft cohesive soils. Prefabricated vertical drainsShinsha et al. (1991) for a project in Japan in which horizontal
(PVDs) or sand drains are almasivays used together with this wick drains were used for the consolidation of freshly deposited
method nowadays. Depending on the way preloading is appliedslurry-like dredged fill. Another example is given by He and
the method can be subdivided into preloading using fill, Shen (2001) for a power station project on the north bank of the
preloading using vacuum pressure, and combined fill andVeghna River in Bangladesh where horizontal wick drains were
vacuum preloading methods, as described in Table 4. used with vibrating roller compaction for the improvement of

The method of preloading using fill has been used for manydredged silty/fine sand placed layer by layer.

years in the past and has been considered one of the mature soil
improvement methods. Major progress in this method has bee|

made since PVDs were introduced as part of the preloading
techniques. As a result of numerous research and field studie’
the PVD technique has been established in a systematic we
from analyses to construction. The past developments have bes
summarised in many publications, for example, Holtz et al
(1991), Bo et al. (2003), Moseley and Kirsch (2004) and Raisor’
(2004). Many case histories have also been published, e.g
Hansbo (2005) and Moh and Lin (2005). Therefore, a review o
the recent development in PVDs and preloading will not be
made in this report.
However, there are several new developments on PVDs the
are still worth mentioning. The first is the development of
design codes or design guides. These include Gbde of
Practice for Installation of Prefabricated Drainsnd the
Quality Inspection Standard for Prefabricated Drains
developed in China (JTJ/T256-96 1996, JTJ/T257-96 1996) anigure C
the European Standard dixecution of Special Geotechnical platform
Works ,, Vertical Drainage (prEN 15237, 2005). Second is the
emergence of the new types of draisisch as electric vertical
drain with a metal foil embedded in the drains as anodes an
cathodes for electro-osmosis (Shang 1998; Bergado et al. 200(
and the integrated drain with the filter glued to the code using
heat melting (Liu and Chu 2009), as shown in Fig. 20. The
integrated drain offers a higher tensile strength and discharg
capacity than the ordinary drain of the same materials and sa
dimensions. There are also PVDs for geoenvironmental use
For example, PVDs have been used to help in providing
vapour extraction system (Schaefer et al. 1997). Fo
environmental usage, the PVD materials may need to be
specially designed to resist acid corrosion (Chu et al. 2005).

I_lLll_II_II_ILII_H_H_lLII_H_II_lLII_II_II_II_ILILII_II_II_H)
A Ar i rrrarrrrir
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L 100+2 mm | Figure 21 (b). Offshore vertical @n installation barge (after Yan et al.
e > 2009)
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(b)
Figure 20. Types of prefabricated tieal drains (a) separated core and When the ground is very soft or when the fill surcharge has to
filter; (b) core and filter heat adhered together (after Liu and Chu 2009) he applied in stages to maintain the stability of the fill
) ] ) . embankment, the vacuum preloading method becomes a good
Quality control is also one of the important aspects in thegjternative. Vacuum preloading is also used when there is no fill
constructions involving the use of PVDs. Different methods oy the use of fill is costly, when there is no space on site to place
that can be adopted for quality control tests and the rationalgne fill and when slurry or soft soil is used as fill for

behind each method is explained in Chu et al. (2004). Toeclamation.

PVDs with scales printed on the filter have been used. Anomebroposed by Kjellman in 1952. Since then, the vacuum
method of using one or two thin copper wires embedded in thgyrejoading method has evolved into a mature and efficient
filters has also been proposed (Liu et al. 2009). ) technique for the treatment of soft clay. This method has been

In recent years, there hauseen more offshore projects gyccessfully used for many soil improvement or land

requiring PVDs being installed offshore from a barge. Foryeclamation projects all over the world (Holtz 1975; Chen and
shallow water, PVDs may be |n_stalled from a pontoon, see_FlgBao 1983; Cognon 1991; Bergado et al. 1998; Chu et al. 2000;
2la as an example. For relatively deep water, sand drain Ofee et al. 2004; Indraratna et al. 2005). With the merging of

PVD installation barges have been used (Kitazume 2007). A$iew materials and new technologies, this method has been
an example, the barge used for a breakwater project ifyrther improved in recent years.

2.4.3 Preloading using vacuum (B3)
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The first large scale application of vacuum preloading was In Europe, the Menard Vacuum Consolidation system has
probably made in the early 80s in China for the development obeen developed by Cognon (1991). The detail of this system can
the Tianjin Harbour (Chen and Bao 1983). The vacuumbe found in Varaksin et al. (1994) and Yee et al. (2004). The
preloading was required because clay slurry was used fogeneral principle following this French method is presented in
reclamation due to a shortage of granular fill materials there. IrFig. 23. The unigueness of this system is the dewatering below
adopting this technique, sand drains (in the past) andhe membrane which permanently keeps a gas phase between
prefabricated vertical drains (PVDs) were used to distribute thehe membrane and the loweredhter level. Therefore, the
vacuum pressure and discharge pore water. In theory, a vacuuMenard Vacuum Consolidation system adopts a combined
load of 90 kPa can be applied. However, in practice, the reatlewatering and vacuum preloading methods to maintain an
vacuum pressure applied is rn@lly lower than this. An  unsaturated pervious layer below the membrane.
overview of the principles and techniques of the Tianjin method N e Booser
and their applications have also been given by Chu and Yal
(2005). Thousands of hectares of land have been reclaimed | Yy vV VvV Vv
Tianjin using this method (Chen and Bao 1983; Yan and ChL ™- ot s - mie nni iy
2005). A number of case histories have been published (Che =" =
and Bao 1983; Choa 1989; Tang and Shang 2000; Chu et & ™~
2000; Yan and Chu 2003; 2005). This method has been widel ISOTROPIC
applied in other parts of China and other countries. CONSOLIDATION

The schematic arrangement of the vacuum preloading
system adopted in Tianjin is shown in Fig. 22. PVDs are s
normally used to distribute vacuum load and discharge pore
water. The soiimprovement work using the vacuum preloading
method is normally carried out as follows. A 0.3 m sand .
blanket is first placed on the ground surface. PVDs are thel et
installed on a square grid at a spacing of 1.0 m in the soft clayigure 23. The Menard Vacuum Consolidation system
layer. Corrugated flexible pipes (50 to 100 mm diameter) are
laid horizontally in the sand blanket to link the PVDs to the  When the total area has to be subdivided into a number of
main vacuum pressure line. The pipes are perforated andections to facilitate the installation of membrane, vacuum
wrapped with a nonwoven geotextile to act as a filter layer.preloading can only be carried out one section after another.
Three layers of thin PVC membranare laid to seal each This may not be efficient when the vacuum preloading method
section. Vacuum pressure is then applied using jet pumps. This used for land reclamatioover a large area. One way to
size of each section is usually controlled in the range of 5,000 tevercome this problem is to connect the vacuum channel
10,000 M. Field instrumentation is an important part of the directly to each individual drain. In this way, the channel from
vacuum preloading technique, as the effectiveness of vacuurthe top of the PVD to the vacuum line is sealed. Hence, a sand
preloading can only be evaluated using fielding monitoring blanket and membranes are not required. This system has been
data. Normally piezometers, settlement gauges andleveloped in the Netherlands (Kolff et al. 2004). This so-called
inclinometers are used to meas the pore water pressure BeauDrain system adopts a tubing system as shown in Fig. 24.
changes, the settlement at ground surface and/or differern this method, each vertical drain is connected to the horizontal
depths in the soil and the latedisplacement. More details are drains keeping a flooded area to maintain a vacuum depression
presented in Chu et al. (2000) and Yan and Chu (2003). (Kolff et al. 2004). This method has been used for the
construction of the new Bangkok Suvarnabhum International
Airport (Seah 2006; Saowapakpiboon et al. 2008). However, as
such a system does not provide an airtight condition for the
entire area, high efficiency is difficult to be achieved. The
vacuum pressure applied for the Suvarnabhum Airport project
was only 50 kPa or lower (Seah 2006). This method also only
works when the soil layer tbe improved is dominantly low
permeability soil.
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Figure 24. (a) PVD and tubing for vacuum preloading (after Seah 2006)
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1, drains; 2, filter piping; 3, revetment; 4, water outlet; 5, valve;
6, vacuum gauge; 7, jet pump; 8, centrifugal pump; 9, trench;
10, horizontal piping; 11, sealing membrane.

Another method to do away with the membrane is to use the
so-called low level vacuum preloading method (Yan and Cao
2005). This method is schematically illustrated in Fig. 25. When
clay slurry is used as fill for land reclamation, the vacuum pipes
Figure 22. Vacuum preloading system used in Tianjin, China (after Chican be installed at the seabed or a level a few meters below the
et al. 2000)
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ground surface. In this way, clay slurry fill can be placed on top2.4.4 Preloading using combined fill and vacuum surcharge

of the vacuum pipes. As clay has a low permeability, the fill
material will provide a good sealing cap and membranes will

(B3)

not be required. However, this method is not problem-free. When surcharge higher than the maximum value that the
Tension cracks can develop on the surface when the top layer immcuum pressure can provide, a combined vacuum and fill
dried. The vacuum pressure may not be distributed properlysurcharge can be applied. In this case, the fill surcharge is
unless a drainage blanket is used at the level where the drainagpplied after the ground has been consolidated to gain adequate
pipes are installed or the individual drains are connected to thstrength. One example is shown in Fig. 27. As the fill surcharge

vacuum pipes directly. It is also difficult to install drainage generates excessive pore-water

pressure higher than the

pipes or panels underwater. Nevertheless, this method does nbydrostatic or initial in-situ pore-water pressure, as shown in
require the construction of inner dikes for subdivision and thusFig. 28, the vacuum pressure applied may expedite the

cuts down the project costs and duration substantially.

pume

PYC tube

Sand blagket

Ioz

m

~
VD

dissipation of excess pore-water pressure and make the
combined fill and vacuum preloading method more effective
than using vacuum or fill surcharge alone for the same amount
of total surcharge. However, this speculation has yet to be
verified by field tests. As shown in Fig. 28, the pore-water
pressure is reduced from the excess pore-water pressure level to
a level near the suction line and the amount of reduction in
pore-water pressure is almost the same along the entire depth.

Figure 25. Membraneless vacuum preloading method (after Chu et all his implies that the suction applied along the entire depth was

2008)

almost the same andwaell resistance was sti, if existed. The

same has been observed in other vacuum preloading projects

The vacuum preloading method may not work well when thewith an improvement depth of up to 20 m (Chu et al. 2000; Yan

subsoil is inter-bedded with sand lenses or permeable layers thand Chu 2003). In all these projects, PVDs with a sufficiently
extend beyond the boundary of the area to be improved, such darge discharge capacity were used.

the improvement of soft soil below sand fill for reclaimed land.

In this case, a cut-off wall is required to seal the entire area t
be treated. One example is given by Tang and Shang (2000), i
which a 1.2 m widand 4.5 m deep clay slurry wall was used as
a cut-off wall in order to improve the soft clay below a silty

sand layer. However, installation of cut-off walls is costly

when the total area to be treated is large. An alternative metho
is to use PVDs with impermeable plastic sleeve for the sectior
of the PVD that passes through the permeable layer. Howeve
this is workable only when we know fairly accurately the

thickness of the permeable layer over the whole site.

It should be pointed out that vacuum preloading creates ai
inward lateral displacement at the boundary of the loaded ares
This leads to ground cracks and adjacent effect. For the samr
reason, the containment dike used in a vacuum preloadini
project (such as in Fig. 25) can be afford to be designed with a
smaller safety margin.
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Figure 27. Loading sequence of combined fill and vacuum preloading

Vacuum preloading can also be used in offshore underwate@nd ground settiement measured (after Yan and Chu 2005)

One example is given in Fig. 26 based on a project in Tianjin,
China. In this method, vertical drains, sand blanket, horizontal
pipes and membranes were placed underwater. A jet pump we
placed in water to reduce the head loss. However, the
placement of membrane offshore is difficult. One way to
overcome this problem is to replace the membrane by a layer ¢
dredged clay slurry. Another method was described by Var
Impe et al. (2001) in which dredged silt material was used as i
cover for horizontal drains. A special horizontal drain

installation plough was also designed and used for this projec
(Van Impe et al. 2001).

1 sand drain; 2 sand blanket; 3 horizontal pipes; 4 membranes; 5
connector to vacuum; 6 vacuum valve and gauge; 7 vacuum line; 8 jet
pump; 9 water line; 10 centrifugal pump; 11 boat
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Figure 26. Schematic arrangement for underwater vacuum preloadinffigure 28. Pore-watepressure distributions with depth at different

(modified from Yang et al. 1987)

durations (after Yan and Chu 2005)
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As the vacuum pressure creates an inward lateral movemeritoles left after the withdrawal of the pipes for dewatering also
and the fill an outward movement, the combined vacuum anchelps in the dissipation of excess pore-water pressure generated
surcharge preloading can be used as a method to control the the subsequent compaction. This method has been used for a
lateral movement. Attempts to use this technique to control thenumber of projects in China. However, the method may only be
lateral movement of diaphragm wall have been made (Miyazakeffective when the depth of soil to be improved is less than 8 m
et al. 2005). which is inherently the limitation of dynamic compaction with

the common level of compaction energy. It may also be less
2.4.5 Dynamic consolidation with enhanced drainage or effective for soils with high plasticity index (probably higher
vacuum (B4) than 20).

When the term «dynamic consolidationZ was coined by Menar®.4.6 Electro-osmosis or electro-kinetic consolidation (B5)
(Menard and Broise 1975), he envisaged the method would be
used for fine-grained soils as well. Although there are a fewElectro-osmosis is a technique developed by Casagrande in
successful cases, it is generally believed that the dynamid941. The principle of the technique is that when a direct
compaction (DC) method using heavy tamping is not suitable tacurrent (DC) voltage is applied to soil via electrode poles, the
fine-grained soils, particularly for soils with a plasticity index soil pore-water will be attracted towards the direction of the
larger than 10 (Mitchell 1981; Charles and Watts 1982;negative terminal (cathode) due to the interaction of the electric
Smoltczyk 1983). field, the ions in the pore-water arttie soil particles. If
Since the late seventies, attdmpave been made in China drainage is provided at the cathode and prohibited at the anode,
to apply the DC method to treat soft ground in a number ofconsolidation will be induced by electro-osmosis, resulting in
projects and some successes have been achieved (Qian andthé lower soil water content, higher shear strength and lower
1983; Zhang and He 1987). In these cases, sand drains or PV@smpressibility. In  addition, electrochemical reactions
were used to facilitate the dissipation of pore pressuresassociated with an electro-osmotic process alter the physical and
However, the results vary from site to site and no maturechemical properties of the soil atehd to a further increase in
technique has been established. In a recent case study reportsitear strength (Mitchell 1993). The method is considered
by Zheng et al. (2004), the following guidelines were drawn forsuitable for projects that require a rapid improvement in the
compaction of soft clay ground using DC: properties of soft clayey soils. Successful field tests using
1) A proper drainage system has to be installed beforeelectro-osmosis to strengthen silty clays and soft sensitive clays,
compaction. The use of PVDs with sand blanket appears tatabilize earth slopes, and reinforce steel piles installed in
be an effective drainage system. clayey soils have been published by Bjerrum et al. (1967),
2) The compaction should begin with low compaction energyCasagrande (1983), and Lo et al. (1991).
for the first pass and then increase the energy gradually for Electro-kinetic stabilization is a hybrid between electro-
the subsequent passes. The rationale is to consolidate thwsmosis and chemical grouting. The infusion of certain
top soil to form a ehard crustZ first. Once a shard crustZ isstabilization chemicals into silty and sandy soils is made more
formed, larger compaction energy can be applied and soil agfficient by the application of aalectrical potential difference
a deeper depth can be compacted. This is totally differento the soil mass. The procedure is more effective in silty soils
from the procedure used for compacting granular soil inthat are otherwise difficult to grout ordinarily. Information on
which higher compaction energy is suggested to be used fothis technique can be found in Broms (1979) and Mitchell
the first few blows to extend the compaction as deep ag1981). More recently, electrokinetic assisted chemical
possible (Broms 1991). A compaction scheme with stabilization has been applied to offshore calcareous soils (silts
compaction energy gradually increased from 500 to 800,and sands) for stabilization of petroleum platforms
and then 1600 kNm appears to be suitable for the(Mohamedelhassan and Shang 2003; Shang et al. 2004). In

compaction of soft silty clay. recent years, there is also an increasing interest in using electro-
3) It is more effective to use more passes, but only 1 - 3kinetic technology for site remediation problems (Wang et al.
numbers of blows per pass for compaction. 2004).

4) A resting period between each pass of compaction is The concept of electrically conductive geosynthetic materials
required to allow the pore-wat@ressure to dissipate. For was also introduced by Jones et al. (1996). A new technique to
the case studied, a resting period of 4 to 7 days appears to lmembine electro-kinetic and geosynthetics (EKG) to make
sufficient. electrically conducting geosynthetics has been developed by
A case study was presented by Zheng et al. (2004) and Chibnes et al. (2005) and Glendinning et al. (2005a). The EKG

et al. (2005) in which the drainage enhanced dynamicmaterials offer sufficient electrical conduction to allow the

consolidation method was used to treat a site consisting of sofipplication of electrokinetic techniques so that water and
silty clay of 2 to 7 m deep and a sandy clay below. The PVDchemical species can be transported within fine-grained low

spacing was 1.7 to 2 m in a square grid. The sand blanket wasermeability soils. A case study for the construction of a

1.5 m thick. The CPT tip resistance has increased 2 to 3 time ugetaining wall using EKG materials was presented by

to 5.5 m after dynamic compaction. Similar techniques haveGlendinning et al. (2005a; 2005b).

been used in other countries (Perucho and Olalla 2006; Lee and

Karunaratne 2007). 2.4.7 Thermal stabilisation (B6)

A variation of the above technique is to use deep dewater

wells together with dynamic compaction for soft clay (Xu et al. (1) Soil improvement by heating

2003). In this method, the soil is compacted using surfaceHeating causes permanent changes in soil properties and renders

compaction or small energy dynamic compaction first tothe material hard and durable. Laboratory studies have shown

generate excess pore-water pressures. Deep well points are thérat an increase in temperature increases settlements of clays
installed to dissipate the excess pore-water pressures. After thender a given applied stress. After cooling to the ambient
excess pore-water pressures ggduced, the deep well points temperature, a thermal vertical overconsolidation is generated
are removed and the second round of dynamic compaction an@.eroueil and Marques 1996; Abuel-Naga et al. 2007). The idea
dewatering are carried out. This method is more effective thaf preconsolidation of clay using a combined vacuum and
the use of PVDs alone asc$ion creates a much higher heating method in cold region has been attempted by Marques
hydraulic gradient to speed up the dissipation of excess porand Leroueil (2005) in Quebec. Another field trial was carried
water pressure. The well points can also be installed at theut recently by Pothiraksanon et al. (2008) in which hot water
points where the excess pore water pressure is the highest. Tvas circulated into the PVDs to elevate the ground temperature.
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However, these methods are still in the experimental stage anthhe other is the horizontal layout from inside to outside. The
there are no large scale field applications yet. former is for the construction of tunnel and tube with the
Another application of heating method is the so-called heatconditions that the overlaying soil is not too thick, the quantity
exchange pile which has been discussed in detail by Brandbf freezing is not large and thgrocess is simple. The latter
(2006) and Laloui et al. (2005). Some other methods of usingequires horizontal drilling which is commonly used in thick
heat for soil improvement purposes have been described in Vaaverlaying soil (e.g., mountain tunnel or submarine tunnel).

Impe (1989). When the freezing pipe cannot be installed vertically from the
ground surface, the horizontal layout has to be adopted.
(2) Ground freezing The ground freezing project for the Big Dig (officially

The artificial ground freezing method has become one of theknown as The Central Artery/Tunnel Project) in Boston is one
popular methods in geotechnical constructions in particular forof the largest, if not the largedtozen earth retaining projects
temporary support in underground excavation. Freezing of poreso far. A detailed description of this project has been given by
water in saturated and partially-saturated soil results in arDonohoe et al. (2001) and Powers et al. (2007). A picture of the
improvement of the mechanical properties of soil. The strengtiproject is shown in Fig. 31. Other applications include the
of frozen ground is usually higher than concrete and it isCopenhagen Metro project and several underground
impermeable. Thus freezing can stabilise ground and preventonstruction projects in Shanghai and a few other cities in
groundwater seepage. The applications so far include minesChina (Huang 2008). Other applications and case histories of
inclined shafts, tunnels, subways, bridge culverts, buildingground freezing can be found in http://www.cryocell.candl
foundations, etc. In principle, the method is applicable to allpapers by Huang et al. (1998) and Had Schéfers (2006).

types of soil formations. In some cases, it can offer distinct
advantages over other conventional methods in terms o-% m
economy and efficiency. The ground freezing method has veryi
small effect on ground surface and adjacent buildings. There i |
almost no frost heaving anfileezing-thawing settlements for g
the gravel soil. For fine-grained issuch as clay, the frost-
heaving and thawing-settlements can be predicted by theory s
that countermeasures can be adopted to inhibit the frost heavir,
and decrease the freezing-thawing settlements. The method ci
be used in congested areas and is relatively fast. Furthermor:
the method is applicable to almost all types of soils.

To Refrigeration plant

Freezing pipe
Frozen wall t
N Freezing front

Freezing
pipe

Figure 31. Ground freezing for the Big Dig project inBosto
l i http://lwww.foam-tech.com/case_studies/big_dig.htm)
Ry 4

n (after

Ground freezing can be a difficult task when moving
‘ groundwater is encountered. Excessive groundwater flow can
Fotming fozeniwal Brinis cyclé in freazing plpe hinder the formation of a freeze. If this condition goes

Figure 29. The principle of ground freezing method (after Yang 2008) Undetected, catastrophic failure can take place (Schmall et al.
2007). Measures to deal with such a situation have been

‘ Coaling fowers discussed by Schmall et al. (2007). These include close
" o B s monitoring of groundwater conditions and piezometer levels,
=y - % & g use of relief wells to discharge seepage pressure and reduce the
: ! "!'“ permeability of the soil between the freezing pipes by grouting.

Case histories including the Boston Central Artery/Tunnel

Contract 9A4 are also presented by Schmall et al. (2007).

Clean water system The ground freezing method has been used together with the
contiguous bored piles for the construction of the Renyang
suspension bridge in China. The total length of the bridge is

— 7.21 km which is the longest bridge in China and third longest
\Frming/ o in the world. The suspension section is 1.49 km. For the
construction of the south pier to anchor the cables, a deep

Figure 30. Schematic illustration of the ground freezing system (afterexcavation in a water bearing soil was carried out. The soil

Yang 2008) profile consisted of 27.8 to 29.4 m thick of clay or silty clay

embedded with silty sand layers overlaying weathered granite
The principle of ground freezing method is illustrated in Fig. bed rocks. As the site was close to the river, the ground water

29. Freezing pipes are inserted into the ground in rows okable was only 1 to 2 m below the ground level. The

columns to harden the soil surrounding the pipes to form germeability of the water bearing layers was in the range of

frozen wall or a column. The size of the frozen-soil body is2.0x10° to 6.9x1C° m/s. The dimension of the pier was 70.5 m

controlled by arrangement of freezing pipes and the temperaturgy 52.5 m and 29 m deep. 140 contiguous bored piles of 1.5 m

history in the brine. The most common freezing method is byin diameter and 35 m long were installed around the area of

circulating brine as shown schematically in Fig. 30. Liquid excavation. Behind the contiguous bored pile (1.4 m away), 144

nitrogen (LN) has also been used for ground. The freezingfreezing boreholes of 40 m deep were used to form a 1.3 m

method in the construction of tunnels is mainly applied inthick frozen curtain, as shown schematically in Fig. 32.

dealing with the side channel and the shield entrance. There afgeezing pipes were installed vertically at a spacing of 1.7 m.

two construction plans. One is the top-down vertical layout andsalt water of ... 48 was injected to freeze the ground. The

Back
Return circnit

Fluorine system
Brine system
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frozen curtain acted to stop seepageduce the uplift pressure |
at the base of excavation and #aeth pressure on the wall. 74 =~
grouting pipes were also used to grout the soil at the bottom o~ = =
el =N I 2
the freezing zone to reduce the effect of seepage water on tl’;;_:.__ = Iow
formation of freezing curtain. To reduce the horizontal forces. -

generated as a result of the ground freezmg, 284 mud flllec r

also adopted for the 3.799 km long Hukou suspension bridge it -
Jiangxi, China. More examples on the use of ground freezin¢ =
method are given by Jessberger et al. (2003) and in Section 3. = " _

(c) Crushed rock based embankment

(b)
Figure 32. Application of the ground freezing for deep excavation (a)
schematic illustration (b) during construction (courtesy of P. Yang)

(3) Utilization of permafrost N
An extension of the ground freezing method is the use Ofgwwn'vi' ]"".- .,' i i @“ (t_ r"'
natural permafrost for stability of geotechnical structures. oo :

Special techniques have been adopted for the construction of t el
Qinghai-Tibet Railway in China. For this 1138 km long railway &
project, 550 km runs though the continuous permafrost regiorgs
and 82 km is in the sporadic permafrost region. Therefore, ther&
are enormous economic benefits to utilize the permafrost in the
construction of the railway embankment.

(d) Ventiduct

Figure 33. Techniques adopted for the Qinghai-Tibet Railway
construction to maintain the permafrost of the ground in continuous
permafrost regions (courtesy of Z.M. Zhang)

Some of the techniques adopted for this project include: (1)
thermal piles (Fig. 33a) whiclre mainly through the gas-liquid
phase convection of the working medium inside it to bring the
heat out from the permafrost beneath embankment in winter to
decrease the soitemperature and to enhance the thermal
stability of the embankment. This method has also been adopted
in other countries; (2) shading boards parallel with the side
slope (Fig. 33b); (3) crushed rock based embankment (Fig. 33c)
which is mainly through enforced air convection to enhance the
heat release from embankment in winter in order to decrease the
soil temperature beneath the embankment; and (4) ventiduct
(Fig. 33d) which is through the enforced convection inside to
increase the release of heat from the soil within the embankment

(&) Thermal piles in winter. It should be noted that the ventiduct also increases the
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heat entering into the soil in summer. However, winter-time inphase of works included the lowering of the ground water level
the Qinghai-Tibet plateau is much longer than summer-time, s@o elevation of +0.7 m to allow a suitable working platform,
the total amount of heat release is much greater than that of hemstallation of vertical drains in non structural areas and vacuum

absorption annually. consolidation in the structural areas measuring some 204 000
m2. The vacuum consolidation was used to allow easy filling
2.4.8 Hydro-blasting compaction (B7) operations and to reach the deformation criteria in a very short

time without any risk of failure. The third tender was for the
Hydro-blasting compaction is an approach that has been provedonstruction of a permanent dike on the consolidated grounds
effective in the treatment of collapsible loess soils in Bulgaria.within the closing dike and the removal of the temporary
Using the collapsible properties of the soil, water is firstly sheetpiles.
introduced to the soil to induce settlement and then blasting is
used to compact the soil furtheA case study has been
presented by Jefferson et al. (2005). As shown in Fig. 34, drain Total ara : 140
explosive boreholes were drilled as a triangle pattern of 3.5 nr
spacing. After the preliminary wetting treatment, explosives
were installed into each borehole at an alternate depth of 7 or 1
m. Explosives were detonated in sequence, with those in th
lower level detonated first, followdw, those in the upper level.

. Quai wall

ekl

Closing dyke

Miihlenberger

1 ... 1st level drain-explosive boreholes; 2 ... 2nd level drain-explosive Loch
boreholes; 3 ... explosive; 4 ... drain borehole; 5 ... confines of the
moistened zone; 6 ... water table in the excavation; 7 ... deep bench m

Figure 34. A loess deposit site where hydro-blasting compaction is

gmure 35(a). Layout ahe Airbus A380 reclamation site

adopted: (after Jefferson et al 2005). ==] i}g%@gw 0
_ = @' =20 ¢'= 0 kKN/m? 3
2.4.9 Case history N vy =13/3 kN/nf ) s
= E =500 kN/m

As a case history, the reclamation and soil improvement |== oed a
works at the Airbus A380 industrial platform site in Hamburg, |== CLAY = 4 5
Germany is briefly introduced. As shown in Fig. 35a, the site —== w=77-192% R
covered approximately 140 hectares. It was a former sant |-=} @' =20%c' =0kN/m* =
quarry mined in the first half of the ®0Ocentury and was b= v =14/4 kN”“: S 6
abandoned since then. It was heavily silted by the Elbe Rive —|=g= E ./~ 450 kN/m* =
and thus heavily polluted. The environmental consideration k=
required a construction method that would cause minimum W =T75-433% , = g
lateral displacement of the mud deposits. All water dischargec P :'720 s ¢’ =0 kN/m 2
from the consolidation of the mud must also be treated anc vy = 171 kN
cleaned as there was peese of large concentration of Eqgeq= 330 kN/m 0
ammonium and heavy metals. The site was under tida ‘f/ CLAY
influence. The soil profile is shown in Fig. 35b. The thickness |[_=| w=31-171%
of the compressible layers vedi from 5 to 14 m and the s @' =20 ¢' =5 kN/m? 12
thickness of the very soft surface mud layer was 3 to 12 m. The |.=* Y = 16/6 kN/m’ = =
only accessibility to this site was by floating flat bottom barges. |% « E ./~ 1500 kN/m? T
Even with this, the accessibility was limited to 1% hour per tidal | "% | SAND Cy[kN/m?]
movement. Based on a final elevation of +5.5 m excluding | @ =35%¢' =0 kN/m?
lateral displacement, the calculated vertical deformation unde [Z:%] vy = 18/10 kN/m?

the fill load ranged from 2.5 to 4 m. This did not include Figure 35(b). Soil profile at théirbus A380 reclamation site (after
secondary compression which could not be ignored as organiempfert and Raithel 2005)
deposits were present at the site. . ]

This project was implemented under three tenders. The first The spemahst contractor for the fllrst tender had presented an
one was for the design and construction of a permanent quaglternative method that would avoid the construction of the
wall and a peripheral temporary sheetpile wall for containingtemporary sheetpile wall except fthre quay wall. The original
the mud and isolating the site from the tidal influence, see Figand alternative designs are shown in Fig. 36a and 36b. The
36(a). The second tender was for reclamation works. It require@lternative design required the construction of a permanent dike
the raising of water level inside the sheetpile wall to elevationwhich was specified in the third tender within the first tender
+4 m and placing fill to elevation +3 m. The sand placementPeriod of 8 months. This would enable the construction to be
was carried out by sprinkling 3 Mnof sand in thin layers using completed ahead of the annual high tide period. This is
a barge. The thickness of each layer was controlled to be ngnportant as the high tide could possibly destroy the works if
more than 30 cm to avoid any possible mud wave. The nexthe dike was not closed.
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Temporary sheet pile wall - in § month — dike construction in 3 years The allowable post construction settlement for the taxiway
— and apron areas is 10 cm. To reduce the secondary compression

7‘_ to meet this requirement, substantial over-consolidation and
e e eagingZ effects had to be induced. Vacuum preloading was used

i | Settlement22.0-5.5m | to provide the necessary surcharge effect without inducing

excessive lateral deformation and instability. As the upper layer

of soil consisted of esprinkledZ sand and the presence of sand

RS cOpURelion oA LB & IR o f e L iR seams in the deeper layersyatical cut-off wall was required

i e - for maintaining the vacuum pressures. A high capacity

—— trenching machine as shown in Fig. 39 was ultilised. The

GCC Columns ——~ trenching machine is capable of installing the geo-membrane

and bentonite wall to 8 m depth. THeep seated sand seams
were trenched and mixed with clay from the mud layers and a
Figure 36. Original and alternative design proposed by the specialishentonite injection rail equipped the trenching arm to create a
contractor 40 cm thick impervious cut-off wall.
This case study also servas an example to illustrate the

In the alternative design, geotextile confined columns gffectiveness when local spela practitioners co-operated
(GCCs) were adopted for the construction of the dike, asyiiy the engineers and clients.

indicated in Fig. 36b. The GCC method will be described in
Section 2.5. These columns were constructed from a floating
barge. The GCCs were used to ensure the stability of the closin
dike, avoid lateral mud displacement in the adjacent Elbe River;
and reduce the settlement of the dike. The permeable GCCs alg
acted as drains to accelerate the settlement of the subsoil wi
time (Fig. 36b). The dike under construction is shown in Fig.
37.

-3..""""'" D gfar ol o P —
ﬁ":& : ] A T TP
< 1 =
25D
s bai Fo Figure 39. Construction of the impervious wall at the vacuum treatment
i area

Lot 1 : Dike construction

' 2.5 Ground improvement with admixtures or inclusions
Figure 37. Dike construction for the polder formation

. ) S There has been a large increase in the use of admixtures for

The vertical drains and vacuum consolidation were used tQyround improvement for both cohesive and non-cohesive soil in

consolidate the subsoil inside the dike. The construction wagecently years. Sand compaction piles, stone columns, dynamic
then accelerated for an early hand-avethe assembly hall area repjacement, semi-rigid and rigid inclusions, geotextile
with a revised period of 8 months (even before the completiononfined columns (GCCs), deep cement mixing and jet grouting

of the closing dike). Therefore a «fast-track emergency schemegye among the most common methods practised around the
was adopted to treat the 130 000 m? area. This special scheMyrid. The methods listed above are in the order of cost-

was implemented as shown in Fig. 38. Construction of a miniZeffectiveness in the general sense. However, the opposite

dike on four rows of GCC covered with sand bags wassequence applies in terms of depth of treatment and post
undertaken to resist a water pressure of 2.5 m height. This Wageatment deformation.

followed by filling the basin with water to elevation +2.5 m and

also sprinkling of sand to elevation +2.5 m. A corset with 3 5 1 vipro replacement or stone columns (C1)

vacuum consolidation was installed inside the eminiZ dike to

provide the required stability for the hydraulic fills that had to Dynamic replacement is an extension of the dynamic

be placed over a period of femeeks. Finite element analysis compaction method described in Section 2.3.2. In this method,
using Plaxis has demonstrated that sand filling from e|evat'0rbranular materials are fed into a borehole created using a
+2.5 to +9.5 m, with slopes of 1V:4H could be stabilised by they;prator and compacted using the same vibrator to form rigid

vacuum corset. columns. It is also called the stone column method when stones
Vacuum station Huspervious wall are used. In theory, the method can be applied to all types of
v 425 N = / soils. However, it is mainly used to improve soft or weak soils.
et K vwrfol BT I The common construction methods for stone columns include
N n (1) wet top feed method; (2) dry bottom feed method; and (3)
TR T TR TR HTH T offshore bottom feed method. Stone columns technique have
W T T L |] e ] LT L experienced substantial progress in recent years due to the
b 4|1 H L HlH i - improvement in the equipment and monitoring systems. The
CARINATARARA L TR L I | [l t wet top feed method has gradually being replaced by the dry
i 1 WU il Al bottom feed method. This is partially due to undesirable effect
A ] M A1 H | A B of water and flooding of the working surface. The dry bottom
T T AU L ] Shorter deains LY FY LT feed method is illustrated in Fig. 40. The machine used has
I L it A 1 ;’ T 1HHHIT|‘ i T i penetration capacities of 10 to 16 m and is equipped with
UL T EHL I oy’ el | continuous stone feeding systems mounted on self erecting
L crawlers. Furthermore those rigs are capable of pulling down

Figure 38. Installation of a "vacuum" corset vertically to ensure the quality of the continuous columns. For
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deeper columns, a free hanging system as shown in Fig. 41 ha
been built especially for greater depth and offshore works. As
an example, the instatlan of stone columns into marine clay
for the stability of an offshore dike in Singapore is shown in Fig.
42 (Leong and Raju 2007). In this bottom feed system, stones
are pumped through a 200mm diameter hose to the top of the
vibrator using high velocity water.

Stone columns have the capacity to reach greater depth. Ar
interesting application is described by Wehr (2007) involving
the so-called bi-modulus or hybrid columns. In this method, two
techniques are involved. As shown in Fig. 43, the lower part of
the column is performed by semi-rigid columns or locally called
controlled modulus columns (CMC) which will be described in
Section 2.5.4 and the upper part is performed by stone column . . .

The Bourgoin Jailleu slabZ so-called by Keller/Menard couldz-'og’ou;;e 43. Installation of hybrid d8i-modulus columns (after Wehr
be designed this way to reduce the thickness of the slab. This Is
due to the less rigid behaviour of the upper stone column and The case history of the KAUST (King Abdullah University
the deep settlement reduced by the CMC since the presence of Science and Technology) site is again a major application of
soft peaty and organic layers would have created bulging of théhe dynamic replacement technique. The average modulus of
columns (Wehr 2007). Furthermore, since this site wasthe «SabkahZ soils was in the range of 1 MPa (with SPT N
subjected to seismic action, horizontal forces would harm thevalue of 0 to 2). The soil improvement required the soil after
integrity of the upper pact of the columns if kept rigid. improvement to be able to support footings of 1,500 kN at a
bearing pressure of 250 kN/m2 with less than 25 mm of
settlement. Sandy gravel dynamic replacement columns with a
load transfer blanket of 2 m were adopted. More than 100 0000
sandy gravel columns were pounded into the highly
compressible soil to depth of 2 to 5 meters.

A variation of the stone column method is the vibro concrete
column which is installed using dry bottom feed vibro
equipment with stone aggregate replaced with a high slump
concrete mix. One application of the vibro concrete column for
a highway embankment over soft clay is described by Serridge
and Synacy (2007).

Another technique similar to the stone columns is the
rammed aggregate pier method. This method also installs
columns using crushed stone. However, the construction
process is different. Instead of being horizontally vibrated into

CMC displacement aurger  CMC bottom Stone columns top TSM drilling tool

Filling of
material lock

“

Stone supply

it
U

Figure 40. Dry bottom feed vibro placement method (after Raju and
Sondermann 2005)

‘J_ : place, the stone is densely compacted by vertical ramming in
7 about 0.3 m layers in the rammed pier method. The rammed

) aggregate pier installation process is shown in Fig. 44. A hole
fi’, up to 9 m is drilled or a hollow mandrel is driven to design

depths up to 14 m. The impaprocess is a displacement
approach that eliminatespoils and significantly improves
granular soils. 2 layers adggregate are introduced into the
cavity in thin lifts of one-foot compacted thickness. A patented
bevelled tamper rams each layer of aggregate using static down
force and vertical impact ramming energy, resulting in superior
strength and stiffness. The tamper densifies aggregate vertically
and forces aggregate laterally into the loose matrix soil. This
results in matrix soil improvement and excellent coupling with
the surrounding soils, thereby delivering reduction of
liquefaction potential and highly reliable settlement control. The
rammed aggregate piers can be used to reinforce a variety of
3 soils, including loose sands, silts, mixed soil layers including
L= S bALs TS clays, uncontrolled fill and soils below the ground water table.
Figure 41. A free hanging stone column installation system for offshore
works
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Figure 42. Stone column installation franbarge (after Leong and Raju Figure 44
2007) .

Construction of mamed aggregate pier (after
http://www.geopier.com/)
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2.5.2 Dynamic Replacement (C2) 47b. In this figure, different curves associated with different
improvement factor, | or the energy specific improvement factor,
Dynamic replacement (DR) columns are formed by placing aSl, and the fines content (%) are plotted. Using this figure, the
blanket of aggregate over the site, and driving the aggregate inteones suitable for DC or DR can be identified. If marginal
the soil by dropping a 15 to 30 ton pounder from heightsimprovements can be observed in fine grained soils, the
ranging from 9 to 36 m, an operation similar to dynamic boundary of 30 to 35% fines seems to be the *economicalZ limit
compaction. The method improves the strength of saturatedFig. 47b). Indeed, strain hardening or strain softening
cohesive soils and soft organic soils, when dynamic compactiotehaviour of the soil under impact could precisely determine the
is not effective due to the high fines content of the in-situ soils.boundary between the requirement of admixture in the formed
The dynamic replacement praseis illustrated in Fig. 45. It craters or classical compactioor pure densification. The
starts out by producing a crater with light pounding. The craterpenetration diagram of the pounding was recorded by adequate
are then backfilled with granulanaterials such as aggregates, software and analysed to determine the necessity to proceed
stone, gravel or rocks that will lock together under subsequentith inclusions of quality material as backfill of the craters or
heavy pounding. This pounding process is repeated until durther conventional densification.
noticeable decrease in crater formation occurs. Typically th —— 150 Tons
diameter of the DR columns ranges from 2.5 to 5.0 m and tt Depth of footing = 0.8m
depth is up to 8 m. The DR method is normally adopted on lani BelowG.L.
In a recent project in Southeast Asia, a pounder as shown in F

. . Engineered fil — +4.0
46 was used for offshore compaction to improve the she: g N 6. = 200 knir?
. A\ Z
resistance of soft seabed. S 2 )
y, meters arching Iaﬁer
+25
. ) Working platform(gravelly sand)
1 - Create crater by light pounding 4 +12

2 - Fill creater with granular material to form plug

3 - Continue pounding and penetration of column

4 - Fill crater with granular material

Repeat 3 and 4 until DR column reached design depth

Compressible
| layer from
loosesand to |0 t0 9m

very soft
sabkah

Figure 47(a) Dynamic macement columns adopted for the KAUST

project
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Figure 47b. Criteria for the selection of dynamic compaction (DC) or
dynamic replacement (DR) based on Menard GC type pressuremeter
results
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S . . . 2.5.3 Sand compaction piles (SCPs) (C3)
Case histories of soil improvement projects using the DR

method have been presented by Lo et al. (1990), Wong andcp s a special type of dynamic replacement which can be
Lacazedieu (2004), Ong et al. (2007) and Godlewski et,alused for both clayey and sandy ground. The method was
(2007). The DR method was also adopted for the KAUST (Kingqiginated in Japan and has been widely used in Japan and other
Abdullah University of Science and Technology) project for the agjan countries. The method deserves special mentioning as
treatment of Sabkas soil. This case has been mentioned ifhe construction processes involved in sand compaction piles
Section 3-6 and the soil profile is shown in Fig. 16. DR columnScan pe different from that for vibro compaction or stone
with an average diameter of 2.5 m were installed on a squargs|ymns. In forming sand compaction piles, sand is fed into the
grid of 3.80 m x 3.80 m into the top loose sand to very SOftgroyng through a casing pipe and is compacted by either
Sabkas soil of up to 9 m, as shown in Fig. 47a. A 2 m thickyipration, dynamic impact or static excitation to form columns.
gravelly sand fill was used as a working platform over the DRgang compaction piles can be used for the treatment of both
columns. As both dynamic compaction and dynamicsangy and clayey ground. This is different from vibro
replacement were used for this project, criteria for the S‘?'eCt_'O’&ompaction. The main purposes of using SCPs for sandy ground
of method were required. The PMT carried out at this siteare 1o prevent liquefaction and reduce settlement, as to be
enabled a relationship between the limit pressure obtained frordiscussed in Section 4.4. The objectives of using SCPs for
PMT, R, and the energy per’nused to be established in Fig. clayey ground are similar to those for the use of stone columns.



3026 J. Chu et al. / Construction Processes

The method is suitable for both on-land or offshore application

A picture of a SCP barge for marine construction is shown i

Fig. 48. The state-of-the-art and design and construction issue
related to SCP have been documented in a book written b
Kitazume (2005) and will not be elaborated more in this report.
An example of the application of SPCs will be presented in
Section 4.5.

2.5.4 Geotextile confined columns (GCCs) (C4)

The GCC technique consists of driving or vibrating a 80 cm
diameter steel casing into the bearing soil followed by placing
seamless cylindrical closed bottom geotextile ssockZ, with
tensile strength ranging from 200 to 400 kN/m. This is followed
by filling it with sand to form a sand column. The basic
principle of this technique is to relieve the load on soft soil
without altering the soil structure substantially. The
construction process is shown in Fig. 49. It involves the

and filling in the sand (Fig. 49b) and withdrawing the casmg
(Fig. 49c). Over 70,000 GCCs were used for the dike shown ir
Fig. 37 for the Hamburg case introduced in Section 2.4.8.
Established design procedures for embankment piles can be_'
used for the design involving GCC. However, to consider th £
benefits of geotextile confinement, refined analytical and
numerical procedures have been adopted by Raithel & Kemfer
(2000) and Raithel et al. (2005).

—

Figure 48. Barge for the installation of sand compaction piles offshore
(after Kitazume 2007).

(d) Completed column
Figure 49. Construction process of Geotextile Confined Column (GCC)

2.5.5 Rigid inclusions (C5)

Rigid inclusions refer to the use of semi-rigid or rigid integrated
columns or bodies in soft ground to improve the ground
performance globally so as to decrease settlement and increase
the bearing capacity of the ground. In the broad sense, stone
columns, SCPs and GCCs are types of rigid inclusions.
However, they are treated sepanatiel this report because the
materials used for those columns (sand, granular or stones) are
disintegrated and the columns formed are not able to stand
without the lateral support of soil. The method of rigid inclusion

is similar to the use of piles. However, the strength and stiffness
of rigid inclusions are usually much smaller than piles mainly

(a) Forming a borehole
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for economical@asons. The mechanisms are also quite differendisplacement auger used in this projecthown in Fig. 50. The
The rigid inclusion is used mainly to reduce the global andCMC installation, at approximately 30 m, was the deepest in the
differential settlements by reducing the loads sustained by thevorld at that time (Plomteux and Porbaha 2004).

soft soil (usually between 60 and 90%gther than to transmit
the entire load to the stiffer end-bearswjl layer as in the case
of piles. For this reason, the ground with rigid inclusion is also
called composite foundation in some countries. This method ha
been extensively used in Europesia and USA. It provides one
solution to meet the demand for sbigger, larger, deeper anc
tallerZ as stated by the President of the American Deej
Foundation Institution (DFI). There are many types of rigid
inclusions that can be used to strengthen soft ground. A
summary is given in Table 5. Some methods for semi-rigid anc
rigid inclusions are described in the TC17 website. Further
elaborations on some of the methods and introduction of nev
methods are made in this section. Very often, a load distributior
platform is used together with rigid inclusions under uniformly
loaded structures such as embankment and slabs. This will b
discussed in the next section.

