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INTRODUCTION TO SOME GROUND IMPROVEMENT TECHNIQUES

Kirthi Sri Senanayake,
Geotechnical Consultant, _
National Building Research Organisation

1.0 INTRODUCTION

Worldwide, economic and technological development has advanced at
a rapid rate in the recent decades resulting in an increased
demand for large scale and accelerated construction activities.
However, due to scarecity of easily buildable Tand space in many
parts of the world, especially in the congested urban areas and
highly populated suburbs where land prices are exhorbitantily
high, today the planners are often left with no better choice
than to utilise Jands which were hitherto considered as hot
suitable for construction purposes owing to inherent poor ground
‘conditions and the related finafcial & technological constraints.
Therefore, the engineer today has to face the challanges of
developing and constructing on difficult terrain with steep
slopes which are perhaps prone to landslides; in valleys and
coastal -areas with alluvial or Tlacustrine deposits of weak and
soft clays or loose sands; low lying marshy Tands with thick
deposits of highly compressible. peat and other organic soils: ard
onh ground Consisting>of expansive soils or other problematic
soils. However, on many an instance, the engineer is capzable ang
confident to take up such "challange, thanks to the modern
technologies developed in the field of deotechnical engineering
especialy during the past few decades ‘which have given versatile
solutions to many problems associated with poor ground
conditions. o

i"The geotechnical engineer, 1in tackling difficult ground
conditions, has the options of adopting foundation treatment or
ground treatment or a combinatijon of the two. Where these

- measures alone cannot help, he may consider reviewing the design
to make possible alterations 1in the structure to be constructed
so as to suit the prevailing ground criteria.

In this paper some conventional and recently developed ground
improvement techniques which are being widely used today are
presented. Some techniques used under special circumstances are
also mentioned for generzl information. Among them, there are
methods which are considered suitable for Tocal conditions in Sri
Lanka, perhaps with -some modifications, for example in applying
to the development of low -lying marshy areas, road works and
slope stabilisation. .



TABLE 1. CLASSIFICATION OF GROUND IMPROVEMENT TECHNIQUES
OBJECT OF IMPROVEMENT & METHOD OF INSTALLATIOI NAME OF THE METHOD {Nota 1)

CONSTRUCTION
A. ADJUSTMENT IN STRUCTURE OR FOUNDA_TION
Counter-berms (for stability of embankments)
Reduction of Load {use of lighter materails) -
.. Btrefgthening of Structure/Foundation
Sheet Piling (against seepage, earth pressures)
‘Charge of Foundation Type '
B: IMPHOVEN‘ENT OF FOUMDATION SO|UGROUND
: 1 REPLACEMENT OF POOR SOILS
Total replcement by exmv:\hon/dmdgmg
_Partial replacement by excavation/dredging
Partial replacemenf by water jetting
Extrusion by earth banking
Extrusion/compaction by Blasting
2.COMPACTION
Compaction by Blasting
Compaction Piles/Columns
In-situ Compaction by Vibro-probes

Compaction by Vibroflot

Compéction by vibration and compréssed air
Vibro-displacement {water jetting)
Vibro-repiacement

Compaction at Ground Surface
. Compaction by falling weight
: Compaction by vibration

3. PRECOMPRESSION
Preloading : L
Surcharging with filj ‘
Loweﬁng of groundwater table "

. ) _

Applying atmospheric pressure
Accelerated Drainage
Vertical drains

" Chemical dehydration
Surface drainage

Drainage by electro—osmosis

Counter herm method
Expanded polysterene (EPS) method

‘Rolled and compacted fill method

Hydraulic fill method

Replacement in suspension method
Earth banking method

Blasting method

Blasting method

Vibro-compaction method

Direct power compaction methed
Terraprobe method

Vibro-rod method

Vibroflotation method

Vibro Composer method

Stone column method

~.Gravel column method
Slag pile method
Sand-cement pile method

Heavy tamping method
Heavy vibro-rolling method

Mammoth vibro tamper method

Ef_nbanking method
Well point method

‘Deep well method
.'Atmosphorlc consolidation me ‘hn

Cp‘hventiona! sand drain methed

. Fabri~packed (sand) drain method
" Flexible band-shaped drains

Paper drain mathod
Cardboard drain method
Plastic drain method =

* Filter drain method
- Lime column methad

Drainage pit method
Drainage trench method

‘Electro-osmosis method
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TABLE 1. CLASSIFICATION OF GROUND IMPROVEMENT
OBJECT OF IMPROVCMENT & METHOD OF INSTALLATIO

CONSTRUCTION.

4.STABILISATION BY ADMIXTURES
Stabilisation of deep layers
Admixture mixing/churning

Jet mixing

Grouting :
Stabilisation of surface layers
Cement/Lime stabilisation

Sludge/Mud fixing

" 5.5TRENGTHENING OF SURFACE LAYERS

Surface reinforcement
Sheet/Net laying

Earth filling

Natural drying and consolidation
Promoting surface drainage

6 THERMAL STABILISATION
Sun drying (wnh dralnagc] of surface layers
Burning with gases
Freezing by liquid nitrogen/carbon du)x:de
7.EARTH REINFORCEMENT
Reinforced earth walls

Slope stabilisation

TECHNIQUES ( CONTD )
INAME OF THE METHOD {Note 1)

Clay mixing consolidation method
Deep lime mixing method

Lime column method

Dry jet mixing method

Chemical churning pile method

iet grout mixing method
Cement/admixture grouting methods

Soil-cement stabilisation method
Soil-lime stabilisation method
Mudfix method

Conseal method

Minimax method

Fagot method

Sheet faying method
Net laying method
Rope-net fill method
Bamboo frame method
Pile net method

. Compacted fill method

Sand mat method

Drainage pits/pumping methea
Trenchee/pumping method
Deep wolimethod

Natural desicsxtiorﬁ r'n‘:ek'rzod
Gas burning method
Freezing method P

Terre Armee method

Free basket method

Soil nailing method
Reticulated root pifeb method

Note 1. Same method may be known by different names in different countries, Some names used here zre trade

names. This table does not prowde an exhaustive list of alf th

€ current ground lmprovoment methods.




2. 0 PROBLEMS DUE TO POOR' GROUND CONDITIONS AND WHY GROUND

IMPROVEMENT IS NECESSARY
2.1 Problems 1in Poor»érdund-QChditions

Under certain ground COnditiOnS{Cthere are situations where the
stability of a structure to be constructed can not be achieved

due to problems of inadequate strength or excaessiva deformation
“gfiithe ground. Problems of .poor:ground may be related to bearing
: . settlement in foundations, ‘stability of siopes and

CeAarth. pressures acting oniretaining walls,
jater seepage etc., to mention

embankmen:
Tiguifacgtion of ] ,
some. Shear and deform

ation:cha

“Brimary importance and the structure need to be designed to

accomodate inherent properties of the ground so that the intended
functions and performance of. the structure will not be adversely
‘affected. But this is not always possible and could often be very
costly. ‘Avoiding the use of poor garound altogether may appear to
- be.the-ideal solution; but finding alternate land is practically
not possible in most cases and the geotechnical engineer 1is
generally compelled to jook for other solutions. Problems due to
poor ground conditions could be tackled in different ways; by re-
designing to adjust scale, load; ‘layout, stiffness etc. of the
structure itself or by adopting suitable foundations or ntherwise
by improving the ground to desired Tevels.

'2.2:Why Ground Improvement is Necessity?

when ground conditions are not favourable for construction
activities or for the functional performances of the structure,
ground improvement work is undertaken. If intolerable deformation
or failure is anticipated under the stresses imposed by
construction activities, the foundation ground could be refered
to as "poor ground”. However, it is difficult to define poor

ground only by its engineering properties. Because, a ‘poor’

ground for a heavy and important structure may at the same time
be *fairly good’ ground for supporting lightly loaded structures.
Again, sandy ground which may be considered somewhat good ground
under . static loading. becomes poor ground when Tliquefied under
seismic conditions if in a loosely compacted condition. Ground
improvement is sometimes undertaken even for so-called good

ground, e.g. when it is necesary to carry out construction work .

in dry condition below the groundwater table. Therefore hecessity

of ground. improvement depends on many factors other than

engineering properties of the ground.

It is a general characteristic that poor grounds which require
improvement of shear and deformation broperties have a loose soil
structure with a high void ratio irrespective of whether they
consist of cohesive soils or cohesioniess soils. Here, the basic
principle of improvement is to reduce the porosity of the soil
and this could be achieved by replacing it partly or fully with
denser material, compacting or consolidating to rearrange the
soil skeleton to a denser state, infilling the voids or by
reinforcing the soil structure. Again, reduction of the
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permeability of grounu can be achieved by infilling the voids on
a permanent basis by grouting or by freezing pore water in the
soil as a temporary measure. On the Gcontrary, impronment of
ground may mean increasing of soil permeability as 1in the case of
gravel columns applied in sandy ground to cope with tiguefaction
or vertical drains emploved to expedite consolidation in clays.
In some instances, ground improvement may mean treatment for
altering certain properties of the soil.

2.3 Situations where Ground Imbrovement is Required

Ground 1improvement works become necessary in the follwoing
situations; ‘ L o

a) when alterations cannot be made to the scale of the structure

or when alternative site with good ground conditions is not
available and if ground improvement appears to be the
inevitable solution. 1In this case, sometimes there is a
tendancy for the economical aspects to be disregarded and the
choice of improvement technique may be restricted.

b) Whén it is economically advantageous to use the site after

‘ground improvement. In this case there would be flexibility 1n
chocosing the most appropriate ground improvement techniaque.

"c) When speedy construction of structures, as in the case of

relief measures, 1is required or when improvement of the ground
is necessary as emergency or remedial measures. Only the
techniques which show rapid effects are appropriate.

d) When it 1qs hecessary to ensure safety and convenience of
construction or to maintain stability of structures and ground
within the site or 1in adjacent lands temporarily during
construction. In this case, ground improvement techniques
which have temporary effect would be adequate.

2) When it 1s necessary to control distress in existing
foundations or earth structures or to strengthen such
structures.

2.4. Judgement on the Necessity of Ground Improvement

From the discussion above it follows that the necessity of ground
improvement is Judged neither by the scale and importance of the
structure alone nor by the ground conditions alodne. Careful
Consideration of many factorS}ﬁnc?uding, cost, time and
construction convenience etc, is also necessary hefore planning
to apply ground improvement works at site. Following procedurs
may be adopted to arrive at the Jjudgement on the necessity of
ground improvement. . .

a) Consider the importance of the structure to he coﬁstructed,
type, scale and functions of the structure, allowabile or .
tolerable settlement, safety factor against failure, allowable

U Y S SO



Constructwon time determ1ned by the scheduled time of
comp]et1on . » : '

b) Carry out field and Waboratgry investigations to establish
nature extent and depth of "poor soils, stratigrahy of the
ground, depth to bearing stratum and the endwﬁemr1ng
characteristics of each soil stratum.

c) Estﬁmate‘the stability and settlement;
d) Study the existing s% ructures near by .

'é) Exam1ne possibilities.of . Chang1ng the type of structure and
type of foundation, eg. from shaWTow foundat1on to a deep
foundation., - .

) Make'judgement on the hecessity.Of ground improvement.
2.5 Selection of Appropriate: Ground Improvement Technique

In selecting the appropriate ground improvement technique a
proper decision may be arrived by conswder1ng the following;

a) Purpose of 1mprovement: for examp1e, o increase strength, to
accelearte or to control settlement, to improve or stop
seepage, to control Tliquifaction, to change physical or
chemical properties.of socil, etc.

b) Extent of improvement; the area, depth and total volume of
sojl to be treated. ‘

c) Suitability of the technique for the soil type/s at site.

d) Adequacy of the technique for the purpose of improvement;
sensitivity of design, construction efficiency, realiability
and convehience in estabilishing effectiveness.

e) Availability of the necessary materials and space.

F) Availability of plant and equipment and technical background,
- knowhow and skills for the technigue.

g) Cost of execution of the technigue.

h) Time necessary to achieve desired effects of ground
improvement. - ~

i) Environmental conditions that may restrict working conditions,
e.g. noise and pollution, damage to adjoining structures,
interruptions to public services, etc.

J) Necessity of temporaky works and measures.

e

Therefore to reach a proper deéision, it is necessary to have a
~thorough knowledge. of - the mechanism and. T1imitations of ground




improvement technique,<and:£he matéf1a1s and workmanship ‘etc.,
required for each method.i D .

3.0 TYPES OF GROUND IMPROVEMENT TECHNIQUES AND PRINCIPLES OF
IMPROVEMENT E T | ;
3.1 Classification of Ground Improvement. Technigues

Large  cities of the past built.‘up in difficult terrains suggest
that ground improvement.techniQUésuhad been practiced by man for .
a considerable time. It is interesting to note that = some of
these technigues had been practically adopted quite successfully

_.even before their theol Kground. or the mechanism of
"performance was cleariy und tood. With'. the advancement of
geOtechniCa],engineering-knqw]edge, new concepts of ground
improvement techniques have been introduced and adopted for
general use after many years of “improvement following research
- and development supported with theory and experience in practice.

It is also interesting to note that the diverse geotechnical
problems associated with poor ground. conditions have lead to the
development of over 50 different types of ground improvement
techniques which are currently available for application in the
industry. These techniques vary depending on the principle- or
mechanism of improvement, purpose of application, materials used,
method of 1nsta11ation_or construction,; type of ground applicable
etc. . -~ Ny :

A broad classification of ground'improvement_techniques according"
to the basic principle of improvement is given in Table ‘1. The
Tist of methods given therein .is not exhaustive.

3.2 outline of Some Ground ImproVement-TeChniques
o 3;2.1 Replacement of Poor Soils .

- Replacement. of poor ground-. partially or totally with suitable
- material isone of the simplest ‘'ground improvement methods which
“has."a; long history. Poor soils - within an economical depth, .
usually within 3m, may ‘be dredged or excavated for replacement
“with material_ro11ed_and compacted'or.hydfau]ica11y filled.
‘Where Tlighter 1loadings ‘on -the ‘underlying . lavers are intended,
light weight materials such as ekpanded‘po1ysterene, timber bark
etc. are used. In soft ground the weak soil is sometimes replaced
by allowing the ground to fail gradually under the fi11 load. In
the Blasting method, detonation of buried ‘explosives can provide
a rapid, low cost means of -rephacing poor soils with better
material although this method can .not be. recommended for use 1in
the built up areas. Loose- fine material in poor ground can be
replaced with coarser soif7 particles by allowing to settle in a
soil-water suspension formed. by the jetting of water.




3.2.2 Deep Compaction

Deposits of 1oooe cohes1on1ess sowl may need improvement 1in
order to overcome excessive total and differential settlements in
the structures supported over them or to minimise possibility of
1iquifaction under dynamic: 1oad1ng Improvement can be achieved
suitably by in-situ dens1f1cat1on of the loose soil. Deep
Compact1on of cohesionless:soils involve dynamic methods where
d1sp1acement of soil is done by the 1insertion of a probe or a
casing accompanied:by in-situ.- construction of sand or gravel
columns. . Forced rep1acement OT? oor’soil can be achieved by .the
introduction of e.g; 'Composer' iles’ *Sand Compaction Piles’

which are essent1a11y columns Coarser materi
~the': ground T The abitit
‘reguired 1mprovement in propert1es depend on several factors
such. as; soiil type, gradat1on and fines contenb, degree  of
saturat1on and ground water tab1e,'1n1t;a1 ‘relative density . and
in-situ stresses,'wnt1a1 soil structure, effects of age and
cementation etc., and the . spec1a1 character1st1cs of the method
used. Whether 1t is B1ast1ng,vHeavy Tamping or Vibrocompaction,
densification of cohesionless soil is caused by breaking. down the
initial soil structure and allowing the soil particles to move to
new pack1ng arrangements. In eaturated soils, this 1is read11y
achieved by “inducing ~liquifaction with sudden build-up of -pore
water pressure which great1y reduces the” shear strength ‘and
eventual failure by ‘successive shear waves. In partially
saturated soils, including those containing fines and some waste
fills, densification is caused by collapse of the soil structure
and escape of gas (and some moisture) from the voids as happens
1n the laboratory compaction of soils by impact of drop rammer.

3.2.3 Precompress1on

Precompression and strengthening of weak and comprees1b1e soils
by preloading prior to construction is one of the oldest and
widely used . ground improvement methods. Precompression. or
~preconsolidation 1is well suited for soils which are highly
~.compressible and ga1n ‘strength under sustained static loads, 1if
sufficient time is available for. the required compression to
~eccur. The time ant1c1pated for the required precompression, when
-excessive and 1likely to affect construct1on programme, may be
]shortened by improv1ng drainage for faster dissipation of built-
up pore pressures in the soil by using vertical drains or well
‘points. Forced lowering of the ground water table using well
points serves both the functions of lToading and drainage.

‘Earthfill, ballast or stocks of construction material etc. may be
used as the surcharge 1load for preloading. Precompression may
also be achieved by app1y1ng atmospheric pressure as the
surcharge load, by electro-osmosis or by absorption of pore water
using .Time coWumns 1nsta11ed in the ground

3.2.4 Soil Re1nforcement'

Bamboo frames, fagots, timber stakes etc. have been used since
~olden-days  to-reinforce soil. Today a large variety of materials

1. .presged in,to .. ...
e methoos to accomplish- the

©
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including metal products, petroleum products and agro products
are widely used for this purpose. Geotextiles used for
strengthening surface layers or for reinforcing earth walls, the
steel bars used in soil nailing, timber piles and metal mesh used
for reinforcing weak ground, polymer yarn in Tex Sol, and the
“root piles used for stabilization of - slopes are some examples of
s0il reinforcement.’ T ' o

3.3 Brief Introduction to Some methods of GroUnd’Improvement
- 3.3.1 Blasting

Densification of deep 1layers by blasting can be achieved as a
rapid and economical method of “grouhd improvement” suitabie For
deep layers. .In this procedure, a charge of dynamite, TNT or
ammonite is placed at the required depth usindg a pipe driven into
the ground by Jjetting, vibration or by boring and the hole 1is
backfilled. The charge is then detonated according to a pre-
established pattern. Charges, about 1kg to 12kg in size, placed
at spacings of 1m to 5m in plan and at 1/4-3/4 depth of the layer
to be treated appear to be used in common ‘practice {(Mitchel and
Katti, 1981). Successive ‘coverages which usually vary from 2-3 1in
number and each contsisting of individual chrages are seperateg
by hours or days. Total explosive usage varies from 8-150 gm/m
with 10-30gm/m°. : - ' : ‘ :

Saturated clean sands‘are'we1lﬁsuited for densificationqby
blasting. Presence of even small amounts of gas can Tead to

.. damping of the shock waves. Hydro-blasting technique, in which

water is pumped to flood the ground until water content is
ideally increased above the liquid 1imit has been used 1in
successful compaction of collapsible loess deposits.

;3,3;2 Replacement with Light Materials.

- When road - embankments are constructed across deposits of soft
clay and peat, stability probiems due to both bearing capacity
and settlement may be solved by using l1ight material as the 1171,
Traditionally, wastes from timber industry like sawdust and
timber bark have been used as a Tight fi11 material in road
construction in countries 1ike Sweden and Norway. Wastes from the
production of cellular concrete etéments with 1ight expanded clay
aggregates, coal slag, spongy lava etc., are also used as Tight
fi11l materials. The weigth reductioh obtained by using such
materials is often in the order of half the weight of earth, the
ordinary fill material. =« o0 .

Expanded polysterene (%?S);hésga
Jow density of 20kg/m° (com
for design purposes be take! 1 g/m~ allowing for increase of
water content over its serviceiti “Htsstrength and durability
and easy handling. Top of the EPS Dblocks “is protected with a
100mm -150mm thick cover of reinforced concrete to prevent the
EPS being damaged by petrol or chemicals when used for road works
or in similar environment:. According to Frydenlund & Aaboe (1988)°

é£ advahta§e_due to its very
*?gOOkg/m of earth), which




in Norway alone over 100 gad projects-has_jhvo1ved‘use of EPS
amount1hg to over 200,000m> of polystrene fill. EPS .-now widely
used in many other deve1oped countries has its applications also

in landslide control. Moimer et al (1985) reporte how a
landslide affected road was reopened for traffic within six weeks
after full repairs using EPS economically for etaD111 1hg the
slope.. -

3.3.3fHeavy Tamping

Soil compaction by ‘Heavy Tamping’ involves repeated dropping of
heavy we1ghte on to the ground surface. This technique as

- developed in- the present form -pioheered: by Menard (1974, 1975)

for improvement of lardge areas to depths. of upto about 230m is
also termed Dynamic Compaction, -Dynamic Consolidation or
‘Founding. The - pounders or the weights used for heavy tamping may
‘be concrete blocks,  steel plates or thick steel shells filled
with sand or COhcrete and may range from a few tons up to 200
tons in weight. The size . of pounders which are usually circular
or sguare in shape may be as large as upto a few meters depending
on weight required, material to be improved and the dynamic
bear1ng capacity of the ground surface. In some instances drop

In partially saturated soi]s, the densification process 1is the
same as that for laboratory Proctor compaction. In saturated
cohesionless soils in-which liquifaction can be induced, the
densification process is similar to that in blasting or vibro-
‘compaction. Effectiveness of this technigue when applied to
saturated fine grained soils is-uncertain. Waste and rubble fills
have been very effectively improved by heavy tamping. It has been
possible to bring down the seven day total settiement 1in a
sanitary fi1] from -292mm to 14mm (Welsh,1983). Succasful
apnlication of dynamic consolidation method for improvement of
peaty layers in different parts of the world are reported by

Narumi (1983), Marine Eng. Co. (1985) and Ramaswamy (1979) amohg.

othersi

Typ1ca1 ‘treatment by heavy tamp1hg may -involve 2-3 blow«/mz'on
the average with repet1t1ve dropping of “pounder at points spaced
at:.several. meters on a grid pattern. Two to three coverages,
seperated by time 1nterva1s depehd1ng onh the rate of d1es1pat1on
of ‘excess ‘pore pressure, 1is “usually requ1red and the ground  is
1eve11ed between coverages.. The. depth of influence of tamping
appears ‘to be in the.order of 1/2-1 times the square root of the
product. of the weight of pounder ahd the drop height, the un1ts
be1hg meters and tons : ST L ,

When heavy tamp1ng is used for: improvihg ground for support of
relatively 1light: we1ght low-rise structures on shallow
foundations, treatment is sometimes made only at the foundation
lccations as an economical and effective measure to minimise
total and differential settlements. '

10

@




)

3

”3.3;5*Sand-C0mpaCtion Piles

Dynamic consolidation method which requires simple equipment
appears_to'be~appropriate for the Tocal conditions in the

developing of targe extents of reclaimed marshy land.