(1) Controlled modulus columns (CMC)
The CMC method was developed by Menard in 1994. The
CMCs are installed using a specially designed auger which ig
powered by equipment with large torque capacity and hig
static down thrust. The auger displaces the soil laterally wit
virtually no spoil or vibration to form a hole. The auger is
screwed into the soil to the required depth which increases th
density of the surrounding soil and, as a result increases its log
bearing capacity. During the auger extraction process, a highl
workable grout-cement mixture is pumped through the centre o
the hollow auger. The cement mortar then flows under low
pressure (typically less than 5 bars) out of the auger base as it ] 1
retracting. This results in a high capacity column that can beFigure 50. Reverse flight dlsplacemamger used for CMC installation
used in close vicinity of sensitive structures. The diameter of the
column ranges from 250 to 450 mm. The strength of the(2) Multiple stepped piles
columns can be controlled by varying the strength of the groutOne variation of soil mixing columns is the so-called SpringSol
The soil and cement columns form a composite foundationwhich forms soil mix column through a small diameter top
system. casing using an opening tool as shown in Fig. 51. The opening
tool is used to make steps in an otherwise uniform cross-
As one of the applications, the CMC method has been usedectioned soil mixing columns (Borel 2007). This technique was
for a residential project on a site opposite Manhattan along thénitially developed to reinforce the soil under the railway tracks
Hudson River. This site had very poor soil conditions with in France.
miscellaneous heterogeneous fills over a thick layer of soft,
highly compressible organic clay. The reverse flight

Table 5. Types of rigid inclusions

Method Description/Mechanisms Advantages Limitations
Controlled modulus| A borehole is formed by pressing and| a’he strength and stiffness of theNeed special installatio
columns(CMC) column of 250 to 450 mm in diameter iscolumns can be controlled. Themachine

formed by pressure-grouting. method produces nearly no spoil pr
vibration.
Multiple stepped pile A borehole is locally enlarged by |amcrease the capacity of grout or cagtsed only for soil wherg
opening tool so a column formed by grguin-situ  concrete column without an unsupported borehole

or concrete will have enlarged steps at ancurring much higher cost. can be formed.
given interval.
A column is formed by forming a grave
or stone column and then grouting it fro
the bottom upward using a preinstall
grouting tube.

Concreteused to form a column using
method similar to that for bottom-feed d

stone columns.

=)

prExpensive. Quality contro|
ymay be difficult
ns

Grouted gravel or ston
column

2l Increase the strength of gravel
mstone  columns  considerably h
pdncreasing the stiffness of the colum
and the interface friction
aCan be used where stone columns
ynot suitable.
An enlarged bottom can be made.

amRifficult to control the
uniformity of the column

Vibro-concrete column

inserting a Y or X shaped casing as a fo

Cast-in-situ, large| A large diameter (1 to 1.2 m), holloyv More economical and better qualityNeed special installatio
diameter hollow concreté concrete pile is cast in-situ using a form|otontrol than stone columns, cemenmachine
(PCC) pile two cylindrical casings inserted intomixing piles or concrete piles
ground.
Y or X shaped pile A grout or concrete pile is formed |bgaving cost without compromising Need special installatio

rmbearing capacity compared with t

into ground.

emachine

circular pile of the same diameter
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(4) Vibro-concrete columns

When a column stronger than stone column is required or when
stone column is not suitable, e.g., in peat or sensitive soil,
concrete can be used to replace stone as the columns infill
medium to form the so-called vibro-concrete columns
(Maddison et al. 1996). Vibro-concrete columns may also be
required for contaminated land where a permeable stone column
may not be desirable. Another advantage of this method is that
an enlarged bottom can be created. The construction procedure
for vibro-concrete column isimailar to that used for bottom-
feed dry stone columns. For more information see Maddison et
al. (1996) and Woodward (2005).

(5) Cast-in-situ, large diametérollow concrete pile
This so-called PCC pile method was developed by Liu and co-

@ : Y | workers in China (Liu et al. 2003; Liu 2007a; Liu et al. 2007).
Figure 51. Opening tools for making steps in the SpringSol methodThis is one of the most recent developments in soil
(after Borel 2007) improvement using columns. In this method, a 1 to 1.5 m outer

diameter hollow pile is formed by driving in a double-walled

Another similar system used in China is shown in Fig. 52, aopen-ended steel casing (Fig. 54b) with an expendable tapered
reported by Liu (2007a). The tools used enable enlarged steps triving shoe using a specially designed piling rig (Fig. 54a).
be made along a pile when it is casted in-situ (Fig. 52a). The&Concrete is poured into the annulus casing and compacted by
steps are formed using a hydraulic expansion device as showribrating the casing during its removal. The wall thickness is in
in Fig. 52b. After a bore hole is formed, the expansion device ighe range of 100 to 150 mm and pile spacing is in the range of
lowered and expanded to create the steps before concreting.5 to 4.0 m when they are as embankment piles (Fig. 54c). The
However, this method only works for soil where an unsupportedPCC pile offers a more cost-effective solution than the similar
borehole can be formed. The diameter of main pile is 600 mmconventional methods such as stone columns or cement mixing
The diameter of the bearing plate is 1400 mm. The height of th@iles. The method also provides better quality control as
bearing plate is 800 mm. integrity and wall thickness can be checked more easily (Liu et
al. 2003). The method has been used for a number of highway
construction projects in China.

(@ B (b)
Figure 52. Multiple stepped cast-in-situ pile and the expansion tool
(after Liu 2007a)

(3) Grouted gravel or stone columns
Gravel or stone columns can be grouted to increase its streng
and stiffness. This so-called grouted gravel or stone columns a
constructed with a grouting tube pre-installed in the borehole
before the gravel or stone are poured Grout is injected while th

gravel or stone columns would then be much stronger Howeve(a) PCC pile plllng machine
it also becomes impermeable (Fig. 53b). Ez E " _ B
L e = |._"___ =

g

@ O
Figure 53. Formation of grouted gravel stone columns (after Liu
2007a)

(b) Double casing used



J. Chu et al. / Construction Processes 3029

A VMANANANANANAN

~
(a) Cross-section of the pile  (b) Cross-section of the casing

(c) PCC pile formed
Figure 54. Cast-in-sitularge diameter concretgile (after Liu et al.
2003)

(6) Y-shaped or X-shaped cast-in-situ concrete pile
This is another type of cast-in-situ pile. In forming the pile, a
casing with an end plug as shown in Fig. 55 are driven into the =
ground before concrete is poured into the casing. With the usf ==
of three inversed circular sections, the Y-shaped pile saveg
concrete and yet can provide the same surface area and thie
same amount of skin friction compared to the circular concrete S T :

pile of the same diameter. Usually the Y pile adopts the(C) Casing looking from the top _ (d) driving tip
following geometries: the cross-section area is 0.15@nd the ~ Figure 56. X-shaped cast-in-situ coeter pile (after Liu et al. 2007b)
circumference of the pile is 2.124 m. At the top, a circular pile

cap of 1.4 m in diameter is normally used (after Liu 2007a). Gonsiicilc
Another type of cast-in-situ pile is the so-called X-shaped Embankment Reinforcement
pile developed by Liu et al. (2007b). The typical cross-section,ead Transfer

‘yi'

the casing used to cast the pile and the pile tip are shown in Fi¢ Peferm—J =
56.

Vs Column (typ.)
ressible Soil

=

Soft Com
U

Firm Foundation
Figure 57. A typical design of geosynthetic reinforced column
supported embankment (after Collin et al. 2005)

The load transfer platform consists of single or multiple
layers of geogrid placed horizontally in a layer of well
compacted crushed stones or gravels. The platform has a typical
thickness of 0.4 to 1 m depending on type of structure and soil
conditions. Such a system has often been used for bridge
approach as shown in Fig. 58. As an example, the construction
of the load transfer platform is shown in Fig. 59. A constructed
geosynthetic reinforced column supported embankment with the
base eroded during a flooding is shown in Fig. 60 which
indicates the effectiveness of the system.

i

) Concrete pile tip plug (d) Y-shaped pile formed

Figure 55. Y-shaped cast-in-situ coete pile (after Liu 2007a)
256  Geosynthetic-reinforced  column/pile  supported B',,,E, [l,u”
embankment (C6) g oy |17
B=l1m - A
For road or rail constructions over soft ground, geosynthetic- Marioe elay
reinforced columns/pile supported embankment, or the so-calle |
piled embankment system, has often been used. In this syster P -
piles or columns are used together with a load transfer platforn wun mi::: L 27E
to support embankment on soft soil as shown in Fig. 57 (Han € o e mw—"‘—‘"”'

a!' 2004; Collin et al. 2005). The piles can be e,ither, conc,retq:igure 58. Applications of deep cement mi)gng calumns and PVDs for a
piles, stone columns, CCG, or any types of the rigid inclusionsyrigge approach (after Lin and Wong 1999)
discussed above.
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enable a dry sand column to carry weight. A few patents have
also been filed (e.g., Kucharski et al. 2005). However, there is
little practical applications sfar. It was reported by GeoDelft
that a BioSealing technique was used for the first time for the
Aquaduct Ringvaart Haarlemmermeer as a part of the high-
speed rail link (http://www.smartsoils.nl//EN/page24)asp

2.5.8 Other methods (C8)

(1) Sand pile formation by blasting

A method of forming sand piles using hidden explosions with
elongated blasting charges was also used in Europe (Dembicki
et al. 2006). In adopting this method, an additional layer of sand
i N ‘ fill is first placed on the soft soil to be treated. Elongated
i S Fiachs explosive charges are tafled, blast and then backfill. A sand

<

Wi s ; T R R pile as shown in Fig. 62a is formed. The method has been used
Figure 59. Use of geosynthetic reinforced pile supported embankmenfor the A1 motor way in Poland (Dembicki et al. 2006), as
for bridge approach (cotasy H.L. Liu) shown in Fig. 62b.

el

Figure 60. Effect of gsyntheicimﬁ)rced pile supporte
(originated from Huesker)

Sand grain

Slime bonding

Sand grain
leem et 132

o R VR Cellulose: 5z '.?.H

Figure 61. Effect of biocementation: (a) formation of slime bonding; (b) A
cementation effect. e

2.5.7 Microbial treatment (C7)

engineering in general has been identified as a <high priorityz "
research area and cited_as ea critical research thrust and th =
opportl_,lnity for the future_Z in a report by the .National Resgarc ) Ap;plication to motorw in Poland
Council (N.RC) of USA_ in 2006'. The principle of mlcr.Ob'al Figure 62 Sand pile formation by blasting method (after Dembicki et al.
treatment is to use microorganisms to produce bonding and 06)
cementation in soil so as to increase the shear strength ant?

reduce the permeability of soil or rock. To describe the two

effects, biocementation and bioclogging have been used in thFor
literature. A number of studies have been carried out in recent; .
years (Mitchell and Santamarina 2005; DeJong et al. 2006;,
Ivanov and Chu 2008; Van der Ruyt and van der Zon 2009)u
One example is shown in Fig. 61 where iron reducing bacteriqi
was used to produce slime bonding between sand grains

L S 2y

o

A similar method is also adopted in northwest part of China
installation of shortement mixing soil columns in clayey or

y soil or losses stratum wittow water table for road or
undations of low-rise buildings. Elongated explosives are
sed to create boreholes of 350 to 600 mm. Cement mixed clay
Il is then filled into the borehole in layers and compacted to
%rm stiff columns (Zhu et al. 2003).
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(2) Use of bamboo, timber and other natural products Specifications for Grout for Masonry (2008). Projects involving
In countries where natural products such as bamboo and timbegrouting may require specific attentions due to applicable health
are abundant, it can be more economical to use these naturahd safety regulations and restrictions introduced by
products for soil improvement. Some case histories have beeBnvironmental protection program.

presented by Rahardjo (2005) and Irsyam et al. (2008). The The grout mix can be generally classified into four types: (1)
applications include slope repair and stabilization, as piles fomortar and pastes such as cemefiitltan holes or open cracks;
embankment, and for road construction. An example for road2) suspensions such as ultra-fine cement to seal and strengthen
construction on soft ground in Indonesia is shown in Fig. 63.sand and joints; (3) solutions such asexajlass (silicate) and
Better effect may be achieved by placing a horizontal geotextilg4) emulsions such as chemical grout (Semprich and Stadler
layer. 2005). The operational limits of different grout mix are
dependent on the type of soils and the grain size distribution of
the soil. The typical range for each grout mix is shown in Fig.
64. A simple classification of grouting methods according to
grouting principles is given in BS-EN12715 (2000) and is
reproduced here as Fig. 65. Another classification system for
grouting is used by Semprich and Stadler (2005). Recent
developments in grouting techniques and their applications have
been covered extensively by Karol (2003), Warner (2004),
Semprich and Stadler (2003). In this report, only some of the
grouting methods are discussed.
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Figure 64. Operational limits of differentaut mix (after Semprich and
Stadler 2003)

without ground with ground
displacement
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Figure 63. Use of bdmb fim pile raft system for road [ T [ g | [Toemi corpeaton
construction in Indonesia (after Rahardjo 2005) me,egnam) grouting | | fracturing |
2.6 Ground improvement with grouting type admixtures Figure 65. Classification of grouting methods by principles (after BS-

EN12715 2000)
Grouting technology has become a common ground
improvement method used frequently for underground and2.6.1 Particulate grouting (D1)
foundation constructions. The process of grouting consists of
filling pores or cavities in soil or rock with a liquid form In the past, rock treatment was done by grouting with unstable
material to decrease the permeability and improve the sheatement suspensions which were increased step by step until
strength by increasing the cohesion when it is set. Cement bagi#essure refusal criteria were met. Nowadays grouting is
grout mixes are commonly used for gravely layers or fissureconducted with fully stable mixes which are composed of
rock treatment. But the suspension grain size may be too big teement, bentonite and plasticizer with proportions according to
penetrate sand or silty-sand layers. In this case, chemical diequired strength. For soil treatment, both cement suspension
organic grout mixes are also used. In recent years, th@nd sodium silicate gel (organic reagent for consolidation and
availability of ultrafine grout mixes has extended the mineral reagent for waterproofing) are used. By the 1990-s, the
performance of hydraulic base grout for soil treatment. Speciagvailability of ultrafine grout mixes has extended the
types of grouting such as compensation grouting for settlemenperformance of hydraulic base grout for soil treatment. A
monitoring in tunnel ling projects and compaction grouting for picture showing the use of ultrafineement mix for sandy
ground improvement have also been developed. The process gfavel is shown in Fig. 66.
grouting is regulated according tBuropean Standard EN The use of organic hard gel for soil consolidation was
12715 (2000) - Execution of Special Geotechnical Work .subsequently reconsidered to prevent unnecessary pollution of
Grouting in Europe. AGrouting Technical Standarbas been  groundwater. However, sodium silicate grout is continuously
used in Japan which has been revised in 2003. There are alstsed for temporary works or when adverse conditions are
relevant ASTM standards such &@STM C476 Standard encountered.
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groups of circular holes. Each group of perforations is covered
by a rubber tube (sleeve) which inflates like a valve under
injection pressure and then permits grout to flow through the
perforations into the surroundings. The mode of operation of
TAM is shown in Fig. 67. The spacing between the TAM valves
is generally 0.33 m but may be anything up to 0.50 m or 1 m
depending on destination and stage length. Grout pipe diameter
may range from 30 to 50 mm outer diameter. Single packer,
with an inflatable cylindrical tube is used to grout holes from
the bottom up to the top. Otherwise, a pair of straddle packers
with two inflatable tubes for grouting stage by stage from
bottom hole may be used. When drilling through water-bearing
ground ahead of the tunnel working face or for consolidating the
ground prior to excavation of a chamber, a blowout preventer
i uked s may be used. Selection of pumping equipment is detailed in
ravel soil treated usirigafine cement mix (after  Table 7.

Flig.ure 66. S;andy g
Chopin 2008)

Table 6. Typical borehole spacing versus typical soil & rock conditions

The design of special geotechnical engineering worksg Ground conditions Permeability Borehole
(grouting and/or alternatives) includes: (a) preliminary design of (m/s) spacing (m)
project planning and feasibility studies; and (b) detailed design cayity - 410 10
or special studies. An adequate investigation to be carried out atysined rock, width 10 mm 100 3t07
the feasibility stage includes the characterization of ground an Moderately jointed rock| 10 to 100 2105

ground water and identifications of fractured rock, weathered

. . - 1.0mm <widths< 10mm
rock, granular soils (alluvium, san& silts etc.), natural

. . . . Fractured rock, 0.5mnj 1to 10 15t02
cavities (karsts), or galleries (mine workings, tunnels, storage <widths< 1.0mm
galleries etc.). The following investigation methods can be Weathered rock N 51025
adopted for this purpose:

- - : - Cobbles 16 251035

V] Drilling and direct inspection to accurately locate and - 3
determine local conditions; Sam.j & gravels 1bto 104 15t 1.7
V] Taking coring samples for laboratory tests; Medium sand 12“’ 10 12015
V] Drilling with drilling data reording to locate fissured zones, |-Finesand 1010 10 10t01.2
voids and the interface between structure and surroundingSilty sand <10 0.8101.0
ground;
V] Borehole logging with BHTV Scanner examination (optical e

or seismic waves);
V] Non-destructive geophysical investigation methods (seismic
resistivity);

V] Water testing including constant head or falling head tests
conducted in borehole;

V] Underground flow & temperature measurements;

V] Pumping test to assessment of initial hydraulic conditions.

A monitoring system for structure leveling, deformation
and/or stress measurement may be required depending on tl
types of constructions and the degree of interference with the
works. In no circumstances should the investigations be left tc
contractors due to potential changes which may lead tc
significant increase in quantities and costs. Complementan
investigation may be requested after contract specification tc
supply more details on geology or hydraulic conditions.

The resources, methods and equipment to be deployed fc
performing the grouting works need formal validation to
demonstrate the feasibility and efficiency of the specified
process with regard to stated objectives. A group of test panel
should be carried out prior to the commence of grouting work tc
set out the most effective grouting criteria and the optimum
grout characteristics required for the intended treatment
Grouting can be conducted with different methods: (a)
Permeation grouting for granular soils and fissured soft rocks
The grouting is governed by the maximum grain size of the
grout (see Fig. 64) or (b) Fracture and compensation grouting
for cohesive soil, fill and weathered rock. The grouting is
governed by initial stress conditions. The grouting method
adopted is very much affected by soil types. The typical spacing
adopted for different soil or rock conditions are given in Table 6

Different boreholes are used to suit ground stand-up time
presence or absence of groundwater and the injection method
be used. The borehole can be left bare, supported by smoott'[aé
walled casing or equipped with a hybrid system consisting of &
tube a manchettes (TAM) with inflatable packer. The TAM is
made of metal or plastic, and is perforated by uniformly space

AN\

SENNNAY

1: wall of borehole;

2: Tube-a-manchette;
3: opened valve
(manchette);

4: double packer;

5: sleeve grout;

6: grout pipe and grout
flow;

7: pipe to inflate the
packer.

Figure 67. Mode of operatiaf TAM (after Kutzner 1996)

As grout mix properties are governed by components
proportioning of the final grout, the quantities of different
aterials used need to be measured. Granular materials are
easured with an automated weighing machine, weighbridge,
ed screw, or density meter. Liquid dosage is measured by a
ow meter, tank, metering pump, digital or automated weighing
&nachlne.
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Table 7. Pumping equipment cement in a medium-dense, silty sand outwash deposit has been
Field of application Equipment carried out by Brachman et al. (2004). It was found from this
Low pressure grouting of Centrifugal pumps delivering 1 to 100 study that the sodium silicate grout zone was uniformly
cavities and void aerated m¥hr permeated and had a massive structure. The microfine powder
foams and filled grouts Screw pumps delivering 10 to 2G/hr grout appeared to permeate the outwash sand but did not harden
Concrete type piston pumps delivering in the ground. The specific formulation of the microfine cement
10 to 50 m¥hr grout resulted in only discrete veins of grouted sand. Cross-hole
Mortars with standard of Controlled flow injection equipment seismic velocity tests were conducted in this project. The

fine-grained (<2 mm) fillers | Mioneau types rotary or piston punjp average shear wave velocities measured through the grout zone
Cement grouts, gels drdelivering 0.1 to 25 Afhr under a| were approximately 480 m/s in sodium silicate, 340 to 420 m/s

o

silicate grouts pressure of 0.5 to 10 MPa in microfine cement or microfine powder. The shear wave
Injection of chemical grouts| Screw pump delivering 0.1 to 13tr velocity for the ungrouted sand was around 230 m/s (Brachman
Injection of resins Metering piston pump et al. 2004).

Spraying or small guantities Hand gun or pressure pot

2.6.2 Chemical grouting (D2)

Depending on the intrinsic properties of the host ground,
objectives of grouting and environmental considerations, theChemical grouting is defined as any grouting material
following parameters are normally used to set grouting criteria:characterized by being a pure solution; no particles in
grout volume per stage, grouting pressure, grout inflow, and théuspension (Committee on Grouting 1980). In practice,
order of injection or sequencing. suspended solids are often added to chemical grouts to modify

The grout volume to be injected depends on ground porositythe solution properties as additives. The types of chemical
geometry of the treated zone, grout hole spacing, stage leng@routing materials have been classified into six categories by
and total depth to be treated. The grouting pressure is define§arol  (2003):  Sodium silicate formulations; acrylics;
as an effective value as it cannot be directly measured in thgnosulfites-lignosulfonates; phenoplasts; aminoplasts; and
ground because of the head losses caused by the equipmeﬁflher materials. The major difference between particulate grouts
Pressures are measured and recoati¢de borehole collar. The and chemical grouts is in the penetrability. Chemical grouts can
flow of grout through the injection plant is associated with headPenetrate into soil with finer particles as shown in Fig. 64. The
losses which must be deducted from the total pressure. Theenetrability for chemical grouts is a function of the solution
grouting pressure and flow rate for a given ground type and/iSCO'Sity whereas the penetrability for particulate grouts is a
grouting details (such as the grout type and Stage |ength) ar@nctlor_l Of_particle size. The penetrability of various grOUtS is
mutually related. Common units used aréhmor litres/minute. ~ shown in Fig. 68.

The process of treatment can be set out accordingly with the A comprehensive coverage of various topics on chemical
following parameters: a) Recording of drilling parameters; b)grouting has been provided by Karol (2003). The properties of
Recording of grouting parameter; c) Hydro- and geo-the chemically grouted soil mass can vary over a wide range for
mechanical test parameter recording; d) Data integration an@ny single grout. Nevertheless, a comparison over a broad range
processing; e) Grout hole pattern design; f) Analysis andiS made by Karol (2003) as shown in Table 8.
specification of grouting criteria; g) Management and control of

grouting criteria; and h) Displacement monitoring and grouting G | AND [ comsesu | LT (Nonplastic)
control. Fine | Coane [ Medum |  Fne [ cLAYSOIL

The groutability of soil with particulate grouting has been
evaluated based on the N value, (Mitchell and Katti 1981)
where N is defined as N = (Bsoii / (Dgs)arour Grouting is
considered feasible if N > 24 and not feasible if N < 11.
Another alternative is to use.¥ (Dig)soil / (Des)arou: Grouting
is considered feasible if{\* 11 and not feasible if N < 6 (Karol
2003). Based on laboratory studies, a new N value has bee
proposed by Akbulut and Saglamer (2002) as:

Dyp(soi
A (aroud) 1o(sol) k1M kzL (3)
go(grout) FC D,
where w/c is the water cement ratibthe grout; FQds the total
soil mass passing through 0.6 mm; P is the grouting pressure; [
is the relative density of the soil; knd k are two constants;k  Figure 68. Penetrability of various grouts (after Karol 2003)
= 0.5 and k = 0.01 1/kPa are suggested by Akbulut and
Saglamer (2002) for the soil tested. The new equation can take Attempts to use electro-osmos$s the delivery of chemical
other factors into consideration, such as the water cement ratigrouting have also been made (Thevanayagam and Rishindran
grout pressure and relative density of the soil. Soil is considered998; Alshawabkeh and Sheahan 2002). This so-called electro-
groutable when N > 28 and not groutable when N < 28. grouting method may also be used for site remediation.

Fracture grouting consists of progressively consolidating A number of case histories of applications of chemical
ungroutable ground (silts or clay sands) to create a set ofrouting have been given by Karol (2003) and Powers et al.
isolated fractures which will reduce seepage through the s0il(2007). Chemical grouting has been used for some major
Since the grouting is done with a grout that will not permeatehydraulic or dam constructions in China including the Three
the ground in question, the percentage treatment is of the ordésorges Dam and other projects (Tao et al. 2006). Many studies
of 5% to 15% of the relevant soil volume. This must always behave been carried out recently on the properties of grouted soil.
done in stages, for example, two or three times 5%. However, there are relatively fewer case histories published.

Many case histories of particulate grouting have beenExamples include the use of chemical grouting for the repair of
reported in the literature (e.g., Létbhn 2004a; Schmall et al. an underwater road tunnel in Montréal, Canada by Palardy et al.
2007). A field evaluation of three different permeation grouts, (2003) and a field trial of the use of colloidal silica grouting for
namely sodium silicate, microfine powder, and microfine mitigation of liquefaction (Gallagher et al. 2007).
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Table 8. Relative ranking of solutigmouts (after Karol 2003) @ @ @ @
Groups Grouts Corrosivity | Viscosity | Strength
or toxicity
Silicate Joosten
process Low High High
Siroc Medium Medium | Medium
to high
Silicate-
bicarbonate | Low Medium | Low
Lignosulfates B‘:'oe)l('rZHFirma High Medium | Low [Tothe nextpile ]
Phenoplasts Terramie Medium Medium Low
- Geoseal Figure 70. Procedure of the wet DIOmethod for on land work (after
Aminoplasts (SSLC;II.BX Medium Medium | High Essler and Kitazume 2008)
Acrylamides Rﬁ\é;g’e? BT | High Low Low A new method called modified dry mixing (MDM) has been
Nitto-SS developed in Sweden (Gunther et al. 2004). Without losing any
El?rll)i’ggfy- Injectite 80 Low High Low sense pf humour, .this new method is characterised py adding
Acrylate ACA00 approximately 20 litres of water per meter length of drilling by
Terragel utilisation of a coaxial drilling Kelly. The construction process
Flexigel Low Low Low of this method is illustrated in Fig. 71. During installation, the
DuriGel dry binder is fed pneumatically. At the same time, water is
Polyurethane C%Rz‘ggo added through separate injection ports on the mixing tool. The
TACSS High High High addition of water facilitates penetration of stiff soils, fluidises
CG5610 low plastic clays as well as angs the complete hydration of
AV202 the added binder (Gunther et al. 2004). In this way, the MDM

method will be able to be used for a wider variety of soil than
the dry mixing method and improve the difficulties usually
encountered by insufficient water content, penetration of stiff
Mixing soil with cement, lime or other binders has been acrust or layer, heterogeneous soil layers, and reduce the air
common soil stabilization method. For fills, the mixing can be pressure. This method has been applied to various soils
done before placement with or without compactions. Mostincluding very stiff clay and very dense and semi-dry sand
frequently, soils are mixed in-situ with cement and/or lime (Eriksson et al. 2005). For soft soil, a case study of this method
using a specially made machine. This method was developed ifor a parking house in Sweden is also reported by Ericson et al.
Japan and in the Scandinavian countries independently in thg2005). The cement mixing columns were installed in very soft
1970s. The method has been called in different names, builay with an undrained shear strength of 15 kPa using the MDM
commonly referred to as deep cement mixing (DCM or DMM). method. The strength of the column achieved was 2 to 5 MPa.
Various methods in the DCM are classified in Fig. 69. There areDther applications in soft clay include Bergado and Lorenzo
generally two installation methods, the dry mixing and wet (2005) and Chai and Mivura (2005).

mixing. As an example, the procedure for the formation of a
DCM panel on-land is shown in Fig. 70.

2.6.3 Mixing methods (D3)

Soil mixing
methods.

Uniaxial
rolation

Single/multiple shaft
& single/multiple
blade

Multiple non-
interlocking auger

Multiple interlocking
auger

Hybrid mixing
methods
I I I I

Uniaxial rotation + Uniaxial rotation + In-plane rotation +
hydraulic linear translation linear translation

Single shaft single
or multiple blades

Multiple shaft,
multiple blades

Figure 71. Mod-ified dry mixing (MDM) method (after Gunther et al.
2004)

Linear translation

If the vacuum consolidation method provides an optimal
solution for very soft clay deposits and dredged slurry, a
working platform on top of the soft clay layer is always required
for the application of vacuum consolidation. The sand
sprinkling method described in Section 2.4.8 is one of the
methods to form this working platform. An alternative method
Figure 69. Classification of the deep mixing method (after Essler andS DCM. An application of the DCM method in conjunction
Kitazume 2008) with the vacuum consolidation method is reported by Burgos et

al. (2007) for a container terminal. The site to be treated

Comprehensive reviews and descriptions of the variousconsisted of 14 m thick of extremely soft clay dredged in a
methods of deep mixing and applications have been given byosing dike. The soil improvement was carried out in two steps.
Terashi (2003), Topolnicki (2004), Larsson (2005), Essler andThe first was to treat the top 4 m of mud using the DCM
Kitazume (2008) and Arulrajah et al. (2009). Standards such agethod to form a soil-cement crust. As shown in Fig. 72, an
BS EN 14679 (2005) for deep mixing have been establishedoriginal mixing tool was mounted on a hydraulic excavator.
The recent developments have mainly taken place in thénce one section was improved, it provided a working platform
optimisation of the process and the optimisation of tools forfor the other sections to be treated. The second step was to treat
mass production. the deeper layer of soft soil usitige conventional vertical drain

Single shaft, blade Bladed chainfcam
HP jet or wheel(s)

Single shaft &blade,

Mass stabilization Plodghs
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and surchamg method. The DCM treated platform enabled New construction tools and procedures have been developed
PVDs being installed and the surcharge fill being placed. Then recent years to adapt to different construction requirements.
design specifications for the undrained shear strength of th@wo innovative soil mixing methods: Geomex or CSM (cut soil
cement treated soil were 75 kN/m2 and the CPT cone resistangrixing) wall and Trenchmix have been presented by Borel
was 900 kN/m2. The amount of cement added was in the rang€007). The Geomex or CSM method use a cutter as shown in
of 70 to 110 kg/m The laboratory tests on the cored samplesFig. 74 to form soil mixing panel such as diaphragm walls or
showed a very wide scatter. Nevertheless, both the laboratorgut-off walls. It provides a cosfffective solution for the rapid

and CPT measurements exceeldedely the design criteria. construction of retaining and cut-off walls by mixing soil in situ
with a cement / bentonite grout. The equipment for the CSM
N KU wall consists of cutting and mixing drums mounted on compact
2\ o . . .
g hydraulic motors. The drums are essentially designed to
- BN combine high penetration rates with excellent soil/ cement

T O o T mixing. The precise positioning and verticality of the wall is

— » = achieved using a telespic Kelly bar down to 30 m depth. For

- : deeper walls, rope suspended equipment, with in-trench
guidance mechanisms is recommended. Thenchmix uses
cutting tools as shown in Fig. 75 to excavate trenches for
structural of permeability applications. It has a dry and a wet
method. Fig. 75 shows the dry method. Tlienchmixmethod
produces a soil mix barrier, up to a depth of 10 m, in a single
e ' continuous pass which is claimed to be more cost effective than
the traditional methods.

LAY j’f. F e
Figure 72. Use of deep cement mixing to form a working platf

top of muddy deposit (after Burgos et al. 2007)

N

orm on

Premixing soil cement method has also been used for som:
large scale projects. One example is the trans-Tokyo Bayg
highway and railway bridge abutments (Tatsuoka 2004). Pre
mixed cement sand slurry or dry mix was used for thep
construction of offshore embankment. The use of underwatef™
placed dry cement mixed sand for the Kisarazu man-madéid
Island is shown in Fig. 73.

Soil mixing vessel
Soil injection vessel
) IP+6.5m
- _._5-"1—; r—
,-7 :7.7.7. - " l . ok 4, " il - Ly J"-
> I i | Figure 74. Geomix CSM method fdeep cement mixing (after Borel
- 2007)
Approx. 60m

Figure 73(b). Use of underwater plaady cement mixed sand for the
Kisarazu man-made Island (after Tatsuoka 2004)
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One major concern for the use of DMM method is quality in Fig. 77. Upon reaching the design drill depth, jet grouting is
control. To ensure sufficient glity of the stabilized column, initiated with high velocity, coaxial air and grout slurry to erode
quality control and quality assurance is required before, duringand mix with the soil, while the pumping of drilling fluid is
and after construction. The slgn, construction and quality ceased. This system uses opposing nozzles and a highly
control procedure for DMM are shown in Fig. 76. For this sophisticated jetting monitor specifically designed for focus of
purpose, quality control for DMM consists mainly of i) the injection media. Using very slow rotation and lift, soilcrete
laboratory mixing tests, ii) quality control during construction column with diameters of 3-5 m can be achieved. This is the
and iii) post-construction quality verification through boring most effective system for mass stabilization application. Case
and column head inspection. studies on the application of this method have been given in

Welsh and Burke (2000) and Burke et al. (2000).

Fi f E . il
Ll‘;),:l::u‘_l;;:.:gn Co Quality control Objectives
i Impleme ciall e desia By Insertion of etting tooks Injecton of high-velociy Completon of a subsurface
Design FIpmEnLo 8 ARIONAL (ML Ceg B (VY into a drilled hale cement slurry and air Superjet Column
Design strength - = glaburulﬂry mixing test to verify strength. o =

(1) Cement type
(2) Cement volume
(3) Water/cement

. ] ool d Ensure quality control by controlling the
Construction Quality control during cement slurry volume and mixing
Gonstucion conditions during construction work.

(1) Mixing method
(2) Cement volume control

Confirm the quality of improvement by
Quality verification check borings of the stabilized column
(1) Check boring
I End

(2) Pile head inspection
Figure 76. Example of a Flow chart for quality control and quality
assurance for wet method (after Essler and Kitazume 2008)

Figure 77. Process of Superjet grouting (after Welsh and Burke 2000)
2.6.4 Jet grouting (D4)
X-jet grouting is another technique. It is unique in that it
Jet grouting is a method involving drilling down with a small consists of a pair of intersecting air-shrouded water jets with
diameter rod system, typically 90-130mm in diameter and therseparate grout jets as shown in Fig. 78. It is designed to cut a
injecting a high pressure fluid while rotating and withdrawing nominal 2 m diameter column in any ground.
the rod to erode soil and replace or mix it with cement grout

under a high pressure (~ 200 bars) to form a circular cemer I
column of typically 1 to 1.6 m. The Jet grouting installation ‘é’i’ég’:
methods include single, double and triple methods with the and Lift

triple tube being the most effive technique. As a semi- or

complete replacement method, jet grouting in theory is

applicable to all typesf soil. Information on the practice of jet <

grouting has been posted in the TC17 website (Maertens 2008 :

Standards includin®S EN12716 (2001) - Execution of Special

Geotechnical Work ...Jet Groutihgve been established. Jet

grouting has been increasingly used for very difficult ground

conditions. Therefore, increasing efforts have been devoted t

the controlling of the jet grouting process during and after

execution. These include:

1) The use of inclinometers to determine the exact position of
the grout columns. Such measurements can be performe
by means of an inclinometer installed underneath the
monitor or by lowering an inclinometer through the central
opening of the drilling rods;

2) The pressure in the fresh grout can be measured to contr
the evacuation of the grout. Over- or under pressures withi
the fresh grout can be measured by means of a totg
pressure cell with automatic registration installed just
above the monitor. Grout pressures higher than thg
hydrostatic groundwater pressure can lead to a decrease
the column diameter (Maertens and De Vleeschauwe
2000). On the other hand, pressures lower than thdis®
hydrostatic groundwater pressure will also cause L
instabilities in the soil around the grout column and result
in ground settlements;

3) Special devices have been developed to measure thy
diameter of a column. Considerable effort has been made if:
the past to increase the reliability of this types of
measurement by improving the equipment and the
calibration methods.

Another technique for jet grouting is the so-called Superjet
grouting (Burke et al. 2000). Grout, air and drilling fluid are
pumped through separate chambers in the drill string, as sho

High Velocity Water
Shrouded in Air

Figure 78. X-jet grouting (aftéelsh and Burke 2000)

Case histories of jet grouting are provided by Essler and
WYoshida (2004), Page et al. (2006) and many others. In
§ingap0re, jet grouting has often been used to install horizontal
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supports for deep excation in soft clay (Lim and Tan 2003, m, the ground below the stockpile of earth was removed by 1.5
Wong and Poh 2005; Wen 2005; Shirlaw et al. 2006). As showmm as required by the design (Fig. 80) and the king posts were
in Fig. 79 asan example, three jet grouting layers were used asiot penetrated to the designed depth (Lim and Tan 2003;
struts to support the diaphragm walls during deep excavationShirlaw et al. 2006).

The top two layers were removed as excavation proceeded. saouoieve

similar system was adopted for the Nicoll Highway project in =% G —
Singapore in which a failure of diaphragm wall took place o0 X T
(Yong and Lee 2007). FRE SRS 6 N - B S
| 7 310m
: i L =i
i 4 20m
B E T ¥ 2%m
- / ot
90- ) oA 1 e
UPPER L & :
MARINE R
| CLAY ‘\
1 JET GROUT
w0
‘ FLUVIAL
DEpOSITS ! "‘__—/::— KING POSTS
T Lower ?n—»""""lf
MARINE CLAY H \
|| ARG « f |
oLp 4
ALLUVIUM
ol

Figure 80. Use of jet grouting layer to support a deep excavation (after
Lim and Tan 2003)

Sacrificial JGP slabs

v Final excavation level

Figure 79. Use of jet grouting f(niegp excavation in soft ground (after
Wen 2005)

Inappropriate use of jet ground layers for deep excavatior -~ W A
may lead to failure. One such a case for a cut-and-cove(a) Picture of the failure
tunneling project is reported by Lim and Tan (2003) and
Shirlaw et al. (2006). The cross-section of the excavation anc
the soil profile are shown in Fig. 80. The depth of excavation Sheet Piles !
was 13 m. Marine clay was present at about 9 m below th¢—————\  \ "~ ~"—'- p==—. ST T

reclaimed fill and the thickness of the soft marine clay below
the final excavation level was at least 24 m. A floating ' Very Soft to Soft Marine
f Clay
JG LAYER
I

combined sheetpile cum soldier pile cofferdam with a jet grout
layer at final excavation braced internally with 3 layers of struts
was adopted for the construction of the tunnels. The length o
the combined sheetpile/soldier pile wall was 15 m with a :
penetration depth of 3.5 m below the final excavation. The
design thickness of the jet grout layer was 2.5 m. The jet grou
layer was restrained against upheaval force by two rows of king
posts made of steel H-piles. The failure took place during

Fluvial Sand / Clay

excavation for the forth level of strutting. The jet grout layer S s
suffered a failure in bending along the centre of the excavatior Alluviom

over a length of about 50 m. The failure of the jet grout layer

was accompanied by the king posts punching upwards(b) Interpretation of the failure

effectively taking out the strutting system, and accompanied byFigure 81. Failure of the excavation sugjmg system shown in Fig. 80
an inward rotation of one wall of the excavation. A photograph(after Lim and Tan 2003)

taken after the failure is shown in Fig. 81(a). A schematic ) ) ] ) )
illustration as interpreted by Lim and Tan (2003) is given in Fig. For the reconstruction of the Nicoll highway station, jet
81(b). The cause of failure was considered a combination of &echanical mixing (JMM) or the so-called RASJET method
number of factors. One of the key factors leading to the failurevas adopted for deep excavation in soft Singapore marine clay
was attributed to the high stockpile of earth spoil placed too(Osborne and Ng 2008). JMM is a combination of soil mixing
close to the excavation. However, the stockpile has been placedNd jet grouting that produces overlapping columns with an
there for quite some timeTherefore, the trigger was the internal column of mixed soil by the auger and an external
excavation of the 4th layer. Other factors included the thicknes§0lumn created by a slurry jet into the in-situ soil. The JMM
of the jet grout layer was only 2.0 m instead of the designed 2.5hachine is shown in Fig. 82. The process of forming the
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columns is similar to the method of forming jet grouting Uplift ———Grout tub
columns with the addition of dual and counter rotation mixing A r
blades on the drill rod to ensure intensive soil mixing. To install Re-drilled
a JMM column, the auger is firstilied to the base level of the  hole ™
JMM column with water injection, and withdrawn to the top Ground‘
level of the JMM column with mechanical mixing without any

1
U . T f under 7
injection. It then descends witturry injection and mechanical pressure/cD 5
|
I
11

Stiff
mortar
%mns
\ /v;eak
soil
Competent
.J soil or rock

mixing to form the internal soil mixing column up to base level.
After that, it ascends with jetting to form the external jet Stiff <

routing perimeter. mortar .
? 9P bulbs E\\‘ ID 3

Downstage compaction

Upstage compaction
Hole drilled to competent
Grout injected at specific zones to  bearing layer and grout
displace and compact soil. injected as grout tube
Re-drilling of each grouted bulb. withdrawn.

Figure 83. Typical compaction grouting sequence (after Woodward
2005)

An alternative compaction grouting technique has also been
proposed by Naudts and Van Impe (2000) in which geotextile
bags are used. In adopting this method, regular sleeve pipes are
installed to the required depth. Geotextile bags are strapped
straddling all or some of the sleeves. The geotextile bags are
inflated via a double packer with a balanced, stable, low
viscosity cement based suspension grout with high resistance
against pressure filtration. Several bags (on different pipes) are
inflated at the same time. The inflation process is done in stages
to allow the water to slowly (pressure) filtrate through the
geotextile bags. During each grouting stage the pressure is
systematically increased. The spacing between the grout pipes
has to be such that the soils are subjected to vertical stresses in

o : ! excess of those they will eventually be subjected to. The volume

ixing Blade . . . .
solely far mixing & T aias ratakian reduction of the surrounding soils under the grouting pressure,

HHrposes as well as the influence radius of the compaction grouting can
be mathematically estimated with the method described by
Naudts and Van Impe (2000). This in turn dictates the spacing
between the grout pipes. For projects in which the densification
of soil is the main issue, the alternative compaction grouting
- Slurry Discharge Opening method can result in a more controlled and predictable
compaction system.

Mixing Head for
drilling and mixing

Inner Rod -
clockwise rotation

2.6.6 Compensation grouting (D6)
Figure 82. Jet mechanical mixing (JMM) machine and the drilling rod

and mixing blades (after Osborne and Ng 2008) The term scompensation groutingZ refers to a special grout
. . injection that is designated to protect structures from potential
2.6.5 Compaction grouting (D5) damage as a result of adjacent or underground excavation (Mair

. . L .. and Hight 1994). The principle is to inject a sufficient volume
Compaction grout involves controlled injection of very stiff, ot grout into the ground to compensate for the soil movement
mortar-like grout (with less than 25 mm slump), at high c4ysed by excavation so that the ground or building settlement
pressure, into discrete soil zones. The grout generally does n@{ minimised. The grout can be delivered by fracture grouting,
enter soil pores but remains in a homogenous mass that giV§gyrysion grouting or compaction grouting. Although the
controlled displacement to compact loose soils, lift structures,athod has been used mainly for fine-grained soils, its
or both. ~The main mechanism of compaction grouting isgppjications in granular soils have also been reported (Bezuijen
densification. The methods of compaction grouting can beynq van Tol 2007). The method offers a solution to problems
gro_ssly class!fled_ into two categories: downs_tage and upstaggyhere other grouting methods such as permeation or jet
as |IIustratgd in Fig. 83. The upstage method. is more commonl routing are not possible. A review of the compensation
used and its procedure involves (a) pre-drill a borehole andy outing method was presented in Mair and Hight (1994). A
insert  compaction grout casing; (b) pump low slump comprehensive account of its historical development was given
compaction grout mix in ages and withdraw at controlled rate; by Littlejohn (2003b) and more recently by Gens (2007).
and (_c) v_wthdr_aw casing as stages are completed. Compaction” p typical application of compensation grouting for
grouting is suitable for treating a wide range of loose gran”'artunnelling construction is schematically illustrated in Fig. 84.
soils and voided fill and thus has been used as a method fQ\r/Iany case histories, in particular, the underground
liquefaction mitigation, as discussed in more detail in Section 4., nstructions in London have been repo’rted (Mair 1994, 2008:
Other applications include void filling and remediating a ,\4&" and Hight 1994; Harris 2001). Recent case histories
damaged roadway embankment (Scherer and Gay 2000) anfcjyde the tunnel construction of the Madrid Metro (Sola et al.
compensating for settlement above tunnels and below,n03) the construction of a new metro line in Barcelona as

foundations and plugging solution features (Woodward 2_005_)-shown in Fig. 85 (Gens et al. 2006) and the Porto Light Metro
The method has also been used to support deep excavation '”§§/stem in Italy (Chiriotti et al. 2006).

soft ground for a case in Shanghai (Liu et al 2005). A few more
examples are given by Welsh and Burke (2000).
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been presented by Liu (2003) where compensation grouting has
been used to mitigate settlements in the case of a braced
excavation in Shanghai clay. As shown in Fig. 87, compaction

structure resulting grouting was used for such a purpose.
survmce / settlements

NLRNSZN — HEH BB BB OB BB
heave Wsealemems : T 0 0O0@OEO@E@E @A O
due to grouting ~~L_]_1~ due to excavation 00 00 B O0OOE @
HHBHEBEBHAODABAAB
) B0 Hi0@d 006 [H 00

_____ Tz

8 =

= -3 °©

excavation

H

26m

A\ L0.4% H

Figure 84. Compensation grouting for tunnelling construction (after

Kummerer 2003) Figure 87. Compensation groutimerformed adjacent to a braced
excavation (after Liu 2003)

e

\ Ll A o Y An essential component of the implementation of
ﬁm,’;m,{/?’ _ -ﬁ‘”\\’&f\‘(‘. g compensation grouting is the monitoring system. For a
‘.HFL’,‘”I’" 7%, ' i} successful deployment, Littlejohn (2003b) suggested the
| following measures to be taken: i) to allow for a proper
bedding-in period before movements are generated, ii) to
incorporate a degree of instrument redundancy (including a
manual backup system), iii) the use of dummy instruments for
checking, and iv) the implementation of a proper interpretation
and evaluation procedure that, in the case of compensation
grouting must be operational in real time. Recently, the
widespread use of automatic theodolite systems for surface and
structure displaceamt monitoring has meant a significant
advance in the availability of a large number of instrumented
' points that can be read with any desired frequency. However,
Figure 85. Plan view of compensation grouting performed at the Juanhjs increased availability should not be detrimental to the
Valera road zone (after Gens et al. 2006) number of instruments placed inside the ground, the only ones

. . that can elucidate the mechanism of settlement generation and
There have been concerns whether compensation groutin ropagation.

can be successfully used in soft clay. A trial was conducted i

soft Singapore marine clay (Shirlaw et al. 1999). The grout use® 7 Earth reinforcement

consisted of a mixture of cement, bentonite and silicate. These

were prepared as two solutions: 14®dtium silicate, 60 | water : ; i

and 59.93 kg cement, 179.78 | water, 3 kg bentonite. This grou%j'l EBEelc;synthetlcs or mechanically stabilised earth (MSE)
gave a flow consistency of 8.58 seconds, a gel time of 72

seconds, and a vane shear strength of 29 kPa after 1 hour. Riiated by Vidal in the beginning of the 60ss, soil

cross-section of the trial is shown in Fig. 86. It was concludedigintorcement techniques in fills have gained increasing
from the trial that it is possibléo create surface heave by rocqgnition over the last 30 years. Surprisingly, there has been
injecting grout into the soft Singapore marine clay. However,n, rea| conceptual breakthrough in the past in principles, key
the grouting generated large excess pore pressures. Themnonents and potential applications other than what has been
dissipation of the pore pressures mduced_ extra set_tlement whic8ascribed by Henri Vidal. Nevertheless, modemn technologies
would defeat the purpose of compensation grouting. Thus the,mpined with numerous analytical and experimental studies
use of compensation grouting as a building protection measurgaye advanced this technique to be one of the major innovations
within the Singapore marine clayas unlikely to be successful. i Givil engineering in the second half of the™@entury
(Giroud 1986; Jones 1996; Jewell 1996; Koerner 1998). Design
codes and standards have also been introduced. These include
FILL the BS 8006 (1995): Code of practice for
strengthened/reinforced soils and other fills; European
Marine CLAY Standard EN 14475 (2006): Execution of special geotechnical
works-Reinforced Fills EN 13250 (2001) Geotextiles and
geotextile-related products - Characteristics required for use in
——eihs  the construction of railwaysas well as three other European
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sk = = Ol Altssium standards on geosyntietic barriers for different purposes, EN
SECTION A-A 13361, EN13491, and EN13492. The earth reinforcement has
Legend A A Al . . . ..
e A PIEP2AP2R- Vibrating wite plezometers alsq become a highly attractive alternative for retaining v.vall'
IET & IE2- Inclinomators with magnt projects as well as for steepened slopes due to its benefits in
_ X- Magnets _ o _ ~ terms of reliability, flexibility, cost effectiveness and aesthetics.
Figure 86. A trial of compensatiogrouting in soft marine clay in A description of the different techniques involved in earth
Singapore (after Shirlaw et al. 1999) reinforcement in fill has been given in the TC17 website. Fill

) . . reinforcements can be made from metals (mainly steel),
Gens (2007) has pointed out that compensation grouting cagolymeric materials, natural fibre and recently fibre glass and
be applied to other excavation problems. One case study hagrhon fibre. The types of reinforcement include: steel strips
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(smooth and ribbed), steel ladder strips, steel welded wirenrapped around, woven wire mesh wrapped around, and gabion
grids/bar mats, steel bars/rods, woven wire mesh, geostrippaskets. The main categoriesreinforced fill applications with
(polymeric), geotextiles sheets (polymeric), geogrids and woverthe relevant types of facings and reinforcements used are
meshes (polymeric), and micro reinforcing elements (fibres,presented in Table 9.

yarns, glass, microgrids). The facing types include segmental Some examples of the facing types mentioned in Table 9 are
precast concrete panels, fulligjet precast concrete panels, given in Fig. 88. Practical applications of some of these facings
concrete sloping panels, concrete planters units, segmentah retaining wall and slope stability will be given in Section 4.
concrete blocks, king post systesemi elliptical steel face, For geosynthetic (geogrid or geotextile) wrapped around slope,
steel welded wire grid, geosynthetic (geogrid or geotextile)the common configurations are shown in Fig. 89.