3.3.4 Vibro Tamper:Method .
This 1is a method of compacting - top soil with a combination ‘of
high-powered vibrator and tamper. Its effect of 1mprqvement

reaches deeper 1in the ground while. the top soil treatment alone
can influence scils to a depth of. 2m or more. Use of a crawler
crane makes work more.easy andreconomipal with mammoth vibro:,

tamper which has a. large contact area.

This method is originally developed for compacting loose sandy

- ground, but recently applied to clayey ground as well. It is

impossible to compact saturated clayey soils by this method.
However, the artificial composite ground composed of compacted
sand piles and clayey ground exhibits improved characteristics.
When the load 1is applied on the composite ground, stress
concentrates on sand piles . to some dégree due to the difference
of stiffness. Shear ressistance is offered by cohesion of the
clay part and friction of the sand piles. '

Construction of sand compaction pi]es*is‘done either by vibration
or by hammering to densify the sand introduced through a casing
as in the vibro-compaction method or vibro compozer methods.

“a) Vibrocompaction

Deep compaction of Toose cohesionless soil is characterised by
the ihsertion of a cylindrical or torpido shaped probe into the

ground followed by compaction by vibration during withdrawal. A
granular backfill is added 1in the prOcess so that a compacted
sand or gravel column is left within the volume of sand compacted
by vibration. water Jjet at the tip with or without injection of
air facilitates penetration of the. probe to deeper levels.
Compaction piles of sand or gravel- - can be formed in ground
consisting of soft cohesive soils, in which case they function as
compression and shear reinforcement.Vibration probes used in
vibrocompaction methods may be open tubes, which enables
densifying the top 3 m to 4m of ground with marginal
effectiveness, or vibro rods with -protrusions which are. driven
deeper using vibratory piile driving hammer.

b) Vibro-Compozer Method
In this method of vibrocompaction, a casing pipe is driven to the

required depth by a vibrator at the top and sand is introduced in,
to the pipe.. The pipe is. then partly withdrawn while blowing

‘compressed air to hold the sand in piace and the pipe is vibrated

to compact the sand pile and enlarge 1its diameter. Process is
repeated until the pipe reaches the ground surface (Suematsu et

al 1984)u Vibro compozer piles have a?standard diameter of 700mm,

11T




but "Mammoth” compozer piies of 1200mm —-2000mm diameter have been
used in marine works. :

3.3.6 Stone Columns and Gravel Columns
Stone columns or gravel . columns are installed 1in poor ground

often using water Jjetting in the vibro-replacement process. A
cylindrical vertical hole is made by a vibrating probe which is

penetrated by Jjetting under its own weight. In some cases a dry

process, known as vibro-displacement process, is adopted without
using water Jjets (Barksdale & Bachus 1983). A stone or gravel
backfill is dumped in to theé hole 1in increments of 0.4m to 0.8m
and compacted by:.the probe which simultaneously displaces the
~material radially into the soft ground. The diameter of columns
are generally 0.6m to 1.0m but may be larger if the ground 1is
very soft. Stone/Gravel column systems in soft, cmpressible soils
are somewhat ‘1ike pile foundations, but are more compres«ﬁbWe
Ranjan (1988) describes the 1nsta11atwon of stone columns using
simple equ1pment generally used for augering and compaction.

3.3. 7 Direct Power Compact1on Method

In this method 1oose sand 1ayers are d@hQ1f1ed by compaft1na the
s0il in situ using "press panels which are flap like compaction
plates fixed at the lower end of a steel H-section probe. wWith
‘alternate upward and downward motion and v1bratlon soil arouhd
the. f]aps are compressed :

3.3.8 Vibroflotation

Vibroflatation method is used for improvement of Joose sandy
ground and had been deve]oped in . Germany half a century ago.
Densification of the soil s achieved by vibrative 1impact of a
probe known as Vibrofliot advanced in to the ground by water

jetting and made to vibrate horizontally. The cavity formed

around the vibroflot 1is continuously filled with coarse sand. or
gravel during this process for effective vibration and
compaction. ' '

The vibroflot 1is a hollow steel tube containig an eccentric
weight mounted on a vertical axis in the lower part so as to give
the horizontal vibration. Typical vibroflots have a diameter in
the range of 350mm to 450mm .and the length is about bm inclusive
of the flexible coupling. It weighs about 2 kN and develops
centrifugal forces up to 16 kN and variable vibration amplitudes
‘up to 25mm at usual operating frequeno1es in the range of 30HZzZ to
EOHz. Sinking of vibroflots into the ground is facilitated with
water pressures up to 0.8MPa and flow .rates upte 3,000 1/min.
Sinking rates of 1 to 2m/min and withdrawal/compaction rates of
about 0.3 m/min are typical. The zone of improvement varies from

about 1.5m to 4.0m from the vibratOK depending on the soil type-

and power of tha vibroflot.
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3.3.9 Precompression by Pre]qading-

Preconsolidation and strengthening of weak and compressible soils
by preloading is one of the oldest and widely used ground
improvement techniques. This method is well suited for saturated
soft clays, compressible silts, organic clays and peats.
Excessively large and prolonged ‘settlement in these types of
soils .due to the Jcads imposed by construction activities beocmes
a serious problem. Therefore it is.- desirable to have the ground

t-preconso]idated prior to construction of permanent structures so

that they will ‘undergo 1ittle or no settlement. In preloading
method, surcharge loads, i.e. loads in excess of the loads that
will be imposed by permanent fill and structures, are applied on

- the ground before the construction of permanent structures in-

order to accelerate the consolidation. process.

As the surcharge, earthfiiis are commonly used, but any other
system that Teads to drainage of pore water and precompression of
ground may be suitable. Water in tanks or lined ponds, stocks of
construction materials has been used as surcharge. In the
atmosperic preloading or vaccum preloading, surcharge loads up to
60Pa to 80kPa can be produced by pumping from.beneath an
impervious membrane installed over the ground surface. By
lowering the groundwater table using well points and pumping,
consolidation pressure can be introduced as a result of the
increase in unit weight of soil. Electro-osmosis has also been
used to induce the -driving force necessary for drainage
internally by an electric field. Special devices with anchors and
Jack systems also can be used for preloading of small areas.
Applicability of preloading as an appropriate ground 1improvement
technique 1in the development of Ilow lying areas in and around
Colombo is discussed by Ameratunge and Senanayake (1992).

- 3.3.10 Vertical Drains for’Precompression

-Often, the time required for surcharging to achieve the desired

effect is excessive or the surcharge required for the time
available is too large. In such cases, the consolidation process
can be further accelerated by providing vertical drains. Placing
the drains at closer intervals to shorten the drainage path is

desirable since the consolidation time ‘is inversely proportional
to the square of the length of drainage path within the so0il
mass. An advantage of verticle drains is that usually the
horizontal permeability of most deposits is several times greater
than in the vertical direction.

Conventionally, sand piles typically 200mm to 500mm in diameter
were used as vertical drains spaced at 1.5m to 6.0m intervals.
But the development of band. shaped paper or plastic drains have
facilitated efficient installation of more effective vertical
drains. Pearmeability of band shaped drains varies, depending on
the p?terial used and the structure of the drain, from about

- 6x10 cm/sec for paper to 4x10 " 'em/sec for synthetic material.

With compared to synthetic types, paper drains show poor
performance at high lateral pressures- (Miura et al 1984),




Aocdrd1ng to W. Kjellman at Swedish Geotechn1cal Institute, who
invented the prefabricated drain using wood fibre as drain
material, the drainage effect of a drain -depends to a greater

extent upon the circumference of its cross section but very

1ittle upon its cross sect1ona1 ‘area (Hansbo 1977).

Failure 1in ‘drainage due to ‘discontinuities or deformations in
conventwona1 sand dra1ns have been overcome with the introduction
of . fabr1—packed drains. These ‘are small diameter sand columns
which can be machine- 1nsta11ed in . flexible and permeable fabric
bags at closer intervals, usually four. at a time in cne machine

operation. Small d1ameter sand drains placed at closer intervals
are-“much effective than: Warge diameter drains which uses the same
amount of sand. From Barron s~cansolidation theory, it has been

shown "that the volume .of sand required for 400mm diameter
conventional drains 1nsta11ed at 1.6m intervals is 6.2 times the
volume required for 120mm diameter packed drains pldced at 1.2m
intervals to achieve the same consolidation effect (Taiyo K1Qo,
1Q76) .

Vertical drains may not be of any additional advantage 1in peaty
grouhd where sett1ement behav1our is dominated by Qeoondary
compreqs1on : :

3.3,11 Lime Columns

By the 1nsta11atwon of densely packed or mixed-in-situ quicklime
columns, soft clays can. be preconsolidated. In the hydration
process of quicklime, water is absorbed from the pores and  the
soil 15 compressed due to the volume expansion in the Time
column. The heat of hydration W111 further reduce the water 1in

" the 5011 and the gradual difusion of 1ime into the sorrounding

soil leads to cementation and ground qtrengthenwng Holm (1983)
reports that gypsum can be added as an admixture to improve the
shear strength of Time- stab111sed clay by about three times.

3.3.12 Surface Strengthening by Surface Dra1nage

As a temporary measure Forwdmpfovihg‘trafficabi?ity in work yards
on soggy ground, surface Tlayers are allowed to dry up and
consolidate by promoting surface drainage using trenches and
pumping if necessary. After sun-drying, the ground may be
covered with a layer of sand or gravel to a desired thickness.

3.3.13 Soil Sabilisation with Admixtures

Soil stabilisation using cement or lime as an admixture is a
classical ground improvement method adopted in improving subgrade
and base course materials 1in road works (Dunlop, 1980,
‘Mallawarachchi, 1992). Many other inorganic and organic soil
stabilisers e.g. gypsum, silicates, acrylamides, lignins, resins,
polyurethenes, polyesters, asphalt etc., are now used to improve
or control volume stability (swelling and shrinkage), strength
and stress-strain properties, permeability and durability.

e v - P I
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a) Stabilisation of SUrfgpé.Layers,

Soft ground or sludge cdntajning a'high water content 1is treated

‘with stabilising agents which are conveyed in slurry form under

pressure and then mixed “into the ground using agitaters fixed on
to pontoon type or self-propelled mobile treatment p1aht.AIn very
soft layers the depth of treatment can be upto 5m depending on
the type of treatment plant. : '

The hardened surface layeir provides a stiff raft which can
distribute the imposed Joads evenly to. the underlying strata.
Surface solidification technique 1is widely used to cover or make
inactive the hazardous sludge containing high content of organic
matter. As the hydration action of cement is retarded or
brevented by the presence of very active organic matter; special
high polymer admixtures are also added in such situations.

b) Stabilisation of DeepALayers-

Admixtures, usually Time or cement are used to stabilise deep
layers by in-situ mixing. Stabiliser is fed into ground through a
rotary drill equipped With a special auger bit to both advance to
desired depth and to mix the soil and admixture -thoroughly during
withdrawal. In another method, the admixture is introduced into
the ground through a high pressure jet which is rotated around

vertical axis to churn the soil-stabiliser mixture thereby

- forming large size greuted piles or columns of stabilised s0i1.

The stabilised =0il columns formed by deep mixing, churning or

_Jet grouting methods can be as large as 1200mm in diameter, and

with large equipment it is possible to stabilise ground to depths
easily up to 20m. '

3.3:14 Strengthening of Surface Soi1!Layéfs
a) Fagot Method

In Japan, for several centuries, faggots or bundles of twigs and
branches had been used as "matress” laid under river embankments.
This practice has been used in early -this century as a low cost
method for grcund improvement 1in road embankments constructed
over peaty soils and furthermore, a design methodology has also
been developed (Suzuki, 1981). '

The modern fagot method'(_using~geotexti1e sheets) developed for
surface treatment of soft - ground is based on the fact that the
fagot, raft or other rigid mat-like material laid on a soft
ground makes it possible to maintain the stability of a structure
supported on such material because of dispersion. of the
superimposed load and thereby transmitting a reduced and

- uniformely distributed load to the underlying ground.

When the surface'1QYérs;are'éoft and weak, construction
activities, to start’with‘earthf111ing, can be extremeily

difficult. In such'situations, a permeable sheet is streched over
the soft ground and the sheet is then covered with
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horizontally between Jayers of earth and the ends of the sheet or
net are folded back to retain earth at the wall facing (Kodera
1385), '

bl . Root Piles

Root pites. are small diameter (75-250mm) piles, installed by
grouting around steel reinforcement placed in bre-bored holes. In
reinforcing slopes with root piles they are used in a group -
"Reticulated Root Piles”. Although 1individual root pile 1in the
group structure may be called upon to carry tension, compresion
and flexural pressures, the interaction with the included soil is
complex, and the soil-pile system is expected to bhehave as a
coherent body. ’ ’ :

Reticulated root piles are applied in landslide control works by
reinforcing in-situ . soil to create a soil-pile gravity retaining
wall, without any excavations and without introducing any
disturbance of precarious equilibrium of the slope (Lizzi,
1977,19278). The design approach®™to slope stabilisation using
reticulated root piles is described by Lizzi (1978). Root piles
introduced to the industry over 30 years ago is. widely used also
in underpinning works.

‘c) Soil Nailing

Soil. hailing - is similar to root.piles in many respects and are
used primarily for improving stability of slopes and excavitions.
The method of soil nailing is based on the principle of
reinforcing soil by means of tensioning bars (so-zalled nails).

Soil nailing is being used at present to stabilise natural’

slopes, cuts or excavation walls in granular soils., stiff clays
and soft rocks (Gassler, 1988). ’

Nails, which are usually 20-30mm size steel rods, are placed 1in
pre-drilled holes and anchored into the natural ground by
grouting. The open end of the nails are fixed to wall facings. -In
cut slopes shotcrete on wire mesh is sometimes used for surface
protection of the slope. But concrete frames or cribs are
csometimes used along with synthetic nets to promote vegetative
agrowth (JHPC,1987).

d) Tex Sol Method

Tex Sol Technique is a mixing of. continuous polymer varrn arcd 501l
to form a composite material in which the .yarn brings its tensile
resistance. In the present practice, the soils used to produce
Tex Sol are essentially natural sands for the reasons that;
mixing of sand and yarn is easier than with cohesive soils,
mechanical performance of sand 1is very strongly improved by the
tensiie strength of vyarn, natural sands are obtained cheap in
many areas. Tex Sol technique developed in France, taking the
hint from the roots of plants,.is widely used in retaining
structures for cuts in natural ground, for retaining fills and,
in slope protection. Tex Sol being a deformable material can
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(sandy/gravelly) soil. Today, woven .or unwoven geotextiles are
commonly used .as the sheet which can be laid in one or several]
layers. Stability of the ground is maintained by the tension 1in
the streched sheet. Sheet prevents lateral flow and failure of
weak ground and caving-in or intrusion of fi11 material into the
soft ground. It also enables construction of “a fil] with even
thickness which 1is very important in controliing differential
settiement due to fill load. Ropes streched in both directions
over:the ground are used for increased strength of the sheet
(Nishibayashi, 1982). Frames of bamboo and vinyl pipes have been
used together with synthetic nets in reclamation works in Japan
over soft marine clay deposits with more than 40% colloid
content (Nishibayashi, 1988).

- b) Pile Net Method

In this method timber or precast concrete piles are driven inta
the weak ground at desired intervals and the pile heads are
interconnected with steel bars, which provide a base to stretch a
net. It is intended that the loads from the fill are distributed
to deeper levels through the pile minimising the direct effect on

~weak upper soil layers. It is also said to be effective against

Jateral flow and slip failure of the soft ground and in reducing
ground settlement. Application of Pile Net method to a site with
3m of peat underlain by a 4m thick deposit of silt is reported by
Kodera (1985).

3.3.15 Slope Stabilisation

Particularly in mountaneous terrain, situations arise where
construction involves unstable slopes and stabilisation of
natural slopes or the man made slopes becomes necessary. A few
methods used for improving the stability of slopes using
reinforcing materials are mentioned below.

a) Reinforced Farth Walls. .
Reinforced earth is primarily a composite material formed by the
association of soil .and ‘reinforcement, the Jlatter being, 1in most
cases, made up of metal strips or bars placed nearly horizontaltly
and which can withstand large tensile forces. The essential
feature of reinforced earth is the friction between the earth
and:the reinforcement. Tension built up in the earth mass is.
transfered from soil to the reinforcemment by means of friction
and tension develops 1in the reinforcement. Soil mass now behaves
as though there is cohesion ih the direction of reinforcement. It
is therefore necessary that non-plastic material which has good
internal friction be used in reinforced structures. . o

Thefe"are different methods of earth reinforcing in walls. In the
Terre. Armee method, precast concrete panels or semi-elliptical

‘metal elements which make the wall facing are held in position by

the tension of steel bars. or strips placed in the earth in the

wall or embankment (Schlosser, 1976). In .another method, -e.g. in
Free Basket method, geotextiles or metal nets are Taid



absorb considerable shock energy through large‘deformatiOHS
(Laflaive, 1988).

3.16 Thermal Treatment of Ground

Both heating and freezing can. be used for soil improvement. Fine
grained soils when dried; gains strength but looses on subsequent
rewetting. They can be permanently improved by treating at
temperatures above BOOOC to decrease moisture sensitivity,
compressibility, swelling and to increase strength. Although heat
treatment has been found to be more economical for stabilising
collapsilble loess in the USSR, its applicability 1in countries
1ike Sri lLanka is doubtful. S ’

Artificial ground freezing is  used under emergency conditions
" for temporary ground supports and controlling groundwater in
excavations and tunneling  in soft ground. Liquid nitrogen and
carbon dioxide are used in the refrigerant systems which can
produce quick results. However, high cost and d1ff1ru1t1es in
operation make its application reetr1ﬂred : '

3.3.17 Porus Coclumn for iLiquifaction Contro1

In seismic regions, loose fine grainaed soil deposits pose major
foundation problem due to .liguifaction. Niigata earthquake 1in
Japan in 1964 was a classic example where many buildings and
strucures either tilted or collapsed when high pore pressures
were suddenly .built up in the silty/sandy deposits bringing the
ground to a liquified state. Spontaneous development of such high
pore pressures can be prevented by providing for faster
dissipation of porewater pressure through effective vertical
drains. Precast concrete porus pipes, perforated vinyl )1pes or
gravel columns are .generally emp]oyed as the vertical drains.
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-Soil

DR. T. Sivapatham
Irrigation Department

1.0 INTRODUCTION

every building, dam, road, airport etc.
rest upon soil. Many of these ~structures
employ soil in their construction. The
- situation is  to find a soil at a
prarticular . site which is satisfactory for a
particular use as it oecurs in-situ. But
unfortunately this situation rarely exists. The

Almost
must
aluo

different ways of dealing with unsatisfactory
=0ils are, '
(i) to choose another site
(ii) to remove bad soil and replace
desirable soil, T
(iiil) to redesign the strilcture for the
conditions at hand.
(iv) to treat the soil +to improve
properties. :
The method mentioned in (iv) above is s0i1l
s«tabilisation. In .the broadest sense, soil
stabilisation is the alteration of any property’
of a s0il to improve its engdineering
rerformance. Examples of soil improvement are

increased strength (as for a ravement subgrade),
reduced compressibility (as for the -foundation
of a structure) and reduced rermeability . (as for
the foundation of a dam). :

stabilisation or s0il
techniques can be classified in
according to the nature of the process involved,
the " material added, the desired result, ete.
On the basis of process we have mechanical
stabilisation, chemical stabilisation, thermal
stabilisation and electrical’ stabilization.
Mechanical stabilisation covers two methods of
changing 501l  particles. They are

improvement
various ways:

or removal of soil particles. There are several
exanples of particle rearrangements ie., the
blending of the lavers of a stratified s01l, the
remoulding of an undisturbed soil and of most
importance, the densification of a 501,
Densification of a so0il can be achieved by

compaction (with mechanical equipment},
preloading (by placing a temporary load) and
dewatering (removal of pors water and for

reduction of pore pressure).

In this paper, it is intended to <cover the
various aspects of densification of soil by the
method of compaction and the addition or removal
of s0il particles.’

the:
‘rearrangement of soil particles and the addition

MECHANICAL SOIL STABILISATION

. water (even the air voids,
,not

2.0 BASIC PRINCIPLES OF COMPACTIOHM

Thé single-most important task in any  earthwork

is to ensure good compaction. It is a comnon
fallacy that heavy machinery will effect
compaction according to its size and weight,
whereas in fact +the relevant factor is the
bearing pressure sxerted at the soil surface.

The first principle of compaction ig, therefore,

to ensure a substantial contact ' pressure with
the soil. :

Secondly, it is realised that, a common aid +to
the compaction of any dry soil is water. Toeo
much water is undesirable, as the soil becomes
sticky, or even worse. Too little water i
equally undesirable. A  certain level of

moistness in each soil gives the easier and best
compaction. Thus  the second principle of
compaction is that the moisture content at which
the s0il ig compacted determines the
effectiveness of the contact pressure applied.
This moisture content is known as  the optinmim
moisturs content and for given compactive effort
is an  unique property of each soil. The
relation between moisture content and the dry
density of earthen material is shown in Fig. 1.
Also shown in this figure is a line known as the
zero air voids line, which represents the
densities which might theoretically be achieved
if no. air voids remained in the compacted mass.

It is evident -from ffig. 1 that to the right of
1he optimum moisture content compacted densiily
falls off due to an inability to expel excess
although small, are
. -further diminished). In - confined
situation, this loss of compacted density, wel-
of —opiimum, may be abtbributed to pore pressure
in the water phase which cannot dissipate. 1f
only little confining force exists, the material
flows away from the compaction zone due {o
loss of shear strength in the moil.

It is also evident from Fig. 1 that to the lefh
of .the optimum moisture content, the - compactlnd

density. falls off in such a way that air voids
increase rapidly. This loss of density way be
attributed +to either or both the factors of
inereasing shear resistance to the compacting
force, or increasing resistance to grain
fracture.