Table 9. Categories of reinforced fill applications (after WG-F, TC17 in www.bbri.be/go/tc17)

Mechanically stabilized Steel strips (smooth and ribbed); Steel ladder strips; Steel welded wire grids / bar mats; Steel
earth: Reinforcement types | bars/ rods; Woven wire mesh; Geostrips (polymeric); Geotextiles sheets (polymerid); and
Earth retaining Geogrids and woven meshes (polymeric).

structures Segmental precast concrete panels; Full height precast concrete panels; Concrete| sloping
-Vertical panels; Concrete planter units; Segmental concrete blocks; King post system; Metalllc steel
-Battered Facing types sheet; Semi elliptical steel face; Steel welded wire grids; Geosynthetics (geogr|ds or
-Inclined geotextiles) wrapped around (with formwork); Woven wire mesh wrapped around |(with

formwork); Gabion baskets; Post construction facing-2 stage system.
Retaining walls - permanent and temporary; Pile supported abutments; True abutments; Mine
slot walls for bulk storage; Dams; Contaient structures; Specific structures.

Specific applications

Mechanically stabilized Steel strips (smooth and ribbed); Steel ladder strips; Steel welded wire grids / bar mats; Steel
earth: Reinforcement types | bars/ rods; Woven wire mesh; Geostrips (polymeric); Geotextiles sheets (polymeric);
Reinforced steep slope Geogrids and woven meshes (polymeric).
with 45° < slope angle Faci Steel welded wire grids; Geosynthetics (geogrids or geotextiles) wrapped around (with
< 75° acing types formwork); Woven wire mesh wrapped around (with formwork); Gabion baskets.

Specific applications | Steepened slopes; Containment structures;
Reinforced shallow Steel strips (smooth and ribbed); Steel ladder strips; Steel welded wire grids / bar mats; Steel

slopes with slope angle
< 45°

bars/ rods; Woven wire mesh; Geostrips (polymeric); Geotextiles sheets (polymeric);
Geogrids and woven meshes (polyimgrMicro reinforcing elemets (fibres, yarns, glass,
micro grids).
Vegetated alone; Armoured (gabions, sho&retone, emulsified asphalt); Geosynthetics
Facing types (geogrids or geotextiles) wrapped around (without formwork); Woven wire mesh wrapped
around (without formwork).

Specific applications | Earth embankments with limited right of way; Slope repair.
Base stabilization Steel strips (smooth and ribbed); Steel ladder strips; Steel welded wire grids / bar mats; Steel
Reinforcement types | bars/ rods; Woven wire mesh; Geostrips (polymeric); Geotextiles sheets (polymeric);
Geogrids and woven meshes (polymeric).

Specific aplications Basal reinforcement; Replacement alternative to other ground improvement.

O DWW

(a) Segmental precast concrete panels

-
N
\\ \ (e) Semi-elliptical steel face (f) Steel wéded wire grid

(b) Concrete sloping panels (c) Concrete planters units

(d) Segmental concrete blocks

Reinforcement types

(g) Gabion baskets
Figure 88. Examples of the facing types mentioned in Table 9 (after
WG-F, TC17 in www.bbri.be/go/tc17)
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MSE walls of SeaTac 3rd Runway in USA
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Figure 89. Common types of geotextile wrapped around slope facingn USA (after Sankey et al. 2008)
(after WG-F, TC17 in www.bbri.be/go/tc17)

For taller walls (> 5 m), mechanically stabilized earth (MSE)
walls with steel reinforced or gegsthetic backfill soil and
precast facing have gained favawer cast-in-place or precast
concrete cantilever walls. MSEs are more economical, easier t
install and more environmentally sound. The current trend is tc
extend the range of applications of mechanically stabilized eart
techniques to even more challenging conditions: extreme load
(very high walls, direct bridge abutments, heavily loaded
structures, mostly for industrial and mining applications) and
intermediate backfills treated with by either chemical (e.g.,
cement mixing) or mechanical means (e.g., compaction). Th¢ -
limits for vertical high wall have been pushed upwards in the : ol O /.2 . -
last few years in the USA and Japan. The 45 m high MSE walfigure 92. Senai-Pasir Gudang-Desaru Expressway in Malaysia
of the Seattle Tacoma (SeaTac) International Airport 3rd ) ) ) )
runway, shown in Fig. 90, is an example of what can peThe use of MSE for direct bridge abutments is now widely
achieved with the technique provided. As the tallest in the worlg@ccepted. This is because the MSE method can provide not only
at the time of completion in 2005, this MSE wall consisted of aSubstantial savings, but is also a reliable design. The MSE
four-tier structure with a total exposed height of approximatelytechnique has a long successful track record: it has been adopted
43 meters (45 meters with wall base embedment). The design (yyldely since it was used for direct bridge abutments for the_flr_st
a typical section of the wall is shown in Fig. 91. For more fime in 1969. The most recent trends are to push the limits
details, see Sankey et al. (2008). In the construction of this wallfurther: more severe loads and higher walls requiring an
an extremely rigorous attention was paid to every phase of thécreased use of numerical modelling. Recently the MSE
operations. These include design, selection of the backfill andéchnique has been used for integral bridge abutments (see Fig.
soil reinforcement and construction. For such extreme walls?2 as an example). This is a step beyond direct bridge
there is a need to incorporate both standard codes along withutments in terms of complexity since the bridge decks are
numerical modelling tools for detailed evaluation and only steelconnected to the beam seats. In terms of applications, this is
soil reinforcement can be safely and economically used. Thérobably the most significant evolution in recent years. Multi-

selection of backfill materials and the operational proceduredier MSE walls have also been used as bridge abutments. One
are of paramount importance. example is shown in Fig. 93. This 12 m tall wall consisted of 4
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tier modular block walls reinforced using high density  Depending on whether the anchors are used as temporary or
polyethylene (HDPE) geogrids as soil reinforcements (Lo 2005)permanent, different designs are applied, as shown in Fig. 95 as
examples. The temporary anchor shown in Fig. 95a is a bond
and tension type in which the load is transferred from the
tendon to the bond (the grout). The permanent anchor in Fig.
95b is a tendon compression type in which the load is
transferred by means of a steel tube connected to the rear of the
tendon.

anchor head
pratection
cap

metal sleave or plastic duct _~— borenole (filled with weak matrial)

r seal

bearing —7

£~ spacer
block /

- /- lension cracks

— in grout body

| e A = T e St
Figure 93. Multi-tier modular block wall in Australia (after Lo 2005)

—~1

The use of intermediate backfill materials is a recent trend ’e"""’”feefengm ., ey -
due to the global concern about sustainable development. Goc _seation_ ’ e ‘\5’3"-’-’5'191@5%
backfills are increasingly more difficult to find and the T@_L S —
transportation of construction materials has a high ANl 22 MO M bond b gy,
environmental cost. The development of new construction @ A
materials, mostly polymeric, has opened a new and wide field
for developments and realizations. slastic tendon with coating

The experiences with steepened slopes or embankments a packer f compression tubie
also relatively satisfactory although the durability of some / /’ rout body
backfill/reinforcement systems is still debatable. There is still | / =

much to be studied, both on the fundamentals of the techniqu =g __!| ")/ s ealana o\
and on the technology, for vertical and sub-vertical walls which ] e e S _
is generally defined as structures with less than 20° of batter. | ey i ; :
On the technological aspects, the challenge is to develo] | E~~ L:—h \LEI_@“C duct \ spacer \/
systems which offer adequate flexibility, including the SV seal
connection between the facing and the reinforcement, while |/tlexible corrosion
minimizing the deformations which are detrimental to the  Pretection compounc I
quality of the structures. With this respect, recent solutions o Liree * Liixea i
based on the use of geostripb relatively low extensibility Ly
associated with adequate proper synthetic connections seem ., )
provide the right answer to the more environmentally and ®)
technically demanding projects.

N
%

Figure 95. Example of (a) armorary anchor and (b) a permanent
anchor (after Ostermayer and Barley 2003)

2.7.2 Ground anchors or soil nails (E2) Soil nailing is similar to ground anchors or tiebacks in that a
steel rod is grouted into a pre-drilled hole. There are, however,

Ground anchors are applicable to situations where gravitygeyera| important differences. Nails are considerably smaller
structures may be replaced by tying back with tensile members 4 shorter than anchors, and while anchors are pre-stressed
into soil or rock. It can also be used to counter buoyancy or,

. . A after placement, nails are not (with few exceptions in which a
uplift effect on structures or foundations and for stabilization of ery small pre-stress is applied), and do not pick up load until
slopes, towers, tunnels and other structures. Some typicaa"goil mass deforms. Nails, likechors, add shear resistance
applications are illustrated in Fig. 94. The details can be referre the soil mass. In some instances augers have been drilled into
to Ostermayer and Barley (2003) and De Cock (2008).,5ce avoiding the problem of caving drill holes. Recent
Standards and design codes have been developed for the qes@beriments have indicated that the effectiveness of a nail is
and construction of ground anchors. These include the Britis

jrectly related to its pull-out resistance. Therefore augers,
(Sltgagg)ard BS8081 (1989) and the European Standard EN153(pije more costly than plain or deformed steel bars, are also

more effective. Currently, the major use of nailing is to stabilize
man-made slopes, which occur as excavation proceeds for
belowground structures. Typically, soil nailing is done as the
excavation progresses. Wire mesh is placed on the exposed soil
face and shotcrete is applied. Nail holes are then drilled to form
a square grid with four or five foot spacing. The holes slant
downward, up to 20from the horizontal. Nail lengths are
[[7eemnene ~ designed to extend beyond the possible failure plane for
BB Tiedowr unreinforced soil, usually 75 to 100% of the slope height.
Reinforce bars are placed in the holes, kept centered by plastic
{Application of the ground anchar) spacers. The final step is to grout the annulus with good quality
cement.
M ot Reviews of the applications of ground anchors and soil nails
| - Ersing * s . A have been made by Sabatini et al. (1999), Barley and Windsor
AL (2000), Ostermayer and Barley (2003) and De Cock (2008). A
classification system has also been suggested by Cock (2008) as
S 1 shown in Table 10. Some installation procedures are also
Tiedow B discussed by De Cock (2008).

Figure 94. Various applications of ground anchors (after De Cock 2008)
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Table 10 Ground Anchor classification system proposed by De Cock

+8,00
(2008) & +7.08m
Method of Fixation to the Ground
By friction By ground pressure Combined
Tensile type Compressive Al
anchor type anchor fe.g. .o = B

fe.g. Strand anchor Plate anchor = NN +0.00m ]

Threadbar anchor |e.g. Helix anchor g{?;grd serew

Hollow bar anchor | Duplex anchor Expander body

TMD anchor Sand

Grouting Methods
IPrimary gravity grouting -
Primary pressure grouting  (IGU-BE) | i Primary low
[Primary jetgrout pressure ormatiy no grouting - pressure
. except for formation |grouting during
Secondary pressure grouting lof the expander body) gerewing-in of
- Global post-grouting ~ (IGU-FR) P o P
- Selective post-grouting (IRS-FR) Sheet pile wall T
Term of Use Micropile Systern STUMP
Temporary Permanent DIN 4128

Remaiing i o gound gam | Wotkr loo 1200
[Partially removable (free length) Remaining in the eround F::;d ?egr: s 2'0 x
[Entirely removable (free length and g & g !
lbond length) (@
IDestructible !

Ground anchors or nails have often been used for dee(ff
excavation and retaining walls. Two examples of an excavatiord
project in Singapore are shown in Fig. 96. More applications
will be illustrated in Sections 3.1. When anchors are installed i
granular soils, it may be used together with micropiles. One
example is given by Schwarz et al. (2004). As shown in Fig.
97a, ground anchors are used to stabilise a sheetpile wall for
pier in Germany. Installation of anchors at waterfront is not=
easy. In this project, a travelling cradle as shown in Fig. 970%™
was used which could be moved on the quay wall (Schwarz et &
2004). Other applications of ground anchor are also reporte( -
(e.g., Pinto and Barradas 2008). Examples of application o..j.
ground anchors or nails for slope stabilisation are presented ipyy

Section 4.3.3. In recent years, suction anchor as a new techniqygyure 97. Use of ground anchdogether with micropiles in sand in
has been used increasingly for the anchoring of offshoregermany (a) lllustration; (b) Installation (after Schwarz et al. 2004)
floating and fixed structures (Andersen et al. 2005).

2.7.3 Biological methods using vegetations (E3)

to slopes and retaining walls. Furthem®, it removes the soil

2.8 Concluding remarks

Ground improvement is a diversified topic. It would not be
possible to cover every aspedt.is also a fast growing subject.

opportunities for innovation. In conclusion, we would like to
quote Mitchell and Jardine (2002) eIt is the nature of many

own.Z

- sl ' ﬂ'ﬁ' = I‘ - —
Figure 96. Use of ground armis or nails for deep excavation in
Singapore

The roots provided by vegetation can be a type of reinforcement

water and even creates suctions in soil. It also helps in the
prevention of ground erosion. Much of this topic has been
covered by Gray and Leiser (1982), Gray and Sotir (1996) and
Schiechtl (2003). Some examples will be given in Section 4.4.3.

Its state-of-the-art is evolving all the time. Ground improvement
is a practical driven discipline. It is not the method but the end
result that matters. This poses challenges, but also gives

ground treatment techniques that their capability is continually
being extended, overcoming what were previously seen as
limitations. Moreover, different techniques can be combined to
cope with a greater range of situations than one method on its
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3. UNDERGROUND CONSTRUCTIONS walls, sheetpile walls, bored piealls, diaphragm walls as well
as composite structures and soil nailed walls. The principle of
3.1 Deep excavation each type is summarized in Table 11 and in the subsequent

sections. A more detailed classification can be found in Stocker
In recent years the number of deep excavation projects haand Walz (2003).
increased all over the world especially in densely populated
urban regions due to the demand for more infrastructures an€l) Soldier pile walls
the increase in land prices. Many deep excavation projects aré no water tightness of the teéning wall isrequired, soldier
carried out adjacent to historic and damageable buildings. Thigile walls are often a competitive solution. Its original form,
has complicated the design and construction of earth retainingalled <Berlin-type wallZ or <Berlin method wallZ, consists of
walls. It has also become a common practice to define limitH-sections with wooden planks wedged in between. The
values e. g., for the lateral wall deflections or soil settlementsvertical posts are usually placed with distances between 1 m and
beneath the building pit, in order to avoid damages of the3 m. In order to avoid noise and vibrations it can be
nearby buildings. However, so far the prediction of thoseadvantageous to drill holes and put the beams into them without
deflections and settlements is associated with manydriving. Meanwhile there are many variations for the infill
uncertainties. Therefore effective mitigation measures andwalling as for example timber lagging, reinforced/unreinforced
monitoring of the construction process become essential foshotcrete or Mixed-In-Place piles. The latter have to be
deep excavations (Fenelli and Ramondini 1997; Triantafyllidisaccomplished prior to the exvation (Weissenbach et al. 2003).
et al. 1997; Addenbroke et al. 2000; Yoo 2001; Finno et al. Case history: The construction of the new railway for
2005; Durgunoglu et al. 2007; Horodecki and Dembicki 2007; Cologne-Rhine/Main in Germany is introduced. A 1.3 km long
and Saglamar et al. 2007). Various retaining systems andection of the excavation pit was achieved with soldier pile
construction methods have been developed to cope witlwalls (see Fig. 98). The excavation depth ranged from 10 up to
different design and construction requirements. In thel5 m and the width of the pit was approximately 17 m. The low
following, the different types of retaining systems and priced and quick achievable solution was feasible, because a
construction methods are briefly described and illustrated withwatertight wall was not required due to the low permeability of
case histories to provide an overview of the current state of théhe tertiary clay. Steel struts were designed as bracing system to
art of deep excavations. The corresponding managing risks analvoid expensive and risky anchors inside of the clay layer. In

mitigation measures are summarized in a later section. order to reduce the static loading and the embedment depth of
the driven steel beams movable struts were temporary placed a
3.1.1 Retaining systems few metres above the planned excavation floor and removed

after the installation of the cumreslab section. As a result the
There are a lot of different retaining systems that can beconstruction of the structure could be achieved with sufficient
categorised according to their characteristics as for example thepace between the first strut layer and the bottom. A total of
material, the structural system, the construction method or théour movable struts were used in cycles ... each of them able to
utilization (Nussbaumer and v. Wolffersdorff 1997). In this brace three king posts at both walls (Sanger 2000).
report, the retaining systems are classified into soldier pile

Table 11. Retaining systems

Category Principle
Soldier pile walls Berlin method wall Steel beams are driven into thegilut into previously built boreholes. The spacing betwgen
the piles is filled with timber lagging, which is applied corresponding to the progress pf the
excavation.
Variants Instead of timber lagging, shotcrete can be useg,iepermanent structures will be casted

against the infill and the rotting of timber laggings should be avoided.

Bored pile walls Soldier pile wall Only statically required piles are achieved and the spacings between the piles are filled with
(King pile wall) shotcrete or other infills.
Contiguous bored pile | Placement of the piles with contiguous pile sections to avoid infills between the piles
wall
Secant bored pile wall Construction of the piles with overlapping sections in order to achieve a watertight wall.
Usually only every second or third pile is reinforced and the other piles work mainly as infill.
Sheetpile walls Steel sheets with z- or u-sections are driven into the soil and connected with locks. To|reduce
noise and vibrations the sheets can also be put into a previously built and slurry-filled trench.
Diaphragm walls A trench is excavated by a grab, cutter or chisel and at the same time filled with slurry, After

the excavation of a wall section and application of the stop-end panels the reinforcement cage
is placed into the trench and the wall panel can be casted.

Soil nailed walls Step-by-step excavation and corresponding application of shotcrete on the soil surfage. The
nails are installed by drivingyoring, vibration or rinsing and consist of steel or synthetic
materials.

Composite structures Composite structures are built by combining different types of geotechnical elements, e. g.

combinations of watertight and statical elements in order to achieve a wall with| both
properties.
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Figure 98. Soldier pile wall at the new railway construction Cologne-
Rhine/Main T

Other recent case histories of soldier pile walls include:
x Drilled-pile wall at the Frederiksberg Station Copenhagen
(Duc Long 2001): A very flexible drilled-pile wall instead
of a stiff concrete diaphragm wall in clay till conditions was [
used. The described wall consisted of small H-beams, whic il ez
were inserted into casings with a diameter of only 194 mm’Figure 99. Standard sec_tion of_ the bored pile wall (longer s_emi-
filled with concrete. The distance of piles was 1.0 m and thePérmanent anchors of primary pilese not shown) and comer with
space between was covered by 50 mm thick shotcrete. Aliagonalanchor rows
wall area of 3800 m2 with 6200 m total pile length was
completed within eight months.
x Construction of new subway tracks (Boone and Crawfor

Case history: The construction of a new clinical centre in
dStuttgart, Germany, is introduced. As shown in Fig. 99, the
2000): This case dealt particularly with the strut loads zg'?? r”} t/aul seT(_:ﬁntbbci)I:jeig pllen\;vallllxwva\:s c?nséructfd Vé'th n12
induced by temperature. A deep braced excavation for thgnehor feveis. The bu g compiex was 10 be placed on a
Slope consisting largely of Keuper marl. This bored pile wall

construction of subway tracks (up to 20 m deep and with & . - -
length of more than 650 m) was taken as a case history. Th /as designed as a permanent retaining structure. The plles_ had a
described retaining wall consisted of a soldier pile wall with |ant1t$te; (t)l: O'go mh alnd were spaced_ at t0'|754r8' Thi\n’:aﬁllmu][n
wide-flange steel beams placed in boreholes and a timbe epth of the boreholes was approximately. m. otal ©
lagging between the 3 m spaced piles. 0,00_0 permanent anchors and 10,(_)00 semi-permanent anchors
x A case of reconstruction of a soldier pile wall was also vere installed for the whole excavation pit, which also included
given by Meyer (2000) some soldier pile walls of the Berlin type. A big challenge was
y Mey ' the construction of a corner, where the bored pile wall extended
(2) Bored pile walls into the excavation pit and the anchor levels of both wall
The use of bored piles enables almost watertight retaining wali§ections intersected each other. To enable a high number of
with low deformations, which are suitable for both temporary anchors to be installed n this _arha_rea, the starting-points of
and permanent construction purposes. Depending on thd'€ anchors were designed in diagonal rows. If an anchor
spacing of the bored piles, three types are defined: soldier pil eviated considerably from its planned centre line, it could cut
’ ) rough several anchors of a row of the adjacent wall section.

walls (or King pile walls), contiguous bored pile walls and .
secant pile walls. The standard pile diameter ranges from 0.3 téccordlng to the European Standard EN 1537 (2000) the

1.5 m. A bored pile wall can be installed inclined to the vertical allowed deviation of the drill hole is usually limited to 1/30 of
With rékes up to approximately 1:10 and is very adaptable Withthe anchor length (respectively 3.33%) and an increase of this

regard to the geometric layout in the plan view (Stocker anadeViatiQn might be_ necessary depending on . the .SUbSOiI
Walz 2003). properties. But during the design stage of this project a

maximum deviation of only 1.6 % was determined. Furthermore
all drill holes had to be exactly measured after their completion
in order to ensure that no permanent anchor had been damaged
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by another anchor. The measuring results were handed out to of several segmental excavation pits. A sophisticated
the scheduler and integrated into a three-dimensional computer- construction sequence with an adapted subdivision of the
model. The measured data showed that no anchor had been excavation area and placement of berms enabled the
damaged. omission of anchors.

Other case histories of bored pile walls include: X Third Harbor Tunnel in Boston, USA: Tied-back sheetpile
X Sotto Mayor Palace in Lisbon, Portugal (Pinto et al. 2001):  walls in soft clay (Cacoilo et al., 1998 and 2001): The poor

A bored pile wall was used as earth retaining and presumed working capacity of the anchors (inside the

underpinning solution to protect the historic building of Boston Blue Clay) was increased by special drilling

Sotto Mayor Palace against potential displacements due to a procedures and post-grouting from 420 kN up to 770 kN

surrounding excavation. The whole foundation and the and confirmed by a test program.

subjacent subsoil of the building were surrounded by

contiguous bored piles with a diameter of 0.8 m, spaced af4) Diaphragm walls

1.0 m, see Fig. 100. The rectangular wall geometry enablediaphragm walls are a very stiff and almost watertight type of

circumferential wall bracings consisting of 3 m high pre- retaining walls with common wall thicknesses between 0.4 m

stressed concrete ring beams. and 1.5 m. By the use of diaphragm wall cutters even a

thickness up to 3.0 m can be achieved. At present maximum
excavation depths of 100 m to 150 m are feasible. Under

Ring prestressed favoura_ble sitg conditions and with proper care the tole_rance of
concrete beams the vertical alignment cabe kept below 0.5 %. The maximum
horizontal wall movements can be limited to 0.1 to 0.2% of the

/)

free wall height by the application of tieback anchors.
Diaphragm walls are a very expensive wall type but they also
enable savings of space and time due to the facts, that they can
be constructed directly in front of existing buildings without a
gap and they can be used for the top/down construction method
dace (Stocker and Walz 2003).
. Case history:Recently a new railway line was constructed in
Contiguous the province of South Holland, The Netherlands, which

bored piles connects the city centres of Rotterdam, Den Haag and
Zoetermeer. The cut and cover pit for the construction of the
Blijdorp station at Rotterdam and the diaphragm walls used are
shown in Fig. 101. The formation at the site was subdivided
into 4 sub-horizontal layers: The top layer was anthropogenic
fill which generally consisted of sand and has a thickness
) L ) . between 4.5 and 6.0 m in the area of the station. This soil layer
Figure 100. Sotto Mayor Palace in Lisbon (according to Pinto et al.Was placed roughly 80 years ago to create a constructible
2001) I .
underground. This fill layer was underlain by layers of peat and
oclay (sWestland FormatieZ) from the Holocene which extended
to depths beyond 15.0 to 18.0 m NAP (Normaal Amsterdams
Peil). Below the Holocene formation were the Pleistocene
ormations_sFormatie van KreftenheyeZ and the *Formatie van
KedichemZ. The former was a sand layer with a thickness about
19.0 m. The latter was made up of sand, peat, clay and loam

X MOM-Center in Budapest, Hungary (Szepehazi et al. 200
and 2001): The article deals with a combination of an
anchored pile wall (CFA piles with shotcrete between) and
steep slope nailed in a heavy overconsolidated clay.

x Central Library of Libson, Portugal (Pinto et al. 2007): For
the construction of 11 underground floors a 40 m deep,

: . . . : . layers.

excavation was achieved with a bored pile wall (main wall: - . .

1.0 m pile diameter, 1.3 m spacing 10plevels of( permanent As s_hown in Fig. 101, the excavation pit has a length of 126
anchors) ' ' m, an inner width of 22.8 m and a depth of 22 m below the

x sFrankfurtHochVierZ in Frankfurt am Main, Germany 9round level. The diaphragm wall panels have a depth of 41.0 m
(Janke et al. 2006) ' and are footed below the sand layer inside of the impermeable

x A large and deep excavation in Ankara (Ufuk Ergun 2007) layer of Kedichem. Therefore no artificial sealing bottom was

L . ecessary. In order to stabilize the excavation pit, four sets of
X ;)lpgcn)od?(—;ep excavation in Bucharest, Romania (Radulescu Struts are placed at different depths. A fifth set of struts was

installed in a depth of 8.75 m during dismantling the earlier

3) Sheetpile walls placed struts. . . .
grzeetpilepwalls are almost impermeable but not as adaptable as In some parts of the pit, where the adjacent_ bUIIdIngS were
compared with soldier pile walls. Due to their high bending only 7.2 m away from_the diaphragm wa_II, the client applied 1.5
resistance sheetpiles are atebridge large spans. In view of m thick wall panels instead of 1.2 m in order to reduce the
the construction process, U-shaped piles are often preferred, ?gndlng of the retaining walls ani influence on the adjacent
they have a better driving cagity. The choice of a suitable oundations. In this part, the panel length was restricted to 3.0

. . o . . Furthermore the structural analysis of the trench stability
profile not only depends on the static and driving capacity but™ ) .
also on the possibility of recovery and reusability. For deepW.et‘rS] car_rled out dacc?rdlr}g tto th? 165€.r m?n (?ta:(nf%rdFDll:IhMZﬁt
excavations, sheetpile walls are rather expensive and therefore I Ith an increased safety factor of 1.5 instead of 1.3. For the res

is common to recover the sheet piling after completion of the® the retaining walls, a panel length of 8.0 m and a safety factor

building. In urban sites sheetpiles are often put into slurryOf 1.3 were allowed. As a result of the safety factors L-shaped

trenches to avoid noise and vibration (Weissenbach et al. 200:9“ide walls that were used for the trench excavation had to
Kuntsche 2007). reach 1 m above ground level.

Case histories of sheie walls include: The joints between the adjacent diaphrz_igm wall p_anels were
x Deep excavation in Konstanz, Germany (Krieg et al. 2004):prowde_d bY recoverable steel _element_s with trapez_0|d form, as
A large excavation pit compri,sed laysheetpile wall in soft shown in Fig. _1_02. Before the |nsta_1llat|on of the reinforcement
clay is described. In order to avoid the use of anchors insid&a9es these joint elemepts were |nserte(_j into the open trench
of the clay the excavation process was achieved by mean@nd hang up on the leading walls. Following the casting of the
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primaly panel and the excavation of the secondary panel thgassed through the already excavated pit, a second reinforced
steel jant elements were detached from the concrete and liftecconcrete wall was casted in front of the diaphragm walls and
out of the trench. After cleaning the steel element it was usedorce-fit connected. Both walls formed together the final walls
again for the following panels. This technique has been usedf the station with a thickness of 2.15 m. These combined walls

first time on panels with such a depth and width. In order to

allowed a maximum span of 16 m between the base and the roof

improve the water-tightness, the steel joint elements wereslab without further bracings. For the construction of the station,
provided with rubber waterproof sealing strips (Fig. 102). Thesea total of 4,500 tons reinforcement for a diaphragm wall area of
strips stayed inside of the concrete while the steel joint element5,000 m2 was installed. The reinforcement cages of a panel

was detached from the primary panel.
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Figure 101. Excavation pit: Station Blijdorp (cross section and plan
view)

Figure 102. Station Blijdorp: Joint elements

The diaphragm walls were part of the final structure and

used as foundation elements of the station. After the TBM

weighed up to 45 tons.

According to the clientes design for the Blijdorp station, it
was intended to build transition zones for the transit of the TBM
through the excavated pit. In the affected areas the diaphragm
walls should be achieved without reinforcement in order to
protect the TBM against damages due to the steel bars.
Therefore, lime-cement columns were designed adjacent to the
unreinforced walls in order to prevent earth pressure on those
sweakZ wall areas. However, the contractor proposed an
alternative option, which was based on the use of glass fibre
instead of steel reinforcement. The reinforcement of glass fibre
did not affect the TBM and thus the prevision to leave certain
areas unreinforced became unnecessary. The lime-cement
columns, whose installation inside of the thick sand layer
probably would have lead to major problems, could be
abolished (Lachler and Neher 2006, Gliickert and Voigt 2005,
Pollath et al. 2007).

For further case histories of diaphragm walls see:

X Metro Station in Shanghai (Liu et al. 2005): A 15.5 m deep
multi-strutted excavation in Shanghai with focus on
monitoring was adopted. The use of short excavation
sections, the application of compaction grouting and the use
of pre-stressed struts in order to reduce wall deflections are
pointed out;

MR Residential Building in Kaohsiung, Taiwan (Hsieh et
al. 2003): The limitation of diaphragm wall displacements
by the use of jet grout piles as shown in Figure 103 was
reported. Despite of the high stiffness of the diaphragm
wall, it was expected that the excavation-induced ground
settlements might exceed the maximum allowed values and
cause damage of the adjacent buildings. Therefore jet grout
piles were achieved in a depth of -21.0 up to -27.0 m inside
the stiff and cohesive sub-layers of clayey silt and silty clay.
According to Hsieh et al. (2003), the strengthening of the
soil mass was very effective in reducing the wall
displacements by approximately 40%;

Diaphragm walls in Singapore (Poh et al. 2001): Four case
histories are given with a detailed analysis of the influence
of the wall construction and the dimensions of the wall
panels on the ground movements. The importance of a high
bentonite level (sas high as possible above the groundwater
levelZ) is emphasized in order to minimize lateral soil
movements;

Diaphragm wall in Barcelona, Spain (Molins and Ledesma
2006): An interesting variant of a vertically pre-stressed
diaphragm wall is reported, which consists of T-shaped
panels. The described wall could not be supported by
horizontal anchors or struts and therefore a high bending
resistance of the wall was required. This was accomplished
by the chosen geometry as shown in Fig. 104 and post-
tensioning anchors, which were drilled into the underlying
bedrock;

Deep basement excavation at Potsdamer Platz, Berlin
(Triantafyllidis et al. 1997): The construction, monitoring
and performance of a temporary diaphragm wall with a
depth of 30 m and a thickness of 1.2 m is described, which
has been supported mainly by a single row of anchors and
the basement slab;

Collapse of a deep excavatiort pi Warsaw, Poland: The
collapse of diaphragm wall and the mechanism of failure are
detailed described in this article (Brandl 2007);

Channel Tunnel Rail Link, London (Coupland and
Openshaw 2004);

X
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x Design and construction of the deepest diaphragm wall in
Cairo (Abu-Krisha 2004);

x Deep excavation near the Danube in Bratislava, Slovakic
(Hulla et al. 2007);

x Deep underground station structure in Florence,
(Hocombe et al. 2007);

x Namboku Subway Line in Tokyo, Japan (Ookado 1998);

x Changi Airport Station, Sirapore (Whiting and Gasson
2000);

x Millenium Bussiness Center, Bucharest, Romania (Chirica
et al. 2004).

Italy
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Figure 104. T-shaped diaphragmall in Barcelona (Molins and
Ledesma 2006)

(5) Other types of retaining walls
There is a wide range of other types of retaining walls and the
combinations of different systems. The following list presents

some examples:

|
I

Diameter of Jet Grout Piles (d) = 60 cm
Treated Area = 7td” /4= 0.28 m?

Total Area=2x2=4m?

Improvement Ratio (Ir) = 0.28/4=7%

Figure 103. Limitation of wall displacements by use of jet grout piles
(Hsieh et al. 2003)
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x Soil nailed walls:The application of soil nailed walls has

expanded rapidly in the last 30 years. Soil nails are known
as epassive inclusionsZ, because they rely on very small
ground movements to mobilize their reinforcing stresses
(Sheahan and Ho 2003). According to the report of Tolga
and Sheahan (1998) the construction of soil nailed walls is
also possible in clayey soils, at least for short term
excavation support. Another soil nailed excavation is
described in (Shiu et al. 1997) with the comment that this
technique has been widely used in Hong Kong for
stabilizing cut slopes and retaining excavations. In Istanbul
soil nailed walls were readly used in the soft rock
greywacke due to their beneficial behaviour during
earthquakes. In the past ten years, this wall type has been
achieved frequently as temporary retaining wall to support
basement excavations (Durgunoglu et al. 2007). Further
examples for soil nailing are given by Sivakumar Babu et al.
(2007) and Yang (2007).

Composite wall of steel Tubex piles and jet grout columns
(Schat and de Kruijff 2003, de Wit et al. 2007): Underneath
the Amsterdam Central Station, retaining walls had to be
constructed from the station concourse in order to enable a
trench excavation below the already existing building. The
walls had to act as retaining walls but also as a support. A
esandwichZ structure of jet grout columns and two parallel
rows of steel Tubex piles waglected as solution, see Fig.
105. The walls constructed with small plant from the station
concourse, was water-tight and had a very stiff structure.
Combination of tied back soldier beams and deep soil mixed
cut-off/retaining wall(Anderson 1998). This solution for a
permanent wall was chosen as an alternative to a sheet
piling system in order to avoid noise and vibration affecting
adjacent residential areas. The soldier beams are fully
encased in the soil-cement-mixture and therefore protected
against corrosion for a design life of 75 years.

Combination of Deep Soil Mixing (DSM) columns and
reinforced concrete bored pil¢Shao et al. 2005): Systems
of DSM columns are usually designed and achieved with
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thick cross sections due to their low tensile strength. For the(i) Wall-to-wall bracing:

retaining wallsof deep excavations a combination of DSM Struts are the most vulnerablerigaof an excavation pit. They
columns and reinforced concrete bored piles is presentedare fixed to those points of the retaining walls, where the earth
which combines the advantages of the high compressiveressure is concentrated due to the wall deflections.
strength of the DSM columns and the high bending moment-urthermore they have to sustain loads, which are sometimes
capacity of the bored piles. In this new configuration of a difficult to estimate as for example changes of temperature and
DSM wall the columns are arranged in a continuous archjmpact loads (Weissenbach and Hettler 2001). Depending on
while the reinforced concrete piles are placed at the two toethe maximum excavation width, several types of struts can be

of the arch (see Fig. 106). reasonably applied according to Weissenbach et al. (2003):
x round wood braces: up to approx. 10 m
Steel “Tubex” pile @457/25mm filled x steel braces of HE-B-profiles without buckle support: up to
ith " approx. 15 m _ _
i x steel braces of HE-B-profiles with buckle support: up to
approx. 22 m
1.0 m, Jetgrout column ©2200mm X circular tubes steel braces or open web beams up to approx.
Jetgrout column GR00mm 30 m . . .
2 - By installation of interior walls these values can be

increased. Braces of concrete are able to bridge even longer
spans. An example is given by Haussmann and Douaihy (2006)
on the Capital Plaza Development in Abu Dhabi which will be
mentioned again in the next section.

(ii)Anchors:

As shown in Fig.107, the usual systems for anchored walls
include the anchorage (a) with fixed anchor walls or support
piles, (b) with anchor plates; (c) with pre-stressed ground
anchors; and (d) with raking piles.

25 m

Figure 105. Composite wall of steel Tubex piles and jet grout columns
(after Schat and de Kruijff 2003)

Deep soil mixing column

Reinforced concrete bored pile

Figure 106. Combination of DSM caohn and bored pile (according to
Shao et al. 2005)

x Precast pre-stressed slurry wall (PPS\(Rirmani et al.
1998): Precast wall panels were installed in a slurry trenck
formed by standard slurry wall techniques. The application
of the pre-stressed elements led to a greater strength ¢
concrete and a higher wall stiffness compared to a H
conventional slurry wall. Also the installation time was c)
reduced.

x Combination of mini piles and jet grout colum@aglamar ~ Figure 107. Anchored excavation walls (after Weissenbach et al. 2003)
et al. 2007): Mini piles with diameter of 20 cm, spaced 90 ) ) )
cm and ground anchors were used to retain a 17 m deep In case of deep excavations and cohesive soils a
excavation in Istanbul. To prevent groundwater inflow, jet conventional design may lead to intolerable wall deformations.
grout columns (with a diameter of 600 mm) were placed Possible measures to avoid high deformations are lengthening
behind the mini piles. of the anchors, substitution of at least one level of anchors by

x VERT wall(Briaud et al. 2000): A study on a new type of braces, creating fixed points by using braces in some selected
retaining wall, which consists of three or four rows of S.eCtlonS Ol.' Construgtlon of the excavation and the _bUIIdlng_ln
cemented soil columns that are only vertically reinforcedysmgle sections (Weissenbach et al. 2003). Detailed information
was reported. according to the state of the art of ground anchors is given by

Ostermayer and Barley (Ostermayer and Barley 2003)

(6) Bracing systems o
Bracing systems become necessary when the space is ngt)Stabilising bases: _ _
sufficient to achieve excavations only with berms. In case ofRetaining walls are sometimes supported by a horizontal
deep excavations especially in urban regions, the constructioRlatform projecting in front of the wall at or just below

of excavation pits without bracing systems is often not possibleformation level. This kind of support, known as a stabilising
Then the type and parameters of a chosen bracing system habase, can _be use_d, when conventlonal_ struts are not poss[ble or
an essential influence on the displacements of the retaining walineconomic. Until now, however, design codes provide little

(Horodecki and Dembicki 2007). The following types of guidance about stabilising bases and their behaviour and
bracing systems have been used: mechanism of collapse are not well established (Powrie and

Daly 2007). In some cases the ground below the base of the
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excavation is stabilised in the total area of the excavation pit byed to a successful limitation of the wall deflections. With a
a jet grout slab consisting of short jet grout piles in order tomaximum measured wall deflection of 27 mm the given limit of
reduce the lateral wall deflections (Hsieh and Yu 2005; demaximum 30 mm was kept.

Matos Fernandez et al. 2007).

(iv) Use of substructure as bracing:
Another variant is the use of the substructure as support syste| &
for an excavation. This type of bracing is often used in|®
combination with the top/down construction method. An
example is shown in Fig. 108.

‘\

Suburban |
railway

[ R
Traverse beam -

[ SRS 7 [ underground railway

X

Figure 108. Use of substructure as bracing (after Auvinet and Romo
Organista 1998)

Case history’As an example for a sophisticated bracing system
an urban deep excavation in Berlin, called +SpreedreieckZ, is
presented in Fig. 109. The main aspect of this project was noi
the dimension of the excavation pit with a depth of 10 m but the
complexity of basic conditions. Especially the requirements
with regard to the maximum allowed wall deflections of 30 mm
were hard to fulfill. Several adjacent buildings had to be
considered during the design and construction process in order
to protect them against potential movements. Due to the small
distance of only 2 to 4 m relating to an existing tunnel with old
and damageable sealing systems no anchors could be applied
the planned diaphragm walls. Thereftie retaining walls were
braced with an adjustable system of struts. For these purpos¢ !
most of the struts were fitted with adjustable flat jacks and !
every day the pressures of all jacks were checked witt |
manometers.

The design of the single-layer bracing system was affectec

by the triangular geometry of the excavation pit. A traverse
beam of concrete with a cross section of 1.4 m x 1.0 m was
applied to act as a compression strut and to couple the forces  ;

the north and the south site area. Steel tubes with an out(}

diameter of 762 mm respectively 914 mm were used for most o |
the struts. In order to reduce the temperature loads, the stru
were painted with white colour. Adverse contractions as a resul

For further case histories see:

Capital Plaza Development in Abu Dhabi, United Arab
Emirates (Haussmann and Douaihy 2006): A 20 m deep
excavation pit with diaphragm walls of 2.1 m thickness is
described. Due to the fact that anchors could not be applied,
a single layer of cambered concrete struts with a maximum
length of 60 m and a cross section of 2 m x 4 m was
constructed. Despite of this impressive length the struts are
not supported between the walls in order to avoid
penetrations of the watertight ground slab.

Europa Passage in Hamburg, Germany (Grénemeyer and
Schmidt 2004): The construction sequence of a six-storey
basement with bracing systems is described. The first
bracing level was achieved with a steel framework as shown
in Fig. 110. The other five levels were formed by segments
of the concrete slabs, which were built in advance to the rest
of the structure.

of low temperatures could be equalized by adjusting the flat i _iz - it

jacks. In some areas the struts were supported by primary prof | !
consisting of steel profiles, which were placed on bored piIes‘ﬂ,;ﬁxjt_ -
The decision of using adjustable flat jacks required a detailec™ ~ =T T T

monitoring of the strut loads during the construction process buta) First bracing level: Steel framework
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3.1.2 Methods of construction

(1) Bottom-up

The bottom-up method is probably the most usual construction
method. The construction sequence is illustrated in Fig. 111.
After installation of the retaining walls ... respectively at least
the soldier piles ... the excavation process is started and the struts
or anchors are successively applied as well as a potential
lagging according to the currently achieved excavation depth.
After the completion of the Isa slab the lowest strut level can

be removed and the construction of the building can be
continued upwardly.

Second

X

diaphragm !
wall .
d=

e : | | Side
' ! Wall
(c) Section of the excavation ' ‘ |
Figure 110. Bracing systems of the Europa Passage in Hambur
(Grénemeyer and Schmidt 2004)
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Sotto Mayor Palace in Lisbon, Portugal (Pinto et al. 2001):
Use of 3 m high pre-stressed concrete ring beams (for moréigure 111. Bottom up construction method

project details see chapt@ored Pile WallsZ)

Dhoby Ghaut station in Singapore (Wong et al. 2004): A A case history about an open deep excavation in Bucharest,
back analysis is given of an excavation with maximum Romania, is provided by Radulescu et al. (2007). The design
horizontal dimensions of 180 m x 150 m and a maximumand construction process of an open excavation for a 15-storey
depth of 31 m, which was achieved with five levels of steelbuilding with four underground levels is briefly described and
struts. shown in several drawings.

Central Artery/Tunnel project in Boston (Hashash et al.

2003): The paper of Hashash et al. presents a case history %) Top-down

a multi-strutted excavation pit in Boston and emphasises thé more sophisticated construction method for deep excavations
identification of the thermal induced loads separately fromis the top down method. The construction sequence is illustrated
the loads due to earth pressureeffhal strut loads are also in Fig. 112. In this method, the basement floors are built top
examined by Boone and Crawford (Boone and Crawforddown corresponding to the simultaneous achieved excavation
2000). Another report about bracing systems at the Centraprocess, beginning e. g. with the top basement level and
Artery/Tunnel project is given by (Alostaz, Hagh, Pecora finishing with the bottom level. This method has amongst others
2004). the following advantages compared with common excavations:

Ford Design Center in Evanston, USA (Blackburn et al. X Deflections of the retaining walls can be reduced by the
2005). step-by-step installation of the basement floors from top to
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bottom. The stiffness of the structure is higher than that ofbottom seal was provided by the clay layer. The construction
struts or anchors (Horodecki and Dembicki 2007; Long sequence can be summarized in the below steps:

2001). X
Reduced emissions of noise and dirt due to the fact that the
major part of the excavation work is done under protection
of the basement floors.