¥Fig. 2 shows qualitatively the relationship
between increased compactive effort aryl
increased density for soils at the same ihitial
density but at different water contents. Curves
1 & 2 in Fig. 2(a), represent water content
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different moisture content. )

density curves for the same soil compacted with
the same equipment but using *two compactive
efforts. ‘Points ’a’ and ’b’, represent two
conditions of the soil compacted with the lower
compactive effort to the same dry density . but at

Lwo different water contents (below and above-

optimum). As the compaction is increased to the
higher compactive effort (curve 2Y), . the dry
density of the material at ’a’ increases more
rapidly than at ’b’,Fig. 2(b). This difference
in the influence of the increased compactive
effort on density is due to the fact  that the
wetter material is soft and the shear stresses

imposed on +the so0il during the compaction
process are greater than the shear strength.
Hence, the compaction energy is dissipated
largely in shearing the compacted material

without much additional densification. On the
dry side of optimum the material is stiffer and
more of the compaction. energy goes .. into
compressing the soil to a denser state.

In setting requirement for compaction based on
moisture content and density, it is always
important +to keep in mind the purpose of the
work. For dams which require low permeability
should be constructed slightly wet-of-optimum
(with due consideration given to construction
pore pressures) whereas stabilised pavenents,
especially lime
constructed slightly dry—-of-optimum. It may - be
mentioned that the moisturs content and ~ density
referred. to above are obtained_from a - standard
laboratory ccmpaction. test where the compactive
effort is fixed. '

stabilised c¢lays, are best

The effects of particle crushing due to

principle of compaction.

different particle sizes. This princip}e was
established by Fuller and Thompson (199/) who-
demonstrated the existence of a Serles of

preferred dradings if the highest densities were
. to be obtained irn mechanical mixtures of gravels.

The “"Fuller” curves, shown in Fig. 3, €eXpress
the size gradinds for materials with various Fop
sizes which will pack, under a given compactive
effort to. the highest densities.
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All compaction which relies for its density obn

good dgrading  of the compacted material i
essentially achieved by filling the voidy
between the larger particles with particles of
progressively smaller size until even the finest
voids  have been filled. It may be noted thab
over working and reuse of soil can create excess
fines, drop the shear strength and sometines
destroy mnatural eochesion such that 3loss of
density oceurs by "over-rolling”. )

The existence of a constraining layer around and
below the soil being cownpacted is a further
requirement if any compaction process iz to be
effective. Hence it could be said that the
fourth principle of compaction is that the shear
stresses -in the soil wust be confined if
compaction is  to be achieved. The = confining
mass may be the scil itself provided the applied

compressive forces dissipate within an
acceptable distance from the point of
application. But on the other hand if a layer

of saturated soil or other soil of low bearing
capacity underlies the layer to be compacted
then no real compaction can be achieved. The
reason being +the s=soft layer will offer no
reaction to the load and will deform so as to

nullify much of the applied compactive effort.
In sueh circumstances "stage" compaction is
‘adopted by first rolling with light rollers to
"develop “its own strength and then by heavier
rollers to complete the compaction.
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rolling
may be included as. part of a more general third
' That is to say thab
highest densities are achieved by mixtures of
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In addition to the four major principles
mentioned above there are other lesser factors
such as particle shape, chemical status of the
so0il water, temperature and mode of application
of the compaction force which have an influence
on soil compaction.

Hatural particles vary both in form and -ifv
surface roughness. Particles which are flat and
flaky normally pack more densely than those with
rounder from. The flat sheets of clay particles
and micas posSess more surface repulsive forces .
because .of " their small size and “thus resist
compaction. Particles with smoother surface
will pack more easily than rough and angular
prarticles 'due to lower inter-particle friction
but are easily displaceable by shear forces.

other
given-
One such important effect is
that of wvarious ionic additives in the -soil

water. ‘This. is due to the reaction of the ions
with the primary clay.particles to cause greater
or lesser shear strength. This is shown in Fig.

4 for clayey soils. Increased temperature
vields slightly better compacted densities for
the same effort. :

The compaction aid used, water of’fany
fluid, also affects the response’ to a
compactive affort.

The mode of application of the compacting force
has influence in two ways. Firstly, it is
unidirectional and it will usually produce a
state with preferred orientation of the
Secondly, a static force is less effective
a dynamic. force of the same magnitude since the
internal ‘shearing caused under repeated load
causes densification faster than that would be
obtained by-steady creep under a fixed load.

than

3.0 LABORATORY COMPACTION
3.1 Type of Tests

Laboratbry tests are performed by compacting

the ‘soil in layers in cylindrical ° steel
moulds. . Three general types of tests have
been déveloped .

(i) 'Dynamic tests in which the soil is
compacted in layers. by the free fall
of a hammer
Kneading tests in which the sOii is

(ii)
voeompacted in layers with a kneading
piston or tamper :

(1i1)8tatic tests in which the. soil is
- compacted in layers | by static
-pressure of a piston with ares equal

to the area of the compaction mould.

Dynamic tests are used
for earth embankment. Kneading
tests have been performed
either for research or for the preparation
nf samples for strength or pPermeability
tests. Static compaction tests have not
been employed to any significant degree.

almost exclusively
compaction

occasionally,
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voids. =, -
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—— = Anionic and dispersive additives
- No additive
~——— Cationic additives

Moisture content

bFig. 4 - Effect of additives on i
compaction characteristics.

3.2 Dynamic Tests

The details of laboratory dynamic compaction

tests in common use are given in Table 1.
The test commonly used most is the standard
Proctor. Experience shows that +the field
compactive effort exerted by rollers
commonly wused for earth ewmbankments is
slightly higher than the laboratory standard
Proctor test and much lower than the
modified Proctor.  For this reason an

intermediate laboratory test with compactive
effort of 19,500 ft lb/ft° is sometimes usedl
for construction control. .

3.2 Kneading Testu

It has long been observed that the
content-density curves for actual
embankments compacted with rollers have
maximan  densities akt  higher dedrees ol
saturation ‘than the curves for the same
soil compacted in  the laboratory with
dynamic tests. To simulate the field
procedure more closely, kneading tests arec
made by compacting the soil through the
kneading - action of a tampting .piston or
foot. Such tests provide water content

density curves closer to field results.

water

Howéver, Dbecause the differences are
© great and because the kneading tampers
more expensive, kneading - compaction

are not widely used.

not
are
tests

4.0 FIELD COMPACTION WITH HEAVY EQUIPMENT

An - existing deposit of 501l can be rolled
compactors to densify it. The compaction of in

place soils iz usually limited to the top foot
or so of a subgrade pricr to prlacement . of fill.
Sands can sometimes be densified with rollers
for a depth of 3 to 6 ft. Most compaction iu
done on soil freshly placed in layers.

with



Y Table 4

MOLD ‘S17E

Details of Laboratory Compaction Tests in Common Use

HAMMER

TEST PROCEDURE

’ Diameter
NAME OF TEST RENA

Volume

(ﬂ.s)

(ASTM,_D-698-58
and AASHO T99-57)¢
Modified Proctor :
58T

“Diai

. (tn) :

g

(ASTM D-1557- . fo 2
and AASHO T180-57) +, 4.584 ’
SBR: “o4.9281 )

X' 3o 2

. 6.000

State of Culifornia - 4,250 S .

Department of ' DT X e 2
WatérT(os'ourt«“ SRR (X 004 E T

No. of

) IHammer Marimunt - COMPACTIVE
Weight - Drop No.of  Blows  Parlicle EFFORT
() =+ (ne) Layers  Layer o - Size. (¥r.-Li/Fr.3)
5.5 12 25 “No. 4 12,875
10 18 5 25 No.4 . 55,230
1 ~~——
5.H 18 3 25 No. 4 - 12,375
100 18- ] 13 No. 4 19,500

1 For!coarse sotl, %-m xxm\lmum pdrtu,lc size may ‘be used. (See AS l‘M and AASHO Test Procedures for “Method (_'” )
2 In comfnon usage the tosts d(,scnbt.d by the:terms *“standard Proctor,” “standard ANTM” and “standard AASIIO" are
ith(‘ same; however, tlm is not the sa.mc l‘ll)Or'ltOI‘} compaction test pxopnsod by Proctor in hig original papers. Tit Proctor’s

k Aougm'tl test; the soil was compactcd With a “hrmly struck”. blow from a height of 12 in. rather than by the free fall of the
‘blmmmcx Because of the difficulty in duplicating the results, the original test of Proctor has not been widely used and tlic
name “stand: ard-Proctor test” has béen géicrally used for the standard test procedures adopted by the ASTM aid AASHO.
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- Table 2

VARIOUS ROLLER TYPES AND THEIR USES

Usual roll
(approx.) dia.

Usual weight

(approx.) kg width

Roﬁé_f type

" Usual roll

\ (approx.}m

Contact load
N

Remarkst,

Smooth wheel 810012 200 1.5 1.9
; {rear) :
Grid . 6100 unballasted 17 1.6
’ 13 200 ballasted .
Vibratory 4050 12 138
3050-5050 unballasted 1.5 1.7

Sheepsfoot
R 50507100 ballasted .

Pncumatic tyre  8100-12 200 : — 2.3

-0.35-0.61

per cm width

Very high

0.21
per cm width

4801725 per m?
(on the feet) .

345-390 per m?
(inflation pressurc)

Beiter for granular materials. Will operate
successfully above O.M.C. (if not too wet).

Should be operated at as fast a speed as
possible. Chicfly. used for breaking down
oversize stones and forcing them below the
surfuce to give a better surface finish.

Better for granular materdals than smooth
wheel rollers; since only half the weight gives
cqual compaction. Frequency about 2000 Hz
cycles/min.

60-120 1t per drum Best suited for clays,
especially in semi-arid zones. The foot pressure
may be too high lor saturated high moisturce
clays und too low for very dry clays.}

4-11 wheels with 9-22 kN per tyre. Best for
cohesionless and low cohesion soils, and for
surface finishing.

1 For roller outputs, see Table 1.2.
1 A vibratory sheepsfoot is especially good for dry clays.

Compaction is achieved with many types of heavy

rollers which include rubber-tyred rollers,
sheepsfoot rollers, grid rollers, vibratory
rollers, . ete. The rollexr +types and their:

preferred uses are given in Table 2.

The mwost important features

of roller compaction
are as follows:-— ) .

roller

Repeated passes of the same
effecth

rapidly lose coampaction
at the same moisture content.

(1)

(i1)

Optimun field moisture content for
a particular roller may differ
from the value determined in the
laboratory and allowance should be

made for this fact. In particular
the optimum moisture content for
the first roller pass may be

slightly higher than for the second
pass and =0 on similarly. Therefore
some drving time can be
advantageous between roller rasses.

&

#




w©

o

(iii) The speed of the roller has little
s ieffect on .the compaction -achieved.

roller requires
than other . rollers
its limited | bearing
poor coveragde.

(iv} - A sheepsfoot
- " more passes

-7 because of
are'as, hence

are better
materials.

Different rollers
suited to different
Thue the kneading sheepsfoot or
‘smooth steel - rollers are most
suitable for clays; but vibratory.
smooth or grid rollers for sands
and gravels. In. particular
vibratory rollers arc found to
be effective on. sandy-soils as
Ton-vibratory rollers of. twice
their weight. :

(v)

The heaviest roller compatible
with (iv) above will .give’ the
best compaction in every case.
Heaviest roller which does
not cause subgrade failures is
always recommended.

(vi}

(vii)
than the tyre pressure of +the

earth moving plant.

Table 3 shows the output of various rollers. All
the rollers are designed to compact
layers at the surface and not to the  compaction
of deep so0ils in-situ. It has been shown that
the effective depth of compaction produced does
not usually exceed 25 cm and hence it is usual
Lo restrict the depth of each new layer such
that +the thickness does not exceed 15 em to 25

cw after +the passage of the roller. Rollers
must - preferably operate on soils at  or below
optimum moisture content since they are - liable
to bog down in loose or saturated weak soils.

Holler or rammer compaction is unsuited for wesak

saturated soils, highly organic (peaty) =soils
and some very micaceous soils in addition to
those deep soft soils which must be compacted.
in-situ.

5.0 COMPACTION BY CHEMICAL MEANS

Any addition to the s6il which reacts with the
clay fraction in such a way as to defloculate or

coagulate the clay fraction of the soil will
aid --the. compaction of a soil dry—-of-optimum.
The addition of anionic additives such as
inorganic salts (Sodium Chloride, Sodium
Carbonate,  Sodium Phosphate etec.) and organie
derivatives of sulphonic acid to the soil water
will aid +the compaction (see Fig.4). The
desirable rate of application varies but
generally 1% to 2% of the dry weight of soils

for inorgenie salts and 0.1% to 0.5% for organic

derivatives. These are valuable aids to
compaction in dry clay soils. ’

In sandy soils dispersing agents are not
effective since there is no cohesion. . Agents,
capable of either reducing interparticle
friction or  the residual cohesion Tforces of
moisture, are effective aids +o compaction.

Wetting . agents ensure good fluids  distribution
and emulsions reduce the residual cohssion in
sand. .These methods are effective only where

Roller\gfessure should be greater’

soil in’

‘react

mechanical wmixing of so0il and additive iss
possible. .Quicklime hydration reaction is used
where mixing prior to compaction is not
possible.. If quicklime and water are .allowed to
in a confined environment high pressure

(temperature also rises) develops. Thig fact is

‘used in the .compaction of deep soft - Soils by
simple drilling or driving holes with a casing,
ffilling the hole with quicklime (for economy

lime-sand  mikes can be used), ‘withdrawing & the

‘ecasing ‘and ‘sealing the hole. The ‘heat of
bydration ' increases +the fluidity of the s=soil
water 1leading. to a rapid extraction of water
from the soil and  simultaneous lateral
consoclidation under the expansive forces
gerierated | by, the lime hydrate formed. This
method. -is . suitable for silts and light loams

rather than sands or heavy clays.

Another - method where saturated clay layvers can
be consolidated, is to sandwich quicklime layers
(spread between thin sheets of drain- cardboard)
between clay layers. Due to both temperature
and the pressure generated in the reaction of
the quicklime the drainage of water is speeded
and consclidation is acecelerated. ’ '

6.0 COMPACTION BY SHOCK
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principle

based
waves

Numerous wmethods for deep soil compachtion
onn the sapplication of impact or shoeck
have been successfully applied in practice. The
of ramning can be extended to depth
and may be accomplished either by direet power
compaction or ~vibrofloation. Direct power

compaction consists of driven hollow pile, the
end of which is operied or closed as desired, by

remote control so that strata at any selected
depth can be compacted by alternately slightly
raising and then ramming with the closed head.

The mode of operation is shown in Fig. 5. This
method is suitable for sandy soils.

Table 3 OUTPUT OF VARIOUS ROLLERS (CUBI 3
. (alter Morris and Cochrane(. lggd)g METRE PER ”QUR)

— 27T Tochane,
Mod, Cohesive matertals hesit ;
potonny s s el
sspeed Onfs) oy e o Sand
s feae Sty andy Wellgraded ~ Grar lsond.
8100 kg steel 85 0 460 280 -
wheeled rolier % w0 105" Nir (90)
(se)l-propelled) 95 Nil um Nil (90} ko 28
09 m)s 100 90 -3?
_ ,
3800kg vibratory 85 130 - o
Folter (drawn) 2 25 e
0Tmys 95 Nil 90y Nil (90) 30 170
100 105" 105
e L n
3500 kg vibrating 85 7s I —
tandem roller 90 M i
(sclf-propelled) 95 Nil @ i
<iprop 3 il oo Nil (90) _Ig(csl.) 1£¢uu
——
4600kg aper foot g5 s e g T
172kN/m T80 NIl o0 7 NIt (90) Nit (5
sheepsfoot roller 95 Nil 90} o
(drawn) 0.9 mys 100
5050 kg club foot 85 170 150 .
s
b 92
794 kN/m? % 100 75 Nil (75) Nil (74)
sheepsfoot rofler 95 Nit (95)  Nit (90)
‘(drawn) 0.9 mys 100
12200kg preumatic 85 Nil (85
tyred 25 kN/m? 90 ) TN 3(22; -
roller {(drawn) 95 130 2;;)
0.9 m/s 100 : Nil . (95) Nil (95
20300 kg pncumatic 85 140
n 460(est)
Sred SSEN/mT 9 ng oy Tas 360est)
50911’::lidmwn) 95 Nl (95) M0fest) 110
¢ "K)‘_N» o il (100) Nil (100)
IJ';IOO kg grid ®S 20 T 230 — T T
rollor (drawn) 90 ity 0
0.6m/s 95 Nil (95) Nit (95) 150 %
100 i 30 Nit 75)

= Figutes converted from Mriivh uaite and are on,

I the Case of the 3800 kp vibrating tandemm s "0 O FIBUres n beaclers are masimmumt demrues after 32 panes tor 15 pareey




Vibrofloation’ like direct power compaction
consists of a driven hollow pile and in this
case the initial driving can be assisted by
water . Jjets. . After the reguired depth ig
reached, +the pile is withdrawn slowly while
gravel or cérushed stone is supplied down the
shaft and a heavy vibrating action applied +to
the dravel as it.is placed.
power compaction and vibrofloatation the driving
of the hollow shaft itself causes a ‘compaction
of the soil. This method is suitable for sands
and silts.

Another such technique is sand piling which . is
rather similer +to vibrofloatation but for
ecanouy sand  ia  umed” instead of gravel and
relies  in part on the drainage characteristics
of the sand piles to produce settlement after
placement of the columns. This can be used for
s1lty and clayey soils.

An  alternative method of impact compaction. for

looze, wet sandy soils is by eélectric | shock: -
This wmethod consists of an impulse ¢(enerator,
high voltage condenser and electric . discharge
tip- which is inserted in the soil with the aid
of a water jet and from which dischardes are
made at 5 - 20 second intervals. ~Each discharge
lasts Only about one-millionth.of a second and

in saturated sandy soils very high pressures can

be generated (upto 10,000 kg/cm®) by the shoeck
wave. Increases in relative density is from
about 30% to about 70%.. It is known that soils

above about. 70%¥ relative density are not subject
to liquefaction. Hence all the shock treatments
which rely on liguefaction phenomena cannot
produce relative densities higher than 70%. The
" radius of effect varies between one and five
metres. :

Explosive shock waves has been used on  many
soils +to achieve compaction. Consolidation of
sandy soils, especially in dams, has.  been
attempted in‘this way.
across peaty formations has been consolidated by
this method.:. Actually this has been achieved by

"bog blasting"” which is not intended to coxpact
the . very . elastic organic soil but rather
displace it’ from under +the surcharged fill

allowing the fill to settle into the area
which the organic soil has been displaced.

from

Section A-A : :

- Sequence of Operations
‘Direct Power Compaction” ;

!

Fig. 5

In both direct

Also highway embankments .

= . wetted cause collapse.
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leaching also belong to this group of

7.0 HYDROCOMPACTION

in a loose
deposition) in
frost heave
can easily

Soils which have accumulated
condition (for example by wind
arid areas and soils subjected to
with subsequent sublimation of ice
self-compact following inundation. Compaction
will Dbe aided by surcharde and any other usual
means of  compaction. The natural collapse
following +the addition of water to a soil has
been termed hydrocompaction. Quick clays of
Norway and Canada which become metastable on
materials
liable to self compaction.

Soils which have weathered Lo a mechanically
metastable conditicn (tropical granitic soils)
do not settle so readily when water is added due
to the existence of wechanical interlock between
the s0il particles. As  this  interlock is
progressively weakened by weathering, a
‘situation will arise in ¥hich a surcharged load
which was formerly stable will, when the soil is
These types of soils are
North Queensland
ete.

found in Japan (Masa Soils),
(granitic soils) and Rhodesia,

8.0 EFFECTS OF COMPACTION OM CLAYEY SOILS

-8.1 Effects of compaction on structure
Fig. 6 shows the effects
clay structure. The orientation patterns
shown are simplified. The moisture content
at A is so low that the electric repulsive
forces ' between particles are smaller than

the attractive forces and the particles
therefore tend to flocculate in a disorderly

of cowpaction on

array. = As the moisture content is
‘increased, the repulsion between
particles - increases thereby permitting the
prarticles to disperse and slide into a more
orderly array. Beyond B the degree of
particle parallelism increases, but the
density decreaseés because water begins to

occupy space which could be filled with soil

particles. :
~Increasing the compactive effort at any
given moisture content increases the

orientation of particles and therefore gives
a higher density -as illustrated by the point
E in Fig. 6.

- High compacted
) effort
=
@
i~
L
o
o
Q
‘5 f— — 2 — i — o — —
Q
=N
£
S
I Low compacted
effort | .
Molding water content ——

- Effects of Compaction
on Structure

Fig. 6




Any clay under a given set of conditions has
an eguilibrium moisture conbtent. Since the
moisture content at A is less than at B, the
soil at A is further below the typical
equilibrium moisture content and thus has =
higher water deficiency than the sare 5011
at B. Whenever the existing moisture
content of a clay sample is less than - the
equilibrium moisture content, the sample
tries to absorb water to satisfy this
deficiency. If no water is available rpore

vater tenmsions develop due to capillary
action.
4.2 Effects of compaction on Permeability

Fig. 7 shows the typical marked decrease in
permeability with increase in moulding
moisture content on the dry side of optimum
moisture content. A minimum permeability
occurs at or slightly above optimum
which a slightly increase in permesbility
occurs.

Increasing the compactive effort reduces

permeability since it both increases
compacted densit and the orientation of
particles. .

8.3 Effect.é of compaction 5341

compressibility and swellability

Fig. 8 shows the difference in

compression *
characteristics between two saturated
‘samples at the same density, one compacted

on the dry side of optimum and one compacted
on the wet side. It is seen that at low
pressures, the wet side compacted sample is

. more compressible than the dry-side 'sample

Pekmeabilily, cm/sec

Dry density, Ib/ cu ft
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water . -

after -

since the flocculabted particles have wmore

resistance o compression. At high
pressures the compression of the dry-side
compacted sample is greater than the vweb-
side sample since the applied pressure
becomes great enough to cause particle
reorientation. . There is also. gome large

pressure at which the densities of the dry-
side and. wet-side compacted samples are

. approximately equal.

A sample compacted. dry of opbimum will swell

‘more (at the sawe confining pressure) when

water is added than a web-side' compacted
sample due to its greater moisture
deficiency and a lower degdree of saturation
as well as a more randomn particle
arrangement. Even at equal degrees of
saturation, the dry-side compacted specimen
tends to swell more than the wet-side
sample. Fig. g shows the swell

characteristics of a sandy clay.