Construction time is minimized because the erection of the
superstructure can be already started during the excavation
works. X

Roof slab to
be constructed

Figure 112. Top down construction method

In the first step the piling worfor the bored pile wall and

the excavation of the first basement level were achieved.
Also the 112 foundation piles were bored and then cast up
to the level of the later constructed raft. In order to enable
the works for the upper floors, intermediate steel columns
were placed inside the pile casings.

The second step consisted of the groundwater drawdown
inside the pit and further excavation steps with the
simultaneous installation of the steel bracing system. In this
phase only a smaller initial pit was excavated in that central
partition of the site area in wdh the heavy reinforced
concrete core of the skyscraper should be erected. Inside of
this initial pit the concrete works for a partition of the raft
and basement levels were accomplished and at the same
time the construction process of the entire first basement
level was completed.

x After the completion of the first basement level the

top/down construction process in the area between the
initial excavation pit and the outer pile wall could be started,

beginning at the same time with the excavation of the

second basement level and the construction of the upper
levels of the skyscraper.

(a) Plan of tower foundation

(b) Excavation of the remaining building pit using top/down method

Figure 113. Maintower in FrankfugAfter Katzenbach et al. 1998)

Case history:The following example of a 21 m deep building

pit deals with a combination of the top/down method and a piled-urther case histories for top/down construction:
raft foundation. A 198 m high office building (Main Tower) X eFrankfurtHochVierZ in Frankfurt am Main, Germany: The

was accomplished in the year 2000 in the banking district of
Frankfurt am Main, Germany. In the construction site area the
subsoil is characterized by the relatively weak Frankfurt Clay.
As a result, the geotechnical concept included a piled raft
foundation, consisting of 112 bored piles and a secant bored pile
wall (see Fig. 113). The bored cast in-situ foundation piles have
a length of 30 m and a diameter of 1.5 m. The raft was achieved
with a thickness of 3.0 to 3.8 m. A total of 257 large bored piles
0.90 m and 1.5 m in diameter formed the retaining wall. Due to

the low permeability of the Frankfurt Clay the horizontal

abovementioned concept of initial excavation pits was used
again in Frankfurt for the construction of the building
FrankfurtHochVierZ with the lid construction method
(Janke et al. 2006).

Changi Airport Station, Sirapore (Whiting and Gasson
2000): In order to minimize disruption of the airport
operations the top/down method was extensively used
during the construction process of the station. One of the
major features of the station is the complete absence of
columns and lateral bracingvithin the central zone.
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Platform edge columns with steel core piles were installed
to support the roof of the station as shown in Fig. 114. A
row of intermediate bracings members was fixed between
the diaphragm wall and the slender columns

Figure 115. Section of the excavation pit

(2) Non-grouted soil nails / sand anchors

So called sand anchors bear without grout because the
constrained dilatancy of a dense granular material provides
sufficient shear resistance between anchor rod and borehole
wall. When this type of anchor is installed in rock, sand is used

as granular material for the load transfer. In case of soil layers
gravel is applied instead of sand (Wehr 2003).

(3) Single bore multiple anchor system

Another recent technology of anchorages is reported by
Irrgeher, called Single Bore Multiple Anchor System (SBMA-
System, see Fig. 116). The system involves the installation of a
multiple of unit anchorages in a single borehole and provides a
more uniform load transfer to the ground over the entire fixed
length than conventional ground anchors. By means of this
technology the ultimate load capacity can be increased
especially in soft soils and soils with varying layers (Irrgeher
2001).

Figure 114. Changi Airport Station (After Whiting and Gasson 2000)

x North-East Line MRT, Singapore (Mitchell et al. 2000): A
variation of the top/down method is described. To minimize
the effort for the support of the heavy roof the access holes
were enlarged until only a structufeame wasleft, which
could act as bracing system.

x Basement in the London basin (Pedley et al. 2007): The
article deals with the construction of a basement using th
top/down method and is focused on the design an
construction of the bearing piles.

igure 116. SBMA-System: Load distribution along fixed anchor (After
rrgeher 2001)

3.2 Tunnelling

3.1.3 Special techniques and new developments As for deep excavations, there is also an increasing demand for

tunnels for infrastructures. This trend can particularly seen in

(1) Sealing bottoms with gel : . :

Public authorities have sometimes concerns to permit thegrt::]n Sggg?srtggn?jmg(r)?grt?ﬁgttiovxhIr%heg]%%z ng)ct;gtrtci)v;dn% sg?;;i;?]ir
construction of sealing bottoms with gel regarding to the2807) In orcgijer to provide increasing transport capacities, there
influence of the groundwater quality. In the recent past it was. . !
not possible especially in Berlin to get the permission for the'bseﬁ]lsocgnt;?rzitfecg itrl],ll’;:r:)?:]S Itgxber%%rr?g (I:?)rr?dei;i(?r?g (lﬂgggnigg c)r/ﬁt
use of gel materials. In 2007 a sealing bottom with gel was_ 4 %a ler 2007) DeveIFc)) ingsuch tunnel proiects under time
achieved in Berlin for the first time after a long period. At the PP : ping proJ

above-mentioned project *SpreedreieckZ a new kind of gelﬁ/lnuc:tipttj)fp%gsit tlrjisrfglcsuorﬁhicﬁqggggmrgg\gatedesgﬂ tfgrl]ust;)%r:i
called GDT, was applied, which had a pH-value of approx. 5'2facilities and other services such as stormwater management

and did not affect the groundwater. The gel used was non- . . - .
sensitive to temperature changes or to the quality of the mixin how tSe W?y to |n|t|¢grated tunn(tj-:‘_l design SO|UtI0n§. In_ltlhls part,
water. However, the gel had high requirements to the proportio .gum ero ]flg.]#e Ing casellgtu |eshar.e presented to lllustrate a
of mixture. The horizontal sealing layer was placed at a level ofVd€ range ot ai erent tunnelling techniques.
approximately 26 m below the ground level inside of sand layer,
S2 (see Fig. 115). The sand layer S2 had a medium up to high’

compactness and inclusions of boulder clay. In order to . . . .
facilitate the construction process the excavation pit wa There are a number of different tunnelling techniques which,

- f : Sbroadly can be subdivided into two major groups: TBM
divided into two troughs by a slurry trench cut-off wall. With a ’ S
modular grid of 1.2 m x 1.3 m and a grouting rate of 1,300 | atconstructed tunnels and tunnels excavated by conventional

every grouting location an inflow of only 0.06 | per 1,000 m?2 ’:ﬁg?r?tlj?jgeisspligger?tsedniqu]nrsz-leAfz overview over the different
and second was reached. .

2.1 Tunnelling techniques
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Conventional tunnelling can be carried out by drill, ripping  More detailed classifications of the different tunnelling
or by sequential excavation. This technique is best suited fotechniques have been suggested by various authors, for example
temporarily stable rock conditions but has been applied for anvBl (2006), BTS (2005), Girmscheid (2008), Béappler and
wide variety of rock and soil conditions such as stiff Martos (2006); and Kovari and Ramoni (2006).
overconsolidated clay which is sufficiently strong and In the following section, the most widely used tunnelling
impermeable to remain temporarily stable (Mair and Jardinetechniques are described. Examples are presented to highlight
2001). the advantages of each technique. Emphasis will be given on

Tunnel boring machines can be subdivided into shieldedshielded TBM which is often used in urban tunnelling projects.
machines and into TBM without shield. Shielded machines
provide a support against the surrounding ground while it is3.2.2 Tunnelling using TBM
excavated at the tunnel face. Bappler and Martos (2006)
subdivide shielded machines into the following categories: (1)(1) Slurry-mix
Face without support (open shield); ace with mechanical Slurry machines were developed for tunnelling in cohesionless
support; (3) Face with compressed air application; (4) Face witlsoft ground with little or no clay and silt content (BTS, 2005).
fluid support (slurry or mix shield); and (5) Face with earth The main characteristic of a slurry shield is that in the
pressure balance support. excavation chamber the excavated ground is mixed with a low

Shielded tunnel machines require lining to be installedfriction fluid such as a bentonite suspension. The discharge of
behind the TBM in order to provide a permanent supportthe excavated soil is handled hydraulically. This technique
against the ground. In most cases prefabricated segmental liningquires a separation plant on the surface in order to regenerate
elements are used. The installed lining tube also provideshe slurry for re-use in the excavation chamber.
resistance against which the TBM can be jacked further into the Girmscheid (2008) states that the fines content of the
direction of drilling. In case the ground is stable enough noexcavated soil should be less than 10 %. A similar value can be
lining is required. In such conditions a gripper TBM could be derived from the particle distribution diagram presented in BTS
adopted which has lateral gripper pads which are jacked againg2005). Further information about slurry and mix shield
the tunnel wall in order to provide adequate reaction for themachines is given in WBI (2006), BTS (2005), Girmscheid
forward movement of the TBM. A gripper TBM is an example (2008) and Bé&ppler and Martos (2006).
of a TBM without shield and can be adopted in rock conditions.

Table 12. Overview of different tunnelling methods

Category Support Method Principle

Applicable in stable hard rock conditions without water. Reaction for
Without Shield Gripper forward movement through latgrgripper pads which are jacked against
the tunnel wall.

Applicable in stable soft ground conditions without water. Reaction for
forward movement from errected lining ring.

Applicable if no or low water ingress is expected. Plates are positioned
Mechanical face support between the cutter spokes and are pressed against the tunnel face to provide
support. Reaction for forward movement from errected lining ring.
Air pressure is applied to counterbalance the water pressure. Leakage of air
Compressed air through tail void must be prevented. Air locks required for operating crew.
Tunnelling Reaction for forward movement from errected lining ring.
Machine Applicable in unstable soft ground conditions with predominant
Shielded machines cohesionless soil. Face support is provided by low friction fluid. Pressure
Slurry can be regulated in the excavation chamber via an air bubble. Spoil is
removed hydraulically. Reaction for forreamovement from errected
lining ring.

Applicable in unstable soft ground conditions with predominant cohesiye
soil. Face support is provided by the excavated soil, which can be
conditioned to form a low permeable paste. The support pressure withjn the
face chamber is regulated by air pressure and by the rate of the soil
discharge via a screw conveyor. Reaction for forward movement from
errected lining ring.

Applicable in stable ground conditions. Wide range of different excavation
Without support methods such as drill and blast, roadheader, breaker etc. Excavation gver
the whole tunnel face or sequentially.
Conventional Applicable in relatively stable ground conditions which require support|in
Tunnelling the long term . Support system can be flexibly adopted if unstable
(Mined) conditions occur. Wide range of different support systems such as rocl
bolts, splies, injections, umbrella etc. Primary lining through sprayed
concrete (SCL Method). Secondary linirgt in situ or pre-cast) might b
necessary. Excavation over the whole tunnel face or sequentially.
Excavation from the ground surface. Different methods for wall
construction available. See section «deep excavationsZ for more details.
Whole tunnel tube (or twin, triple etc. tukis)prefabricated over several
Submerged sections. Segments are floated into position and connected and sealed with
each other.

Tunnel is built over several segments on ground level followed by
excavation in chamber beneath ground slab of the tunnel. Excavation
continues until caisson has reached required depth. Applicable in soft
ground conditions.

Tunnel is jacked horizontally fromlaunch shaft. Excavation at front by
Jacked different methods (often in combination with tunnel boring machines).
Normally used for smaller diameters such as required for utility tunnels.

Without face support

EPB

With support

[

Cut and cover

Other
Caisson
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As can be obseed also for other tunnelling methods there is  Darby and Wilson (2006) describe the different operation
a trend to extend the TBM technique into larger tunnelmodes of the tunnel, shown in Fig. 118:
diameter This section will present two of such examples. X Mode 1: The tunnel is dry and road decks open for traffic

X Mode 2: Road decks are open for traffic but lower section

Case history:The Shanghai Changxing under River Tunnel in (beneath lower road deck) is flooded
Shanghai, China, is being constructed using the largestx Mode 3: Tunnel is fully flooded and road decks are closed
mixshield TBM at the time of construction (Herrenknecht and for cars.
Béappler 2007; Béappler 2007; Huang 2008). Two 154 m They describe that the second mode is expected to occur
diameter TBMs are used to construct the two 8950 m longseveral times per year while the third mode is only expected to
tunnels beneath the Yangtze delta near Shanghai, see Fig. 11Yappen once per year. The warning time before the tunnel can
Each tunnel will be used to provide space for a three-lanébe flooded is reported to be 45 min and the time before the
motorway. The difficult ground conditions are one of the majortunnel is open for car traffic after a mode 3 flood event is given
challenges of the project (Bappler 2007; Huang 2008). Theto be 52 hours.
tunnel route crosses layers of extremely soft clays. In addition,
the ground water level is approximately 47 m above tunnel axis
and the maximum overburden is around 60 m.

Figure 117. Cross-section of the twin bored tunnels for the Shanghai
under river tunnel (after Huang 2008)

The tunnel lining is described by Herrenknecht and Béppler
(2007) to consist of 9 precast concrete segments plus one Keygyre 118. Operation modes of the SMART tunnel (after Darby and
stone. The ring length is 2 m. Herrenknecht and Bappler (2007vilson 2006)
describe the electronic wear deteot system the machine is
equipped with. The system provides the operating staff with A cross section of the tunnel is shown in Figure 119, taken
online data about the state of the tools. Such a system enabl@®m Klados et al. (2007). They provide information that the
the operator to optimise the service life of the cutting tools andining has a thickness of 500 mm and that each ring is made of 8
to avoid unnecessary interruptions of the TBM drive. The samesegments plus the keystone with a longitudinal extent of 1.7 m.
authors also explain that tool change devices were designed iDarby and Wilson (2006) summarise the design of the road
such way to allow the exchange of cutting tools underdecks. One load case was the uplift pressure of up to 200 kPa on
atmospheric conditions. Béappler (2007) further describe thethe lower road deckes underside due to the flooding of the invert
construction process of duct elements which are place benea{fmode 2). They describe that the internal road deck structure is
the road level. The installation of these elements is integrategelatively stiff compared to the tunnel lining. Dowels were
into the trailer of the TBM. Thewpre made of precast concrete installed between the internal structure and the lining to transfer
elements of over 30 t with dimensions of 2 x 4.3 x 4.6 m. Thethe uplift pressure into hoop forces within the lining.
tunnels are expected to be completed in 2010.

Another example for a large diameter slurry TBM driven
tunnel is the stormwater management and road tunnel
(SMART) in Kuala Lumpur, Malaysia (Darby and Wilson
2006; Herrenknecht and Bappler 2006; Klados et al. 2007;
Sivalingam and Klados 2006; Tan 2006). The tunnel forms part
of a 10 km long stormwater management bypass to protect
Kuala Lumpur from flood events (Klados et al. 2007). The core
of the project is a 9.7 km long bored tunnel section which does
not only provide space for the water relief but also
accommodates a two storey highway with 2 lanes (plus hard
shoulder) in each direction. The tunnel was constructed using
two mixshields with diameters of 13.2 m (Herrenknecht and
Béappler 2006).

The geological profile was dominated by limestone
formations at shallow depth overlaid by Quaternary alluvial
deposits. The karstic features of the leteme formation and the
variable rock head with unpredictable drops of 20-30 m (Klados
et al. 2007) were two of the main geological challenges of the
project. Due to the changing rockhead the tunnel construction
took place in varying ground conditions. For operation in such
difficult ground conditions the TBMs were equipped with probe
drill and injection openings (Herrenknecht and Bappler 2006).

A co_mprehensive overview about the geology of this project iS’Figure 119. Cross section of the BRIT tunnel (after Klados et al.
provided by Tan (2006). 2007)
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roughly 125 MNm. Herrenknecht and Bappler (2007) reported

This case study is an example of tunnels that can serve moithat the double cutting wheel design had improved both the
than one purpose at the same time. Both, reduction of traffiexcavation process and the soil conditioning. They also
congestion and flood control are two of the challenges largeexplained that adjusting the inner area to a higher rotational
metropolises face. Such a dual-purpose structure requires gpeed had reduced the wear on the outer wheel. The EPB
relatively large diameter which is specifically challenging in the machine had two mixing chambers which could be handled
difficult ground conditions this tunnel was constructed in. independently. The soil was discharged via three screw

This case study also demonstrates how to utilize the fullconveyors with up to 1.25 m diameter.
cross sectional area of a tunnel efficiently. Krcik (2007) notes The tunnel lining consisted of reinforced concrete segments
that only two thirds of large diameter (referred to as 14 m anddf 600 mm thickness. Each ring was 2 m long and consisted of
more) TBM driven tunnels use the excessive cross sectio® segments + 1 keystone (Herr, 2006). The average tunnel
efficiently. The author, therefore, propagates the use of nonadvance rate for both tunnels were 15 and 18 m/day with a

circular full face tunnel boring machines. maximum rate of 46 m/day (Arnaiz et al., 2007). Herr (2006)
provides a comparison of this tunnel advance rates with other
(2) Earth pressure balance machine similar projects which shows that the rate achieved in Madrid

Earth Pressure Balance (EPB) machines were developed for tH42s a relatively high one (Fig. 121).
use in weak cohesive soils (BTS 2005). In EPB machines the
face support pressure is maintained by filling the excavation
chamber with the excavated soil. Under ideal conditions the
cohesive soil in the excavation chamber would form a plastic
paste with a low permeability (Merrit 2004). However, in reality
the soil is most times a mixture of cohesive and cohesionless
ground. Therefore, conditioning of the soil is required in order
to provide the soil properties which can be used in an EPB
shield. The support pressure within the face chamber is
regulated by the rate of the soil discharge via a screw conveyor
(Merrit and Mair 2008).

Case historyAn example for an EPB machine driven tunnel is
the M30 motorway tunnel built in Madrid, Spain in 2005-2006
(Herrenknecht and Bappler 2007; Arnaiz et al. 2007; Herr 2006Figure 121. Advance rate of the M30 tunnel compared with other
Béappler and Martos 2006). The project consisted of two tunnelprojects (after Herr 2006)
each approximately 3,650m long with an outer diameter of
15.20m. Two EPB machines were used for this project. The The tunnels pass through densely developed urban area and
EPB machines used were the largest in diameter at that tim&ross two of Madrides Metro lines. As reported by Arnaiz et al.
Once completed each of the tunnels would provide space for £2007), the tunnel induced settlement was predicted using the
three lane motorway (in each direction) and relieve Madridssfinite difference code FLAC in addition to a semi-empirical
most congested motorway junction (see Fig. 120). Constructiomethod (referred to as Madrid Model, which modelled the
of the tunnels also included excavating cross passages betwesattlement trough as a Gaussiemrve described by several
the two tubes. authors, e.g. Peck 1969; OeReilly and New 1982). Zones which
required protective measures were identified based on the
results of these prediction§hese comprised mortar piles to
enhance stability in the vicinity of the TBM launch shaft,
grouting beneath one of the Metro lines, installation of a piled
wall to protect adjacent buildings and compensation grouting
Arnaiz et al. (2007) compared the predicted surface
settlement (without ground treatment) with measurements taken
along the route. The figure shows that most of the measurement
points settled less than 10 mm.
This case study demonstrates that large diameter tunnels can
be successfully constructed in urban environment even while
achieving high advance rates. However, Arnaiz et al (2007)
point out that this was only achieved since problematic zones of
excessive settlement were identified before excavation started
and appropriate protective measures were taken to limit the
subsidence of buildings and ccél infrastructure to an
acceptable level.
Figure 120. Cross section and tunnel alignment of the M30 motorway While the tunnel for the M30 in Madrid used the largest EPB
tunnel (after Arnaiz et al. 2007) machine at that time, construction of the Metro Line 9 in
Barcelona, also Spain, used a slightly smaller EPB shield (12 m
The geological profile, described by Arnaiz et al. (2007), diameter). Frech et al. (2004) reported that the density of
comprised made ground, Quaternary sediments, Tertiangexisting buildings and the complication of the existing
formations of stiff clay and gypsum formation which are underground structures and the geology posed a great challenge
interspersed with the clay. Most of the tunnel route was withinfor this project. To address these problems, it was decided to
the clay and the gypsum strata. At its deepest point the tunnéjuild only one tunnel for the two tracks of the metro line. The
axis is approximately 75 m below ground level. tunnel was subdivided into two storeys and it was even possible
One of the tunnel boring machines had a new cutting wheelo integrate stations within the largemeter tunnel. This is an
concept which consisted of an inner and an outer cutting wheesxample how it is possible to reduce the impact of underground

(Herrenknecht and Bappler 2007; Bappler and Martos 2006)excavation on existing structures by adapting the tunnel design
The inner wheel had a diameter of 7 m. Both cutting wheelso the given boundary conditions. More details on the
could be rotated independently achieving a maximum torque of
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interactionof this tunnel project with existing surface structures of the tunnel. This shape was also used in order to reduce
will be given in Section 3.2. surface settlement ... a crucial issue when tunnelling beneath of
the worldes busiest airport.

(3) Open face

Open face stable tunnelling is well suited for impermeable and
temporarily ground conditions. An example for this technique
are the Piccadilly Line extension and the Heathrow Express
extension, both constructed as part of the Terminal 5 project in
London Heathrow, UK (Williams 2008). Both tunnels were
constructed in London Clay which is a very stiff, high plasticity
overconsolidated clay. London Clay is well suited for tunnelling
(the first tunnel shield was invented by Brunel for a tunnel
leading through London Clay beneath the river Thames).

The tunnels for the Piccadilly Line extension had an outer
diameter of 4.81 m. The project comprised approximately
1.6 km twin tunnels. The TBM used for these tunnels were
equipped with a boom-mounted road header. The Heathrow
Express extension tunnels were also twin tunnels and had an
outer diameter of 6.1 m and a length of 1.7 km. The TBM was
equipped with a back-hoe. Both TBMs were equipped with
face-breasting plates. These increased face stability during
excavation.

The tunnels of both projects were excavated beneath live
airport taxiways which remained operational during the
construction period. Limiting surface settlement, therefore, was
a key aspect of the project. In addition, the Heathrow Express
extension tunnels also pass beneath the existing Piccadilly Line
tunnels of London Underground, which required further control

of ground movements. i L .
Figure 122. Lining sequence of the tunnel constructed using Lasershell

3.2.3 Conventional tunnelling method (after Jones et al. 2008)
An extensive monitoring programme was carried out both on
e surface and subsurface/tunnel level. Jones et al. (2008)
calculates the volume loss from surface measurements of the

transverse settlement profile. A volume loss of approximately
- ’0.28 % was calculated along measurement sections which were
Staerk and Jaeger 2007; Williams 2008).
Hilar et al (%005) reported the Con)struction of a tunnel asIocated above the tunnel face. The authors also present data
: . . which were taken 2 weeks after completion of the tunnel.
part of the Heathrow T5 project. The tunnel was relatively ShortFittin a Gaussian curve (OeReilly and New 1982) with a
in its dimensions (40 m long with a internal diameter of ga : y :
4.15m). It was used as a launch chamber of a TBM drive frough width k of 0.5 (typical for London Clay) would give a
tunnel. A new method, referred to as Lasershell, was employe qume_Ioss of 0.63 %. The volume loss based on trapezoidal
) ' ' tegration of the settlement measurements was up to 1.1 %

when constructing the SCL. This technique is a combination of ) y:caving that the settlement trough was wider than expected
sophisticated surveying equipment with other features such &g 6,48 very close to the design volume loss prediction of
thepliffeOfr;'i?]rf(e)rrcee'r&foégﬁgrg?gc;itoews the construction of the1.1 %). The ratio of settlement occurring ahead of the tunnel
. . > face to the settlement thereafter was between 43 to 53 %.
concrete shell and its reinforcement in one step. One of the main The monitoring programme was accomplished by a set of

advantages of this technique is a better quality of the Iiningf : . - .

. . . ) - ; ully 3D numerical analyses using the finite difference code
since problems with overshadowing when bringing in the FLXCSD (Jones et al., 2y008). Aftegr an initial length of the 3D
sprayed concrete are reduced compared to convennon%odel was excavated at once, tunnel excavation was simulated

reinforcement (Hilar et al., 2005). It is also beneficial in terms tep-by-step by removing soil slices of 1 m thickness at the

of health and safety since the work in the unsupported area q - :
SI=Y S . - tunnel face. The lining was installed subsequently. Jones et al.
the tunnel face is minimised. Hilar et al. (2005) reports that with port that the nume?ical analysis predicte?::l a vglume loss of

. - : N (
this method production rates are higher than when conventlonaf47 % which is above the measured value. It is also reported

SCL is adopted. that the settlement trough of the numerical analysis is too wide

ﬁbr-gh?eil;]?grirsgegonmciter:gdwﬁt?]mttﬁ:gezséheofagv?gst:?ejsgr#;é‘?ompared to a Gaussian curve fitted through the measurements.
which records the location of the tunnel face and/or the linin This is a result obtained in most analyses of tunneliing in

< . . 9-overconsolidated soils such as London Clay. Standing and Potts
A computer system then compares this information with the

programmed 3D geometrical model. This enables a real tim 2008) after reviewing a number of papers on numerical
control of the lining thickness. The lining comprised three nalyses of tunnelling conclude that realistic predictions of

layers (Hilar et al. 2005). The first one had a thickness c)ftunnelllng in such boundary conditions have not achieved yet

75 mm and had the function to give initial ground support. without incorporating some sort of empirical factor into the

’ ; numerical analysis. They, consequently, refer to numerical
Afterwards the structural layer with a thickness of 200 to . ) . ' ; .
250 mm was installed. Both, the initial and the structural Iayersanalys‘Is of Greenfield sites - affected by _tunnelling in

were reinforced using steel fibres. After completion of the overconsolidated soil conditions as a *holy grailZ in numerical

excavation a finishing layer with a thickness of 50 mm Wasanalysis. . . S
brought in. This layer was not reinforced but hand finished in Although the dimensions of the tunnel presented in this case

9 C Y L X study were not extraordinary the circumstances of building an
order to provide a smooth lining surface (see Fig. 122).

The tunnel face was inclined (angle to the horizontal axisunderground excavation beneath a busy airport under full
approx. 70°, Jones et al. 2008) whiarther increased stability operation are representative for many tunnelling projects in

Sprayed Concrete Lining (SCL) can also be adopted in sof{h
ground conditions. The construction work for the new Terminal
5 at Heathrow Airport, London, UK included various SCL
structures with a total length of over 1100 m (Hilar et al. 2005
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congested areas. This case study demonstrates the importancepofmp out is often necessary to be able to work under dry
an extensive monitoring programme combined with conditions. According to Eurocode 7, the water may be
comprehensive in-tunnel measurements and numericatemoved from the ground (i) by gravity drainage; (ii) by
modelling in order to keep surface settlements within givenpumping from sumps, well points or bored wells; or (iii) by
limits provided by the client. The case study also shows howelectro-osmosis. A description of several types of dewatering
state-of-the-art tunnel equipment can further reduce the healtand the corresponding design assumptions is given by
and safety risk tunnelling operating staff is exposed to duringSmoltczyk (2003).
their work.
(2) Low permeability stictural elements
3.2.4 Other methods Low permeable structural elements are required when an almost
watertight excavation pit is intended. The permeability of the
There is a wide range of tunnelling methods which are neitheretaining walls usually causes fewer difficulties, if an applicable
classified as TBM tunnelling nor conventional method. An system is selected as for example a concrete diaphragm wall or
example for such an alternative method is immersed tunnelsa sheetpile wall. It is often more problematic to make sure that
This method offers significant advantages compared to a TBMhe permeability of a sealing bottom is low enough. Sometimes
driven tunnel when a waterway is to be crossed. Sincean already existing impermeable natural layer can be integrated
immersed tunnels do not require a minimum overburden for theén the excavation pit by designing retaining walls with a
stability of the tunnel (or the tunnel construction process) theysufficient depth. When such layers are not reachable with
can be built shallower than bored tunnels. Consequently theyconomic effort, artificial sealing bottoms have to be installed.
offer much flatter gradients which results in shorter tunnels.This can be achieved by under-water concrete, jet grout slabs or
Another advantage of these tunnels is that they are not bound &ealing layers of gel materials. Even though, a certain amount of
a circular cross section. Using a rectangular shape offersvater inflow cannot be avoided and has to be considered.
particularly for road tunnels a much more economic use of the
tunnel space. Further advantages such as the ability to surviy@) Jet grout slabs as sealing bottom
earthquakes undamaged are listed by Ingerslev (2007). Shortly after the authorities of Berlin prohibited the use of water
The worldes deepest immersed tunnel has been constructeglass for bottom sealing in the middle of nineties, a plenty of jet
under the Bosporus in Istanbul (Turkey) as part of a railwaygrout slabs were installed in the centre of Berlin to enable high
project. Grantz et al. (2007) report that the shallowest elementumber of deep excavations to be carried out without lowering
of the tunnel is 40 m deep which is twice as deep as mosthe ground water table. This risk carrying type of sealing
immersed tunnels built until now. The deepest section is aimposes high requirements on the design and construction. In
depth of 58 m below sea level. Grantz et al. (2007) alsogeneral jet grout slabs are distinguished between high and low
highlight that the immersed tunnel is joined in deep water withlying slabs. The former has to be tied-back due to the uplift
TBM-driven tunnels. From both sides TBMs will bore circular forces and are placed only 1 to 2 m below the foundation slab.
tunnels into receiving sleeves at the end of the immersed tunndlhe latter is charged by the above lying soil. For the
section. construction of jet grout slabs inside the Berlin soils, which
In his state-of-the-art lecture, Ingerslev (2007) refers to theconsist mainly of sand and gravel layers with inclusions of
ability of immersed tunnels to sustain earthquakes. Given théoulders and brown coal, the following parameters are approved
complex geological situation near the fault zone between(Hartmann et al. 2002): Jet diameter = 4.5 ... 6.0 mm; Pressure
Europe and Asia, seismic design was a major aspect of thef grouting material= 300 - 420 bar; Air pressure = 8 -12 bar;
project. Grantz et al. (2007) reported that a large area of th&low rate = 350 ... 420 I/min; Time of pulling = 8 ... 12 min/m,
tunnels foundation was treated by compaction grouting in ordeand Rotation speed = 3 ... 5 r/min.
to reduce the risk of liquefaction. The pattern shown in Fig. 123 has often been used for jet
Apart from its depth and the exposure to seismic activity grouting slab installation in the past, where the secondary rows
there were other extraordinary challes at this project: The are achieved with a greater igi. The columns of the
Bosporus is one of the worldes busiest water ways. Insecondary row are built higher to cover pin holes. Case histories
combination with the complex currents (Grantz et al. 2007,of jet grout slabs have been reported by Reichert et al. (2002)
report up to 6 knots) experienced, placing the segments was @asing low lying slab in boulder layer; Hartmann et al. (2002)
difficult task. Tunnel segments were floated when the surfaceusing high and low lying slab; and Borchert et al. (2006) using
current was below 3 knots. double layer slab to avoid pin holes. Other papers concerning
In order to reduce the construction time used for dredgingthe permeability of excavation pits include:
and floating, a new tunnelling concept, referred to as TIMBY, x Lehtonen and Sintonen (2007) for presenting ea new
has been developed by the companies Herrenknecht and method to make totally watertight sheet pilingZ. In this
Bouygues which combines the advantages of immersed and method, sheetpiles are embedded in soil with a continuous
TBM driven tunnels. It enables the tunnel to be built as an  and simultaneous cement grouting;
double-O-tube, although other cross sectional shapes such as Measurements of pore water pressure around a semi-
ellipses or circular tubes are also possible. (Béppler et al. 2006). permeable contiguous bored pile wall in clay as presented
An excavator mechanism is integrated into the shield. by Richards et al. (2006 ; 2007).
Therefore, the dredging operations prior to the launch of the
TBM can be potentially reduced compared to immersed tunnel
construction. The tunnel lining is erected by the TBM, omitting
the complex operation of floating the immersed tunnel segments
into position.

3.3 Managing risks and mitigation measures

3.3.1 Controlling ground water inflow

(1) Dewatering

In most cases, deep excavations are carried out under

groundwater table. Therefore a lowering of the ground water or
a construction of a watertight excavation pit with a following
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technologies, on the one hand the leakiness of jet grouted

Figure 123. Jet grouting slab installation elements and on the other hand the creep behaviour and the
] lower strength of frozen soil (compared to jet grouted elements),
(3) Ground freezing shall be reduced by this approach (Raschendorfer 2006). Further

As mentioned in Section 2.4.7, ground freezing is used for bothase histories for ground freezing include:

tunnelling and deep excavations. Ground freezing is a veryx Randstadt Rail underground line in Rotterdam, Netherlands
expensive, time-consuming and complicated method to build a  (Thumann and Hass 2007);
watertight and stable barrier. It can be reasonably used, wher Metro-line U2 in Wien, Austria (Martak and Herzfeld 2008)

the tunnel is too short or the boundary conditions are toox Metro station Brandenburger TorZ, Berlin (Liebich et al.
uncertain to use a slurry machine (TBM). Problems during the  2006).

operation may occur due to a high flow velocity of the
groundwater and settlements or heaves of the near-surface soil
(Pimentel et al. 2006). Ground freezing is also applicable as
temporary protective measure to enable connections between
deep excavation pits and/or driven tunnels underneath the
groundwater table by mining technique. For example, ground
freezing was recently used in Cologne and Berlin for the
construction of metro stations between two driven tunnels.

Case history: Currently the North-South urban railway of

Cologne is under construction. For the construction of the

stations, six deep excavations with depths up to 29 m were

achieved in the centre of Cologne. The retaining walls were

built as diaphragm walls with panel depths between 12.5 and 50

m and a total wall area of approximately 60,008, fhe

subsurface consists of a fill layer of up to 13 m. This fill layer is

underlain by several layers which contain mainly gravel and

sand and have a medium to high compactness.
Figure 124 shows the application of the freezing method for

one of the excavation pits. The middle part of the underground

station was located below a highway. In order to avoid

disruptions of this important transport link the middle part of

the station was excavated with mining technique from two open(a)

building pits north and south of the highway. These building

pits had been built previously with braced diaphragm walls. The

longitudinal heading between the two tunnels was achieved by

mining under the umbrella of ground freezing as shown in Fig.

124a. For the installation of the required freeze pipes two

preliminary tunnels were driven above and below the later

heading, consisting of reinforced concrete tubes with an inner

diameter of 2.5 m. The freeze pipes had a maximum length of

11 m and ranged respectively from the upper and lower

preliminary tunnel to the track tunnels. They adjoined to the

diaphragm walls of the two excavation pits and build an almost

watertight layer. Calcium chloride brine with a temperature of

-35°C is used as cooling liquid. The maximum durability of the

frozen umbrella is assumed to be 10 months according to the

achieved three-dimensional FE-computations. The groundwater

table is estimated to change between a level of 36.5 and 41.0 m

during the construction time and thus it is not ensured that the

upper area of the ground freezing lies permanently inside of the

groundwater. Therefore a cement injection of the soil is

achieved previously to the ground freezing in order to ensure

sufficient static properties of the frozen soil even in the case of a

low water content of the soil. The longitudinal heading is

carried out step-by-step and protected with shotcrete (Fig.

124b). The heading starts from the north excavation pit anqb)

ends in the south. At first a central heading tunnel is built in thQ:igure 124. Metro station in Cologne: (a) Use of ground freezing; (b)

middle of the two track tunnels with a sequence of several paraccomplished station

cross sections. After this the construction of the structure

already begins and the entire cross section of the heading can Be3.2 Controlling ground movements

accomplished in the further progress by demolishing parts of the

temporary shotcrete and the tubing ring (Wahrmund et al.Controlling ground movements becomes a primary concern for

2008). tunnelling and deep excavation projects in populated areas.
New technical expertise of ground freezing is provided byBuilding deformation and the potential damage to structures

Pimentel (three-dimensional numeric analyses), Graf v.have become a major concern in the planning and construction

Schmettow (Case study Metro Cologne) and Cudmaniprocess of most underground construction projects. Jardine

(thermotechnical FE-analysis) (Pimentel et al. 2006; Graf v.(2001) reports that up to 20% of the costs of the Parliamentary

Schmettow et al. 2006; Cudmani and Nagelsdiek 2006). Armprocess of the Jubilee Line Extension Bill (required for

interesting combination of ground freezing and jet grouting isconstructing a new underground line in London, UK) was

reported by Raschendorfer (2006). The disadvantages of botrelated to the assessment of the effects of ground movements on
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existing buildings. Furthermore, tunnels are often constructed/olume loss without any protective measure would have been
beneath sensitive structures, such as existing railway lines ogven higher (1.9%). However, they stress that it is the shape of
airport for which particularly strict settlement criterions apply. the settlement trough which has changed significantly (Fig.
There are a number of different possibilities to control 125b). The settlement behind the wall (i.e. where the building
ground movements. Probably the most important approach is teits) remain below 15 mm whitee maximum settlement above
limit the source of ground deformation, i.e. by choosing the besthe tunnel axis was in the order of 80 mm. The authors conclude
suited tunnel alignment and then the appropriate tunnellinghat in terms of damage categories (Burland 1995) the situation
method or by applying a suitable excavation/propping sequencef the building changed from damage category 3 (Moderate) to
for deep excavations. However, sometimes additional0 (Negligible). Similar conclusions caoe drawn from their
techniques are required to limit the ground movements furthermeasurements of horizontal displacements using inclinometer
Harris (2001) subdivides the protective measures for tunnellingesides each side of the tunnel. On the side without protective
projects into three categories: (a) In-tunnel measures; (byvall the horizontal surface movement was around 20 mm while
Ground treatment measures and (c) Structural measures. Sinbehind the wall only approximately 5mm of horizontal
TBMs are often used to build tunnel in densely populated areamovement was recorded. It is interesting to note that the figures
it is important to control the ground movements caused by theresented in Di Mariano et al. (2007) show that on the side
construction activity. BTS (2005) states that, based on recenbehind the protective bored pile wall the horizontal movements
experience, a volume loss of less than 1% is achievable and thatere directed away from the tunnel while on the other side they
such a figure should be taken into consideration when planningointed towards the tunnel as one would expect in green-field
a new tunnel beneath sensitive structures. Mayer et al. (200®onditions. Their numerical analysitsso showed that while the
point out that the tunnel lining should be as rigid as possiblesettlement and horizontal surfac@vements behind the wall
when settlement of overlying buildings has to be consideredare reduced they are increased on the other side of the tunnel
They stress that this is particular the case in poor groundeading to higher potential damage if structures were present on
conditions. By referring to the Statenwegtrace-Tunnel inboth sides of the tunnel.
Rotterdam, which has a outer diameter of 6.5 m, Mayer and
Frodl (2006) demonstrate how state-of-the art finite element
(FE) modelling can be used to model the deformation behaviour
of tunnel segment rings more accurately. For this tunnel project
adjacent tunnel rings were connected via cam-pocket couplings
(BILD). The load-displacement parameters describing this
connection were derived from small scale laboratory tests
(Mayer et al. 2007). This example demonstrates that both state-
of-the art numerical analysis and laboratory tests should be
carried out during the design stage of a tunnel in order to
optimize the tunnel design and to limit tunnel induced ground
movements.
In cases where in-tunnel measures are not sufficient to limit
ground movements to an acceptable level it is necessary to carry
out other protective measures. Some case studies of recent
project in which such methods were successfully applied are
presented in the following sections.

(1) Structural approach
Structural measures can be installed within a building in order
to stiffen it and to make it less sensitive against the movementsigure 125a. Piled wall as a protectimeeasure at Barcelona Metro
induced by the tunnel (Harris 2001). Another approach is totafter Di Mario et al. 2007)
construct structures which reduce the ground movements
around a building. Such structural protection is not directly
connected with the building. An example of this approach is the
use of bored pile or diaphragm walls which are placed between
the structure which has to be protected and the tunnel which
causes the ground movements. An example for such a measure
is presented by Di Mariano et al. (2007). They report the use of
a bored pile wall in order to protect a number of 7-storey
residential buildings from the ground movements induced by
excavating a 12.06 m diameter tunnel for the new Line 9 of the
Barcelona Metro system. The tunnel was constructed using an
EPB-shield.
The decision to install such a bored pile wall was made after
relatively high volume losses of above 1 % were measured in
other sections of the construction of this metro line. The cast-in-
situ piles had a diameter of 650 mm and were 29.3 which is
approximately the invert level of the tunnel (with a cover of gigyre 125p. Settlement trough affected by piled wall as a protective
17 m). Only the top 9 m of the piles were reinforced. The measure (after Di Mario et al. 2007)
distance between tunnel and pile wall was 2.80 m (Fig. 125a).
The axis to axis distance between the piles was approximately A comprehensive study of the use of such walls to mitigate
two pile diameters. tunnelling induced ground movements is presented by Bilotta
The surface settlement meemments presented by Di (2008) who conducted a number of centrifuge tests simulating
Mariano et al. (2007) show that it remained above the valughe installation of a diaphragm wall parallel to a tunnel. In his
measured during previous sections of the Line 9 constructioniests the author varied the length of the wall, its thickness and
Its magnitude in volume loss was 1.68%. In performing a plangoughness and its horizontal distance to the tunnel axis. His
strain Finite Element Analysis, the authors conclude that theesults also show that in most cases the settlement behind the
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wall reduces while in front of the wall (i.e. ete the tunnel is)  An extensive programme of protective measures was, therefore,
the settlement increases. Bilotta (2008) introduced aset up along the tunnel route which accounted for approximately
dimensionless efficiency paramet@r compare the settlement 20 % of the costs of the structural works (Koenemann et al.
immediately behind the wall with that which would occur if no 2007). Compensation grouting was applied to seven areas
such wall would be present. Bilotta (2008) concluded that theprotecting 48 buildings from tunnelling induced subsidence.
effectiveness of the wall mainly depends on its length. He alsdrhe total drilling length for AITAMs was 14.5 km and they
concluded that there is a difference between smooth and rougtovered an area of approximately 6.780 m2 (Kuesel and
wall and that a rough wall, if it was too short, could have aAllgaeuer 2008).

detrimental effect on the movement behind the wall (i.e. a In most cases the TAMs were drilled horizontally from
negative efficiency parameter). Bilotta (2008), therefore, shafts and formed an umbrella beneath the structure which had
recommends that a rough wall should be founded at least half @ be protected. These umbrellas consisted of 2 layers and the
diameter beneath tunnel invert while for a smooth wall hedrilling length varied between 20.5 and 52.5 m (Buecker et al.
concludes that the wall should be founded at or below tunneR006). The depth of the shafts was between 11 and 17 m below

axis level. ground level. Kuesel and Allgaeuer (2008) describe the
extensive measurement systarhich was installed to monitor
(2) Monitoring and active compensation the building behaviour and to control the grouting procedure.

Compensation grouting is an et measure to mitigate tunnel The building settlement was measured using a liquid level
induced ground movements and its effects on existinggauge system. Knitsch (2008) states that this technique has
structures. The principle of this method has been introduced iproved extremely effective in a number of projects, highlighting
Section 2.6.6. More detailed description of compensationthe rapid response time combiheith a high accuracy. Kuesel
grouting is given by Harris (2001), Rawlings et al. (2000), and Allgaeuer (2008) report the accuracy to be +/-0.2 mm. The
Kuesel and Allgaeuer (2008), Kummerer et al. (2008). Thissensors of this system were installed in approximately 5m
method is often applied in urban areas where structures such asstance to each other.

buildings or infrastructure tunnels have to be protected. Continuous data collection and their evaluation and

However, finding a suitable workspace to install the TAMs is documentation are a core aspect of the compensation grouting

often problematic in congested areas and consequently differembethod. Mayer et al. (2004) and Knitsch (2008) conclude that

approaches for the installation of TAMs have been developedthis method is only practicable with high-performance IT

Harris (2001) distinguishes between sub-vertical and subsystems which are able to visualise the complex data acquired

horizontal TAM installation. The first one would be from the from several individual processes. A similar system as

surface or from the basement of a building while the latterdescribed by Knitsch (2008) was used for the Cologne project.
would represent drilling from a shaft (often purpose-built for This system, as summarised Blayer et al. (2004) and Kuessel
compensation grouting) or from existing tunnels. and Allgaeuer (2008), comprised four functions: (a) Evaluation

Each TAM has a number of ports through which the groutof required grouting volume based on real-time measurements;
can be injected and a double packer system is used to control €1) Monitoring and processing of real-time measurements; (c)
which port grout is injected. Kuesel and Allgaeuer (2008) list Reporting; and (d) Archiving. Based on the data of the current
four stages over which the grouting process is carried out: settlement profile, the system calculates the grouting parameters
1) Pre-treatment is undertaken in order to spre-stressZ théor the forthcoming operations and suggest these values to the

ground and to ensure that the subsequent grouting has asperating engineer. The settlement profile can be visualised to
immediate effect on the overlying structures. allow the engineer to assess the effectiveness of the grouting

2) Pre-heave is then carried out before the structure iperation in real-time. An example is shown in Fig. 126.
affected by the TBM drivelt compensates the settlement
caused by installation of the TAMs.

3) Compensation grouting is applied once the building is
within the influence zone of the tunnel. It has a mitigating
effect on the settlement caused by the tunnel excavation.

4) Post-grouting tightens the ground after the TBM drive in
order to minimise long-term settlement.

Compensation grouting is now a key technique when
constructing tunnels in densely populated areas. An example fqg
such conditions is the construction of the North-South Urban
Light Railway in Cologne, Germany. It is one of the major
infrastructure projects currently being undertaken in Germany
(Buecker et al. 2006; Handke and Tempel 2007; Koenemann ¢
al. 2007; Dinglinger and Jakobs 2007; Ruttkamp and
Wahrmund 2007; Kuesel and Allgaeuer 2008). The project
comprises of 2 x 3860 m tunnels with outer diameters of 6.8 and
8.4 m. The larger of the two tunnel diameter was chosen so that
it is possible to integratéhe station platform within the tunnel
tube in order to reduce the space required when constructing thEgure 126. Visualisation of compensation grouting
stations (Ruttkamp and Wahrmund 2007). Most of the route is
within Quaternary and Tertiary layers made of gravel, sand and Compensation grouting was also required in the vicinity of a
clayey silt and brown coal with the occurrence of pebbles andctross over cavern to be constructed beneath a densely populated
boulders. Since the two thousands years of history in Colognearea. Ruttkamp and Wahrmund (2007) report that it was not
there are also relatively extensive areas of made ground/fillinggossible to place TAMs horizontally from a shaft structure in
which required special attention in archaeological terms. Theorder to protect buildings which were founded on a raft. Instead,
tunnel route also crossed through the fillings of an old Romarthe TAMs were drilled in an inclined angle which was drilled
port next to the River Rhine. parallel to a pipe arch. The pipe arch was placed in order to

The control of settlement was major issue in this project provide a better reaction for the grouting operation. The
since the tunnel route crosses beneath the densely populated chyiilding settlement after completion of the running tunnels were
center. Koenemann et al (2007) reported that around 150(ess than 5 mm. Ruttkamp and Wahrmund (2007) note that the
properties were within the influence of the tunnel construction.inclined angle had no effect on the effectiveness of the method.

=)
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Another case study in which the TAMs were installed sub-Diizceer 2001). During the construction process of the
horizontally is presented by Kummerer et al. (2007; 2008). Theexcavation pit also settlements of the adjacent soil may be
construction of two tunnels in Bologna, Italy, required caused, e. g. due to vibrating-in a sheetpile wall. By the
mitigation measures to protect aristing brick railway viaduct. measurement of the vibration an exceeding of acceptable values
The tunnels were part of the highspeed railway line betweercan be observed at an early stage and damages can be avoided
Napoli and Milano and had a diameter of 9.4 m. The allowable(Horodecki and Dembicki 2007).
settlement criterion was that dwadjacent columns of the The examined monitoring data of achieved deep excavations
viaduct would have a differential settlement of 1/3000 or less.can be looked up both in several summaries and in single case
This was equivalent of a settlement difference of 2.7 to 5.3 mnstudies in the technical literature. M. Long provided in 2001 a
between the columns. The tunnels were excavated using EPBcheduler summary of some 300 worldwide case histories of
machines. Tunnelling took place within heterogeneous alluvialwall and ground movements due to deep excavations (Long
strata with mainly gravely and sandy soil together with lenses 02001). Yoo (2001) summarized 62 case histories of braced and
clay. The soil cover above the tunnel crown was approximatelyanchored walls in multilayered ground conditions of residual
20 m. Kummerer et al. (2007) reported that it was plannedsoils overlying rock stratum, which are frequently encountered
initially to perform the compensation grouting from vertical in the urban areas of Korea (Yoo 2001).
shafts, similar to the Cologne case study discussed above. Further case histories of monitored retaining walls:

However, limitations in space and ground access required &

Circular diaphragm wall (Anagnostopoulos and Georgiadis

different solution. Hence, thelorizontal Directional Drilling 2001);
(HDD) technique was employed to install the TAMs beneath x CFA pile wall in a heavypverconsolidated clay (Szepehazi
the bridge foundations, as shown in Fig. 127. et al. 2001);

X Multi-anchored diaphragm in pyroclastic soil (Fenelli and

Ramondini 1997);

Soil nailed excavations (Shiu et al. 1997; Thut et al. 2003) ;

Sheet piling wall (Sokoliland Vukadinovii2007);

Bored pile walls (Richards et al. 2006, Richards et al. 2007);
Deep basement excavation in Berlin (Triantafyllidis et al.

1997);

X Three tied-back diaphragm walls in the alluvial soil of

Taipei (Liao and Hsieh 2002);

x Short diaphragm wall panel (Ng et al. 1999).

The above summarised tunnelling case studies have also
illustrated the importance of monitoring during tunnel
excavation. This is particularly the case for conventional
excavation technique (Jones et al., 2008) and when protective
measures are operated in response to the measured ground and
building movements. The case histories for Barcelona Metro
(Di Mariano et al. 2007), Madrid M30 (Arnaiz et al. 2007),
Cologne Metro (Koenemann et al. 2007) and Bologna
(Kummerer et al. 2007) all highlighted the importance of high
quality measurements during tunnel construction.

X X X X

Figure 127. Schematic view of Horizontal Directional Drilling bore for
compensation grouting (Kummerer et al. 2007)
. . 3.4 Conclusions

The maximum length of HDD drill was 68 m and the total
length of all TAMs was 5,000 m covering an area of 3,280 m A number of case studies for deep excavations and tunnelling
Kummerer et al. (2007) further described the measurementqiacts are presented. The projects discussed in this report
system which consisted of a liquid level gauge systeMgnqy that there is a trend for excavations and tunnels to be
comprising 93 measurement points over three levels. Alloongirycted under increasingly difficult circumstances including
measurements were r.elated to a fixed gauge Iocr?\ted 50 m awgological and geotechnical challenges, deeper and larger
from the bridge. Readings were taken every 10 min. dimensions and close proximito existing structures.

During the first TBM drive beneath the bridge a volume loss |, many of the presented castidies, ground movements
of around 1% was measured (Kummerer et al 2007). Th§uere a major concern of the projects and adequate mitigation
advance rate of the TBM was 18 m per day._The second tUNNghaasures were a pivotal part of the design. For deep
construction was at a certain offset to the bridge. Consequentlgycayations, the report discussed different construction methods
Kummerer et al. (2007) reported that a rotation of the bridge;ng their effects on soil displacement. For tunnels, the
was observed. Kummerer et al. (2008) summarized that afteg,jication of different protective measures such as protective
completion of the TBM excavation the differential settlement praq pile walls and compensation grouting were presented.
was below the value specified by the client. The trend that tunnels of increasingly large diameters being
constructed can be seen in numerous case studies. In some cases
the large diameter was also chosen in order to reduce ground
) i . movements (compared to the constructénwin tubes). While
The construction of a deep excavation requires not only garge diameter circular tunnels provide lateral extent for multi-
sophisticated design but also a high quality monitoring. |ane roads, their height isften difficult to use. Multi-purpose
Monitoring is necessary to verify the theoretical approaches o} nnel which combine for example storm water management
the design stage and to control the stability of the retaining;ng road traffic demonstrate how to maximize the use of
systems during the construction process. For deep excavationfodern tunnels. The report also highlighted newest
monitoring is the most important measure for the identificationdeve|0pmems in the TBM design which allows such large

und avoiding of damages and cannot be neglected according thgnnels to be constructed in difficult ground conditions.
state of art (Katzenbach et al. 2006). Monitoring data can also

help to diagnose the failure mechanism when unexpected wall
movements occur. In thatcase targeted measures for
strengthening of the wall can be selected (Candogan and

3.3.3 Monitoring construction process
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4. NATURAL HAZARD MITIGATION
4.1 Introduction

In recent years, natural diars have increased in both
frequency and scale. The total number of reported natural
disasters in the world has increased from about 120 in 1980 to
more than 400 in 2007 based on the International Emergency
Disasters Database (EM-DAT). These include the 26 Dec 2004
Indian Ocean tsunami which claimed 275,000 lives, the 29 Aug
2005 Hurricane Katrina in New Orleans which resulted in
US$81.2 billion in damage, the 8 Oct 2005 magnitude 7.6
earthquake in Pakistan with more than 40,000 victims, the
Cyclone Nargis in Myanmar on 3 May 2008 in which nearly
84,000 people died and 54,000 missing as estimated by the UN
and the 12 May 2008 Sichuan earthquake in China in whichy,

nearly 70,000 peiople were killed. A summary of the casualtiesigure 128 (a) Average number of people reported killed, per million
and the economic damages caused by disasters from 1991 fighabitants by continent: 1991-2005; (b) Total amount of reported
economic damages by continent (2005 US$ billion): 1991-2005 (after

2005 is given in Fig. 128.
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International Strategy for Disaster Reduction)

4.2 Types of natural hazards

A disaster is defined by the Asian Disaster Reduction Center
(2003) as e«a serious disruption of the functioning of society,
causing widespread human, material or environmental losses
which exceed the ability of affected society to cope using only
its own resourcesZ. Disasters dmngenerallyclassified into
three types: (1) natural; (2) man-made; and (3) hybrid (Turner
and Pedgeon 1997). Natural disasters are catastrophic events
resulting from natural causes su@s volcanic eruptions,
tornadoes, earthquakes, etc., over which man has no control.
Natural disasters are often termed as *Acts of GodZ. Man-made

disasters, on the other hand, are those catastrophic events that

result from human decisions. The man-made disaster refers to
non-natural disastrous occurrences that can be sudden or more
long-term. Sudden man-made disasters include structural,
building and mine collapses that occur independently without
any outside force. In addition air, land, and sea disasters are all
man-made disasters. Theaee disasters that result from both
human error and natural forces. These are known as hybrid
disasters. An example of a hybrid disaster is the extensive
clearing of jungles causing soil erosion, and subsequently heavy
rains causing landslides. The classification of natural and man-
made disasters are illustrated in Fig. 129.

For natural disasters, the disastrous events can be further
summarized in Table 13 based on Shaluf (2007). The casualties

of different natural hazards based on the Centre for Research drigure 129 Classifications of man-dedisasters and natural disasters

the Epidemiology of Disasters (CRED) are shown in Fig. 130(after Shaluf 2007)

(Koehorst et al. 2005). It can be seen that earthquakes, floods,

landslides and cyclones are the todekdl. All these disasters Table 13. Natural disaster events (based on Shaluf 2007)

are closely related, directly or indirectly, to geotechnical

Category

Event

engineering. Thus, geotechnical engineers play a key role for
the mitigation of all these natural disasters.

Natural
Earthes surface

phenomena beneath

t

heEarthquakes

Tsunamis

Volcanic eruption

Natural

physical origin on the Earthes surfas

phenomena of complgxLandslides

eAvalanches

Metrological/hydrological
phenomena

Windstorms (cyclones,
typhoons, hurricanes

Tornadoes

Hailstorms and
snowstorms

Sea surges

Floods

Droughts

Biological phenomena

Locust swarms

Epidemics or
communicable diseases.

@)
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Table 14. Checklist of landslide causes (after Cruden and Varnes 1996)

Category Causes
1. Geological | a. Weak materials
causes b. Sensitive materials

c. Weathered materials

d. Sheared materials

e. Jointed or fissured materials
f. Adversely oriented structural discontinuity
fault, unconformity, contact, etc.

2. a. Tectonic or volcanic uplift
Morphological | b. Glacial rebound
causes c. Fluvial erosion of slope toe

d. Wave erosionof slope toe

e. Glacial erosion of slope toe

f. Erosion of lateral margins

g. Subterranean erosion (solution, piping)
h. Deposition loading slope or its crest

Figure 130 Casualties of different natural hazards based on CRED
(Koehorst et al. 2005)

According to Geotechnet, the European Geotechnica

Thematic Network, the risk management of natural disasters i. Vegetation removal (by fest fire, drought)
basically involves the following issues (Koehorst et al. 2005):  ["3 Physical a. Intense rainfall
x Risk awareness and perceptidre. the societal awareness, | causes b. Rapid snow melt
understanding and experience of risk, as well as theg c. Prolonged exceptional precipitation
societal attitude how to deal with risks. d. Rapid drawdown (of floods and tides)

e. Earthquake

x Hazard risk identificationi.e. the objective and quantifiable ) )
f. Volcanic eruption

identification of the hazard risk.

. . - g. Thawing
x Hazard risk assessmente.l.vglner_ablllty assessment and h. Freeze-and-thaw weathering
the assessment of potential impacts of the hazards i. Shrink-and-swell weathering
coherence of the influencing factors and the societal impact 4. Human a. Excavation of slope or its toe
of the risk. cause b. Loading of slope or its toe
x Risk reduction measureise. deployment of preventive and ¢. Drawdown (of reservoirs)
curative measures to reduce natural hazard risk to agreed d. Deforestation
e. Irrigation
levels. S
h ic of thi deal ith . | f. Mining
As the topic of this report deals with construction, only g. Artificial vibration
construction methods that are related to the mitigation ang h. Water leakage from utilities

rehabilitation of natural hazards or disasters such as landslides,
earthquakes and river and coastal protections are discussed.

4.3. Mitigation against landslides
4.3.1 Types of landslides

Landslides have been classified in general as fall, topples, slides

(rotational and translational), lateral spreads, flows and

composites of different types. The main causes of landslides

have been identified as (1) precipitation and infiltration such as

intensive and prolonged rainfall and snowmelt, (2) change in

surface water level, (3) earthquake, (4) flooding, stream coastal

erosion, (5) natural dam failurég) human effects such as cuts

and construction, (7) volcanic eruption, or (8) in combination of rigyre 131. Landslide trigger mechanisigaster Koehorst et al. 2005)

any of the above (Schuster and Wiecworek 2002). A more

detailed checklist of the causes of landslide is given in Table 14. | andslide hazard mapping is a common method used in
Although landslides can be triggered off by a number of eventsidentifying the potential landslide hazard. Once the hazard
water plays by far the greatest hazard, as shown in Fig. 13locations are identified, part of the mitigation measures can be

based on the Italian experience (Koehorst et al. 2005). carried out as geotechnical constructions. Three types of maps
can be plotted: (1) Geological risk map; (2) Landslide
4.3.2 Landslide risk management occurrence map; and (3) Perceived landslide risk map. The first

step in any landslide risk management is to set up an inventory

The susceptibility of a slope to land sliding and the frequency of(lmaps) of existing landslides. This is the basic building block of
occurrence are components of "hazard". The "risk" associatetiazard evaluation. Landslide hazard maps generally indicate
with landslides includes both the hazard and the consequenceshere landslides are most likely to occur; however the timing of
The risk may be defined with respect to economic loss and/otandslides is generally unknown. Exceptions are areas with
the loss of human life. For regions in which rainfall is the main historical records of landslide ents that allow for statistical
landslide-triggering event, the major goals of landslide analyses to be carried out.
management have been summarized by Koehorst et al. (2005) Geographic information systems (GIS) have become an
as follows: important tool for landslide hazard assessment. GIS is a

x Understanding the link between rainfall and land sliding.  computer based technology designed to capture, store,

x Estimating the frequency of land sliding in different areas. manipulate, analyse and display diverse sets of spatial or geo-

x Prioritising slopes for prevention and remedial action. referenced data. Advanced GIS can be used for life span
x Developing early warning systems and disaster mitigationacquisition and management of spatiata and hazard risk. GIS
plans. data can be analysed to produce 3D hazard maps draping

x Developing approaches for real time hazard during rainfall. topography and other data over satellite imagery maps, thus
significantly enhancing hazard and risk mapping. There are a
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number of metbds that can be used to process the GIS datacurtains are often used for this purpose (Cornforth 2005).
Each method involves an increasing degree of analysis, anHlowever, more often drainage methods including surface
rigour, not necessarily an increasing accuracy in the assessmetitainage, subsurface drainage and drainage well are used. The
of probability. The application of such methods should includesurface drainage control works include drainage collection and
consideration of the following aspects to give realistic outcomedrainage channels. Good surface drainage is strongly
surface and subsurface geometry, hydrology, variation of poreecommended as part of the treatment of any landslide or
water pressure with time, neaial strengths and spatial potential landslide. In addition to surfageainage, surface drain
variation of parameters. A comparison of different GIS blankets are also used to allow seepage forces to dissipate
technologies for the assessment of landslide hazard is made tefore reaching the surface. A recent development in surface or
Wang et al. (2005). Cornforth (2005) suggests that the bessubsurface drainage is the use of capillary barrier. In this
approach is to provide only factual information on the maps andnethod, two different layers of soils were used with the purpose
allow the users to make their own interpretation. If needed,of keeping the slope below the capillary barrier unsaturated
interested parties can obtain professional advice from(Rahardjo et al. 2007). There are also measures to increase the
geotechnical practitioners for specific input on projects. surface runoff. These include seeding, sodding and mulching
Comprehensive descriptions of slope instability zoning andslopes and using shotcrete, riprap, thin masonry, concrete
mapping methods have been given by Soeters and Westenpaving, asphalt paving and rock fills to treat slopes.

(1996) and Keaton and DeGraff (1996).

4.3.3. Mitigation methods

The landslide mitigation works are broadly classified into two
categories: 1) control works; and 2) restraint works. The control
works involve modifications of the natural conditions of
landslides such as topography, geology, ground water, and other
conditions that indirectly control portions of the entire landslide
movement. The restraimtorks rely directly on the construction
of structural elements. Specificeasures included in the control
works and restraint works are listed in Table 15 which is
compiled with references to Landslides in Japan
(http://www.tuat.ac.jp/~sabol/lj/ljap4.hdmAnother summary of
different approaches to potential slope stability problems is

given by Holtz and Schuster (1996). Figure 132. Flow chart for the selection of slope stabilization methods
In terms of slope stability strategies, the flow chart shown |n@efter www fa0.org/docrep/006/t0099e/t0099e05.htm)

Fig. 132 may be used as a reference. In the chart, slopes a
classified as stable, marginalgtable and unstable. The chart

oo ; S ‘ Subsurface drainage is usedcmntrol seepage and reduce
indicates the appropriate combination of methods to eithefgre \water pressure in soil so that the driving force on a
maintain or achieve a stable and erosion-free slope. FOE

- - . ; “landslide can be reduced. The methods available for subsurface
marginally stable slopes, it may be possible to use biologicalyrginage include horizontal drains and trenches for shallow
methods as discussed in Section 2.7.3. depth (up to 6 m) and drainage wells, drainage galleries, adits,
or tunnels for deep depth. As an example, the use of trench
drains for the remediation of the Hagg Lake Slide 6 on the Happ
Lake Perimeter road in USA is illustrated in Fig. 133. This slide

(1) Drainage
As precipitation and infiltration are two major factors affecting

the stability of slopes, diverting water away from the slope orinqyeqd a very high groundwater level within a natural bow! of
slip surface is one of the most effective ways for landslide

o . “ancient landslide terrain. The detail of this case is given in
mitigation. When the water source is at the top of the slope, it-grnforth (2005).

may be possible to use barriers to block and divert the water
away from the slope. Slurry trench cut-off walls and grout

Table 15. Mitigation methods for landslide (with reference to http://www.tuat.ac.jp/~sabol/lj/ljap4.htm)

Category Method Treatment

Surface drainage to reduce wateSeepage barrier; surface drains; drainage blanket; capillary barrier
infiltration
Sub-surface drainage to remove thé&hallow horizontal drains; trench drains
ground water within or to prevent waterDeep deep wells; well point and ejector systems; relief wells; vertical gravity drains;
Control works | from flowing into the landslide mass. | tunnels and drainage adits; vertical shaft with drainage array.

Soil treatment Electro-osmosis; vacuum dewatering; etc
Soil removal Weight reduction; or re-grade the slope
Soil fill Using buttress and toe berms
Erosion control Stabilisation of river bank protection to prevent erosion.
Anti-sliding piles Driving piles; steel pipe; large size cast-in-place pile
Anchors Soil nails and anchors
Restraint works| Retaining walls Crib; gravity; tieback; sheetpile; soldier pile
Earth reinforcement Mechanically stabilised soil;
Biological stabilization Use vegetations to stabilise or protect the slopes

Slip surface strengthening Grouting using cement or chemicals
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A comprehensive review of the landslide incidents A case of the successful use of drainage tunnels/adits to
involving inadequate surface drainage was made by Hui et alower pore waters pressures and stabilize a hazardous slope in
(2006) in Hong Kong. Examples of inadequate detailing orSwiss Alps, 50 km NW of Lugano, has been presented by
construction of surface drainage provisions have been giveonzanigo et al. (2000). The detail of the adit with perforated
using real cases and some are illustrated in Fig. 134. This repodrainage boreholes is shown in Fig. 136. The effectiveness of
is available from _http://www.cedd.gov.hk/eng/publications/ this method is demonstrated by the flow conditions measured
geo_reports/index.htmVegetations have also been used in around the adit as shown in Fig. 137.

Hong Kong to enhance drainage and erosion controls. Some Deep wells and well-point systems are used mainly to
methods of vegetating slopes are presented by Chan (2007provide temporary stability to a slope, as are often used for open
More on the biological stabilization method will be discussed cut excavation. They may also be used when shear keys, trench
later in this Section. drains and anti-sliding piles are constructed.

Traditionally, trench drains are made of gravels or stones as
shown in Fig. 135(a). As an alternative, geocomposites can also
be used as shown in Fig. 135(b).

Figure 133. Use of trench drains for the remediatf a failed slope in USA (after Cornforth 2005)

Figure 134. Examples of inadequate attention of drainage detailing (after Hui et al. 2006)
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Container Terminal is given by Yee et al. (2004). The purpose
of using vacuum preloading in this project was mainly to reduce
the water content and increase the shear strength of the soil.
However, preloading requires time and thus may not be suitable
for urgent repair works.

(2) Anti-sliding piles

Different types of anti-sliding piles are used to stabilize slopes.
Some typical arrangements are shown in Fig. 138. Large
diameter bore piles or cast-in-siteinforced concrete piles are
often used in one or two rows (see Fig. 138). The piles can
either form a tangent or a secant wall or be used isolated with a
space in between. They are installecbatear the toe of the
slope to intercept the slip surface and stop the movement of the
slope. The depths of the piles are determined by the locations of
the slip surface which may be deepethe middle and shallow

(a) Gravel trench atthe two ends.

Figure 138. Different methods afsing anti-sliding piles for slope
stabilisation 1: slope surface; 2: potential slip surface (afterwang 2007)

As an example, the use of large size cast-in-situ piles for a
slope stabilization project in China is shown in Fig. 139. The
(b) Trench made of geo-composite piles are installed at a few tees apart (Fig. 139a). The cross-
Figure 135. Use of trench drain fsiope (after Pinzani et al. 2008) section of the pile can vary but should be larger than one meter.
The excavation was done in steps of 1 to 2 m. For each step, the
wall of the pit was supported by casting a layer of 20 cm thick
concrete as shown in Fig. 139b. After the shaft is excavated, a
reinforced concrete pile is cast in-situ (Fig. 139¢). This method
is simple and economical. However, it is not suitable to be used
in soil where seepage is difficutt be controlled. One example
of the use of cast-in-situ piles is shown in Fig. 140.

Figure 136. Drainage adit used for an unstable slope in south Alps: (a)
Profile; (b) Adit with perforated drainage boreholes (after Bonzanigo et
al. 2000).

@

Figure 137. Cross-section of the slide mass showing groundwater flow
vectors and equipotential contours after the drainage adit shown in Fig.
136 was constructed (after Bonzanigo et al. 2000).

Electro-osmosis or vacuum dewatering has also been used
for the stabilisation of slopes or embankments (Bjerrum et al.
1967; Casagrande 1983), as described in Section 2.4.6. A cage (c)
history of using vacuum preloadirfgr the stabilisation of an  Figure 139. Installation of cast-in-situ anti-sliding piles (a)&(b) Shaft
embankment in Kuching, Malaysi for the Deepwater Port excavation; (c) Putting reinforcement and pile casting (after Chen 2000)



3068 J. Chu et al. / Construction Processes

types of slope protection. Some examples are shown in Fig. 145.
The effectiveness of using ground anchors or soil nails for slope

stabilisation has been demonstrated during the 2008 Sichuan
earthquake in China. As shown in Fig. 146, the part of slope

stabilised using ground anchors did not collapse during the

earthquake.

Anchors

Figure 140. Use of cast-in-siteinforced concrete anti-sliding piles for
slope stabilization (after Wang 2007)

Reinforced concrete (RC) shafts of 5 m diameter and 22 m )
deep, as shown in Fig. 141, were used for the rehabilitation of
the Macesnik landslide in Slovenia (Mikos 2005). The shafts
had both anti-sliding and drainage functions. The solid bottom
part (of at least 20% of the shaft length) was embedded into the
bed rock. Geosynthetic and 125 mm in diameter pipes were
used for the shaft for drainage. For details, see Mikos (2005).

Anti-sliding pile

Drains

(b)

Nails

Figure 141. Details of the reinforced coeter shaft (after Mikos 2005).

(3) Ground anchors and soil nails

As general ground improvement methods, ground anchors and

soil nails have been discussed in Section 2.7.2. These methods ©
have been commonly used for slope stabilisations when a
relative competent bearing surface and an anchorage layer are o o
available. The installation of an anchor involves the drilling of F'9ure 142 Use of ground anchors and soil nails in slope stabilisation (a)
an angled hole into an anchorage zone of bedrock or firm soilsZE‘C:EgE’ agg s%ri}cr:‘;”rss E;ﬁg;;“hﬂ;?te?ru:rl:g'ggog';es and drains, ()
inserting a steel bar or stranded wire and grouting the role.
Anchors are tied to concrete bearing pads by applying
prestressing. Soil nails are normally not pre-stressed. Some
typical use of ground anchors or nails together with other
methods in slope stabilisation are illustrated in Fig. 142. An
example of the use of ground anchors with anti-sliding piles for
slope stabilisation is shown in Fig. 143.

Ground anchors or soil nails are commonly used together
with metal meshes. As an example, the repair of the San Marcos
Road landslide in USA (Tracy and McGolpin 2005) using soil
nail and metal mesh system is shown in Fig. 144. Soil nails
were installed to lengths of at least 6 m for a design load of 2.7
tons tension on the anchor rod. Spacing is 1.5 m using a hole
diameter of 100 mm and a steel nail of 30 mm diameter
galvanized and threaded steel bars. There have not been any
slope failures since the soil nails were installed (Tracy and
McGolpin 2005). Soil nails or ground anchors are also used

together with concrete or masonry grids, shotcrete and othelrigure 143 Use of ground anchimgether with anti-sliding piles (after
Wang 2007)
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(@

(b)

Figure 146. Comparison of a slope with and without stabilisation after
the Sichuan Earthquake (After Deng 2008).

(4) Reinforced slopes

Use of reinforcements is ametr effective way for slope
stabilisation. Reinforced steepened slopes (with face inclination
of less than 7) is also termed as Mechanically Stabilized Earth
(MSE) slopes and have been discussed in Section 2.7.1. A good
review of this topic has already been given by Holtz and
Schuster (1996) and Bathurst and Johns (2001). Therefore, only
a few more examples are given in the following.

Examples of Concrete crib walls, Bin walls and Gabion
retaining walls are shown in Figs. 147, 148 and 149,
respectively. These walls can be used relatively quickly for
slope repair if granular fill materials are available. For clay
backfills, systems such as the Keystone and geogrid system as
shown in Fig. 150 can be used. A case study of the Keystone
wall will be given in Section 4.3.5.

Figure 144. Use of soil nails and metal mesh for the San Marcos Road

Landslide Repair (after Tracy and McGolpin in www.geobrugg)com

@

(b)

Figure 147 Use of concrete crib walls for slope stabilisation: (a)
Concept (after Cornforth 2005); (b) A practical example (from
http://www.concrib.com.au/images/pic9.)pg

Figure 145 Examples of soil anchors or nails used together with

concrete grids oretcrete (after Chen 2000)
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@

(b)
Figure 148 Use of bin walls for slope stabilisation: (a) Concept (after
Conforth 2005); (b) A practical example

uction Processes

Figure 150. Schematic views of Loffel block and Keystone
combination block with geogrids (after Rogers 1992)

The mitigation of debris diws requires a multi-discipline effort,

a proper hazard management program and an emergency plan.
The hazard management program should include the
identification of possible disaster triggering scenarios and the
associated hazard level and assessment of possible measures to
reduce the potential damages. The emergency plan should
include early warning systems, risk reduction systems and an
escape plan. A detailed discussion on the mechanisms,
prediction and countermeasures is presented by Takahashi
(2007). As far as geotechnical constructions are concerned,
mitigation methods for debris or mud flows can be classified
into three categories: (1) Protective structures to either cross-
over or cross-below the debris flow areas; (2) Diversion to
divert the debris to flow in a controlled manner; and (3)
Blockage or barriers to stop or delay the impact of the debris

@ flows. These include grilled gates or walls which can be used
together with diversion channels, nets and dams. A more
refined classification is given in Table 16.
Table 16. Classification of countereasures for debris flow (after
Hungr et al. 1987)
Measure [ Rationale
Passive measures
Restrict use of hazard| Define hazard zones, Restrict use |of
area endangered areas
Warning system Provide warning to the public, befqgre,
during and after even
Active measures, source area
Reforestation Relant erodig and unstable spes
Watershed Control harvesting and road building, clean
manaement out debris
Stabilization of debris | Slide gabilization, check dams, erosion sills
(b) sources _ '
Figure 149 Use of Gabion walls for slope stabilisation: (a) Concept Active measures, trapertation zone _
(after Conforth 2005); (b) A practical example (from http://www.weld- ﬁwhr?rg?/ghlents griea?\%éigt ?galgalpvtgirc]i’ erc])l\%?f‘lgosvnd rceém? lce
mesh.com/images/canadapicg)pg diversion direction of movement and reduce chanpel
erosion
4.3.4 Debris flows Bridges or viaducts | Provide bridges with adequate openings| to
desgned forpassae prevent blockge of debris flow channel
Debris flow is one of the major geo-hazards. In terms of materials] *SacrificialZ bridges, | Design bridges not to block the flow or be
debris flows can be classified into rock avalanche, debris avalanche, fords severey damajed in the event of burial
mud flow, debris flow, earth flow, clay flow-slide, and sand, silt, debris Eggg;fhtggggﬁ bed Divert road into a tunnel beneath the stream

flow-slide (Hungr et al. 2001).
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(1) Use of protective structures

This method is often used for roads or railways. A common

type is the protection shed (or gallery) as shown in Fig. 151(a).

It is normally made of cast-in-situ reinforced concrete slab roof

with soil cushion above the roof to absorb energy. Circular arch
roof design as shown in Fig. 151(b) is also used to enhance the

ability of the roof against punching. Recently an improved

design in France has also been mentioned by Labiouse (2008)

which uses slab-short column contacts.

Figure 153. Diversion channels for distftows (courtesy L.M. Wang)

(3) Blockage

There are many different types of blockages. The common types
are gates, barriers, fences raets, check (or Sabo) dams and
reinforced dams. The level of engrgbsorptions of each type

is summarised in Fig. 154. Examples of the use of rockfall
barriers, nets and debris trapping gates are shown in Figs. 155,

Figure 151(a). Use of protection shed in Switzerland (after Labiousel56 and 157. A new debris trap (see Fig. 158) that can be used

2008)

Figure 151(b). Use of aular arch roof protection shed in China (after

Chen 2000)

(2) Diversion

quickly in emergence was also experimented in Japan by Ohta
et al. (2007).

Figure 154. Energy absorption capacity of each type of blockage (after
Labiouse 2008)

Like water, if debris cannot be stopped, it should be diverted to
safe places or debris storage basin. A channel diverting mud
flows through the village of Lamosano, below the Tessina

landslide, Northern ltaly, is shown in Fig. 152. Another

example used in China is shown in Fig. 153.

Figure 152. A channel for diverting mud flow in Northern Italy (Photo
by E. Bromhead, University of Kingston, UK.)

Figure 155 Rockfall barrier (after Labiouse 2008 and Geobrugg nets)

Check or Sabo dams can be classified into the following four
types according to their purpose. a) Spur consolidation dam; b)
Riverbed erosion control dam; c) Riverbed sediment runoff
control dam; and d) Debris flow control dam. A spur
consolidation dam prevents hillside failure and further collapse
of an adjacent area by raising the riverbed at a spur through the
accumulation and consolidation of sediment, as shown in Fig.
159. For sediment and debris flow control, stepped dams as
shown in Fig.160 may be used. Examples are given in Figs. 161
and 162.
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Figure 156 Use of net for the prevention of rockfall in China

Figure 157 Debris flow trap used in Japan

Figure 158 A new debris trap (after Ohta et al. 2007)

Figure 159 Use of spur consolidation deondebris flow (after Nippon
Koei 2007)

Figure 160 Use of stepped dam for debris flow (after Nippon Koei 2007)

Figure 161. A stepped dam used inir@hfor the control of debris flow
(courtesy of L.M. Wang)

Figure 162. Use of a combined debris barrier and stepped dams in China

An example of a reinforced dam for limiting the speed of a
potential debris flow in the West Coast of Norway is given in Fig. 163.

Figure 163 Reinforced dam used fidebris flow in Norway (source:
NGI)
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4.3.5 Case histories The slope rehabilitation scheme is presented in Fig. 165. A
picture of the slope after repair is shown in Fig. 166. The
(1) Slope repair in Malaysia Keystone walls also provided the support for the upper geogrid

A repair of a landslide slope faile in Malaysia was reported by reinforced slope of 11.6 m high with slope angle of 46°. It
Ooi and Tee (2004). The 17 m high slope failure took placecarried the perimeter fencing and drainage at the top of the
behind a hostel, as shown in Fig. 164. The failed slope waslope. The reinforcements used were Geogrid 160RE, 120RE,
stabilized using soil nailed at 1.5 m intervals as the failed slope8ORE, 55RE, 40RE and SS20.

was being excavated to profile for the geogrid reinforced slope.

Soil nails were necessary to provide the required factor of safety

of 1.2 for temporary stage during the construction of the slope.

Two levels of 3.6 m high geogrid reinforced vertical Keystone

walls were used. The method of construction enables rapid

building up of the walls without temporary forms.

Figure 166. A picture of the repaired slope (after Ooi and Tee 2004)

Figure 164. Failed slope before repair (after Ooi and Tee 2004)

Figure 165. Slope rehabilitation scheme involving soil nails, geogirds, keystone walls, drains etc (after Ooi and Tee 2004).

(2) Road repair in Japan presented in details by Tatsuoka et al. (2007). The ground
After the 2004 Niigataken-Chuetsu earthquake of a magnitudenchors were arranged to prevent a failure along inclined
M6.8 in Japan, a railway embankment was damaged as showpedding planes in the surface weathered sedimentary soft rock
in Fig. 167. The embankment was constructed in erodedayer (Fig. 168). The base ground for the GRS-RW was
depressions in the river terrace. The railway embankment wasnproved to a depth of 1 m by cement mixing with a cement
supported by a gravity-type soil retaining wall at its slope toe.weight of 150 kg/m, which was then covered with a drainage
The embankment totally failed for a length of about 90 m in thelayer consisting of crushed gravel. Geogrid reinforcement layers
railway direction. The depth of the failure surface was about Awere arranged at a vertical spacing of 30 cm following the
m (Fig. 167). The repair of the highway was carried out within construction standard. A full height rigid facing of concrete
two months after failure using geosynthetic-reinforced soilwith a thickness of 30 cm and 6.9 m high was subsequently
retaining wall (GRS-RW) method as shown in Fig. 168 andconstructed. Some construction processes are shown in Fig. 169.
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Figure 167. Failure of a section of railway in Japan (after Tatsuoka et al.
2007)

J. Chu et al. / Construction Processes

(c) Ground anchor and full height rigid facing

Figure 169 Pictures showing the construction process (after Tatsuoka et
al. 2007)

(3) Slope repair using geosynthetic containers in Japan

Another case history for the repair of a highway damaged after
the 2007 Niigata earthquake of magnitude M6.9 in Japan was
presented by Shinitirou et al. (2007). The failed slope is shown
in Fig. 170. For the repair of this slope, large weather proof
geosynthetic containers were used together with geosynthetic
reinforcement as shown in Fig. 171. The containers as shown in
Fig. 172 were about 90 cm high and £ m volume. The
containers were filled with gravels or crushed rocks and stacked
up to form walls with geosynthetireinforcement for the

reconstructed embankment.

Some pictures showing the

construction are given in Fig. 173.

Figure 168. Slope repair scheme (after Tatsuoka et al. 2007).

169 (a). Use of cement mixed soil

169 (b) Geosynthetic reinforced retaining wall

Figure 170. Slope failure after the 2007 Niigata earthquake (after
Shinitirou et al. 2007)

Figure 171. Slope repair using der geosynthetic containers (after
Shinitirou et al. 2007)
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Figure 172. Large diameter geosynthetic container (after Shinitirou et a

2007)

(a) Forming walls using geosynthetic containers and geosynthetics

(b) Wall formed by the stacked geosynthetic containers with drains

(c) Repaired slope

(4) Repair of the Jizukiyama landslide in Japan

The repair of the Jizukiyama landslide in Nagano-City, Nagano
Prefecture, Japan, is not a recent case. However, it is one of the
few good cases that can be used to illustrate the applications of
various mitigation techniques.

Information on this landslide and rehabilitation work can be
found in _http://www.mlit.go.jp/river/sabo/panf/00726ji/02.pdf
The landslide took placed on 26 July 1985 due to unusual heavy
rainfall. It caused 25 deaths, 4 serious injury, 50 residential
structures destroyed, 5 half destroyed, 9 partially destroyed.
Other damages included destruction of forest, roads, water
distribution system and other infrastructures. The site area was
underlain by the Upper Tertiary Late Miocene rhyolitic tuff and
the investigations following the sliding revealed that the rock
has unique characteristics of alteration and rupturing. A small
movement had taken placed in 1981 before the landslide.
mmediately following the sliding, landslide mitigation

easures and restoration works was implemented. Pictures
before and after the landslide are shown in Fig. 174.

(a) Picture before landslide

(b) Picture of the landslide
Figure 174. The Jizukiyama landslide in Japan (from
http://www.mlit.go.jp/river/sabo/panf/00726ji/01.ppf

A picture of the slope after repair is shown in Fig. 175. The
mitigation measures included the use of large diameter cast-in-
place piles, anchors and construction of drainage wells and
drainage tunnels. The repair work started in 1986 and completed
in 1987. A schematic illustration of the various slope
stabilisation works are shown in Fig. 176. Pictures showing the
construction of the large diameter drainage wells and the ground
anchor stabilised walls are shown in Figs. 177 and 178.

Figure 173. Use of geosynthetics containers for quick highway repair

(after Shinitirou et al. 2007)
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Figure 178. The repair othe Jizukiyama landslide in Japan (after
http://www.tuat.ac.jp/~sabol/lj/lifg50.htn

Figure 175. Picture of the repair slope (from

http://www.mlit.go.jp/river/sabo/panf/00726;i/02.9df The failure of hydraulic structures can be classified into the
following four categories as shown in Table 17. The duties of a
geotechnical engineer include not only the prevention of failures
but also the rehabilitation of failed river or coastal protection
structures after a disaster.

Table 17. Types of failures of hydrausittuctures (with reference to Liu

et al. 2004)
Categories FailureMechanisms
Hydraulic failure Overflow, overtopping, erosion of inner gr

outer slope, erosion of feshore, erosion o
crest, erosion of inndgpe of the dike, piping
and scour.

Geotechnical failure|  Overall stability of the dike, slip of inner|or
outer slope, liquefaction, settlement, and
squeezing
Human factors Human errors, effects of buildings and trees,
pipelines, and cable crossing
Unforeseen events Ship collision, drifting ice, heavy storm,

Figure 176. Schematic illustration of the various slope stabilisationl O natural disasters | hurricane, tsunami, and earthquake.
works (fromhttp://www.mlit.go.jp/river/sabo/panf/00726ji/15.pdf )

4.4.2 Construction of river or coastal protection structures

The types of river or coastal protection structures can be
summarized in Table 18. As illustrated in Figs. 179 to 183, the
first three are conventional types and will not be elaborated in
this report. Brief discussions on the rest will be made below. It
should be mentioned that very often, more than one type of
structures are adopted for dike construction, For example,
compacted earth dikes can be used together with sheetpile walls
as shown in Fig. 179b and geotextiles can be used to reduce the
settlement and enhance the stability of a dike, see Fig. 57 of
Section 2.5.6.

Table 18. Classification of dikes and coastal structures according to
materials used
Type Construction method
Earth-fill 1). Using compacted soils
dike or levee |2). Using cement mix soils or bagged soil
3). Using dunped rocks
Masonry and [1). Using casin-place or precast concrete walls

Figure 177. Drainage well constructagsing reinforced concrete

> i concrete 2). Using precast concrete panels

segments (from http://www.tuat.ac.jp/~sabol/lj/ljap4.Htm 3))_ Usirg?rgller conpacted cgncrete

o ) . Steel 1). Driven steel sheetpile wall
4.4 Mitigation against river or coastal related hazards sheetpiles or [2). Contiguous bored pile or prefabricated sprung piles

boredpiles
i Geotextile or |1). Geo-tube filled with concrete mortar, sand or clay

4.4.1 The types of failures geosynthetic [2). Rubber dam

L . . materials 3). Geo-bag or geo-container
For mitigation against river and coastal related hazards, one of 4). Geo-mattress
the major geotechnical concerns is the design and constructigRrefabricated[1). Concrete caissons _
of hydraulic structures such asawalls, breakwaters, sea dikes, [concrete 2). Semi-circular concrete caissons

. . ; egment 3). Steel or concrete suction piles or caissons
river dikes and revetments. The failure of these structures m ). Torgtu assemiyl method

lead to catastrophic disasters, as in the case of the New Orleafx types Dike construction involving the use two or more of the
flooding in 2005 due to Hurricane Katrina. above methods
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(a). Dike made of compacted soil

(b) Dike made of steel-sheetpiles

(c). Dike made of precast concrete wall @
Fig. 179. Flood protection structures used in the New Orleans area (after
Mosher and Duncan 2007)

Figure 182. Saluda Dam made of roller compacted concrete (a) Cross-
section; (b) picture (after Bair and Koleber 2006)

Figure 180. Dike made of bagged soils (after Xu et al 2008)

(@)

. Figure 183. Steel sheetpiles used in Singapore (a) Cross-section (after
Fig 181. Concrete seawalls (After Dutta 2007) Bo et al. 2005); (b) A picture
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(1) Geotextile tubes (Geo-tubes), bags (Geo-bags), mattresses
(Geo-mats), and containers (Geo-containers)

The use of geosynthetic materials has offered many new options
for hydraulic structure construction. Several methods have been
developed to use geotextile materials for the construction of
coastal structures such as breakwaters and dikes in the past
decades. One of the methods is to use geotextiles acting as
formwork for cement mortar units cast in situ (Silvester and
Hsu 1993). The mortar mix need be only of sufficient
compressive strength to support the weight above, plus the
moment from the side force ofdhwaves. Since the flexible
membrane is required to hold the mixture in place until it sets,
any subsequent deterioration due to UV rays or other conditions
is of little concern. Thus, this method tends to be cheaper than
conventional methods. Applications of the mortar filled Figure 185. A 6m high rubber damChina (after www.cnhubei.com)
geotextile tubes are illustrated in Fig. 184. Details can be
referred to Silvester and Hsu (1993). Similar methods, but
using sand or dehydrated soil as the fill material, have also been
used for dike construction (Kazimierowicz 1994; Miki et al.
1996; Saathoff et al. 2007). Sand or sandy soil is the most ideal
fill material for this purpose. Farear shore or offshore projects,

a suction dredger can be used to pump sand from the seabed or
a sand pit directly into the geotextile tubes. In case sand is not
readily available, silty clapr soft clay may also be used (Chu
and Yan 2007). In this case, the clayey fill would have to be in a
slurry state in order to be pumped and flow in the tube. The
slurry fill would have to be dewatered in the geotextile bags or
tubes under an ambient pressure. Then the selection of the
geotextile used for the bags or tubes becomes important. The
geotextile has to be chosen to meet both the strength and filter
design criteria. Some analytical methods have been developed
to estimate the required tensile strength for the geotextile
(Kazimierowicz 1994; Miki et al. 1996; Leshchinsky et al. (a). Cross-section of the rubber dam
1996). The apparent opening size (AOS) of the geotextile needs
to be selected to allow the pore pressure to dissipate freely and
yet retain the soil particles in the bags.

@

Figure 186. The rubber dam used in the Ramspol storm surge barrier in
Netherlands (after InnerHarbour Navigation Canal Floodgates
Conceptual Study report 2007).

However, the rubber dams are only applicable to the

(b) construction of small dikes. For dikes more than 8 m high, geo-
Figure 184 Use of geotextiles: (a) to replace core material and (b) tdubes, geo-bags, or geo-mats may be used. Examples of the use
provide a space for core fill (After Silvester and Hsu, 1993) of geo-tubes and geo-bags as scour apron or breakwater are

shown in Figs. 187 and 188. An example of the use of geo-mats

When dikes or weirs are to be built across a river or a lakgor dike construction is shown in Fig. 189. In this example, clay
for flood control and for creating a small reservoir, water or airslurry dredged from the seabed was used to fill the mats. The
filled rubber tubes have been used to form the so called rubbetesign of this dike is illustrated in Fig. 190 (Chu and Yan 2007).
dam. The height of the inflated rubber tube ranges from 1 to 6lhe cross-sectional dimension of the geo-mat changes with the
m. The advantage of a rubber dam is that there is no span limiglesign for the dike as shown in Fig. 190. The longitudinal
The longest dam built is more than 2 km. One example is showfength ranges from 20 to 30 m. The height of the geo-mat after
in Fig. 185, which is 6 m high and 96 m long across theconsolidation is from 0.5 to 1.0 m. The bags were formed by
Qingjiang River in China. The rubber tube is prefabricatedsewing geotextile sheets using ordinary sewing machines. The
using high strength synthetics, such as macromoleculegeotextile used for the geo-mat was a woven geotextile of 131
compound materials. The rubber tube can be inflated using/nt. It had a thickness of 0.52 mm, AOS of 0.145 mm and
either air or water. Normally a concrete base is required tdongitudinal and transverse strength of 28 kN/m and 26 kN/m,
anchor the rubber tube. The highest rubber dam in the world stespectively. The surface of the dike was covered by a concrete
far is the one used for the Ramspol storm surge barrier inmattress which will be discussed in Section 4.4.3. For more
Netherlands (see Fig. 186). It is 8.35 m high and is inflated bydetails of this project, see Chu and Yan (2007).
both water and air.
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The land reclamation project created 2.798 million m2 of land
along a beachfront of 9.5 km. Geo-tubes were used as
containment dikes in this project to create artificial islands. 20
million m3 of sand and stone were used as infill and rip rap.
Reclamation was carried out in two stages. As shown in Fig.
1914, the first stage of the construction involved installation of
geo-tubes with a height of approximately 2.6 m, followed by
hydraulic filling of sand behind the geo-tubes. The second stage
involved installation of another geo-tube, followed by further
hydraulic filling of sand to achieve the finished platform level
of Chart Datum of 3.6 m. Upon completion of the reclamation,
rock armour of 60 to 300 kilogram was placed in front of the
geo-tube dike. The fabric used for the geo-tube had an apparent
opening size (AOS) of 0.425 mm and a wide width tensile
strength in the machine and cross directions of 175 kN/m. Seam
strength in the principle directions was about 50 to 60 percent of
these values or about105 kN/m (Fowler et al. 2002). The weight
to area ratio of the geotextile was 948 ffpeotube placement

Figure 187. Geotextile tube and scour apron used in Sea Isle City, US’Began in open water in about 1.0 m depth of water.