Dry compacted or
undislurbed sample

. Dry compacted or

1' undisturbed sample 1
Wet compacted or
o e . remolded sample
H & g
E Wet compacted or % é
remolded sample = N :
—
@ Rebound for both samples — -

Pressure, natural scale — Pressure, log scale —»
i

“(a) Low pressure consolidation

_ Effect of 1-D Compression

(b) High pressure consolidation

Fig. 8
on Structure
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““'has . been

"improve the berform&hce of roads. - The

A ‘sample compacted wet -of . éptimum - will’
shrink . more on drying than & sawple at ‘the.
same .density dry of - optimum.‘,'Thg more-
nearly ¢ parallel array of particles . in cthe’
vet-side sample will pack mdre efficiently
as drying occurs. ) ; ) : e
8.4 'Effects of compaction on strength and,
' stress-strain characteristics g
The following facts are typical of undrained
as—moulded. - strength propertigs’ " of a
compacted clay:- ) :

1 e

compactive efforti.dry of”
results in an “incréase of

Incfeased'
optimum
strength.

Increased compactive effort wet of
optimum fan result in a small amount
of gain .or loss in strength.

(ii)

(iii) For the same compactive effort, énd
the same compacted density dry side '
compaction gives a higher strength

‘than does“wet-side compaction.

If two. samples, one compacted dry of optimum
and the other compacted wet of optimum, are
held. at constant volume and saturated;  the
sample compacted on the dry side tends to be

stronger than +that on the wet  side. The
strength difference, if any, between the two
samples ‘after saturation is, however, . much .
smaller - than prior to gsaturation: If free

or even partial swelling is permitted during

- saturation, the differences in strengths
between . the . dry and wvet side compacted
samples . can, be considerably reduced. The |- -

undrained . shear strength.may.be‘,about the:
sawe. . The drained shear strength is - about

the same for the two samples if swelling - is
not prohibited during saturation.

Samp} S, compacted dry of" optimﬂm' (ileﬁag@H
floctulated structure) tend to give steeper -
stress=strain curves than sawmples | compacted

wet of;9ptimum_(ie dispersed structure}.

9.0 THE ADDITION OR REMOVAL OF SOIL PARTICLES

ing béhaviour of soil  depends on

The
(among’ other things) the size distribution and -
the composition,of the particles. . This aspect

= escribéd. in Section. 2 with;regard to .
achieving: ‘higher " compacted’ density,f using - -~
specified‘ggading'of the soil. < o

Addition 'of binder to gravel W -.for road -,

‘construction’ works - is frequently. adopted  to
~addition

of fines to road bases and sub—gradés'should be

done . with caution since a free-draining; non-

" frost-susceptible material may be changed intq a .

poor draining;and.frost—susceptible“Sbilh

ies of the materials which ocdur - in
‘may vary significantly iwith the

£ the mineral and with the typs of

ion on-the mineral: Ir"general, the
of a'given soil'can.b ltered by
ted fines. The commot ‘application’
ique is'the addition'of ‘bentonite

e
“and
‘obtained “by:

L pavenen

educ fhéﬂpérmeability of a’soil, A cheaper
superior reduction in permeablility can be
‘adding a’ good locally  available

soil.: - For: examplé a natural floor of A
‘reservolir. . with pervious material can: be mixed
with " dood.1locally available clay and: ’compacted

This will make an
seepagn

at'dptimum;mqisture content.
effective .’ impervious blanket to reduce

under the dam,’

The preseticé. of large amount of . 'fines in a

grave]l make . it unsatisfactory for use as
bageféoursés‘aha'fbff‘filtézcgcourses.
If the excéss:finss are washsd out of ‘the gravel
then its use as pavement base courses or filter

courses is possible depending on the economy .

10.0 COﬁSTRUCTION CONTROL OF COMPACTION
10.1 Purpose and methods of control

it ‘shouidl be noted that the most direct

measure . of the most ceritical soil. property
is _the sccurate method of compaction
control. For example in earth dam
construction permeability may be more
critieal than strength whereas in road
pavements . deformation is the most’ eritical

quantity But it is not always possible to

‘measure the wmost eritical prarameters by
simple field tests. Hence, relationship must
be esgtablished with more easily measured
parameters .and then use these parameters for
field control of compaction.

Basically construction control is exercisged
.first" by visual examination of the

uniformity of moisture content and the
properties .of the soil layer before
compaction, +the thickness of the compacted

layer and the action of the roller and heavy
hauling equipment on the construction
surface.

To ‘supplement the visual evaluation of the
quality of +fhe compaction,  tests of the
density and moisture content are used as the
indirect compaction control parameters.
Another useful technique is to keep track of
‘and’ control the rate of roller production in

terms. of average values of cubic ‘yards of
material . compacted per roller per unit of
time. " This figure will often correlate very

well wiph tbe averade compactionﬁqbtained.

It is common  for field construction
specifications to call for the attainment of
some ;fiXed_”percentage of the laboratory
maximum “dfy. density values (Standard or
Modified Proctor) usually 95% or more and a
range - of moisture content usually a little
les§  than . OMC to a little more than OMC.
Hence . 'the ‘density and moisture i content of
theicompacted,section are measured by field
dengity ' tésts and are then compared. with
the results of laboratory compaction tests
on the samé sample. ' If the density  and/or
moisture ' content of a - section . of the
'compacted layer fall outside- the: spscified
Llimits, the section may be rerolled:or broken
uppireworked +to  an acceptable moisture
content; ‘and then rerolled.
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“determination

_ the

ypes of field density tesﬁé‘éfe made,

one:roitine tests and the "other ‘on’  portions

frequént causes of.errorfin'«fiéld density
is that' the cdmpactéd. ‘material
‘to ! the  excavated hole tend  to

.. into the hgle and reduceits volume.
5% hidher density than thevaotuglfyalue.

The standard method of 'determining the
moisture content of the materisl  taken 4in
the . field density test :is  to.-dry the
specimen in an oven at a temperature of
110°C for .  atleast 24 hours: ' Thiz

invaolves a delay of 24 hours in obtaining
the result which is not satisfactory . for
compaction control. Hence . several rapid’
moisture content tests have been developed.
Most simple and quicker method i by heating

suspected to be inadequately compacted. The
.routinge - tests are performedat’  regular
int8rvéls (usually for each 2,000 -to 3,000
cubiciyyard ' of material i for “big jobs).
Results: of tests on suspdot areas are used .
to . ‘dédide whether or “‘not’ “£6- “require
reworking and additional ‘compaction.. The .
most s common density tests:-are  sand
replacement method, core ‘cutter method and
rubberiiballoon " method. One 8f  the most

- Eviderice eékists that this ‘causes’ 88 much as

the soil in an open pan over. a hotplate or

gas flame. Speedy Moisture Meter and Neutron
Moisture Meter can be used: which  also. give
quick . moisture content results .~ . :

A number of other rapid methédsvof;;moisture
content - determination have been. devised.
Proctor introduced a renetration’ "needle”

which tested water content by measuring the -

resistance +to penetration of the s0i].

“Another method developed by Hilf is based on

the statistical relationship between OMC ang
maximam density. This procediire allows the
of the relationship between
the moisture content and dry density of the

compacted ' layer and the laboratory optimum

conditions without the necessity for,

measuring the moisture content, -

10.2 Control procedures for materials
containing gravel

A typical family of compaction curves for

one  soil deposit having different uniform
indeX properties for the fines cand  having
different percentades of gravel (particles
coarsér than No. 4 U8 sieve) is shown in
Fig. 10(b). It is seen that the density of
the total material increases and the . OMC
decreases - with inoreasingj percentages of
graved siwves upto a maximum of about 80 to
75%. Above this value the density. decreases
again (curve 1 in Fig.. 10(a). Soils
containing: more gravels than the value
necessary to result in maximum density (B0
Lo 75%) do not have mufficiert fines to f£ill.
voids  and rapidly becomes . pervious
material with a small increase in the gravel
content. '

It. has been found from experience that for
the  material with less than about . 30% by
weight. :coarser than the No.4 sieve, the

ion’ of the fine (finer,than,_No;- 4
action : is not - affected. by the
of the gravels For s =38
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 material
‘been found that the higher the plasticity of

. -Water content ——>

Fié.lﬂi - Relationship between
- . density and gravel
ccontent.

gravel content ip the range roughly betweern
30 and 50% the maximum density of the uinug
Ho. 4 material ig likely to be lover and the
OMC higher than they would be if the gravel
were not present. This is true for  bobh
field compaction with rollers and for
Jaboratory compaction tests on the total
Frowm laboratory research it  has

; - the higher the quantity of
material which will be tolerated before
compaction of the fine fraction will be
influenced. )

Fﬁr so0ils containing more than about 50% by

weight coarser than the No.4 sieve, the
gravel content has a large influence on the
moisture content and the density of the
minug No. 4 waterial. For these coarse soils
the moisture content of the minus No. 4
fracticn necessary +to achieve. maximum
density. for the total material is  higher

than;tbe normal OMC.




For soils with a gravel content upto 25 or
30% +the most widely used and satisfactory-
control method is to compare the demsity of
the minus No. 4 (or 3/4 in) fraction of the

compacted  layer with the results of the
laboratory test performed on the same
fraction. Thig 1is done by computing the
density . of the fine fraction of the
embankment’ material by neasuring and
subtracing the weight and volume of the
gravel particles encountered in the field
density test. In soils where only a few
pieces of gravel are encountered in the
field density test, the influence of the

existence of the gravels on the computations

can be obviated by replacing the dravel
rarticles in the density test hole before
pouring in the calibrated sand to measure

the volume of the hole. For some soils this

method can be used up to a gravel content of
50%.

There is no widely accepted "best” method of
compaction control for the coarse soils.

The straight forwvard method iz to use a
laboratory test with a compaction cylinder
which i large enough to allow the

compaction of the total material inecluding
gravels. Normally it is preferred by many
engineers to use fewer large scale

compaction tests performed on the total

material since the tests are only intended

to supplement +the primary constryction

control by visual examination.

Another method of density control which has
been used widely is to establish a set of
standard curves for .the soil in each borrow
pit such as shown in Fig. 10(b). After .
these .basic laboratory curves are

established, the control procedure consists

P
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of measuring the density of the total
compacted - material (field density test)
determining +the percentage of gravel and
‘comparing the field and °  laboratory
densities. The basic laboratory curves
are . obtained by compacting representabive
specimens of the soil with different gravel
content in larder sized compaction moulds.

" 11.00 CONCLUDING REMARKS

Deep 501l compaction by the methods of
vibrofloation and sand piling are two of sevgral
methods which could be adopted for foundations
of structures in marshy areas. A study of costs
&f different types of foundations including ?he
above two methods for marshy areas for choosing
suitable and economical foundation types may be
a subject for further study.

a greater percentage of the gravel sizg

the residual soils found in Sri
friable, the applicability or
otherwise of. the methods described in BSub-
section 10.2 .for compaction control of @hese
residual soils may need further detail studies.

Since
particles in
Lanksa are
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1.  INTRODUCTION

“In ancient times the use of stabilized soil

lime mixtures were known as construction mate-
rials in various parts of the world. Nearly
2000 year ago Romans used this  material in
the construction of. roads. In Sri Lanka, ma-
ny ancient monuments have been
by using lime soil mortars along with  the
addition of other>"naturally occurring cemen-
ting materials.

Soil stabilization may be defined as the alt-
eration of so0il properties. to meet specific
engineering requirements. In xoad- works in
most cases, this may mean the improvement of

the strength of natural soil by the addition -

of a small percentage of a stabilizing agent
which is called admixture stabilization or
blending with another soil which - is called
In construction theé
purpose is to produce a material which is
strong enough to act as a subbase, base - or
a surfacing and. which retains its strength
in the presence of water.