(after Dutta 2007)

Figure 188. Geo-bags used as breaer in Australia (after Saathoff et
al. 2007)

Figure 189. Dike constructed using clay filled geo-mats in China (after
Chu and Yan 2007)

Armour rock
60 - 300 ky

Geotube

Y/ _Platform level = CD+3.6m

\/ Seabed level = CD-1.6m

Geotextile

@

(b)

Figure 191. Use of geo-tubes fitlie construction of artificial islands in
Bahrain: (a) Schematic view; (b) Construction (after Ten Cate Niclon
http://lwww.hastex.net/webfiles/HastexNL/files/Geosytems_Case_Histor
ies_Feb2005.pdf )

The geotube lay flat width was 6.5 m wide and 97 m long.
Polypropylene ropes were tied to each of the nylon straps and

Figure. 190. Dike constructed using geo-mats in China (after Chu andhese ropes were then tied to 10 cm diameter steel posts that had

Yan, 2007)

The construction of the artificial islands at the Amwaj
Islands, Bahrain, is briefly introduced here as a case study. Th
Amwaj Islands project is an artificial island development in
Muharraq, Bahrain, which was carried out from 2003 to 2006.

been driven about one meter into the sea floor as shown in Fig.
192a. The geo-tubes were filled from a fill opening (Fig. 192b)
at 50 m intervals from a barge as shown in Fig. 193.

e
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Figure 194 Design of submerged rdm&akwater (after Fowler et al.
2002)

(b)
Figure 192 (a) Geotube with anchor poles and ropes prior to filling (b)
during filling (after Fowler et al. 2002)

Figure 195. Use of geo-tubes for beach protection and surface dune
restoration in Florida (after Advanced Coastal Technologies,
www.advancedcoastaltechnology.com/studies.html )

Figure 193 Method for filling the geo-tube underwater (after Fowler et
al. 2002)
(€Y

Submerged reef breakwaters as shown in Fig. 194 were
constructed to create artificifdeaches and to reduce erosion.
The length of the breakwaters, Lr, was 300 m, the gap between \
the breakwaters, G, was 0.25 times Lr or about 75 m. The
distance offshore is X = Lr = 300 m. The distance to the beach
shoreline is about 340 m from the hard boundary of the island.
Geo-tubes have also been used effectively for preventing sea
bank from erosion and for subsurface dune restoration. One cas(
Study in Florlda, USA, is .pfese”ted by Advanced Coa.StaIFigure 196. Comparison of the Vero Beach, Florida, (a) Before
Technologies. One condominium along Vero Beach, Flor'davHurricane; (b) After Hurricane (after
USA, was protected by a revetment structure consisting of 14y advancedcoastaltechnology.com/studies.html) .
layers of sand filled geo-tubes placed on a natural dune slope of
1V:3H, as shown in Fig. 195. This revetment has been proved Another similar method in Holland and other countries is

effective during the Hurricane Francis in Sept 2004. This can bghe geo-container (Nicolon 1988; Fowler 1995). This method
seen from the comparison of the birdes eye view pictures takefas been used for construction of dikes, underwater berms,
before and after the Hurricane as shown in Fig. 196. As pointedtapilisation of underwater banks, shoreline protection, and
by the arrow in Fig. 196b, only the green and the space behinglisposal of contaminated dredged materials (Pilarcyzk 2000).
this revetment survived. The greens and beaches in front of thgs illustrated in Fig. 197, dredged or excavated materials are
other buildings were all destroyed (see Fig. 196b). hydraulically or mechanically placed in a geotextile liner
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installed in a specially designed bottom opgmarge. When soil

is filled up to 80% of the holding capacity, the liner is sealed
and sewn together using handy sewing machine and stranded
high-tensile thread and fastened by ropes. The geo-container is
then dropped to the seabed by opening the bottom of the barge.

3081

The volume of the geo-container varies from 100 to 1080 m
The construction process is illustrated in Fig. 198. Two typical
applications of the geo-container are shown in Fig. 199.

Figure 197. Filing and placing process for geo-container (after
Pilarcyzk 2000)

(©)
Figure 198. Filing and sealing process for geo-container (after
http://www.geostk.ru/eng/)

(@

(b)

Figure 199. Examples of application of geo-containers in dike
construction of bank protection (after
www.bumatech.com/.../geocontainer/)

(2) Precast concrete segments

Dikes or breakwater can be constructed using precast concrete
segments as shown in Fig. 200. The precast concrete segment
can be towed to the required location and sunk by filling it with
water or soil, as shown in Fig. 200. This construction method is
relatively fast and is suitable for quick installation of seawalls
or breakwaters on relatively firm seabed or for the repair of
damaged seaport. For the construction of breakwater,
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prefabricated, semi-circular shaped concrete caissons have bebase of the caisson during the casting stage. For more details of

used in Japan and China (Sasajima et al. 1994). this project and construction, see Yan et al. (2009). The
The use of semi-circular shaped caissons offers a number direakwater after construction is shown in Fig. 203.

advantages as discussed by Yan et al. (2009). However, when

the seabed is soft, the foundation soil has to be improved before

the caissons can be installed. As a case history, the construction

of a breakwater in China using precast semi-circular concrete

segments is introduced here (Yan et al. 2009). The project was

to construct guided dikes for navigation purpose. The cross-

section of the breakwater is shown in Fig. 201. The radius of the

semicircle was 5.7 m. The base of each concrete segment was

17 m wide and 19.94 m long. After installation, the hollow

caisson was filled with sand through two 600 mm diameter

holes at the top. The seabed soil consisted of a layer of 1.3 to

2.8 m thick silty sand followed by a layer of 2 to 3 m thick

muddy clay and an approximately 30 m thick layer of soft clay

underlying the muddy clay. A rubble mount made of crushed

stones of 1 ~ 100 kg for the centre and 200 ~ 400 kg for the

edge was used to support the caissons, see Figs. 201 and 202.

PVDs were installed offshore using an offshore barge as shown

in Fig. 21b in Section 2.4.2 before the placement of the rubblga).

mount for the consolidation of the seabed soil. The sand cushion

layer formed by sandwiching a layer of 700 mm thick sand in

between two layers of the geotextile with sand filled geotextile

tubes layers was also used, as shown in Fig. 201. The sand filled

circular geotextile tubes were 300 mm in diameter and spaced

500 mm apart at the edge and 1000 mm in the centre. Berms

were also used on two sides of the caisson to enhance the

stability of the breakwater. What was not shown in Fig. 201,

but indicated in Fig. 202 was the use of a 40 m wide geotextile

and precast concrete block composite to cover the seabed next

to the toe of the rubble mount for the prevention of scour. The

construction details of the geotextile with sand filled geotextile b)

tubes and concrete block Composite and its installation proceﬂSgure 200. Using of precast concrete segments for seawall

will be presented in the next section. To enhance the lateradonstruction: (a) Towing; (b) sinking (after Bo and Choa 2004)

stability, anti-sliding rubber pads were also used to cover the

base of the caisson. The rubber pads of 30 mm thick with pins

of 20 mm in diameter and 100 mm long were embedded into the

Figure 201. Cross-section of the prefabricated, semi-circular shaped concrete caisson (after Yan et al. 2009).
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Figure 202. lllustration of the efabricated caisson supported by a
rubble amount and scour protection cover

Figure 203. Breakwater made of caisson boxes

(3) Steel or concrete suction piles or caissons

excavation or improvement of soft seafloor is not necessary for
the installation of piles or cssons. Seawalls or breakwater can
be built on top of the piles or caissons.

This method has been used in China in a breakwater project
recently. Four 12 m in diameter reinforced concrete or steel
cylinders were connected together using 4 walls as one unit as
shown in Fig. 204a. The unit formed by the four steel cylinders
was sunk into soft seabed soil using suction. The top opening of
the four cylinders was covered by a precast concrete plate with
two circular concrete beams of 0.5 m tall. Fitting the beams
were two prefabricated concrete cylinders of 12 m in diameter,
as shown in Fig. 204b. The cross-section of the breakwater is
shown in Fig. 205. The installation of the lower 4 cylinder unit
and the upper cylinders are shown presented in Fig. 206.

(a). Viewing from the bottom of the suction caissons

One of the disadvantages of the prefabricated concrete caissc
method as described above is the need to treat the soft seab
soil and the construction of rubble mount which can be time
consuming. Thus, the gravity caisson method is not suitable fo
disaster mitigation purposes.

Another method of building breakwater or seawalls is the
use of cylindrical steel or concrete suction piles or caissons
This method is particularly suitable to the construction of
breakwater on soft seabed or in deep water. Suction piles or
caissons are sunk into seabed using a huge suction (hundreds of
tonnes) until sufficient bearing capacity is obtained. Thus

Fig. 205 Cross-section of the breakwater built using prefabricated cylinders (courtesy S.W. Yan)

(b) Viewing from the top of the concrete suction caissons with the top
cylinders used as part of the breakwater
Figure 204. Layout of the suction caissons (courtesy S.W. Yan)
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(b)

(b)
Figure 206. (a) Installation of concrete suction caissons; (b) Installation
of upper cylinders to forrhreakwater (courtesy S.W. Yan)

(4) Tongtu assembly method

Another innovative method of constructing sea dike, breakwater
or seaport on soft or weak seabed was the Tongtu assembly
method developed by Hai-Tong-Tu technologies in China. In
this method, four key prefabricated reinforced concrete
components - pile, board, beam, and rubbles are installed and
locked together to form an integrated structure. Rubbles are then
deposited inside and outside of the installed structures to form
sea dike, breakwater, sea-entoad, or manmade island. This
technique can be used theoretically in all water depth and any
seabed conditions. It has been used in China for a dozens of
offshore projects with water depths up to 5.5 m. This patented
technique has advantages over the other conventiongk)
techniques in terms of both speed and cost. According to Hai-
Tong-Tu, the saving in construction cost is as much as 30 to
50% of that of regular methods and construction can proceed as
fast as 30-50 m per day. Furthermore, it does not require heavy
or special construction machines. Therefore, it is especially
suitable for disaster mitigation projects. The method is also
environmental friendly and the maintenance costs involved is
also low. The construction procedure of this technique is
illustrated in Fig. 207. Pictures showing the construction
process are also shown in Fig. 208. More information can be
found in_http://www.tongtutech.comAn island and access road
built using this method are shown in Fig. 209. An illustration of
the revetment usedféhe island is also shown in Fig. 210. The
same method can be used for seaport or retention dikes for land
reclamation.

(d
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Figure 209. Island constructed using the Tongtu assembly method (from
http://www.tongtutech.com/mole.htm)

Figure 207. Constructioprocedure of the Tongtu Assembly method:
(a) laying the base beams on seabed; (b) install columns; (c) install top
beams; (d) install side walls; (e) dumping stones; (f) Installing top slab.

(from http://www.tongtutech.com/)

@)

(b)

Figure 210. Detail of the revetment used for the island constructed using
the Tongtu method (from http://www.tongtutech.com/).

(5) Grouted, jetted precast concrete sheetpiles

Another method of constructing breakwater is the use of
grouted, jetted precast concreteatpile walls, as introduced by

Xu et al. (2006). Two innovative techniques are adopted in this
method. The first is the use of a new jetting technique that
minimizes the disturbance to the soil around the pile. In this
method, the jetting pipe is incorporated within the pile or the
sheetpile as shown in Fig. 211, and a large number of smaller
nozzles (Fig. 211) are used fottjeg water. As a result, the soil
beneath and adjacent to the sheetpile toe can be vertically cut.
The disturbed gap between the sheetpile and the undisturbed
soil is relatively small, typically 10...20 mm wide. The second
method is the use of grout to firmly connect adjacent sheetpiles
and to improve the shear strength of the disturbed soil zone
adjacent to the jetted pile, as shown in Fig. 212.

A case study of a breakwater constructed using this method
was also presented by Xu et al. (2006). The breakwater was
built in July 1998 at a coastal site in northern China on the shore
of the Bohai Sea as shown in Fig. 213a. The breakwater was
located 30 m outside the main embankment. The details of the
sheetpile design are shown in Fig. 213b. In addition to the
concrete sheetpiles, concrete T-shaped piles were also used.
Each pile was 1.2 m wide, 0.3 m thick, and 16.0 m tall for a
design mean seawater of 13.5 m.

Figure 208. (a) Pictures showing the construction process; (b) After

rock placement (from http://www.tongtutech.com/)
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(b)
Figure 212. Schematic illustration of the installation of jetted precast
concrete sheetpiles and the detail of the joints that can be grouted (after
Xu et al. 2006)

(a) A picture of the dike

Figure 211 New jetted precast concrete sheetpile with preinstalled small

nozzles (after Xu et al. 2006)

@

(b) Cross-section of the dike
Figure 213. Design and construction of a breakwater made of jetted
precast concrete sheetpiles (After Xu et al. 2006)

4.4.3 River or sea bank or bed protection methods

Heavy storms such as hurricar@scyclones can cause severe
erosion or damage to the river or sea bank. Dikes need to be
armoured by resurfacing them with protective non-erodible
materials. The types of coastal dike and riverbank protection
systems are summarised in Table 19. Examples of conventional
bank protection methods are shown in Figs. 214 to 222. A few
other less commonly used methods are described as follows.
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Table 19 Classification of river bank or coastal protection methods
according to materials used

Type Construction Method
Rock, gravels or 1). Riprap or dumped stone
other earth| 2). Grouted (mortared) riprap
materials 3). Asphalt or cement mixed soil.
Concrete 1)Concretecoveror concretamattress;

2). Concrete grid or interlocking angular
concrete blocks;

3). Chained concrete blocks or concrete girds

4). Cast-in-situ concrete mattress

5). Precast concrete armors

6). Concrete piles or columns

7). Shotcrete

Geotextile 1). Gabion mattress or

including metal,| 2). Geonet cages

wood or other| 3). Geotextile composites

products 4). Geotextile tube, bag or containers

5). Sheetpiles

Natural materials 1). Use of bamboo, willows and other natural
materials

2). Use of vegetations

Figure 217. Concrete cover used for sea dike in Vietnam

Figure 218. Cast-in-situ concratattress for river bank in China

Figure 214. Riprap used feea revetment in Singapore
Figure 218. concrete mattress useina (after Liu et al. 2004)

(b)

Figure 215. Grouted stones fiver bank in China (after Liu et al. 2006)
Figure 219. Vegetation for river bank in China (after Liu et al. 2006)

Figure 216. Asphalt cover for riverbank in Bangladesh (From
http://www.citechco.net/jmbg/

Figure 220.Use of Armours (from http://serumpun.com )
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Figure 221 Use of geocells (after Smmon and Wood 2007:

www.stormwater.ucf.edy/ Figure 223. Articulated concrete dok mattresses (after Cornforth,
2005)

Figure 222. Use of geotube (after Smmon and Wood 2007:
www.stormwater.ucf.edy/

Figure 224. Installation of chained concrete mattress

(1) Chained concrete blocks
Precast concrete elements can be chained together to form a

flexible cover and use as aiternative of riprap to protect

slopes from erosion or scour. One example is the articulated

concrete block mattress as shown in Fig. 223 (after Cornforth

2005). The blocks are connected together using steel wire cables,

synthetic fibre ropes, or geotextile backing sheets. The concrete

elements (cells) that make up a mattress section are usually

available as either open or closed design. The open design has

openings in the middle that can be used for planting. TheFigure 225. Use of concrete tirasses for slope protection and the
concrete block mattresses are preassembled in sectiongethod of anchoring (after Pilarczyk 2000)

typically 2.4 to 5.5 m wide are trucked or barged to sites. The

mattress sections are lifted into pagn the prepared (smooth) (
surface by a crane or backhoe using a spreader bar, as shown

2) Geotextile composites
\{ﬁrious geotextile composites have been used for coastal or

Fig. 224. The chained concrete block mattresses can also B&/érbank protection in the past. They can be generally
pulled down the slope using a barge. The mattresses a assified into two types, single and double sheets, according to

anchored at the top and filter design should be applieot e layers of geotextile useBor installation of mattresses in
depending on the type of soil in the slope as shown in Fig. 225.shallow water, the spreader bar system as shown in Fig. 224 can
be used. In deeper water, ballast barge and pontoon systems can

be used. An example is shown in Fig. 226. When the mattresses
have sufficient buoyancy, stone, gravel or sand filled geotextile
bags are tied to the mattresses can be installed from a barge as
shown in Fig. 226.
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Figure 226 Geotextile composite used for costal or riverbank protection__ . . . .
in China (after SETC 2000 ) Figure 228 Geotextile with sand filled tubes for erosion and scour

control (after Yan et al. 2009)

Figure 229 Use of Gabion mattresses on slope, gabion baskets at toe
with apron mattress (aft€ornforth, 2005).

Figure 227. Installation of geotextile and concrete block composite
(after Yan et al. 2009)

A type of geotextile and concrete block composite has been
used for the breakwater construction in Shanghai, China. A 40
m wide geotextile and precast concrete block composite was
used to cover the seabed outside the toe of the rubble mount that
faced the open sea for the prevention of scour. The geotextile
and concrete block composite and its installation process are
shown in Fig. 227. The concrete blocks were 400 mm x 400
mm in square and 160 mm thick. They were chained together to
form a mat which was put on to the geotextile sheet to form a
composite (Yan et al. 2006). For the same project, a mattress
consisting of geotextile and sand fill tubes as shown in Fig. 228
has also been used as a reinforcement layer between the rubble
mount and the soft seabed soil (see Fig. 201). The tubes were
formed during installation by filling sand into 300 mm diameter
geotextile tubes from a barge before the geotextile and sand
tube composite were placed, as shown in Fig. 228. The tubes
were spaced at a distance of 500 to 1000 mm which gave the

ravity for th il ink onto th .
gravity for the geotexile to sink onto the seabed Figure 230 Underwater placement of gabion mattresses (a), (b) and (c)

(3) Gabion Mattresses in shallow water (after Cornforth 2005)

Gabion mattresses are formed by connecting rock filled Gabion
baskets together. They are normally fabricated on site. An
example of its use for underwater slope is shown in Fig. 229.
The design and use of Gabion mattresses for revetment have
been described in FHWA (1989). For shallow water
installations, the mattress units can be placed by a crane using a
lifting frame, or the units are féd individually on the shoreline

and dragged down the slope into water as shown in Fig. 230. In
deep water, a barge or pontoon is used to place the mattress (see
Fig. 231). A gabion tube is also reported to be used as shown in

Fig. 232.
Figure 231 Placement of gabion mattresses in deep water from a barge

or pontoon (after Cornforth 2005)
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Figure 232. A gabion tube used &irore protection (After John 1987)

example of the design of the concrete mattress is shown in Fig.
236. Concrete mattresses can also be used to protect bridge
piers from scouring as shown in Fig. 237.

Rock filled gabions have also been used in the levee

rehabilitation work after Hurricane Katrina in New Orleans as

shown in Fig. 233.

Figure 233 Use of rock filled gabions for levee rehabilitation at New

Orleans (after Briaud et al. 2008)

(4) Concrete mattresses

Figure 235 Different patterns of comrte mattresses (after Pilarczyk
2000)

Figure 236 A concrete blanket is cast in-situ with geotextile as a mould
to cover the dike (after SETC 2000).

The slope of a dike can be protectsda cast-in-@ce concrete
mattress. It is formed by punmg lean concrete into a mould
made of geotextile. During the filling, mixing water is squeezed

out through the permeable fabric and result in a significant
reduction in the water-cement ratio of the grout. Once the
concrete hardens, a rigid or semi-rigid cover which forms the
contour of the slope is created. A picture showing the dike
covered by the cast-in-place concrete layer is given in Fig. 234.

Figure 234. Use of cast-in-place cogter mattress for bank protection

Figure 237 Use of concrete mattresses to prevent the scour of bridge
piers (after Fang 2007)

(5) Geo-bags, geo-tubes or geo-containers

Geo-bags or geo-tubes can also be used for bank protection.
One example is shown in Fig. 238 in which sand filled geo
containers of 0.75 tis used as revetment in the Coast of
Queensland, Australia. Another example is shown in Fig. 239
for a river bank repair in China. The geo-tubes can also be
connected together to form a mattress for seabed scour
protection in a way similar to that shown in Fig. 228. One such
an example is given in Fig. 240 where a mattress formed by
geo-tubes is placed into the sea from a barge.

The concrete mattresses can be cast in different patterns as

shown in Fig. 235. According to Pilarczyk (2000), a typical
in'&ection mix consists of 475 kg pefrof cement , 1250 kg per

m® of sand, 325 kg per/ fnof water and air (as much as
required). The ratios used in China are: cement:sand = 1:2.56 to
1:3.08; cement:stone = 1:2.09 to 1:2.52; and water.cement =
0.65. The size of the stone should be less than 25 mm. The
slump ratio is controlled at 21 + 2 cm. The amount of cement
used is between 308 to 350 kg pet (Bao et al. 1994). The
slope of the bank should be no larger than 1.5H:1V. Ongy)



J. Chu et al. / Construction Processes 3091

Figure 241. Use of timbers andhet natural materials for the
Tujiangyan dam hydraulic system in Sichuan, China (from
http://blog.163.com/)

Fig. 238. Revetment made of sand-filled geotextile containers (after
Saathoff et al. 2007)

Figure 242. Placing willow mats by loading them with rock to prevent
scour along Upper Mississippi Rivein probably 1890. (from
http://wiki.cincinnatilibrary.org/index.php/)

Figure 239. Sand filled geotextitle bags are used for river bank repair

(after SETC 2000) One of those traditional fascine methods was applied to a

Mekong riverbank protection project in Lao in 2005 by Japan.
Using wood and tree branches collected in mountains near
villages, mats were made and sunk down to the river bottom as
shown in Fig. 243. This method made possible a large-scale
river bank protection with low costs. Moreover, the mats
provided habitats for aquatic organisms such as small fish and
bottom animals. Thus, the method was also environmentally-
friendly.

Figure 240. Placement of mattress formed by geo-tubes (after SETC
2000)

(6) Use of natural materials
Natural materials have been used for river bank or sea dike

protection for thousands of years. One example is the

Tujiangyan dam in China which was constructed in 256 BC in

Sichuan and is currently still in use. Part of the construction

process as envisaged by an artist is shown in Fig. 241. The use

of willow mats for the protection of the Mississippi River bank

in USA is also shown in Fig. 242. A similar method, the so- Figure 243. Use of wood_and tréeanches f(_Jr river bank protection
called fascine mattress (John 1987; Saathoff 2003) has als! om http://www.mofa.go.jp/POLICY/oda/white/2006/ODA2006/ html
been used for a long time in Holland and other countries. Othefcolumn/cl02003.htin

types that have been used in the Dutch Delta Works Project are
fixtone mattress, block mattress and granular mattress. Th(/nA
details are described in John (1987). S

Another fascine mattress application is shown in Fig. 244.
shown, bamboos or round-woods are tied to a geotextile
fabric sheet at 1 m spacing in a latticework making the whole
structure semi-stiff. After stones aptaced the mattress lays
down flat on the bed. The fascines have the advantage of
trapping the rocks thus holding them in position and preventing
them from rolling down the slope.



3092 J. Chu et al. / Construction Processes

bags anchored with geosynthetic reinforcement layers arranged
inside the slope.

Figure 246. Use of soil bags for the prevention of overtopping for earth
dams (after Mohri et al. 2008)

Figure 244. Use of bamboo and geotextile composite for river bank  Another method is to form a cofferdam shown in Fig. 247a
protection (from Shercliff 2005) using timber or steel sheetpiles as columns and timber logging,
) ~ bamboo mats, or geotextile net in-between the piles to form two
Vegetations can be used as part of the bank protectionows of walls. Crushed stones or compacted soils are used to fill
system. One example is shown in Fig. 245. For morejn the gap between the two walls. The piles should be tied
information, see Pilarczyk (2000). together using metal wire to enhance the stability of the
cofferdam. When the height required is only 1 to 2 m, single
row of piles and timber logging may also be used and supported
with backfilled earth, as shown in Fig. 247b.

Fig. 245 Use of vegetations for riveank protection (after Pilarczyk

2000) (a) Double sheetpiles made of timber

4.4.4 Mitigation methods for prevention of imminent disasters

The types of failures of hydraulic structures have been given in
Table 16. The mitigation methods for different types of failure
are summarized in Table 20. Owing to page limitation, only
some of these methods for the prevention of eminent disasters
will be discussed in the following.

Table 20 Mitigation Methods for different types of failure (b) Timber sheetpiles
Type Methods Figure 247. Methods for elevation dikes to prevent overtopping (after

Overtopping Geobags, Sheetpiles, Concrete wall, New earth fill Dong 1998)

Seepage and Impermeable sheets, Seepage piloting, Weight filter,

piping Cofferdam, vertical impermeable barrier, Sand barm (2) Seepage through dike or piping through foundation soil

Slope protection| Geotextile sheet When a large amount of seepage through a dike is identified, the

Leakage hole Iron-pot, geomembane sheet, cofferdam-well fliter,repair can be done by blocking the holes or cavities along the
grouting upstream and/or providing additional drainage along the

Dike Stability Refilling, berms, piles, grouting downstream. For the former, grouting is commonly used,

Erosion Gabions, soil bags, mattresses, sheetpiles, addifionahough other methods have also been used. For the upstream,
dike bodies, spu : : geotextile and sand filled bags are used to block holes or

Breach Ship sinking; closure dike, soil bags.

cavities in the embankment or prevent them from expanding,
see Fig. 248a. For the downstream, geotextile and drainage

(1) Overtopping _ . blanket are used to improve drainage, lower down the phreatic
One observation made from the failures caused by Hurrican§ne and reduce erosions, see. Fig. 248b.

Katrina is that *no levee failures occurred without overtoppingZ
(Sills et al. 2008). One of the consequences of overtopping is
erosion of the downstream embankment slope which may cause
the collapse of the dike. When a dike has to be elevated to
prevent an eminent overtopping, one of the most common
methods is to use earth filled bags. These bags can be made of
natural products such as straw and jute or geosynthetics. They
can be prefilled and thus deployed quickly. As an example, one
method proposed by Mohri et al. (2008) for the rehabilitation of

old earth dams is introduced here. Shown in Fig. 246, th_q:igure 248a Use of geobags for the mitigation of piping (after Liu et al.
downstream slope of an earth-fill dam is protected using soiboo4)
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o steel-wood composite dam on the landside of the ship-sinking;
Phreatic line before and after and dumping soil bags to support the composite dam. For more
information, see Liu et al (2004).

Figure 248b Use of geotextile and drainage blanket for the mitigation of
piping (after Dong 1998)

For piping through foundation soil, sufficient overburden
needs to be applied to countderece the uglt pressure. This
can be done by using either water or soil as shown in Fig. 249.

Figure 252 Closure of the breach at the north end of the 17th Street

Figure 249 Use of overburdens for the mitigation of piping through Canal in New Orleans (after US Army Corp Engineers)

foundation soil (after Dong 1998)

(3) Dike stability

Scour or erosion along the upstream slope or erosion due to
overtopping or seepage along the downstream slope can cause
the dike to become unstable or collapse. One method for the
repair of the downstream slope is shown in Fig. 250. In this
method, earth filled bags and backfills are used to stabilize the
slope and drain channels wifliters are installed to provide
more drainage and prevent seepé&jkire. For the upstream,
geotextile composites as discussed in Section 4.4.3 can be used
to prevent scour and erosion of the slope by heavy waves.
However, if localized failure has already occurred, sheetpile
walls or sheetpile and timber logging walls with earth filled in
between as shown in Fig. 251 can be used.

Figure 250. Repair of downstream dike slope

Figure 253. Breach blocking of the Jiujiang dike in China (after Liu et
al. 2004)

(5) Flooding

Flooding has become a very common problem in many
countries. The geotechnical approaches to flooding is generally
categorized into diverting and blocking. Tujiangyan in China,

the oldest flood control system in the world that is still in use

today, can adjust the amount of water diverting and blocking

Figure 251 Repair of upstream dike slope (after Dong 1998) according to seasons. The smart tunnel project in Kulala
Lumpur, Malaysia, as mentioned in Section 3.2.2 (Fig. 118), is
(4) Breach of dikes for flood diversion. The use of dikes belongs to the second

Levee breach was one of the main causes for the devastation &@tegory. Another effective flood defending structure is the use
New Orleans during Hurricane Katrina. Sand bags andOf flood gates. The Rotterdam Barrier ShOWr.l in Flg 254 is one
sheetpiles have been used for the closure of breach in Ne®xample. The Ramspol storm surge barrier in Netherlands
Orleans, see Fig. 252 as an example. For larger scale breach, thgown in Fig. 186 is another. Similar systems have been used in
case of breach blocking of the Jiujiang dike along the Yangtze/enice and may also be installed in New Orleans. The types of
River in China is shown in Fig. 253. The blocking method flood protection gates include vertical lifting gates; flap gates;
included the use of ship sinking, building a closure dike on thehorizontally moving or rotating gates (Fig. 254); vertically
riverside of the ship-sinking site by rock dumping, building a rotating gates; and inflatable rubber dams (Fig. 186). A
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comparison of different systems is given in Inner Harbor Various
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construction methods for mitigation against

Navigation Canal Floodgates Conceptual Study report (2007). liquefaction are summarized in Table 21.

Figure 254. Flooding gate used in Rotterdam.

4.5 Mitigation against liquefaction

Although various methods have been proposed for
mitigation of liquefaction, densification is still the most widely
used method, accounting for more than 50% of the projects
according to Towhata (2008). In terms of cost among the
densification methods, explosive compaction or dynamic
compaction should be the cheapest. This is followed by
vibratory probe and vibro-compaction. Drains and grouting are
the next two most used methods. The rest of the methods have
not been used on a routine basis. Therefore, there are still rooms
to develop more cost-effective methods for mitigation of
liquefaction hazard. The effectiveness of different liquefaction
mitigation methods in the reduction of liquefaction induced
settlement has been evaluated by Yasuda (1996) based on the
1995 Kobe earthquake and the comparison is shown in Fig. 255.
This comparison indicates that the sand compaction pile, a
combined densification and drainage method, is the most
effective. This is followed by densification methods which are
more effective than drainage methods. The characteristics of
different soil improvement methods and their advantages and
limitations have been summarized by Mitchell (2008b) and

Liguefaction and mitigation against liquefaction have beenrearranged here as Table 22. Although the summary was made

studied intensively in the past. A number of recent reviews ofoy Mitchell with special reference to embankment dams, it is
the state-of-the-art or the state-of-the-practice of liquefactionapplicable to other problems related to the mitigation of
mitigation have also been given JGS (1998); Towhata (2006liquefaction.

2008); Morales and Morales (2008), and Mitchell (2008a;
2008b). Excellent case histories have also been given by
Porbaha et al. (1999), Wijewickreme and Atukorala (2005),
Sumer et al. (2007), Madhav and Krishna (2008); and Towhata
(2008). Therefore, this report will only give a brief overview of
the latest development related to the construction aspects of

liquefaction mitigation.

The possible types of failure that can be caused by

liquefaction have been

summarized by

the Japanese

Geotechnical Society (JGS 1998). There are generally four
options for the mitigation of liqguefaction hazard: (a) avoid the
hazard by relocation; (b) isolatesttructure from the hazard; (c)
accommodate the hazard by strengthening the structure; and (d)
reduce the hazard using ground improvement (Wijewickreme
and Atukorala 2005). With reference to JGS (1998), the
methods for the mitigation of liquefaction related failures or
damages can be classified into four broad categories: (A)
Replacement or physical modification; (B) Densification; (C) Figure 255. Measured settlements at improved sites due to the 1995
Pore water pressure relief; and (D) Foundation Reinforcementkobe earthquake (After Yasuda et al. 1996)

Table 21 A summary of methods against liguefaction

Category

Method

A. Replacement or Physical
modification

Al.

Soil replacement(for shallow deth)

A2.

Lowering of ground water table using deep wells@nches to increase effective stress in soil and reguce

the gree of saturation of soil

A3.

Reduction of degree of saturation of soil or irstbn of tiny gas bubbles in saturated sandrlaye

(research stz onk)

B. Densification

B1.

Dynamic conpaction or vibratoy surface tamping

B2.

Vibroconpaction, vibroflotation, owibro-rod conpaction

B3.

Sand compactionpile or resonant columns

B4.

Vibro-replacement or stone columns

BS.

Explosive conpaction

B6.

Rammed ggregatepiers

C. Solidification

C1.

Permeatiogrouting or penetratiorgrouting

C2.

De@ mixing, cement or lime columns

Cs.

Jefgrouting,

C4.

Conpactiongrouting

C5.

Chemicabrouting

C6.

Microbial treatment thral biocementation

C7.

Pre-mixig method(applying to backfill soil ony)

D. Pore water pressure relief

D1.

Prefabricated vertical drains

D2.

Granular drains agranular columns

D3.

Undeground dighragm walls

DA4.

Screerpipes orpiles with drain function

D5.

Electro-osmosis

E. Foundation Reinforcement

El.

Usirg piles for syport or wlift

E2.

Usirg geotextile

E3.

Other methods
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Table 22 Characteristics of ground improvement methods for mitigation of liquefaction (based on Mitchell 2008b)

pressure plumes

Method Most Suitable Effective Maximum Advantages Limitations
Attainable Soil Types Depth Improvement
Al. Soil All soils A few High density fills to 1) Can design to the desired| 1) Expensive; 2) May require
replacement meters strong, cemented improvement level; dewatering; 3) Excavations may
materials, including | 2) Easy to QA/QC impair stability of adjacent ground;
roller compacted 4) Temporary support of existing
concrete structures
A2.Lowering | Sandy soils Top few | Effective for soil 1) Low cost 1). Limited usage; 2). May cause
of ground meters above water tale 2) Simple adjacent effect
water table
B1. Dynamic | Saturated sands Up to D, =80 %; 1) Low cost; 1) Limited effective depth;
compaction | and silty sands] 10 m (N1)so = 25; 2) Simple; 2) Clearance required; 3) High
partly saturated Q1 = 10-15 MPa 3) Good for large areas. mobilization cost; 4) Vibrations can
soils. impact adjacent structures.
B2. Vibro- Sands, silty| 30 m Dr = 80+ %; 1) Uniformity with depth in a | 1) Special equipment needed; 2) Be
compaction | sands, gravelly (N1)so = 25; given soil type; in clean sand; 3) Unsuitable in soils
sands with< Q1 = 10-15 MPa 2) Moderate cost with cobbles and boulders; 4) Backfill
10% fines required in most cases
B3. Sand and| Can use in mosf 20 m or Up to (N1} = 25-30, | 1) Proven effectiveness; 1) Special equipment needed;
gravel soil types the limit Oc1 = 10-15 MPa, 2) Provides drainage and 2) Slow;
compaction of the depending on soil reinforcement; 3) High cost
piles machine type 3) Uniformity with depth.
B4. Vibro- Silty sands,| 30 m (N1} = 20; 1) Provides drainage and 1) Special equiment needed;
replacement | silts, clayey O1 = 10-12 MPa reinforcement; Unsuitable in soil with cobbles and
or stone silts; or use 2) Uniformity with depth in a | boulders; 2) Fines may intermix with
columns vertical drains given soil; and clog columns;
to enhance) 3) Bottom feed dry process | 3) Backfill may be costly;
effectiveness puts fill where needed. 4) Difficult QA/QC
B5. Saturated clean| >30 m Dr=75% 1) Inexpensive; 1) Vibrations;
Explosive sands and (N1)so = 20-25 2) Simple technology; 2) Safety issues;
compaction | gravels Q1 = 10-12 MPa 3) Can use at greater depths| 3) Psychological barriers.
4) Can use in soils with
cobbles and boulders.
C1. Sands and Unlimited | Void and crack 1) No excess pore pressure 0rl) High cost;
Penetration | coarser filling and liquefaction in treated zone | 2) Excessive fines content prevents
grouting materials, rocks solidification 2) Can localize treatment use in many soils
area.
C2. Deep Most soil types Can be Design compressive | 1) Positive ground 1) Requires special equipment
cement soil used to strengths ranging reinforcement; 2) Brittle elements; 3) Expensive; 4)
mixing depths from 1.0 to 2) Can contain liquefiable soll Difficult QA/QC
>30 m; 1.4 MPa within high strength grid
walls
C3. Jet Unlimited Almost Design 1) Controllable treatment 1) High cost;
grouting any soil compressive depth range; 2) Difficult to QA/QC;
strengths ranging 2) Useful in soils with fines; | 3) Uncertain keying into underlying
from1.0 to 1.4 MPa | 3) High strength columns; stratum;
4) Large treatment depth 4) Can induce hydraulic fracture in
possible. grouted formation
C4. Any rapidly Unlimited | Up to D=80+% 1) Controllable treatment 1) High cost;
Compaction | consolidating, (N1)so =25 zone 2) Post-treatment loss of pre-stress;
grouting compressible Ce1 = 10-15 MPa 2) Useful in soils with fines | 3) Slow
soil (Soil type dependent
D1. All types Dependin | Reduce excess pore | 1). Quick in installation 1). Uncertain long-term performance
Prefabricated g on the pressure buildup and| 2). Higher discharge capacity No case histories yet.
vertical drain equipment| minimize settlement | than gravel drains
or EQ drain 3). Can combine with
densification during
installation
D2. Gravel Sands, silty 20 mor Reduce pore 1) Inexpensive; 1) Require close spacing; 2) EQ-
drains or sands more pressure buildup 2) Full area treatment not induced settlement not prevented;
granular during shaking, required 3) Treated ground must have high
columns Intercept pore hydraulic conductivity;

4) Limited performance record

It needs to be pointed out that not all the above methods ardrainage, a method similar to what has been summarized in

suitable for the improvement of silty sand. For example, vibro-Section 2.4.1 (Table 4).
compaction becomes less effectifar silty sand with fines

Soil improvement methods for liquefaction mitigation may
more than 10% as pointed out in Section 2.3.2. In this casealso be combined with other functions such as foundation
replacement methods such as stone columns may be momupport. One such an example is presented by Martin and Olgun
effective although this method is more expensive. For silty soil5(2008) for the mitigation of earthquake damage for a Carrefour
it may be more effective to combine two or a few of the shopping centre along Izmit Bay in Turkey after the 1999
methods together. For example, prefabricated vertical drain&ocaeli earthquake. Jet grouting columns were used both to
have been used together with stone columns for Salmon Lakprovide additional support to footings for a supermarket and to
Dam in Washington State (Luehring et al 2001) to enhanceeduce liquefaction risk in a liquefiable silty sand layer at a

depth of 6.5 to 9 m (Martin and Olgun 2008).

—
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Figure 257 Use of rammed aggregate piers for mitigation of liguefaction for a building project in Utah, USA (after httpdbpianagpm/

A few selected or relatively new applications in liqguefaction methods and applications has been provided by Porbaha et al.
mitigation will be elaborated in the following. These include (1999). A case history of using lattice-type deep mixing method
sand compaction pile, rammed aggregate piers, deep cemetd enhance the lateral resistance of the pile foundation of a
mixing, compaction grouting, vertical drains and drainage fourteen story hotel building in Japan (Fig. 258a) was also given

enabled piles. in the same paper (Porbaha et al. 1999).
As shown in Fig. 258b, the building was supported on piles
4.5.1 Sand compaction pile (B3) of concrete 2.5 m in diameter and 33 m long. The deep cement

mixing walls were installed to encapsulate the piles to a depth

Sand compaction pile (SCP) has been commonly used in Japaf 15.8 m (Fig. 258b). The plan view of the deep cement mixing
for treating soil with liquefaction potential. Many case studieswalls is shown in Fig. 258c. A picture of the walls made of deep
have been presented in JGS (1998); Kitazume (2005) andement mixing columns is also shown in Fig. 258d. During the
Towhata (2008). The SCP technique has also been discussed gneat Hanshin earthquake (17 Jan. 1995, magnitude of M7.2),
Section 2.5.3. the quay walls on the west, south, and east of the building

As a case history, the application of SCP and granular drairmoved horizontally by 1 m, 2 m, and 0.5...0.6 m, settling by 0.4...
(GD) methods for the treatment of back filled sand soil for the0.6 m, 0.5...0.7 m, and 0.2...0.3 m, respectively. This building,
quay wall at the Kushiro West Port is presented in Fig. 256.nevertheless, survived without damage to its pile foundation.
This case was reported in Kitazume (2005). The SCPs of 70 crizxcavation of the foundation after the earthquake indicated no
in diameter were installed at a spacing of 1.7 m in 1989. Thesign of liquefaction or lateral flow (Porbaha et al. 1999).
replacement ratio was 0.133. The SCPs were installed up to a
depth of -7.5 or -12.0 m where SPT N values of the soil were
les than 20. The gravel drains weretétled at the area close to
the steel sheetpile wall to preveadverse effect on the wall as
would have caused by the installation of SCPs. The gravel drain
had a diameter of 0.4 m and the spacing used was 1.4 m. What
should be mentioned is that a magnitude of 7.8 struck the
Kushiro area in 1993 and the area treated by SCPs suffered little
damage. However, the other areas without soil improvement at
the Kushiro Port were badly affected (Kitazume 2005).

@

Figure 256 Sand compaction piles and gravel drains installed at the
Kushiro West Port in Japan (after Kitazume 2005)

4.5.2 Rammed aggregate pier method (B6)

Rammed pier method has been introduced in Section 2.5.1. The
installation of the rammed pier densifies the surrounding soil

and thus reduces the liquefaction potential. It also provides

enough rigidity for settlement control. The rammed aggregate

piers also provide drainage for pore pressure dissipation. One
application of the rammed aggregate pier for a building project

in Utah is shown in Fig. 253 the top of this page

4.5.3 Deep cement mixing method (C2)

Deep cement mixing has been commonly used in Japan for
liquefaction mitigation (JGS 1998). A good review of the
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(d)
Figure 258 Deep Mixing for On-Shore Hotel Building: (a) View of
project site (after Towhata 2008); (Byoss Section; (c) Plan view of

A study on the use of compaction grouting for liquefaction
control was also presented by Miller and Roycroft (2004).
Grout tests with a layout as shown in Fig. 260 were carried out
in sand silt and silty sand layers of fluvial/alluvial deposits. A
total of 30 compaction-grouted holes were installed in the two
phases. A sand cement mixture with a maximum slump of 5 cm
was pressure injected as the grout pipes were withdrawn in 0.3
m increments. The grout was pumped continuously for each
stage. In phase | the target grout take was 031pemstage and
in phase 2 the target take was 0.20p®r stage. Surface heave
was detected from the outsefo control surface heave the
initial grout pressure was reduced and the pumping rate was
slowed to about 0.06 hiper min in phase 1 and about 0.03 m
per min. in phase 2. Surface heave was thus limited to about 1.5
mm per injection increment in phase 1 and about 3 mm in phase
2. For details, see Miller and Roycroft (2004).

improved ground (after Porbaha et al 1999); (d) Deep cement mixing

columns (after Towhata 2008).

4.5.4 Compaction grouting (C4)

As a general soil improvement method, compaction grouting
has been discussed in Section 2. There has been an increase in

the application of this method ftiguefaction mitigations. Case
histories presented include Nykamp et al. (2007), Rusell et al
(2008), and Orsene (2008). A case history of using compactio
grouting for liquefaction mitigatin for the Tokyo International
Airport has been presented by El-Kelesh et al. (2008). A laye
of potentially liquefiable soil was encountered below Runway B

n

r

Sand compaction piles were used as the general method for

liquefaction mitigation during the construction. However, at the
intersection of Runway B and Runway A, compaction grouting

was adopted to enable the normal operation of Runway A. As
the foundation soils consisted of alternate layers of liquefiable

and non-liquefiable soils, compaction grouting which can be

applied discretely was considered economical. To minimize the

disturbance of the runway pavement during the drilling and

@)

grouting works and during the normal airport operations, a
specially manufactured steel casings (190 mm in outer diameter)

with two internally welded rings (100 mm in inner diameter)
and bolted caps were installed at the top 0.16 m of the paveme

nt

at the locations of the grout holes. The compaction grout piles
were injected by staging upward. Each pile comprised a number

of grout bulbs that were successiveljeated into theéreatment
soil layers with a depth interval of 0.33 m. Upon completion of

a given bulb injection, the injection pipe was raised to the depth

of the next one by means of an air-driven hydraulic jacking

system. For the untreated soil layers, during raising of the pipe,
the grout was being pumped to fill the space left behind the pipe
until reaching the lower boundary of the next treatment zone or
the pavement surface. The used grout was a mixture of fines-
containing aggregate, cement and water. The grout had a slump
of less than 5.0 cm and was injected under an average rate of
about 0.04 imin. The injection of a given grout bulb was
limited by injecting a pre-determined grout volume
corresponding to a given assumed uniform diameter of the grout
pile or reaching an injection pressure of 6.0 MPa. For one
section at the intersection of the two runways as shown in Fig.
259a, a detailed study on the grouting effect was carried out
using SPT and coring samples. The locations of the compaction
grout piles are also shown in Fig. 259a. A comparison of the
SPT N-values in section BL-8 before and after the treatment is
given in Fig. 259b. It should be noted that the treatment was
only made discretely. The results in Fig. 259b show that a
significant improvement was achieved for the treated and
untreated soils. These improvements were found satisfactory i)
terms of the safety against liquefaction. For a complete
description of the project, see El-Kelesh et al. (2008).

Figure 259. Compaction grouting used in the Tokyo International
Airport (a) section for evaluation of tledfect; (b) comparison of SPT N
value before and after treatment (after Miller and Roycroft 2004)
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Figure 260. Grouting test plan (after Miller and Roycroft 2004)

tion Processes

Based on the test results, the relationships between groudrain varies from 75 to 200 mm. The drain is wrapped with a
hole spacing, ground improvement, and threshold values ofabric sleeve. The drain is installed using a hollow cylindrical
CPT tip resistance are shown in Fig. 261. Improvement in themandrel with an anchor plate at the end, as shown in Fig. 263a.

CPT tip resistance was seen for both sandy silt and silty sané

mandrel with fins as shown in Fig. 263b is also used to

and for all the hole spacings and the improvement increasesombine the installation with densification of the sand layer. So
with decreasing spacing as expected. Miller and Roycroft (2004ar, there are no case histories available to verify the
suggested a grout spacing of 1.5 m for this project. performance of the EQ drain. One field test using controlled

blasting presented by Rollins and Anderson (2003) have shown
that the EQ drain is effective in dissipating the excess pore

water pressure generated during ground shaking and it can also
reduce ground settlement by up to 50%. Similar observation has

al

Figure 261 Grout hole spacing versmme penetration test (CPT) (after
Miller and Roycroft 2004)

4.5.5 Vertical drain method (D1)

The design and applications of gravel drains and artificial drains
for liquefaction mitigation have been presented in detail in JGS
(1998). One recent development is the use of a so-called EQ
drain as presented by Rollins and Anderson (2008 EQ

drain is a prefabricated geo-composite as shown in Fig. 262|:
The core is made of plastic with open slots. The diameter of the

so been made in another study by Chang et al. (2004).

igure 262 A picture of the EQ drain (after Rollins and Anderson 2003)
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Figure 265 Precast concrete pilegth embedded drains: 1. concrete
pile; 2 & 4. metal coil pipe and slot; 3 & 5. plastic drain and slot, after
Liu (2007c).

The second is the biocementation method. The use of
microbiological method for soil improvement has been
discussed in Section 2.5.7. One of the main advantages of the
biocementation method is that the microorganisms can be easily
introduced to sand layer without mixing or injection. The third
method is to introduce tinny gas bubbles in saturated sand.
Several studies (e.g., Yegian et al. 2007) have shown that when
saturated sand is made slight unsaturated (say with a degree of
(b) saturation of 95%) by introducing gas bubbles, the amount of
Figure 263 Installation of EQ drain in sand for liquefaction mitigation reduction in the excess pore water pressure of soil generated
using: (a) a cylindrical mandrel; (b) a mandrel with wings for vibro- under a dynamic load will be great reduced. One way to
compaction during installation (after Rollins and Anderson 2003) introduce tinny gas bubbles is the use of microorganisms. This
method is promising as it might be the method that consumes
the least energy. However many more studies are required

o i ) ) ) before this method can be used in practice.
Pile is a major foundation type in supporting upper structures.

However, most of steel or concrete piles are impervious.4.6 Concluding remarks
Methods have been developed to use drainage enabled piles so
piles can also be used to dissipate excess pore water pressureTifere are many other types of natural disasters (e.g., Kokusho
reduce the liquefaction potential of sand. One example for2005) that have not been discussed in this report. However, the
sheetpiles used in Japan is shown in Fig. 264 (Towhata 2008hasic mitigation principles and techniques presented in this
Drain panels are attached to sheetpiles. Another type is draifeport are applicable. The same may be applied to non-natural
embedded precast concrete piles as shown in Fig. 265 (Lidisasters such as construction failures (Moh and Hwang 2007)
2007C) Model tests using a vibration table have shown that thgnd some geoenvironmenta| pr0b|em5_
drain embedded pile is effective in dissipating liquefaction (Liu  within the theme of this report, only technical issues related
2007c). to geotechnical construction are reviewed. The suitability of a
certain technique is heavily influenced by the social and
economic background of the place where disaster mitigations
need to be carried out as well as #vailability of the materials,
the construction machines and the level of support of
infrastructure. It needs also to peinted out that natural hazard
mitigation is a multi-disciplinary subject. An effective hazard
mitigation program requires much more than the technical
matters. In conclusion, it may @t to outline the framework
proposed by Gilbert (2007) in guiding engineers in fulfilling
their roles and responsibilities:
1) Decision making is the key to hazard mitigation.
2) Risk analyses should be designed specifically to produce

4.5.6 Use of drainage enabled piles (D4)

Figure 264 Steel sheetpiles with attached drainage pipes (after Towhatg)
2008)

4.5.7 Other emerging methods 4)

As a result of the intensive research on liquefaction in the past
years, several promising methods or techniques for liquefactio
mitigation have been proposed or being studied. The first i )
electro-osmosis. Mitchell (2008a) proposed to use electro-
osmosis together with permeation grouting in soil with a
hydraulic conductivity less than about 151 1x10° m/s. A
similar concept has been used for soil improvement for fine-
grained soil as mentioned in Section 2.4.6.

6)

information relevant to decision making.

Mitigating consequences can be the most effective means to
mitigate natural hazard.

Performance depends on systems; the enormous scale and
complexity of systems for hazard mitigation, both in space
and in time, makes it difficult to achieve a high level of
reliability.

Dealing with uncertainty is a real challenge; physical factors
and the role of uncertainty in decision making are important
considerations in how best to account for and represent
uncertainty in hazard mitigation.

Effective communication is essential in mitigating natural
hazards; it is important that we reach out to and work with
specialists who are experts in communication.
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5. DREDGING AND LAND RECLAMATION understanding of the natural soil characteristics both in the
borrow area, where theeclamation material is won, as in the
5.1 Introduction reclamation area, where the fill has to be realised. This is not

always easily realised since dredging works very often cover
It is rather exceptional that a topic about dredging and landarge offshore areas and expensive soil investigation equipment
reclamation is treated in an ISSMGE conference. Howeversuch as jack-up platforms (Fig. 266) or dedicated vessels (Fig.
indeed, dredging and land reclamation have increasingly267) have to be mobilised. This is why, apart from soil testing
become important parts of construction activities that involveby means of boreholes with SPT or CPT, geophysical testing is
heavily geotechnical knowledge. also used extensively. This cindes seismic testing, soil

A simple definition of dredging is that it is the subagqueous orresistivity testing, magnetometry and others. These are brought
underwater excavation of soils and rock. The process consists @l together to make a geological soil modebmder to be able
three phases: excavation, transport and subsequent placementtorplan dredging works and estimate volumes of material that
use of the material dredged (eigthe land reclamation area). occur.

Generally there are little appreciation or understanding of the Since dredging operations take place everywhere in the
need and complexity of dredging except by those who areworld, also the quality and interpretation of the soil testing has
involved in construction or maintenance of projects associatedo be addressed with care. Albtoften the quality and quantity
with navigation or other activities such as land reclamation.of available soilinvestigation is insufficiento cover the risks
Another tendency is to consider only the excavation phase ofnvolved with dredging works.
the process and overlook the transportation and placement
phases. The process is so integglahat all phases must receive
equal consideration and emphasis, especially in land
reclamation.

The basic objectives of dredging include:

(1) Navigation ... the first objective to create harbours, basins,
canals, marinas and other facilities for navigation called new
work or capital dredging; or to maintain, extend or otherwise
improve waterways, harbours and channels, generally called
maintenance dredging.

(2) Flood Control- the second objective to improve or
maintain the discharge or flow capabilities of the rivers,
channels and/or natural waterways by maintaining or increasing
the cross-section or by the realignment of watercourses or the
construction of control structures such as dams, dikes or levees.

(3) Construction and Reclamation - the third objective to
provide construction materials such as sand, gravel, shell and . .
clay or to provide landfills, including the construction of Figure 266. Jack-up pontoon uded offshore geotechnical testing.
industrial and residential areas, highways, dams, airports,
causeways and habitats for birds and other forms of wildlife.

(4) Mining - the fourth objective to recover minerals, gems,
precious metals, and fertilisers or the removal of overburden to
reach such deposits.

(5) Beach Nourishment - the fifth objective to provide fill
material for the protection and replenishment of beaches,
including the construction of protective dunes.

(6) Environmental Remediation - a somewhat newer
objective to use dredging to remove or remediate subaqueous
pollutants and improve water quality. This type of dredging
operation has been used increasingly to clean-up contaminated
waterways or subaqueous facilities, such as settlement or sludge
ponds, or mine tailing ponds.

(7) Other objectives to excavate for underwater foundations
and for the emplaceamt of pipelines or tunnels, and to provide
for flood control in swampy or lowland areas, where
environmentally acceptable.

Types of materialto be dredged vary significantly from T .
projggt to project and even witl?in the )éonfgilnes of t¥1e same Another discipline closely related to dredging and land

project. The primary categories associated with dredging arer:eclamation is hydraulic engineering. The design and method of

peat and organic soils, clays, silts, sands, corals, sandstonecs‘:’ns’trUCtion of break_waters and seawalls are of _major
gravels, boulders and cobbles, and (soft) rock. importance when planning a job. These aspects of dredging and

Within each of these major categories are ranges of physica{f’mﬁhr eclamatlc;_n will rliot be d'scfsifﬁ in thl's report. hich
characteristics, such as particle sizes and particle nature an € excavation and transport of the soll aré processes whic

plasticity. The type of matml determines the most effective epend not only on the soil meghanipal behaviour of the 5.0" to
dredging plant, the production rates, the likelihood of be dredged, but also on other disciplines such as mechanics and

contamination, the potential end uses or placement, and thgydraulics. The deposition of the dredged soil by means of one

characteristics affecting handling such as bulking, formation o f the many available techniques and their effect on the

clay balls, etc. There is also a need to characterise the chemic3fometry and soil characteristiobtained is_ also a dre<_jging-
and biological characteristics of the material. specific knowledge. In the framework of this report, mainly the

The dredging process requires knowledge of diﬁerentIaSt aspect: soil deposition and issues related to this will be

disciplines among which soil mechanics is one of many. Adis%‘f'se;j' . f a dredai . hich i v offsh
successful dredging job will always start with a thorough soil he planning of a dredging project which Is mostly offshore
investigation programme which allows for a good requires also met-ocean information in order to be able to

Figure 267. Dedicated vessel for offshore soil investigations.
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predict the wdkability of the different dredging vessels. This the three broad classifications on the basis of the mode of
issue will not be discussed here. excavation and operation (see also Table 23):

General information on dredging and dredging related (1) mechanical dredgers,
organisations and companies can be found from the (2) hydraulic dredgers,
International Association of Dredging Companies (IADC; (3) mechanical/hydraulic dredgers which utilise both basic
www.iadc-dredging.coin Basic literature about dredging can elements in some combination,

be found from Bray et al (1997) and Bray (2004; 2008). (4) hydrodynamic dredgers.
Within these four categories further subdivision can be made
5.2 Dredging methods on the basis of propulsion, that is, those which are self-

propelled either during the excavation phase, the transportation
There are a variety of dredgers and means to employ thenphase or both, and those which are non-self-propelled.
Their usage will be project specific. No single type of dredger The production rate for the dredger varies widely depending
or system can suit all projects. The quantity and type of materiabn the circumstances, the material to be dredged and the
to be dredged, placement @lacation alternatives, availability transport and disposal methods employed. Other factors such as
of equipment or cost of mobilisation are some of the factorsweather and sea state, ship traffic, depth, depth of the dredging
affecting the uimate decision. face also affect dredging production rates. Production rates can

There are a number of schemes for describing types ofange from 50 cubic metres to 4000 cubic metres per hour.

dredgers. In this report, the types of dredgers are described by

Table 23 Classification of common dredging methods and their main characteristics.

Category Method Main characteristics
Soil excavated with grabs (up to 200m3). Hydraulic clamshell shows better performance
Mechanical Grab/Clamshell/Dragline Dredging of all soil materials up to firm clays. Exceptional in harder soils (special grabs)

Fills barges for excavated soil transport.
Stationary; from on a pontoon with spuds or anchored.
Dredging at large depths (up to 100m).
Soil excavated with excavator bucket (up to 30m3).
Backhoe Dredging of all soil material up to soft rock (UCS < 5 MPa). Can handle large boulders.
High selectivity and accuracy.
Fills barges for excavated soil transport.
Stationary; from on a pontoon with spuds.
Dredging depth practically limited to 30m.
Soil and Soft Rock excavated with a shovel (up to 15m3).
Dipper Fills barges for soil transport.
Stationary; from on a pontoon with spuds.
Soil excavated with chain of buckets guided by a ladder.
Bucket-Ladder Dredging of all soil material, including soft rock.
Good selectivity and accuracy.
Fill barges for excavated soil transport
Stationary pontoon with anchors
Dredge depth up to 30m
Excavation of non cohesive soils by means of suction with help of jets.
Hydraulic PlainSuction Material is pumped ashore or into barges.
Stationary pontoon with anchors.
Dredge depth up to 50m.
Excavation of thin layers of soft/cohesionless material in rivers
Dustpan Material is sidecasted.
Limited dredging depths.
Excavation of the soil/rock material by means of a cutter wheel.
Mechanical/ Cutter Suction Dredgef Hydraulic suction of the material.
hydraulic (CsD) Moderate to good selectivity and accuracy.
Transport hydraulically by (floating) pipe lines to land reclamation site or filling of barges.
Stationary pontoon with spuds and anchors sensitive for waves and currents.
Dredged depths up to 30m.
Excavation of the uncemented soil by means of a suction head (with water jets and teeth).

=

Trailing Hopper Moderate selectivity and accuracy.
Suction Dredger Hydraulic suction of the material and deposition in the hopper bin.
(TSHD) Sailing vessel, suitable for long distances. Limited by draught.

Dumps of pumps the dredged material (in)to the land reclamation area
Hopper volumes from a few thousand m3 up to 46 000m3.

Dredging depth commonly 50m to 60m; larger vessels even over 100m.
Excavation of soft fine materials by means of water jetting
Hydrodynamic Water Injection Material in suspension is transported by the bed slope, natural water current or gdensity
gradient
These devices put the material to be removed either directly or indirectly into the |water
Plough, Beams and Rakescolumn as suspended sediment.
Material in suspension is transported by the bed slope, natural water current or gensity
gradient
No productions are given in this overview. These depend on many parameters such as dredging equipment type and itsvasttiledmaging
depth, the transport distance, the soil material and its strength characteristics
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5.2.1 Mechanical dredgers excavating depths are possible. These dredgers are likewise
generally non-self-propelled and require anchors or spuds to fix

This category employs mechanical means for the excavation ahem at the dredging location.

material and is often similar to equipment used for dry land

excavation.

(1) Grab or clamshell (Figs. 268 and 269) and dragline

These employ either rotating cabs or fixed A-frame type
barge-mounted equipment. They have hoisting and control
systems and use clamshell digging devices or buckets rigged on
cables to excavate the material from the bottom and transport it
vertically out of the water and into barges for subsequent
transport to the placement area. Cdhl dredgers can be used
in sands, some types of clay, gravel, cobbles and some broken
rock dredging situations. They are not particularly effective in
fine silts which have a tendency to run out of the bucket. They
are nonetheless used for this purpose in smaller jobs or when
fitted with special sealed buckets.

One advantage of clamshell dredgers is their ability to
dredge in fairly deep waters and their ability to do precise spo
dredging either to remove isolated areas above grade in the
navigation prism or along docks and corners of docks.
Depending on the type of material dredged, they have moderate
to low production rates. They are normally non-self-propelled
and are fixed at the excavation site using anchors or spuds.

figure 270. Main features of a backtdredger (after Bray et al 1997)

Figure 268. Main features of a GrBbedger (after Bray et al 1997).

Figure 271. Backhoe dredger

(3) Dipper (Fig. 272)

The dipper dredger is essentially a powered shovel mounted
on a barge. Older versions used a rotating boom with a stick and
shovel design. Later designs incorporate the "whirley" or
rotating cab, luffing boom and a stick and bucket. These
dredgers use vertical spuds to anchor them to the bottom and a
digging spud at the rear of the vessel to provide resistance to the
massive digging forces of the bucket. Dipper dredges come in
all sizes but the largest of the new dipper dredgers have bucket
capacities greater than 15 culbnetres. The dredger operates by
using teeth on the lip of the bucket excavate the material
from the bottom or digging face. Once the bucket is full the
dipper stick is withdrawn upwards and the cab and boom
rotated so the bucket is over the barge or scow, the bottom of
the bucket is released thereby dumping the contents of the
bucket into the barge. The dredged material is then transported

Figure 269. Grab dredger to the placement area by bargesscows. The barges or scows
may be either self-propelled or propelled by attendant motor
(2) Backhoe (Figs.270 and 271) vessels such as tugs.

The backhoe is common to dry land excavators and is Dipper dredgers are particularly suited for dredging hard
increasingly being employed for dredging. As in the case aboverock and highly compacted materials. They have also been used
they are barge-mounted for dredging, generally non-self-effectively in removing old subaqueous foundations from within
propelled and can have moderate production rates. They empldjne project. There are limitations on dredging depths which can
an articulated excavation bucket mounted on an articulatedbe dredged by dipper dredgers. Much of the work previously
boom. They generally use hydraulically operated rams fordone by dipper dredgers is now done by backhoes, although
movement, positioning and excavating. The material islarge dippers are still in use and compete quite effectively with
excavated, brought to the surface and placed in barges farther types of dredgers in terms of production and cost.
transport to the placement area. They can dig a broad range of
materials such as; sand, clays, gravel, cobbles and fractured and
unfractured moderately hard rock. They do have radius and
depth limitations but with some newer models increased
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Figure 272. Main features of a dippkedger (after Bray et al 1997).

(4) Bucket-ladder (Figs. 273 and 274)

European dredging fleet and are in fact the direct descendants

5.2.2 Hydraulic dredgers

These dredgers use hydraulic centrifugal pumps to provide the
excavating force, without mechanical cutters, and hydraulic
transport force to carry slurried solids from the digging site
through a pipeline to the surface and thence through a discharge
pipeline to the disposal site. In some special cases, hydraulic
dredgers do pump into barges for subsequent transport to the
placement site.

(2) Plain suction (Fig. 275)

They can dig at great depths using ladder mounted
centrifugal pumps to enhance production at deeper depths. They
are effective in non-cohesive materials such as sands and
gravels and are used extensively in aggregate winning
operations and large reclamation projects. Because of their
inability to handle cohesive materials and their characteristic to

r channel or harbour construction projects.

Bucket-ladder dredgers once comprised a major part of thiﬁ!oduce small deep excavations, they are rarely suitable or used

the historic mud mills, the first "dredgers". They use a series o

They can be either stationary or self-propelled, although self-

buckets mounted to an endless chain loop. The loop is powerﬁ@ropulsion is not used during the excavation process. In suitable

causing the buckets to travel in such a manner as to scoop t
material from the bottom, carry the material in the upright

aterials, they have high production rates.

buckets up the ladder to the top of the ladder where the buckets

then rotate into an upside down position thereby dumping thei
contents into a chute. The material is then sent through th
chutes to barges or scows alongside the dredger.

r
e

Like the other mechanical dredgers, barges or scows are used
to transport the dredged material to the placement or relocation
sites. They can be effectively used in a wide variety of materials
up to and including soft rock material. These dredgers were
sometimes self-propelled to provide transport to the dredging

site. They fell into disuse because of their relatively low

production rates, the need for anchor lines which often

interfered with navigation traffic, and their relatively high noise
levels.

Figure 273. Main features of a buckatlder dredger (after Bray et al
1997).

Figure 274. Bucket Ladder Dredger.

Figure 275. Main features of a plasuction dredger (after Bray et al
1997).

(2) Dustpan

A rather special type of suction dredger, called the dustpan
dredge is used on river systeriihiey are effective where there
are high bed loads or suspended solid concentrations of sand
and small gravel and which, when conditions are right, form
bars or obstructions in the navigation channels.

The dustpan dredgers are capable of moving large volumes
of material from localised areas using a suction head shaped
much like a dustpan. The material is usually slurried by use of
water jets along the top dhe digging face of the dustpan,
drawn into the suction head and up the suction pipeline, through
the pump and thence through a relatively short floating
discharge line. The material is discharged into a portion of the
river where high energy currents keep it in suspension and it is
carried downstream and away from the constricting bar.
Dustpan dredgers are not generally used for construction
dredging and were originally designed for use in large river
navigation systems where conditions are appropriate for their
design and use.

5.2.3 Mechanical/hydraulic dredgers

Mechanical/hydraulic dredgers include the real workhorses
of the dredging industry. The cutter suction dredger (CSD) or
cutter-head dredger, bucket-wheel dredger and trailing suction
hopper dredger (TSHD) are representative of
mechanical/hydraulic dredgers. These dredgers are employed on
construction and maintenance projects depending on the nature
and guantities of material to be excavated.

(1) Cutter-head and bucket-wheel dredgers (Figs. 276 and 277)

Both the cutter-head and bucket-wheel dredgers use rotating
mechanical devices, called cutters, mounted ahead of the
suction head. The cutters excavate the material into suitably
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sized material. This is then sucked into the suction pipe as ¢he solids settle out and the material is retained for transport and
slurry and pumped to the surface. By use of pumps mounted osubsequent placement.

the ladder or a structural device which extends to the bottom, Trailing suction hopper dredgers are quite flexible in terms
these dredgers can dig effectively at depths approaching 25-36f the material to be dredged, placement alternatives, and the
metres or more in special cases. ability to work in protected and unprotected waters.

They are characterised by high production rates and the The material is transported internally in hoppers within the
ability to effectively dig silts, clays, sand, gravel, cobbles, vessel to a placement site remote from the work site. The
fractured and sound rocks. They work in a stationary modematerial is discharged through doors or valves in the hopper
either on spuds or anchors. Some are self-propelled to provideottom, or in the case of a split-hulled vessel, out the bottom
for transportation between work-siteThey have flexible  when the hull is longitudinally split; or it can be pumped from
discharge alternatives and can either discharge into barges or, #® hoppers through discharge lines to shore based placement
is generally the case, through discharge pipelines to thesites with or without the use of booster pumps. Trailing suction
placement site. By use of booster pumps in the discharge line®iopper dredgers can dig effectively at depths of up to 100
they can transport and place mi&ls at considerable distances metres using pumps mounted on the dragarm close to the
from the work site. draghead. They are effective in silts, sands, clays and gravels

Cutter-heads rotate along the axis of the suction pipebut are not generally used in rock dredging. They have
whereas bucket-wheel dredgers rotate perpendicular to the axiglatively high production rates. They have the additional
of the suction pipe. The bucket-wheel is more commonly useddvantage that since they are self-propelled, they can work in
in mining applications. congested areas with minimum disruption to ship traffic. They

can also work in unprotected waters such as entrance channels
far out to sea and under weather and sea conditions where
stationary equipment is somewhat limited. The trailing suction
hopper dredger is unique in the sense that it uses its self-
propulsion during the excavation and transportation processes.

Figure 276. Main features of a Cuttuction Dredger (after Bray et al
1997).

Figure 278. Main features of adliling Suction Hopper Dredger (after
Bray et al 1997).

Figure 277. Self-propelle@utter Suction Dredger.

(2) Trailing suction hopper dredgers (TSHD) (Figs.278 and
279)
Trailing hopper dredges are self-propelled ships with
hoppers or dredged material storage internal to the hull. They
have articulated dredging or dragarms which extend to the sea
bottom. They dredge whilst underway travelling at low speeds.
The draghead can be either passive or active. In the case 6fgure 279. Trailing suction Hopper Dredger.
the passive draghead, no additional power is applied at the
draghead and it depends on the scouring of the material to be )
excavated by hydraulic currents induced at the draghead. The-2.4 Hydrodynamic dredgers
active draghead employs power to drive either cutters or water ] . )
jets to excavate the material and aid in slurrying the material. Hydrodynamic dredgers mobilise material underwater and use
The weight of the drag system maintains the contact with théhe bed slopes, natural water currents and density gradients at
bottom material in either passive or active dragheads and allowte dredging site to move the material to a different location.
the material to be transported hydraulically as slurry. In bothThey may be mechanical or hydraulic. Dome of the dredgers
cases, the material is hydraulically transported through suctiofflescribed above can be used in hydrodynamic mode. Those
lines, through the centrifugal pump and into the hoppers wherdlescribed below are specifically designed for the purpose.
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(1) Water injection For long distances to the placement areas one or more booster
Although this type process has been known for some timgpumps may be required at intervals along the discharge line.
and utilised in special circumstances, the water injectionDischarge lines may be floating or pontoon mounted, or can be
dredger is finding some notable successes at the current timsubmerged where floating lines would interfere with navigation
primarily for maintenance dredging. The dredger uses wateor shore pipelines. Often, all three discharge pipelines may be
pressure to fluidise the bottom material to be removed creatingised on the same project.
a dense fluid slurry. The slurry is then transported from the Mechanical dredgers must eusbarges or scows for
excavation site by means of currents induced either by thdransportation. In these cases, unless the barges are self-
density gradient between the slurry and that of water, or bypropelled, ancillary power vessels such as tugs or tenders are
naturally occurring currents within the dredging site, such asused to tow or push the transport barges. These barges may be
tidal or river currents. transported individually or in groups depending upon the power
This is a relatively low-costiredging technique which is of the power vessels and sea conditions. The barges or scows
limited to silts and unconsolidated clays and fine sands. Theised for placement usually contain pockets in which the
system can either be barge-mounted, self-propelled or stationamredged material is placed. The material is unloaded from the
or be a fixed structure associated with a quay where siltation ibarges by being dumped through the bottom either through
known to occur. The material removed does not flow throughcable or hydraulically operated doors, or in the case of split-
the centrifugal pumps as in the case of the other hydraulihulled barges by splitting the barge longitudinally. There are
dredgers but uses the centrifugal-pump-induced water jets tcases where the barges are unloaded using hydraulic pumps or
fluids the bottom material that then flows from the dredging sitemechanical equipment. In the case of dustpan dredgers and
as a result of density differentials in the water column. water injection dredgers, the transport of dredged material
depends on the energy contained in the water currents.
(2) Ploughs, beams and rakes
This is a category of devices that is generally suspended froms.2.7 Placement of dredged material
an A-frame, mounted on the aft end of a tug boat, and dragged
across the sea- or riverbed. Ploughs may be specially designethe ultimate step in the dredgimgocess is to place, relocate,
beams or bottomless buckets that contain the bed material for dispose or deposit the material in a location away from that
short period of time, whilst rakes and beams are generally of avhere it was excavated. There are a number of placement
form which merely re-suspends the bed material. All thesealternatives. The basic options are:
devices put the material to be removed either directly or (1) open water,
indirectly into the water column as suspended sediment. (2) intertidal and upland, or
Ploughs, beams and rakes have relatively very low (3) shore placement sites.
production rates, but are inexpensive to mobilise and use. They The option or options employed depend on a number of
may often be suspended from marine plant owned by the clienfactors, such as: accessibility to the work site, type of dredger

They may be used in conjunction with a trailer dredger. and transport system, whether the dredged material contains
contaminants, costs, and environmental factors.
5.2.5 Choice of type of dredger It is always desirable to use the dredged material for

beneficial purposes. Such purposes may be to create fast land

The choice of dredger used on a specific project depends onfar subsequent construction purposes, use as aggregates,
number of factors. Type of material to be dredged is a primancreation of wildlife habitat,construction of shore protection
factor. Hard rock dredging generally limits the types of dredgersfeatures, beach nourishment or to fill abandoned mine or quarry
to mechanical dredgers or cutter-head dredgers designeexcavations or even, when the material is suitable, for topsoil.
specifically for rock dredging. When used for beneficial purpes there is generally a cost

Where the material can be suitably dredged by several typebenefit to be achieved thereby reducing the actual cost of
of dredgers, then a more detailed consideration of operatinglredging for navigation purposes.
parameters is required. Trailing hopper dredgers are able to If beneficial uses are not possible, either because of the
work effectively in entrance channels where sea and trafficnature, volume or contamination of the dredged material, then
conditions make stationary plant less desirable and effectiveplacement should be conducted in a manner which creates
The location of the dredged material placement areas and accessnimum environmental damage, is cost effective, and for
to them may also play an important role in the decision on thewhich sites can be reasonably acquired.
most suitable and effective dredger type.

As stated above, cutter-head dredgers can pump lon&.2.8 New developments in dredging methods
distances to remote disposal areas and do so, more or less, on a
continuous basis. Hopper dredges under the same circumstancBsedging is a continuously evolving business where many
may spend a considgble time transporting material for engineering disciplines are joined in order to come to best
placement, particularly where allow water depths restrict performance. New developments can be seen in different fields
navigation. This further increases haul distances. among which the following are most important:

Likewise, mechanical dredgers using barge or scows for
transport may require large numbers of barges and suppoffl) Increase in size and power of dredging equipment
equipment such as tugs and tenders. These factors require both In the past 2 decades, the size of trailing suction hopper
technical and economic analysis in the decision process. Fadredgers has tripled and plans for size in the range of 50 000m3
instance, the most effective dredger may not be available closeapacity exist (Fig. 280). This development is mainly
to the work site and then mobilisation time and cost must bdanfluenced by the fact that in some areas no suitable

factored into the decision. construction materials can be found at limited distance (e.g.
Singapore with its large land reclamation projects). In order to
5.2.6 Transport of dredged material optimise the process of sand winning at large distances, larger

hoppers have been designed.
The transport of dredged material is an integral part of the
dredging process and is determined to a large extent on the type
of equipment employed and the placement options available. As
discussed above, hydraulic suction and cutter-head dredgers use
pipelines to transport dredged materials to the placement site.
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Figure 280. Jan De Nul dredger Christobal Colon when launched from
the construction platform (46 000 m3 hopper capacity).

Also in the field of cutter suction dredgeres, larger, more
powerful and more flexible equipment has been build. A clear
example of this are the self-propelled cutter suction dredgeres
with up to 6000 kW power on the cutter head. Such Figure 282. Special grab dredge with R@Y operation at large depths.
developments are mainly driven by the need for dredging and
reclaiming in areas where (soft) rock is found. There also is an Purposely built equipment such as gravel dredgers with high
ongoing search for dredging harder rock since this is mordoading capacity versus hopper content and on board sieving
economical and at higher production rates compared to drillingand washing/dewatering equipment have been developed.
and blasting. The higher power is one of the components whilésravel dredgers such as the Charlemangne (Fig. 283) are also
the design of the cutter head and teeth and theequipped for dry unloading of the dredged material.
maintenance/replacement of the teeth certainly are items for
research.

In the field of backhoe dredgers also larger equipment is
being produced with the new BackActer equipment. This is a
new concept for backhoe dredgers. Where the a backhoe in the
past always was based on land excavator equipment, the
BackActer uses a new concept with a main features a larger
slewing ring that connects the equipment to the platform and all
vulnerable technical components have been taken out the upper
carriage and have been mounted under deck (Fig. 281).

Figure 283. Gravel Dredger Chamagne (5000 m3 hopper capacity)

(3) Environmental developments

In the framework of environmental dredging works many
different adaptations to classical dredging have been developed
in order to be able to dredge very precisely contaminated
sediments at the bottom of harbours or rivers without causing
spill and turbidity. Both in the field of mechanical dredging
(drag and grab dredgers and in the field of hydraulic dredging
(scoop and sweep dredgers) special equipment has been
developed (Vandycke et al, 1996; Van der Sluijs et al, 1996).
The ECODRAG is an adapted bucket ladder dredger. The
ECOGRAB is a special grab (2 m3) that opens en closes

Figure 281. BackActer backhoe. following a horizontal plane and in closed position all openings
are sealed (Fig. 284). The SCOOP an SWEEP dredgers are
(2) Specialised dredging equipment upgraded cutter suction dredgers with adapted suction heads

Dredgers are adapted to dredge at greater depths by meansexfuipped with additional screens. The SWEEP dredge is
longer suction pipes and underwater pumps. Dredging depthspecially designed for dredging of thin layers. In the field of

over 100m can be reached at present. trailing suction hopper dredgers environmental developments
Grab dredgers with ROV have been developed for precisiorhave been made in the field of precision of the drag head
dredging at even larger depths (Fig. 282). position and depth, the overflow and water jetting systems in

order to allow the dredging of high density mixtures.
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time, which allows the operator to view and adapt his operations
in order to obtain an optimisaésult. Such Soil View systems
have been developed in function of the project requirement by
different dredging companies.

Figure 284. ECOGRAB environmental dredging grab.

After dredging contaminated soil, it has to be deposited. This
can be in an on land disposal. The hydraulically dredged
material is mixed with transportation water, what causes a
volume increase of the material and extra water which is
contaminated and needs to be treated in a water treatment plant.
In order to avoid this, techniques for high density dredging
(minimum use of water) have been developed. . _Figure 286. Dredged foundation pit with gravel bed for a caisson
The auger dredger has been developed for precise dredgingructure.
of thin layers at the in situ density. The auger transports the
material at its in situ density to the underwater pump and highs.3 Land reclamation methods and processes
density dredging is realised (Fig. 285).
5.3.1 Influence of dredging method on the reclamation material

Dredging techniques are mainly subdivided in emechanicale
dredging and ehydraulice dredging. In the first the excavated
material is not mixed with water for transport but the transport
is realised by means of barges. The hydraulic techniques
however are used most and include the cutter suction dredger
and trailing suction hopper dredger. With these techniques, the
excavation, the transport of the excavated material to the hopper
or immediately to the reclamation area is realised by means of
hydraulic transport. While in the mechanical dredging
techniques the characteristics of the dredged material change
only to a limited extend, the change of soil characteristics with
the hydraulic techniques can be very important.

The change in characteristics depends largely on the type of
material dredged as well. With cohesionless soil, hydraulically
dredged, the soil structure is completely destroyed and the
material is pumped into the hopper or directly to the
(4) Supporting techniques leading to new possibilities reclamation area. The main sources of material loss that occur

A combination of dredging and up-to-date survey techniquesire- ) , , _
allow for very precise positioning and execution of underwaterl) In the hopper the finer material which does not readily settle
works such as the preparation of foundations for caisson disappears through the overflow of the hopper in order to
structures, the realisation and badkfg of trenches for pipe come to an optimal loadingf the hopper. When overflow is
and backfilled foundation pit for a caisson structure, to be used the hopper will not be optimal and less efficiency is
as foundation for an offshore wind turbine, is given (Mengé et  achieved; , o ,
al 2008). This image shows the high degree of precision thag) In the reclamation area, where the material is placed with a
can be reached in dredging and backfilling operations at remote  1arge amount of excess water (Fig. 287) segregation of the
offshore areas and the possibility to visualise this with up-to- ~ finer particles from the coarser cannot be prevented.
date survey techniques. _ _

Up-to-date dredgers are large investments and are equipped AS @ result of the above given reasons, the sand in the
with all latest techniques and electronics. One-man bridge is &clamation area will be coarser than the sand in the borrow
new concept where dredging and sailing is steered by 1 operatéfea While some material is lost or is caught in a siltation pond
managing all parameters relevant for the dredging proceséfyhen turbidity specifications require so. The coarser material is
Training to use state of the art dredging equipment, whether thi§ot really a problem as long as the new particle size does not
is TSHD, cutter suction dredger or Backhoe dredgers, igoecome to uniform which could cause problems for compaction.

performed on simulators designed especially for each type ofNormally the specifications for a granular reclamation material
equipment. will include a requirement with regard to the % of fines (< 63
During dredging the known information about the soil to be Micron) of max 10% to 20%, so the loss of fines will help in
dredged and new information acquired from monitoring during@chieving this requirement. The segregated fines however cause
dredging (survey, production, type of soil, densities, @ lot of problems in the reclamation area: accumulation at

Figure 285. Augedredger.
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where the silt size particles sediment; turbidity at the outflow of Arabian Gulf where very often such problematic rock materials
the reclamation area; large volumes of unsuitable soil when &ave to be dredged (e.g. Simsima Limestone and siltstone).
siltation pond is used.
5.3.2 Influence of material placement techniques on the
reclamation material

The technique used for filling an area depends on the water
depth and the dredging equipment used. With trailing suction
hopper dredger and where possible the filling will start with
bottom dumping. Once this technique cannot be used anymore
because of insufficient water depth, rainbowing (Fig. 288) will
be used. Next, the filling is realised by means of land pipe lines
(Fig. 289). When the filling has to be realised in a gentle means
over soft soil, a spreader pontoon (Fig. 290) can be used to
realise thin layers of fill. More systems can be set up for
specific situations such as a spreader pontoon with diffuser and
a spreader pontoon with nozzle for rainbowing.

Figure 287. Hydraulic filling in a reclamation area.

In dredging one always has to consider the bulking
phenomenon: the volume change of a material when the bulk
density changes from the in situ density to the reclamation
density.

The basic formula for the bulking factor B is:

sV W U @)
Vi 4

with:

V1: volume before dredging (m3)

V,: volume in reclamation area (m3)

1;: bulk density in situ before dredging (t/m3)
1,: bulk density in the reclamation area (t/m3)
1, density of water (t/m3)

Figure 288. Rainbowing

X X X X X

A simple example demonstrates how important the issues of
segregation and bulking can be. Assume sand with 25% (mass)
of fines is dredged with a cutter suction dredger and pumped
into a reclamation area. The in situ density is 2.05 t/m3. 20% of
these fines segregate and are caught in a siltation pond. The
density of the in situ sand is 1.98 t/m3; the density of the
sedimented fines in the siltatiggond is 1.5 t/m3. This means
that, for a reclamation area where 1 Mm?3rikterial isneeded,
one has to dredge approximately 1.2 Mm3 in situ material and
0.5 Mm3 unsuitable materials are generated! Very often these
problems are not recognised by the partners involved in a
dredging project. _ ) _Figure 289. Pipe line arrangement on a reclamation area

When dredging cohesive soil, the water content of the soil
will change with all consequences related to this. This will also
require consolidation after deposition. The bulking can be
calculated using the above given formula, but this is easily a
factor 2 to 3 depending on the in situ density and the density of
the material after sedimentatio In order to minimise the
problems related to this, high density dredging, where one uses
a minimum of added transportation water, is a solution.

When one has to use the dredged cohesive soil in the
reclamation to be realised (e.g. some projects in Singapore such
as the Pasir Panjang project), the dredging preferably should be
realised by means of mechanical equipment.

Dredging (soft) rock will create a different material which
will mainly behave as a granular material showing a bulking
factor larger than 1. However dredging soft rock can cause fines
problems as well when dredging siltstone or claystone or when
pockets of uncemented material are present in the rock. These
last phenomena are encountered at several locations in thagure 290. Spreader pontoon with floating pipe lines
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When workingwith a cutter suction dredger, the dredged
material is direcyt pumped into the reclamation where a
spreader pontoon or land pipe lines are used.

Barges are used with cutter suction dredger or with
mechanical dredging. Normally these barges will use bottom
dumping but they can also be emptied with excavators or
stationary suction dredgers.

The method of filling will have an effect on the density that
is realised and on the slopes tlkah be realised. In Table 24,
the normal densities obtained with silica sand are given for the
different filling methods.

Table 24. Relative density obtained with silica sand and depending on
placement methods (based on the Dredging Course VOUB)

Method of Relative Density (%)
working n : =

Minimum | Maximum | Average Figure 292. Bunds realised before filling
UNDER WATER
Spraying 20 40 30 5.3.3 Influence of soil conditions in the reclamation area
Dumping 30 50 40
Pipe Line 20 40 30 The natural soil conditions in the reclamation area are of
Rainbowing 30 50 40 main importance since these will define the bearing capacity
ABOVE WATER and settlement behaviour of the soil. When soft soil occurs and
Pipe Line 60 70 65 depending on the construction to be realised, one can consider
Rainbowing 60 80 70 soil replacement or soil improvement techniques. Generally, the

soil replacement technique is used for the structures at the
The slope realised by means of filling through pipe linesboundaries (e.g. quay walls or revetment structures) while soil
depend on different parameters such as particle diametemprovement techniques are chosen for the large reclamation
(expressed in terms of 5p), mixture concentration, mixture areas behind these edge structures. If soil replacement is not an
discharge and width of the fill area. Reference can be made teption, other soil improvement techniques such as stone
CUR 152 and CUR 130. Different placement methods arecolumns, sand compaction piles, deep soil mixing and others are
discussed in these documents. The slopes obtained when fillingonsidered.
with pipelines is given in Fig. 291 and is based on the formulas When the soil in-situ is very softhe fill placement methods
given in the referred document. will be chosen in function of its possibilities. When one has to
avoid too steep slopes or important level differences, a spreader
‘ 7 pontoon is used to realise thin layers. Even more, the staged

50

. \ Values: construction is used and the strength increase of the soft layer is

0 \ a;;ct';azfgemmo méh taken into account as consolidation takes place (e.g. Van Impe

N \ Concentration 0.3 et al. 2_006), When necessary soil improvement by means of

\ Pore Volume 40% prefabricated vertical drains is usied this scheme. Sometimes

g% \ even stockpiles are realised in a more stable area and very
92 \ gentle filling by means of a sand pump or dry earth moving
3 equipment is realised in stages.
» 20 \ — Above water quip 9

15 . . . . .

\ — Under water 5.3.4 Alternative fill soil material for land reclamation

10

° —— The fill material used for land reclation is preferably a clean

0 sand material. Ideally such material has to be available in large

0 200 400 600 800 1000 1200 1400 1600 1800 2000

volumes close to the area to be reclaimed. In the absence of
suitable sand at economic distance or when for environmental
reasons unsuitable material has to be used, this will require a

When a reclamation has to be realised in marine eXposeapecific approach. With unsuitable mqterial silt to clay material
areas, the protection of the reclaimed material is a firstS Meant. In some cases such material found in harbour areas
requirement in order to prevent as much losses as possible. F§YEN can be contaminated. If no disposal areas are available it
this, very often bunds in quarry run or rock are realised before §OMetimes is required to use such material as reclamation
sand fill is realised (Fig. 292). Further protection of the bundsMterial. When contaminated, immobilisation of pollutants and
against extreme wave action is part of the final protection. FilterStilisation can be a further requirement.

systems have to be realised as well so as to prevent sand loss "When fine grained material has to be used, it is generally not
through the bunds. considered to use hydraulic dredging equipment but rather

The bunds around a reclamation area can be ar{’nechanical dredging equipment is used. The dredged material is
environmental requirement as well. When turbidity Placed in the reclamation area by means of dumping or by
requirements are important, no filling can be realised withoutMeans of pumping, but without using additional water

operating within a bunded environment. (volumetric pumping systems instead of centrifugal pumps used

Where no coarse materials are present for the construction cgormally in dredging industry). During pumping admixtures can

bunds in open sea, geotextile bags, containers or tubes can goe;pplled in order to obtain the required treatment (Kitazume
used with sand filling. By this means, stable elements are mad )-
which can withstand current and wave action.

Dso (micron)

Figure 291. Sand fill slopes formed during filling with pipe lines.

When soft material is placeth the reclamation, it will
require improvement by means of accelerated consolidation
(preload and PVDes), stone columns, or other. In some cases
even a layered system with sand and finer material is realised
(Robinson et al 2005).
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When the soft material is stabilised (in line mixing of cement compaction control systems have been developed with vibratory
or other admixtures), the treated soil is pumped into therollers: E-Vib, continuous compaction control (CCC), etc.
reclamation area without further treatment. The quality of the There is a continuous search for surface compaction
hardened treated soil is of main importance in such artechniques which can easily be applied on the whole surface ... if
application (The Premixing Method 2003). necessary in between different lifts of the hydraulic fill

placement - and create a homogeneous compaction. Also the
5.3.5 Soil Improvement techniques used for the improvement affect of such techniques achieved in the soil volume under the
the natural soil water level is of large importance.

For the treatment of naturaoil, following techniques are
mainly used:

(1) Coarse grained soil: vibratory compaction or dynamic
compaction.

(2) Fine grained soil: accelerated consolidation (vertical
drains) under preload, stone columns, sand compaction piles,
deep soil mixing. Discussions on these methods have been
made in Section 2.

The need for soil improvement depends mainly on three
issues: the stability during construction, the stability in final
situation and the deformations during the life time of the
construction to be realised.

For large areas where fine grained subsoil occurs, generally
the most economical solution is the use of preloading with
acceleration of the consolidation process by means of
(prefabricated) vertical drains (Bo et al. 2003). For example
preload heights of more than 10 m are realised for a land
reclamation project where iron ore stockpiles will be handled.
The fulfilment of a soil improvement requirement is normally
demonstrated by a degree of consolidation.

Other soil improvement techniques such as deep soil mixingDASS 01-03
(Van Mieghem et al. 2004; Van Impe et al. 2006) and san
compaction piles (Kitazume 2005) are possible options as well.

However, these methods are less often used because of the
higher costs involved and arellied to special cases such as
limitation of deformations, high bearing capacity, very short
construction periods, and foundation of the bunds alone.

5.3.5 Soil Improvement techniques used for the improvement of
the fill material

The compaction of sand fill can be realised by means of the well
known deep compaction techniques such as vibratory
compaction (vibroflotation or others) and dynamic compaction.
When the amount of fines is too high, stone columns will
replace vibrocompaction. These techniques are discussed in
Section 2.
Compaction trial areas, if not a requirement by the principal,
are generally required by soil improvement contractors in order
to optimise their method of working.
Time effects that occur after compaction due to ageing are
very often not taken into account when quality testing by means
of, for example, CPT is performed. However literature showspags 38-40
that very often increase of-galues can occur even after 1

month, there is normally not enough time available to wait for DECELERATION LEGEND (1 g = 9.81nfk
such positive effects. <6.69 6.6-7.69 7.6-9.0g >9g

In many dredging projects, the thickness of the fill sand is Q<6 0:=6...8 0:=8...10 q=>10MPa
limited (e.g. varying between Om and 6m) and in such cases, th MPa MPa MPa

classical deep compaction techniques which always do require
surface compaction as a finialilayer, ardess appropriate. In  Figure 293. CIR quality control during HEIC compaction (from
the last few years, alternative surface compaction techniquesandpac); compacted area approximately 50ha.

with a large depth of influence have been applied in several . ) . L

dredging projects. These techniques, namely the high energ§-4 Reclamation design requirements and verification

impact compaction (HEIC), rapid impact compaction (RIC) and

vibratory compaction with heavy rollers with a polygonal drum 5-4.1 General

(BOMAG) are reviewed in Section 2. The HEIC technique e . . )
allows for continuous compaction control by means of the "€ tender specifications for a land reclamation project is
measurement of the deceleration on the compaction drum. Aftepormally given rather specific requirements for the material to
each passage of the area a continuous impact response (CIR? used, for the degree of compaction to be realised anq for the
plot showing the deceleration level can be produced. Thissettlements that are allowed after hand over of the site. The
allows for quick verification of the homogeneity of the full Main specifications encountered in many projects will be
compacted area (Fig. 293). Other techniques for continuou§liscussed below.
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Apart from these, many other specift@ns apply. In the  important not only for dredging but also for a fuller
context of this report, planning is one of the most importantunderstanding of the engineering behaviour of the material. In
aspects. All too often, a very short construction period is givenFig. 294, the often used Powers scale is given, while in Fig.
for a large amount of material to be placed. This causes the ne&95, the Youd diagram is shown from which one can easily see
for mobilisation of multiple dredging vessels and the choice forthe influence of grain anguléyi and particle size uniformity
special soil improvement techniques when the loading goes tocoefficient on theminimum and maxhum density of the
fast for the soil to react. granular material (Powers 1953; Youd 1973).

5.4.2 Common requirements

(1) Reclamation materigl

Primarily, one wants to use clean sand which is often defined by
means of the particle size distribution. Too high a percentage of
big particles is not accepted (eparticles greater than 200 mm
should be less than 10%) and a too high percentage of fines is
not accepted either (e.g. particles finer than 68 should be

less than 10% to 15%). The large particles are normally not a
problem unless the borrow area contains (soft) rock and
dredging is realised with high end cutter suction dredger
equipment. In this case, stones with dimensions up to
approximately 300 mm can be pumped into the area. Figure 294. Grain angularigccording to the Powers scale.

The limited amount of fines can be a more problematic
requirement. One has to understand that for economic or
environmental reasons, the work has to be realised with the
locally available material. When the in situ material has a higher
fines content, this can be reduced by means of dredging with
overflow. When using a cutter suction dredger with direct
pumping (or when overflow is not allowed), only a negligible
loss of fines occurs during dredging operation and the material
with its complete particle size distribution is pumped into the
reclamation area. In this area, segregation occurs and the fine
material gets washed out of the fill material. At this stage, the
organisation of the reclamation area and de velocity of the flow
of the transportation water is of high importance in order to
obtain the required result. Some usually applied methods are the
use of a diffusor when material is placed under water, trying to
avoid the segregation process while above water this
segregation process is even boosted by creating large currents in
the transportation water that runs off the reclamation.

Very often however it is impossible to prevent silt size fine
particles to settle down in the reclamation area at a larger
distance from the pipe outlet than the sand. As a result of this
phenomenon, a layered system with silt and sand is created.

In some specifications, this problem is recognised and it is
allowed to have a limited thickness of fine sediment within the
full thickness of the reclamation. For example, 300 mm or 500
mm of summed thickness of such inclusions can be allowed.

Sometimes specifications are also given for plasticity rigyre 295. Generalised curves for estimating, @nd e, from
(although for a sand with limited fines content this is never gradational and particle shape characteristics. curves are only valid for
really a problem) and chemical contents. clean sand with normal to moderately skewed grain size distributions

Finally also laboratory CBR value after compaction to a (from Youd 1973).
given level is required as material verification while the degree
of compaction is not related to the compaction in the field. (2) Compaction

Very little is said about mineralogy. Although in general one  Compaction requirements are often specified as levels of
has to accept the mineralogy of locally available material, thiscompaction to be achieved under water and above water. These
can have an important effect when easily degradable mineralsan be defined in different ways and often multiple
occur. This issue is discussed further in this report. requirements apply at the same time. Following definitions are

Mineralogy is often encountered in the specification in often used:
particularly in the Middle East where sand with high carbonateq1) Relative density (as defined in ASTM D4254): 60% or
content occurs. Apart from the fact that such material is higher for underwater compaction. See Table 24;
crushable (as discussed in a later section), the particle siz€2) Degree of compaction: expressed as the ratio (in %) of the
distribution shows very often silt and clay size particles which  in-situ dry density to the maximum dry density. Values from
are in fact degradated carbonate material. This can be 90% to 100% are often required.
demonstrated using the plasticity index or activity index of the(3) Absolute value of bulk density.
material. By means of X-ray testing, it can be demonstrated thaf4) Minimum cone tip resistance:rminimum value is defined
almost no clay minerals are present in such material. As a result, and an increasing trend with depth should be obtained.
the engineering behaviour of such material is more comparable These specifications are often combined and not always
to granular material. This aspect, however, is often notchosen in an integrated manner with each other. For example, a
recognised. given minimum value of relative density defines a cone

Finally a much neglected parameter of the material used foresistance which clearly increaseith depth as demonstrated in
reclamation is the shape and angularity of the grains. This i§ig. 296.
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differential settlements. When caused by inhomogeneity of the
natural soil conditions or by the inclusion of fine grained layers
in the reclamation material, tleasiest solution to cope with this
problem is preloading.

(4) Bearing capacity
In many projects, esafe bearing capacitye is given as a
requirement in the specifications. However this is very often
only described as a certain stress applied to the soil; e.g. 80 kPa
or 150 kPa. When such loads have to be applied as service loads
to the full reclamation area, in principle this is not an issue of
bearing capacity but rather an issue of settlements.

In order to be able to study the bearing capacity taking into
account the required factor of safety for such analysis, the size
and depth of the loading should be specified as well.

(5) Turbidity
Turbidity is defined as the cloudiness of a fluid caused by
individual particles (suspended solids) that are generally
invisible to the naked eye (Fig. 297). The measurement of

Figure 296. Relationship between cone resistance, vertical effectivéurbidity is a key test of water quality and can be performed in

stress and relative density for normally consolidated silica sand (Afterdifferent ways. There are sevenadactical ways of checking

Baldi et al 1986; from Lunne et al 1997). water quality, the most direct being some measure of

. . L attenuation (that is, reduction in strength) of light as it passes

An important consideration is the test to be performed toy6gh a sample column of water. Turbidity measured this way
define the maximum dry density. When the relative density iSysegs an instrument called a nephelometer with the detector setup

defined according to ASTM D4254, then the maximum densitys the side of the light beam. More light reaches the detector if
should be defined by means of the vibratory table test (ASTMinere are lots of small particles scattering the source beam than

D4253). However, very often this is mixed up with the degreejt here are few. The units of turbidity from a calibrated

of compaction requiring the Proctor test (according to ASTM orephelometer are called Nephelometric Turbidity Units (NTU).

BS) to define the maximum dry density. _ To some extent, how much light reflects for a given amount of

Another way of specifying compaction is the CBR test (in haricylates is dependent upon properties of the particles like
laboratory, soaked or non-soaked, or in the field) or the smali,eir shape, colour, and reflectivitijor this reason a correlation

plate load test. For the later, @at definition of the standard to  peween turbidity and total suspended solids (TSS) is somewhat
be followed is important since many different plate sizes andunique for each location or situation.

loading schemes can be used.

Where roads, runways or pavements have to be realised (by
another contractor), the compaction requirements of the top
layer of the reclamation have to be specified in detail. It is
important to define whether the top of the reclamation is
considered as subbase of the pavement foundation or as sub-
foundation. This has a consequence on the level of compaction
to be reached and the thicknesshef layers to be realised.

(3) Settlements
The issue of allowable settlements after handover the site is
treated quite differently in many specifications. For large
reclamations in harbour areas, commonly relative large but
realistic settlements of 200 to 300 mm are allowed. These
include the primary settlements after handover and secondary
settlements during lifetime of the structure under the weight of
the fill and under the service load as defined in the
specifications.
Where structural elements ardluenced by the Sett|ements‘ Figure 297. Turbidity standards of 85 and 50 NTU (from Wikipedia);
rather stringent specifications are given of 25 to 50 mm. Incorresponds roughly to 15mg/l, 50mg/l and 150mg/I.
general such requirements cannot be met without important soil

improvement or even stabilisation techniques. Secondary . . .
deformations and elastic deformations under service load i eclamation has been discussed before and the last decade it has

general are too important for such small deformations. ecome more and more important, at the reclamation area, in
In some cases where large deformations of soft soil ardhe borrow area or at other dredging areas related to the project.

expected, the settlement criterion is translated into a criterio%’hen very limiting values are specified (e.g. TSS 150mg/l or
defining the degree of consolidation that has to be reachetfSS) this will have an important effect on the project when
under a given service load. In such projects, vertical drains ifnaterials with many fines have to be dredged. _
combination with preload are the considered soil improvement Consequences are that overflow is not allowed, reclamation
method. areas have to be confined and settling ponds have to be realised.

In general uniform settlement® not cause many problems N large projects with large volumes to be dredged, this will
for the reclamation area and its use, provided the expectef@Ve an important implication on project organisation, planning
settlements are taken into account in the design. In the Kans&nd €conomy.

Airport (Furodoi and Kobayashi, 2007), very large settlements "€ measurement of turbidity normally is performed at
of up to 10 m occurred while the airport remained in use,several locations in the_ project area and it is important that
However, more important and more difficult to predict are natural background turbidity levels have been monitored before

the project starts. Allowable turbidity levels are specified in

The issue of turbidity caused by dredging and land
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terms of absolute levels (which sometimes can be lproatic Even when the danger for liquefaction is covered, some

with regard of natural background levels after a storm) or inspecifications require verification of deformations induced by

terms of turbidity increase above the natural background level. earthquake loading (Pyke et al 1975; Tokimatsu and Seed 1987;
In dredging areas often silt screens are used to limitPradel 1998).

turbidity. In Fig. 298, the principle of a silt curtain is given. In

essence this is a geotextile with considerable tensile strength.4.4 Quality control

(woven) which is installed as a vertical curtain in the water.

Such a curtain cannot filter the whole water flow (certainly not (1) Common specifications

when there is an important curreriyt it stops the larger Quality control in land reclamation projects is mainly usually

particles that fall down at the curtain. Normally an opening isfocussed on the fill material that is put in place (particle size

left at the lower side of the curtain, thus creating a preferentiatlistribution) and on the compaction of the sand fill. Compaction

flow of the turbid water at the bottom. is normally expressed in terms of relative density and/or density

as a percent of the maximum dry density.

For material testing, the saifing procedure is essential:
does on has to take samples at regular time intervals at the end
of the pipe line, thus sampling the water that is placed under
and/or above water or does one has to take samples by means of
a borehole. Is the material specification to be realised on each
individual sample or on average (mixed) samples in one vertical
or over a certain area? It should be clear that when tens of
millions m3 of fill material are applied that it is impossible to

Figure 298. Principle of a silt screen guarantee that every individual sample fulfils the requirement.

The testing procedures for these specifications can lead to

Efficiency of such silt curtains is difficult to predict and even more uncertainty. Often the relative density specification
depends also in the size of the suspended particles causing thevalid for the fill under water and is not measured directly, but
turbidity. Generally, one can assume that a silt screen wilkhrough correlation with in situ tests such as SPT and, more
reduce about 50% of the suspended solids. In the Fig. 299, €éommon, CPT. The % maximum dry density specification is
picture of a settling pond with lined bunds, turbidity normally valid for the fill above water, and has to be
measurement equipment and a silt screen is given. demonstrated by means of in situ density testing and laboratory
definition of maximum dry density.

Taking into account the type of fill material encountered
(sand with gravel size particles, stones); the definition of in situ
density by means of testing techniques such as the sand
replacement method or the balloon method is not well
reproducible and is very much dependent on the operator.
Experience has learnt that large scatter occurs and that such
testing always leads to discussions between contractor and
principal.

When the fill is realised inlifts of several meters by
hydraulic means, the verification of the % maximum dry
density requirement also becomes problematic: should one test
at the surface or also at depths of several m in the fill. This
means that an excavator has to used to realise a trial pit
without creating disturbance below the excavation level and that
the test is performed at the bottom (Fig. 300). This method of
working creates even more scatter in the results.

Figure 299. Settling pond.
5.4.3 Liquefaction

When the land reclamation is located in seismic region
compaction requirements for both subsoil and fill material will
be defined by the phenomenon of liquefaction. Both Peak
Ground Acceleration and Magnitude should be available in
order to allow for appropriate design based on commonly
known design rules (Youd et al 2001). Possible the compaction
requirements that follow from this requirement are more
stringent compared to the basic compaction requirements.

Difference has to be made between the edge areas with
slopes and revetments and the large reclaimed land contoured
by these edge structures. The compaction requirements at these
edges structures will be more severe than in the areas without
slopes.

During dredging and filling operations, attention also has to
be paid to gravitational liquefaction which can occur when the
filing slopes become too steep. In such a failure phenomenon,  compaction control of reclaimed areas includes CPT as well.
no seismicity is involved but the failure is triggered only by & These allow testing for homogeneity and strength of the fill
small incident that creates shesaress in the soil mass. This is aterial over its entire depth, above and under the water table.
also called flow slides (De Groot et al 1995, 2007; Olson andrhe relative density criterion is tested through CPT-Relative
Stark 2003; Hight et al. 1999). Density correlations as thare described in literature (e.g. Fig.

Figure 300. Execution of an in situ density test by mans of the sand
replacement method in the field.
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30). Quality testing by means of CPT after vibrocompaction, When the load-deformation behaviour is measured over a
which is essentially a column-type soil improvement, in practicesufficient period, one can predict the long term behaviour of the
is realised by means of multiple CPTes, performed close to thesoil mass including the creep behaviour which is an uncertain
compaction point and in betweéme compaction points. Based parameter in freshly deposited material (Briaud et al 1999).

on these CPTes a horizontal average and a vertical running

average over 1 m height is calculated before comparing thi%.5 Specific issues related to land reclamation

result to the requirement.

Residual settlements often are a requirement as wellSome specific issues involved in dredging for reclamation
Allowable residual settlements for a reclamation for harbourprojects are discussed here. These issues seem to have become
areas usually varies between 150mm to 300mm. Settlemerihcreasingly problematic. These are related to the large scale of
beacons are often installed in a grid of 100m x 100m. Suchmany projects, the short execution periods as required by the
beacons can be installed only once the fill is above the wateprincipal, environmental issues and requirements leading to
level. Under water installation of settlement devices (bothunnecessary high execution costs.
mechanical as electronic) beforealisation of the fill will
always be very difficult and impossible to guarantee that they5.5.1Fill materials
are not damaged once the fill is realised. As a result, very often
the settlement measurements demonstrate the effect of the fi{ll) Specification requirements
already realised which is partly (how much?) consolidated andBecause of environmental restrictions, more and more projects
the effect of further fill above water. require the materials dredged from a harbour extension project

Because of this, settlement behaviour until handover of thge.g. for the approach channel and turning circle) be used as
area is not always representative for settlements under servigeclamation fills. These materials can be soft fine grained
loads that will be applied after finishing the construction, this ismaterial, leading to large bulking tacs and reclamation areas
why such requirements mainly are to be demonstrated by mearihat cannot be accessed befovasolidation has taken place. In
of calculations, unless preloadingrealised and the theoretical this case, project duration and deformation or bearing capacity
settlement behaviour can be matched to the measuretequirements have to be specified accordingly in a realistic
settlement. manner. If the specifications are weitt as if the reclamation is

When soft soils are preloaded and the consolidation isperformed with a clean sand material, the requirements will not
accelerated by means of verticlains, the prediction of future be impossibly met unless expensive soil treatment such as soil
settlements including both primary and secondary settlements idewatering and/or stabilisation with binders is carried out.
uncertain.

(2) Engineered fill
(2) Reclamation performance testing Specifications of fill above water often stipulate that the fill has

From a practical point of view, the need for the improvementto be realised in layers of maximum 500 mm thickness and
of the placed fill material should depend only on the future usecompacted and tested. Such methods of execution are known for
and solicitation of the material. engineered fill on land projects. In land reclamation projects

In more recent projects in the Middle East (e.g. the Newwhere large volumes of sand have to be placed hydraulically,
Doha International Airport) reclamation performance testingone prefers to work in layers of several meters of thickness.
was to be executed by means of the Zone Load Test (ICE 1987Lompaction methods and quality control techniques will have
This is a large plate load test (e2gn by 2m or 3m by 3m) that to be adapted to such working methods.
allows for testing a large volume of soil (Fig. 301). Originally
this test setup is used in order to model the behaviour of3) Compaction requirements
footings with the same dimensions and under similar loadingVery often the specifications state that reclamation fill material
conditions. Stresses under the plate up to a few hundred of kP@as to be compacted to rather high values, expressed in terms of
can be applied. The requirement is specified in terms of aelative density, relative compaction or minimal CPT tip
maximum long term settlement over the lifetime of the resistance. In some cases, several of such requirements (without
construction (e.g. 25 mm). conformity) are given for the same soil volume.

Compaction requirements very often cover the full 100% of
the fill realised, which leads torge volumes to be compacted,
above and under water. Very often it is questioned whether this
is absolutely necessary. Fexample green areas or areas with
limited loading can be treated differently from areas with high
loading (e.g. runways for airports, tank foundation areas). Such
differences are very often not made, leading to excessive costs
for compaction.

(4) Quality control testing
Quality control testing involves testing of reclamation materials
(e.g. grading, plasticity, chemical tests, etc.). This is often
performed per certain volume of the material placed (e.g. per
5, 000 m3). Testing for compaction can be per layer (in situ
density, maximum dry density, CBR, etc.) and is expressed per
area: e.g. one series of tests per 2,500 to 50,000 m2. Sometimes
this is expresses as a number of tests per day. Compaction
testing by means of CPT over thelfakight of thefill is often
required in grid spacing of 200m x 100m down to 25m x25m.
Considering a land reclamation project where some 30 to 60
Mm3 of fills have to be applied over areas of 10 Mm2, it

Figure 301. Zone Load Test set{fftDIA-Qatar); 187.5 kPa loading on
a 3m x 3m plate.

Such a test has ttelvantage that the ss®levels and stress
conditions are very much similar with the real loading afterb | h h e lead I
finishing the construction and it is likely to be more suitable 2€COMES clear that these prescriptions lead to very large

than the testing methods described above for testing the filpmounts of tests. The total cost for such a large amount of
material behaviour. quality tests is not always comprehended by principals. The

question is whether it is necessary to conduct a huge number of
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tests as large amount of redundancy is built in quality control 5.5.3 Turbidity requirements
testing programmes.
Environmental awareness has lead to more and more stringent
5.5.2 Silt formation and treatment requirements with regard to tudity. The suspended solids at
the dredger and measured at the return water pipe have to be

Fines (<63 micron) can be originally present in the materiallimited to values ranging from 500 mg/l down to 20 mg/l. Such

used for reclamation. However, it also can be a result of theequirements can have a very important impact on the dredging

degradation of reclamation material during the dredging andoroject. As a result dredging with trailing suction hopper

pumping process. In a project in the Middle East where sandiredger with overflow might not be permitted, which means an

with high carbonates content had to be pumped over more thaimportant reduction in efficiency of the dredging vessels.

5 km, it was found that the fines increased with approximately A simple calculation learns that requirements giving a

5% per km pumping. This causes a very large amount ofhumber of suspended solids measured at the return water outlet

unsuitable material. are difficult to meet: assume a cutter suction dredger which
In dredging projects where large amounts of material aredredged 3000 m3/h in situ at a bulk density of 2 t/m3 and 10 000

dredged per day (e.g. up to 100 000 ms3/day with severamd/h of process water has to leave the reclamation area. This

dredgers working simultaneously), the borrow area getsmeans that 4,770.00 t/h solids are pumped into the reclamation

contaminated with fines because of the overflow duringarea. When we assume that 0.1% (mass) consists of fines that

dredging and at the same time, the high input of fine material imemain in suspension, than we have 4.77 t/h leaving the area

the reclamation area cannot be managed. For such projects, theixed in 10 000 m3 of water. This is 477 mg/l. Very often the

fines management should be well studied from the start of th@equirements are more stringent than this value. As a result, the

project in order to prevent the problem becoming too large. working with cutter suction dredger or other large dredgers
The segregation of fines from the reclaimed material can becannot be appropriate and small equipment should be used with

minimised during underwater filling with appropriate diffusers. as a consequence longer execution periods and lower

However, it is not possible for filling above water. Together productions.

with the dredged materials within tipeoject or from a nearby Alternatively the suspended solids can be removed by means

borrow area, the formation of fines cannot be prevented. Thiof the use of large settling ponds (possibly with environmentally

should be taken into account from the design phase of a projectfriendly flocculants), sieving sysins or cyclones. Most systems
Most particles that settle in the reclamation area and close tbowever only have a limited capacity.

the water boxes are silt size materials. The finer material

remains longer in suspension. When it has to be removed frorB.5.4 Crushability of the reclamation material

the water flowing back to the sea, settling ponds will be needed.

The fines settled down in the reclamation area can be partially1l) Problem definition

removed with light dredging equipment (small hopper of cutter) In many regions in the world (e.g. Middle East, Australia,

and pumped to a settling pond. Japan) the sand that can be found has a carbonates content of
The question is whether fine materials should be allowed in 80% to 100%. In Fig. 303 a microscope photo of such material

project. This should be considered in the design phase. It mais shown. The material shown is the fraction 2080to 600 m

lead to large savings when siltyaterials are allowed in some of the fill material and it can be seen from the picture that even

zones of the reclaimed land (e.g. green areas). Furthermore, fiill shells exist in this range. The same is true for the smaller

can be demonstrated that a silt layer with limited thicknessfractions as well and porous carbonate particles are found down

incorporated in a sand fill is not necessarily problematic. Suchto some tens of micron size. This can be shown by electron

materials can be consolidated to limit its deformation undermicroscope photos as shown in Fig. 304.

future loads. It is clear that such angular and porous material is sensitive
When settling ponds have to be used, very large areas affer crushing during dredging, hydraulic transport, compaction

needed. This is not always possible. If the material has to band testing. This specific behaviour has to be taken into account

excavated and disposed off, this also represents an important all stages of the Land Reclamation process.

cost. In some projects in the Middle East this material is re-used Also the behaviour of crushable sand under loading (service

in the reclamation after drying out and mixing with desert sandload, seismic loads) is an unknown factor. When degradation

(Fig. 302), which is a hard job. In such projects it was occurs due to loading, than settlements can occur but on the

demonstrated that the CBR value of the mixed material with upother hand, at which stress levels does particle breakage and

to 25% mass fines was higher than what could be obtained witkdegradation occur? Also with regard to evaluation of

clean sand. liquefaction potential the angularity of the grains is an important
On the other hand, when allowing a higher % of fines to beadvantageous characteristic.

present in the fill used for reclamation, some compaction

techniques ... if needed ... will not be possible anymore. In

general, vibrocompaction techniques do not allow for fines

content larger than approximately 10%.

Figure 303. Microscope photo of fill sand; fraction 260to 600 m.
Figure 302. Mixing of silt deposits with desert sand for use in top fill
layers.
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fact comparing materials with different particle size
distributions.

When surface compaction techniques are used, the energy
input is realised over the full surface and stress levels are
generally low enough in order to obtain only a very limited
crushing effect. However, compaction techniques with a high
local energy input create locally large crushing effects.
Techniques such as Dynamic Compaction and Vibroflotation
become less effective in carbonate soil: due to the crushing loss
of energy occurs and the depth of influence becomes less for the
Dynamic Compaction technique or the horizontal zone of
influence becomes less for the Vibroflotation technique
(Andrews and Mclnnes, 1980). As a result, the compaction
effect is very heterogeneous: intensely compacted zones with
crushed material and non compacted zones in between. This
effect has to be taken into account when selecting compaction

Figure 304. Electron mioscope photograph from calcareous sand methods and quality testing methods in such soils.

(after Mitchell, 1993). Testing by means of the CPT test is almost always a
) ) ) _ requirement because its ease of application and possibility to
(2) Compaction and compaction quality testing test the full depth. From literature (Almeida 1991; Wehr 2005)

Due to crushing of the particles, all known testing techniquest is known that for the same relative density, the cone
which are valid for silica sands have to be used with care. Ongesistance is lower in crushatdand compared to silica sand.
continuously has to question whether there can be an influencghis can be explained by the crushing of particles around the
or not. The amount of crushing is normally verified by means ofcone where very high stresses occur. Wehr (2005) reports a
comparing particle size distributions before and after testingshell £, factor depending on the relative density only, given
Maximum dry density testing often has to be performedpy the following formula:

according to the BS 1377, part 4 (compaction test with 4.5 kg

rammer or modified proctor test) where a special procedure fok, = 0.0046 (%) + 1.3629 (5)
crushable material exists: foraeh compaction test with

different water content, a new sample has to be used. However,

even by using this special procedure, crushing still occurs, aSjith q qc, silica ©)
shown by the comparison of the grading curves in Fig. 305. c, calcareous f

Apart from this it can be questioned whether this is the right test shell _ )

to define the maximum dry density on sand material. One would expect that the shell factor is function of the

carbonates content as well. From practice at the Ras Laffan
harbour extension project in Qatar, a shell factor of 1.94 has
been demonstrated by means of calibration chamber tests
performed at the site at a relative density of 60%. According to
the above formula this relative density should correspond to a
shell factor of 1.64. This difference is explained by the very

high carbonates content (80% to 100%).

When the required relative density is tested by means of
CPT, this shell factor has to be taken into account. On the other
hand, when a minimum CPT.qvalue is given in the
specifications, it should be specified whether this is valid for
silica sand or for carbonates sand. Very often this is not
specified which leads to dispute.

Some specifications do recognise this problem and require
the correlation between relative density and cone resistance to
be defined. Although this is a correct approach, such a
correlation is not easy to be performed by a contractor in the
field in a practical manner. Academic guidance is needed for
this and calibration chamber tests may be the theoretical way
out of this discussion. Unfortunately, Land Reclamation
projects do not allow the time for such testing.

5.5.5Fines generation, shear strength and consolidation
Figure 305. Particle size distribution foarbonate sand before (lower behaviour
curve) and after (upper owg) the Proctor hammer test.
. . Because of the degradability of this carbonate material, a lot of
In practice it is recommended to use the vibratory table tesfine (< 63 m) particles occur. Such particles, both of silt and
to define the maximum dry density of free draining materialsday size, have the same mirlegy and angular shape as the
(ASTM D4253). It is known that for silica sands this test cogrser particles. While described as silt or even clay in the
procedure gives a higher density compared to the Proctoporenole logs or lab testing, in fact mineralogical this is the
hammer test. When crushable sand occurs, this test is preferredme material as the coarser sand material. Plasticity is low and
since Iess crushlng_ WlII_occur a_md the test is more reproduc_lble.effectiVe shear strength comparable to the parent material.
During compaction in the field, depending of the technique  Because of the fine grained character, this material behaves
used, crushing will occur butis impossible to predict whether ngrained when loaded quickly, however when the coefficient

this crushing will be to theame extend as it is in the testing of consolidation is defined of «silte material, very often 10 to 30
procedures. As a result, when comparing in situ density with thenzyy is found.

maximum dry density obtained in laboratory testing, one is in
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X-ray diffraction tests on esilty clays as st#ibed in the  methods from land or rainbowed. The quality of the placed
borehole logs has shown that in these carbonate materials onlysandfill was checked by means of CPT in a 100 m grid.
few % (mass) of clay minerals can be found. This allowsExcavated material from the rock outcrops have been used as
concluding that material with high carbonates content describedgurcharge while over 60 ha the nm&ri sandfill has been
as silt of even clay does not behave as silt or clay as we know tompacted by means of vibrocompaction (treatment of 11 Mm3
from low carbonate material. This specific behaviour has to besandfill).
taken into account when defining the fill requirements and when A typical grading curve from the marine sand is given in Fig.

designing. 307. The average carbonates content was less than 5%. The
criteria for light and heavy compaction (depending on the later

5.6. Case histories of large reclamation projects use of the area) was>@ MPa and g15 MPa respectively.
This difference in required compaction level was reflected in

5.6.1 Overview of projects the grid spacing used for the compaction operations. In Fig.

308, a typical of pre and post CPT compaction results are given
Dredging industry operates in many different areas of(for vibrocompaction). The effect of waiting time after
development: harbours, land development, offshore, miningcompaction on the CPT results was reported (Plant et al. 1998).
tourism, etc., land reclamatigrojects are being performed all Similar results are observed for the Changi Reclamation Project
over the world by many different contractors. It is impossible toin Singapore (Bo et al. 2005). This indicates that aging effect
give here an overview of all projects. Some projects wellneeds to be considered in compaction quality control.
documented in literature are discussed here in order to illustrat8ettlements caused by compactiamied from 5.8% to 6.8% of
the type and size of such projects. the fill thickness at average for the light and heavy compaction
respectively.
5.6.2 Airport projects

The construction of airports in the sea is performed in all
continents. It is a fundamental solution to the problem of
aircraft noise pollution and to meet the increasing demand for
air transportation.

(1) Chek Lap Kok Airport in Hong Kong

The design, construction and performance of the Hong Kong
International Airport (Fig. 306) are well documented in the
book on the Site Preparation by Plant et al. (1998).

Figure 307. Marine sand (Type C fill material) grading (after Plant et al,
1998).

Figure 306 Chek Lap Kok Airpoih Hong Kong (Source: Hong Kong
Airport Authority)

25% of the airport platform of 1248 ha is made of the former
island Chek Lap Kok and Lam Chau which have been
excavated to platform level. The remainder of the airport
platform is land which has been reclaimed from the sea. The
total fill requirement was 197 Mm3, of which approx 121 Mm3
obtained from the excavation of the islands and other land
sources and the remainder from marine borrow areas. From the
airport footprint 68.8 Mm3 of soft marine clay (below 0.5 MPa
CPT tip resistance) had to be removed and dumped. Another 40
Mm? of overburden had to be removed from the borrow areas . . .
and 76 Mm? of marine sand was brought to site. The airport i%lgure 308. Typical pre and post compaction result (after Plant et al.

surrounded by 13 km of seawall. The complete reclamation was Even though most compressible materials had been removed,

. _settlements still were expected, originating from the subsoil and

from the fill itself. The predicted residual settlements after

sar_’n_d fill. In _deeper water the sand was bottom dumped fro andover of the reclamation vary from 200 to 500 mm in a time
trailing suction hopper dredgers directly onto the seabe eriod of 43 years

surface. When the water depth was too shallow for botto
dumping, the sand was hydraally placed by pipeline
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(2) Kansai international airport in Japan

As discussed by Kitazume (2007), the Kansai International

Airport (Fig. 309) consists of two islands constructed 5 km

offshore at Osaka Bay by reclamation with mountainous soil.

The first phase island of about 510 ha was constructed in 1994.

The island is surrounded by an 11 km long seawall dike and

required a huge amount of soil of about 180 Mm3. The second

phase island of 545 ha required 260 Mm3 of mountainous soil.

The water depth .at the 'S"'?‘r.‘d lO(.:at'O.ns ranged f_rom 18 t0 20 m'Figure 311. The procedure used in the Second Phase of construction
The geotechnical conditions in this project with up to 300 M (after Furudoi and Kobayashi 2007)

of compressible clay layers were a major challenge. The

average settlem_ent expected was 11.5 m for Phase 1 and 1_8(@5 Changi east reclamation project in Singapore

for Phase 2. Soil improvement was performed along the entirgne changi East Reclamation Project was carried out in five

seawall and reclamation areas. Vertical sand drains of 400 Mpaces along the foreshore of the east of Singapore. The water

in diameter and 2.5 m in square grid spacing were installed i epths in the reclaimed area ranged from 5 to 15 m. The project

the natural layers to a depth of 45 m due to the limitations of the., 1ved hydraulic placement of 272 Mm? of sand onto soft

machines (Fig. 310). Sea sand with fines content of less thaBaahed marine clay up to 50 m thick. The total project covered
10% were used for both the sand mat and sand drains tQpproximater 2000 ha (Fig. 312).

facilitate drainage (Kitazume 2007). Settlements of deeper p typical soil profile at theeclamation site is given in Fig.

layers, which consist of several m, are allowed to occur aftei313 A linear total of 170 Mm of prefabricated vertical drains

opening of the airport. (PVDs) were installed for aceehting the consolidation process
of the underlying soft marine clay under preloads up to 8 m.
The spacing was determined to achieve 90% degree of
consolidation under a specified surcharge load. Consolidation
times up to 18 months with 1.5 m grid spacing were used.
Installation depths up to 60 m were reached (Bo et al. 2003;
Van der Molen and Berg 2006). Comprehensive field
instrumentation and monitoring works were carried out
(Arulrajah et al. 2009). Under 10 m thick surcharge fill, the
maximum ground settlement was in the order of 3 m.

Figure 309. Kansai International airport, Phase 2 in front and Phase 1 in
the back.

Figure 312. Location and site plan of the Changi East airport project
(after Chu et al. 2009b).

Figure 310. Sand drain installation barge (after Kitazume 2007)

The main execution procedures for the realisation of Phase Il
are illustrated in Fig. 311 (Furudoi and Kobayashi 2007,
Furudoi et al 2006). Compaction of the mountainous fill was
limited to vibratory roller compaction of the fill above the water
level.

Figure 313. Local Soil Conditions at Changi East airport project (after
Bo et al. 2005; or Chu et al, 2009b).

The reclamation of a 180 ha slurry pond of up to 20 m thick
was part of the Changi East reclamation project. The clay slurry
in the pond was ultra soft, as shown in Fig. 314.
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After compaction

Before

Figure 314. Variation of basic slurproperties with depth (after Chu et
al. 2009a).

The reclamation was carried out by spreading sand in thin
layer of 20 cm using a sand spreading system as shown in Fig.
315. This method was successful initially, see Fig. 316.

However, there was a bursting of slurry at one location. TheFigure 317. Comparison of CPT tip resistance obtained before and after

remedia}tion for this failed area was done by (;overing it using lynamic compaction at differeftcations (after Bo et al. 2005)
geotextile sheet of 700 x 900 m. For detail, see Chu et al.

(2009a). The loose hydraulically placed sand layer was also improved

using three deep compaction methods after removal of the
preload fill: dynamic compaction (DC), Miller Resonance
compaction (MRC) and vibroflotation (VF). DC was used
where the required depth of compaction was from 5 to 7 m;
MRC and VF were used when the depth of compaction was
from 7 to 15 m. The amount of improvement can be seen from
the comparison of the CPT results obtained before and after the
DC shown in Fig. 317. Increase of CPT tip resistance with time
was observed (Bo et al. 2005).

(4) New Kita-Kyushu airport, Japan
The New Kita-Kyushu Airport project was to build an artificial
island of 373 ha, 5 km offshore (Fig. 318) using soft soil
dredged from the seabed at the Kanmon Channel to maintain
the navigation channels. The time history of ground elevation
from the start of reclamation with diged soil is schematically
shown in Fig. 319. The horizontal axis shows the time, and the
vertical one shows the elevation of ground. Term of each
construction process and the change of each layer are also
illustrated. At first, the seawalllike was constructed on the
Figure 315 Sand spreading system used for slurry pond (After Chu et almproved ground to whole periphery so that the dredged soil
2009a) pumped in did not split out of the pond. The dredged clay was
pumped into the pond to the seawall level, which was followed
by the surface soil improvemenDuring them, the original
ground was estimated to settle negligibly, because the
consolidation didn't proceed rapidly without vertical drainage.
After spreading the sand mat on the reclaimed layer, the vertical
drains were installed. After filing on the dredged clay layer,
consolidation ground settlement took place in the dredged clay
layer and original layer after installing drains.
To place the surcharge fill, the high water content (200 to
300%) dredged soil layer needs to be improved. Both the
geotextile sheet and sand spreading method was adopted.
] Geotextile sheet of 100 kN/m in tensile strength was spread on
Figure 316 Sand layers placed on top of slurry (after Chu et al. 2009a) he dredged ground surface from a small working pontoon.
. . ) Sand was spread with a lot of water on the sheet uniformly as
After reclamation, the soft soil below the sandfill was treated o, 45 possible not to cause the soil settled down into the
using PVDs and surcharge fill. The PVDs were installed in tWOjaver This was similar to the reclamation of the slurry pond for
rounds. The first round was before the placement of fill and they,, Changi East project. The sand spreading was carried out in 6
second after about 1.5 m of settlement took place. The Seco&ages. For the first and second stage, sand layer of 15 cm thick

round of PVDs were installed at the centre the 2 m square gri a5 placed for each layer and for the subsequent stages, 30 cm
at the same spacing. So the effective spacing was 1.4 m i '

. as used. The total thickness was 1.5 m which acted as a sand
square. The monitored settlement ranged from 3 to 7 m.
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mat to increase stdity of the dredgedclay. After the
placement of the sand mat, the water level was lowered to
increase the bearing capacity of the soil for PVDs installation at
a spacing of 1.4 m. Horizontal drainage network consisted of
drain pipe and pumping station were also installed at about
every 500 m. For more detail of this project, see Terashi and
Katagiri (2005) and Kitazume (2007).

Figure 318. The new Kita-Kyushdirport in Japan (After Kitazume
2007)

Figure319. Time history of load and settlement (After Kitazume 2007)

(5) Central Japan international airport
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Figure 321 the pneumatic flow mixing system (after Kitazume 2007)

Soft soil was transported from dredged site at Nagoya Port and
mixed with some seawater on the pneumatic barge. The soil was
then transported forward by a sand pump. The water content of
the soil was calculated to obtain the amount of cement slurry to
be added based on the preliminary test results. The cement
slurry was manufactured at the batching plant on the cement
supplier barge whose water and cement ratio was 100%. After
the cement slurry was injected to the soil, the soil mixture was
transported by the help of compressed air toward the outlet
along maximum of 1,500 m long pipeline. The average strength
and the coefficient of variation dhe treated soil placed were
364 kN/m2 and 28 % above sea level and 282 kN/m2 and 38 %
below sea level respectively (Kitazume 2007).

(6) New Doha international airport, Qatar

In Qatar, a new airport was constructed near to the existing
airport. The area was partly won from the sea. In Fig. 322 the
existing land is shown with the outline of the airport. The
project comprised about 60 Mm3 of fill to be placed over a 22
kmz2 area. The average fill thickseewas less than 3 m while the
maximum fill thickness was 6 m. In total 12 km of shore
protection had to be realised while using about 1 Mm? of stones.
Main figures about these projects are given in Bartolomeeusen
and Symons (2007).

Central Japan International Airport was constructed on a man-

made island 2 km offshore at Tokoname City in Aichi

Prefecture (Fig. 320). A part of the island was reclaimed with
cement treated soft soil dredged at the Nagoya Port using the

Pneumatic Flow Mixing Method as shown in Fig. 321 and
described by Kitazume and Satoh (2003).

Figure 320 Central Japan InternatioAaport (after Kitazume 2007)

Figure 322. Outline of the New Doha International Airport.

For this project, an approach channel was dredged in order
for the vessels to be able ¢come nearby the reclamation area.
Also a rehandling pit was realised. This reclamation work was
executed by means of cutter suction dredgerss dredging the
caprock and limestone in this area. The bulk of the fill material
was won in more distant borrow areas and this sand was
imported by means of trailing suction hopper dredgeres. Part of
the fill was realised by direct pumping into the area while part
was realised by dumping in the rehandling pit and re-dredging
and pumping into the reclamation area with cutter suction
dredgeres. All filling was realisettydraulically by means of
land pipe lines. An overview of several dredging vessels in
action is given in Fig. 323 with the reclamation area in the
background.
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Figure 323. Dredging operationstaé New Doha International Airport.

The fine material created during reclamation operations were
dredged and dried on land. After drying it was mixed with
desert sand and used as fill for reclamation.

This project saw the first large application of the high energy
impact compaction technique for land reclamation (Fig. 324).
The use and optimisation of this technique is discussed in Avsar
et al. (2006). Compaction requirements were 95% maximum
dry density above the water table and CPT resistance of 9 MPa
(without correction for crushability of the sand) under the water
table. Apart from these requirements, also zone load tests had to
be performed with a plate of 3 m by 3 m dimensions and loade
to 150 kPa design load. Long term (10 year) settlement%
predicted from the zone load tests had to be limited to 25mm:

The result of a zone load test is shown in Fig. 325. Its Envi ; ; P
. e : > ; nvironmental use of islands is often a combination of
interpretation is described by Briaud and Gibbens (1999). Theyisnasal of unsuitable material and environmental restoration

extrapolated long term settlement is 8.3 mm only. The figureg, oy a5 the creation of wetlands where various biological

also shows a practicalspect of testing in the Middle East: the o qieq can develop or bird breading islands off the coast or in
large temperature variations between day and night hav%]e neighbourhood of harbour extension areas.

influences on th_e measurements of long term deformations an Some Middle East real estate projects are highlighted here.
have to be monitored in order to understand the measurements.

For this test the measurememisre performed during 4 days 1) Dubai, UAE
but is was shown that 24h measurements were long enough ;
make a reliable long term prediction.

igure 325. Analysis of a Zone Load Test and prediction of long term
erformance.

n overview of the many islands projects in Dubai is given in
the Fig. 326. Detailed discussion of each of these projects (and
actually even more projects are under development in this area)
can be found elsewhere. An overview of these projects is given
by Waterman (2007). The total volumes of fill sand required for
these developments is summarised in Table 25. Apart from
these sand volumes, also large volumes of rock are required for
the construction of the seawalls and revetments.

Table 25. Reclamation material volumes for the Dubai projects

Project Fillvolume Area (approximate)
(Mm?) (ha)

Palm Island Jumeirah 110 650

Palm Island Jebel Ali 140 1000

The world 325 300 islands 2.5ha to
8.5ha

Palm Island Deira 1300 8000

Dubai Waterfront 8100

The construction of these islands is realised with locally

Figure 324. HEIC compactos work at NDIA Land Reclamation. available sand and soft rock with high carbonates content.
Sailing distances to the borrow areas have to be as limited as
5.6.3 Island projects possible (20 to 30 km at maximum). The material is placed by

means of dumping, rainbowing and land pipe lines. The water

Islands for real estate development and tourism such as théepth at the location of these islands varies from a few m up to
recent projects in the Middle East are well known all over the20 m. Compaction of the fill material is realised by means of
world: Palm Islands, The World in Dubai, The Pearl in Qatar, vibrocompaction and dynamic Compaction.
Bahrain New Towns in Bahrain, etc. Many more projects are Typical problem in these areas is the high amount of silt
still under construction or under study. Small islands for oil which is present in the carbonate sand and/or produced during
drilling are also common in the Middle East. dredging operations. This requires special techniques such as

Island projects for industrial development such are thesilt ponds and measures to avoid turbidity.
Jurong reclamation in Singapore are also well known.
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Original design required removalf all in situ soft (silt)
material. Alternatively this material was left in place and
consolidated by means of PVDes and surcharge (Fig. 328). The
surcharge load was adapted to the future use: where houses and
villass had to be built, a 50 kRareload has to be realised. In
green areas, no special measures were taken; high rise buildings
are founded on deep foundations.

Figure 328. Installation of PVDss; predrilling through the caprock was
locally needed (machine in front).

The fill above water had to be compacted up to 95%
maximum dry density and CBR value of 15%. This was realised
with high energy impact compactors and heavy vibratory
compactions rollers with polygonal drums as discussed in
Section 2.3.5.

5.6.4 Harbour projects
Figure 326. Overview dbubai land reclamation projects.

Land reclamation in harbour projects often comes together with

The Construction of such a series of islands requireghe construction of quay walls and reclamation of the zones

hydraulic engineering studies in order to be able to predict thébehind these walls. Such projects can be found everywhere in
influence on wave and flow patterns in the Arabian/Persianthe world.
Gulf. The beaches in the sphere of influence shall adapt The two projects mentioned here are large harbour
themselves causing local erosion and accretion. Theseevelopment projects were a major extension of the harbour is
influences have to be considered before the execution of suckreated giving space for multiple quay walls and terminal areas.
projects and can lead to adaptation of the detailed design.

(1) Port 2000, Le Havre, France
(2) The Pearl, Doha, Qatar This harbour development at the estuary of the river Seine in
The Pearl is a 400ha real estate and luxury houses developmeRtance consists of 100ha landwinning, 5km breakwater and
project North of Doha, Qatar. In an offshore area with limited 9km approach channel (Fig. 329). The total amount of material
water depth (between Om and 5m), the special shaped Islan@d be dredged was 45 Mm3. At the location of the harbour to be
with marinas and private sPearle shaped islands had to beonstructed tidal seawater level differences up to 8 m occur and
constructed. The total volume of fill material is approximately design wave heights up to 5 m had to be taken into account.
15 Mmé2. In the Fig. 327, a satellimage of the island is given. This caused a major challenge for the construction method of
Overall dimensions are approximately 5500 m by 3500 m.the breakwaters and the bunds to be constructed so as to avoid
Further general info can be obtained from Bartolomeeusen antb a maximum extend erosion of the deposited material in
Symons (2007). temporary conditions.

Figure 327. The Pearl, Qatar

Figure 329. Project overview of Port 2000, Le Havre, France.
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The material to be dredged consisted primarily ol The new extension of the Rotterdam harbour in now under
with locally some finer sediment on top of the gravel. The execution with the construction of Maasvlakte Il (Fig. 331). It
gravel was used to construct the foundations of the breakwatemsill contain terminal area for container traffic, chemical and
and bunds of the reclamation areas (Fig. 330). Detailedlistribution companies.
hydrodynamic studies allowed defining the most optimised The project covers 1000 ha land and 1000 ha harbour basin
working method in order to minimise losses of material while area. Approximately 240 Mm?3 sand will be needed of which
continuing working in winter season. Furthermore, also muchabout 40 Mm3 will originate from dredging within the harbour
attention was paid to environmental issues such as the increaseea. The sand will be dredged with trailing suction hopper
of transport of sediments upstream where a nature reserve dredgeres from borrow areas nearby. Because of environmental
situated. reasons the dredging borrow areas have to be at a water depth of

The solution included the dredging of current guidance20m or larger. The water depth at the construction area varies
trench at the location where in final situation erosion gulliesfrom about 10 to 20 m. Design wave heights up to 8 m occur.
would occur and the construction of an underwater bund in Important breakwater and seawalls will have to be
order to guide the flood current. constructed and for both, economical and ecological reasons the

use of stones is minimised. A large part of the approximately
11km of seawall is constructed as sand dunes while the
breakwater construction is realised along the entrance to the
Rotterdam harbour. The planning and organisation of the land
reclamation works will have to take into account material loss
and natural equilibrium of sand beaches.

In the whole project the environmental issues such as fines
transport and morphological effects have been studied in detail
and are a continuous point of attention because of the presence
of nature reserves to the North and South of the project area.

5.7 Future Developments in Geotechnics related to Land
Reclamation

5.7.1 Fill Performance Testing

A more rational approach should be used when land reclamation
specifications are prepared. Requirements should be more
Figure 330. Spreader pontoon places gravel for the breakwateflirectly linked to the use of the reclaimed area and should be
foundation. focussed rather on reclamation performance than on detailed
quality testing.

This can be realised by following approaches:

(1) Define reclamation performance in terms of bearing
capacity and settlements;

(2) Performance testing can be performed by means of Zone
Load Tests or similar;

(3) Monitoring of deformation behaviour of subsoil and fill
material;

(4) Field trials of compaction schemes can be verified with
performance testing; once an appropriate compaction scheme
agreed, the quality control can focus on the compaction testing
execution by means of automatic alternative methods such as
rapid impact compaction, continuous compaction control or
other means.

In The Netherlands the Centre for Civil Engineering
Research, in cooperation with contractors and consultants is
preparing a design manual for Hydraulic Fills where such an
approach will be discussed in detail and compared to the more
classical approach.

5.7.2 Crushable sand

With regard to quality testing (compaction, CPT) in carbonate
sands and silts but also with regard to the behaviour of
crushable material under different loading conditions - among
which also seismic loading and cyclic loading - more

information is needed. The academic world should focus more
on this issue in order to support the large Land Reclamation
projects under construction in many parts of the world.

5.7.3 Compaction Techniques
Figure 331. Maasvlakte Il development, planned extension.

Two main areas of development can be expected here:
(2) Maasvlakte Il, Rotterdam, The Netherlands 1) More easy/fast to execute surface compaction techniques
The harbour of Rotterdam is since many years searching for with large depth of influence (up to 6 m); with clear effect
extension towards the sea. About 30-40y ago, a major extension under the water table; to be applied in between hydraulic fill
Maasvlakte | was constructed and is now becoming too small. lifts; eventually to be used under water.
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2) Compaction techniques that can be used in crushable Case Histories in Geotechnical Engineerim¢ew York, Paper No.
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