Strictly speaking these stabilization methods
fall into the category of soil . improvements
although, in general terms, they can be cons-
idered ‘as ‘ground improvements using soil for
the passage of vehicles. )

The rapid growth in road traffic during the
last four decades resulted in the :demand for
more bitumen surfaced roads. Engineers found
that they can. construct very good .and cheap

roads by stabilizing natural materials with
cement, lime, bitumen and other admixtures
to form road bases and then surfacing them

with-a chip seal.

In Sri Lanka road engineers are running out
of good gquality gravels for subbase materials
expecially in urban areas. In the case of bas-
es, suitable -crushed or broken rocks for the
manufacture of ~such bases are not -available
in some areas,
Stabilized material bases are cheaper than
aggregate. bases, as in the case of the constr-
uction of the approach road to the Cement:
Factory at Puttalam. In the present context,
soil stabilization is becoming. more and' more
popular as there is a dearth of crushed rock,
Consequently in some parts of the country, it
is' becoming the only method  of constructing
road bases. I

constructed

as  Dbitumen;
-dust palliatives;

It has also been. . found that ..

‘As there are two papers, one on mechanical
stabilization and the other on geotextiles at
this Seminar, it is not intended. to go into
details’ regarding - these aspects but to give
only the - instances where these methods have
been used in Sri Lanka for road works. Only
details of admixture stabilization will be giv-

_en in this paper. -

2. "ADMIXTURE STABILIZATION .

The various types of admixture stabilizatios.
have been categorized according to the prope-
rties imparted to the soill. Types of admix-
tures -include cementing agents, for increasc
in strength by cementing action; modifiers to
»imprové;plasticity; water proofing agents, such
water retaining agents, such as
water retarding agents such

as organic polymers and miscellaneous chemi-

~cals such as resins, ligning etc, used for spec-

ial applications.

The cementing materials which are normally used
include portland cement, lime and mixtures of
lime and fly ash. In addition, the materi-
al which is used worldwide is bitumen for bit.

- umen stabilization.

The applicability of various types of stabili-
zation  methods for different types of soils,
as shown in Ingles and Metcalf (1972)2 ig given
in Figure- 1.

2.1 Cement Stabilization

Ordinary portland cement has been used succe-
ssfully to stabilize natural soils in order
to use them as base courses and subbases for
all +types of roads. Occasionally it has been
used as a surfacing for unpaved roads.It incr-
eases soil strength principally by hydration
and by some modification of clay minerals.

The technigque of cement stabilization involves
the pulverisation' of the soil, mixing the cem-
ent with the soil and the required quantity
of water and compacting in the usual manner.
The details of the various alternative .methods
carrying out these techniques are given in sec-
tion 3. )

Some of the aspects of cement stabilization
also applies to other admixture stabilization
methods where the admixtures such as lime,

bitumen and other chemicals are mixed with the
soil. B '
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The procedure of selecting soils for. stablll—
zation with ceéement - (or .lime) is usually’ deci-
ded on the results of laboratory CBR  tests.
The tests are normally conducted on °samples
of the soil. mixed with different amounts of
stabilizing :.agent and compacted to' . density
(normally :100% standard) expected to be att-
ained on the construction job and then cured
moist for three days -and immersed “in- watex
for four days prior to testing. The recommended
criteria are; .CBR of .not less than' 30%,6 for

subbases and CBR of not less than 80% for. bases.,

As the eff1c1ency of mixing in the!:field is

less than' -that in the laboratory it “is ‘the.-

normal practice to specify an additional 1%
of stabilizer above the laboratory requlreme—
nts. for fleld work. .

In projects ‘where small stabilizer.. c¢ontents
are being: contemplated, the lower limits are
decided by effectiveness with which the’ stabi-
lizer can be’ mixed and therefore it 'is nece-
ssary to stipulate the minimum values for field
mixing. The  suggested stabilizer percentages

in TRRL, UK Road Note 31(1977)3 are glven bef.ow.
Gravel (i) Mix 1n.place * : 3%
(11) Plant mix and travelllng 2%
plant * ) ,
Sand & (i) ‘Mix in place * 4%
light (ii) Plant mix and travelling 32
clays . plant * N

* These methods of stabilization are described
in section 3 of this paper.

Soil cement base courses where high  percentage.
of cement is used behaves as a semi-rigid slab,
and normally develops shrinkage cracks. These
cracks are not considered detrimental but sho-
uld be sealed 'in order to prevent infiltration
of water that could cause decrease 1n durabi-
llty.

2.2 Lime Stabilization

The next category - of cementing agent, which
is often used. in tropical ‘countries is lime.
The primary mechanics of stabilization is pozz-
olanic action, which is the formation of ceme-
ntitious silicates and aluminates. The other
mechanics of stabilization include. dlteration
of the water £ilm surrounding the c¢lay parti-
cles and flocculation of c¢lay particles. As
lime soil mixtures are susceptible to  free-
zing and thawing action, ‘their
is’ limited to regions where such cllmates‘
not present.

Hre

Stabilization of soils with hydrated 1lime
_ broadly similar to cement stabilization
that similar criteria of testing and cons
uction techniques are used. It differs, ho

ever, in several aspects. Firstly, it is appli- "

cable to far heavier clayey soils, and is less
suitable for granular soils (see Figure 1).
Secondly, the pavement obtained is a flexible
pavement when. compared to a semi rlgld pavem-
ent for cement stablllzatlon.4 Thlrdly,_ ‘the
method of obtaining strength™

earlier. is different and fourthly, .there isg

. Unlike cement,

utlllzatlon.

ag’ descrlbed-
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po rigid time period between radding water and
compacting as for cement stabilization. However,

studies with~ respect to the latter aspect has

shown that .there is a loss of 'strength if there
is-a delay: in compaction and a period not less
than 3 hours ' is stipulated by the Indian Roads
Congress(IRC).

In~_the lime stabilization process, the soil
should have . clay minerals for the stabiliz-
ation -reaction to take place. For lime stabili-
zation TRRL, UK;: Road Note 313 stipulates that
the soil should have at least 15 per cent par-
ticles finér than 425 um and forrthe plasticity
index to be ‘at least 10 per cent. It has been
found out "that organic matter . in _eXcess of
1 to -2 per cent  is 1likely to be deleterious
to strength and the IRC recommends a maximum
limit of 2 .per- - cént organic ' for use ‘in. lime
stabilization. o

Both quick lime ~and hydrated 1lime are most
commonly  used due to their convenience .in wo-
rking. Lime ' prepared by calcining dolomitic
limestone £rom --the up country has been. succ-
essfully uéed;for»stabilization.

‘which is of a known guality,
the ~quality  of 1lime obtained from . suppliers
'is” of. wide:variety and it is necessary -to ens-
ure the requisite gquality of lime before work

~is .started. A rapid method of estimating the
"available  lime (calcium oxide) content called
“the "activé lime content" has been worked out

by the R&D Division and has been used to dete-
rmine -the quality of lime.

Since recarbonation of burnt lime takes place
with' time ©.giving a poorer quality lime, it
is suggested that £freshly burnt 1lime is used
for lime -stabilization work especially for
large projects. ’

2.3 Lime fly ash stabilization

The addition of fly ash which is produced by
burning - coal and ‘which contains silica and
aluminia, to lime -stabilized soil speeds up
‘the process of pozzollanic action. As the amount
of fly ash which has to be added in this work
is high, .its use is 1limited to areas where
fly ash is produced as waste, such as the the-
rmal power statlons in India. '

As this method  does not have any appllcatlons
in Sri Lanka it is not described further in
this paper ~and the reader is referred to refe-
‘rence 5.

yjects, the use of 'a cementing mate-
't prohibitive and therefore in some
rojects in other countries, low
s of the material (as 1little as 2%)
e 'mixed to the soil merely to modify it.

may

" Frequently, in these countries, extremely wet

soil conditions are encountered and it is impo-
ssible to properly dry the materials. Under

‘these conditions modifiers which could be used

include cement, lime and bitumen. Cement and

“lime . will modify - the clay mineral and will

decreasé its plast1c1ty. Small percentages
of b;tpminous materlals can be used in soil
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aggregate mixtures having impurities of clay,,
where the bituminous material retards the adso-
rption of moisture to the clay particles.

These materials can be generally adopted for
use in ‘the’ case of borderline base course mate-
rialsl, o i :

2.5 Bitumen Stabilization

The next type of stabilization refers to the
water proofing materials, such as bituminous
materials which coat soil or aggregate parti-

‘cles. Bitumen stabilizationadds cohesive stre-

ngth and, with cohesive materials, it “water
proofs" the soil thus reducing loss of strength
with increase in moisture content. . .

This type of stabilization is best  suited for
granular soils using cutback bitumens and bitu-
minous emulsions, but its use for stabilizing
plastic soils is limited. Well graded non plas-
tic angular sands with particles passing the
75 am sieve not exceeding 10 per cent  have
given the best results. In the tropical count-
ties cutback with upper 1limits of viscosity
represented by a MC 800 grade can be used.
In general, the stability of the mix will be
higher with a:more viscous cutback. Best results
can be obtained if penetration. grade bitumens
are used. However, this requires heating the
binder as well as the .sand. Practically this
is. not- possible unless expenf§ive. premixing
plants are available in the close- proximity
of the construction work.

The. requirements of binder will generally vary
from 3 to 6 per cent by weight of the dry sand,

the higher percentages being required for fine -

sand. Addition of 1 to 2 per cent lime to non
plastic sands (not more  than 3 per cent clay)
may promote adhesion between" bitumen and sand
and improve the strength of bitumen stabilized
materials. - :

TRRL, UK Road Note 31 (1977)3 .has given crit-
eria for determining the amount
required, based on
or the Marshall test. These are given in Table

1 for sand bitumen base materials for tropical’

roads. carrying medium to light traffic.

- Table 1
CRITERIA FOR SAND BITUMEN ROAD BASE MATERIALS
Light traffic Medium traffic

Hubbard Field: 300 kg
stability at
60°C -(min)
Marshall sta-:
bility at 60°C
(min) .
Marshall flow 2.5 mm . 2 mm
value at 60°C

430 kg-

100 kg 150 kg

- (max) [

Note: Light and medium +traffic are defined
as less than 150 and 300 commercial vehi-
cles per ‘day respectively. They have
an average damaging power per vehicle

of 0.5 standard 8200 kg(18000 1lb) axles

or less.

33

" phere

of Dbitumen
either the .Hubbard Field.

" machines such as

at’ a

2.6 Membrane Stabilization

Stopping or retarding moisture movements into
soil such as for a subbase can also be achie-

ved by enveloping the soil in an asphaltic
membrane (see Figure 2).
2.7 Stabilization with calcium chloride and

sodium chloride

Some chemicals, when mixed with so0il or when
applied 'on the surface of a soil layer, will
increase the water absorption from the atmos-
keeping ‘the soil moist. They include
calcium and sodium chloride, which have been
used as dust palliatives on unpaved road surf-
aces for more than 50 years. The reaction of
soil and the chloride is brought about mainly
by changes in the soil water itself, thereby
decreasing the rate of evaporation of soil
water. Thus they have also been used as a
method of assisting construction work to retard
evaporation of the soil during cpmpaétionl.

2.8 Stabilization with water retarding agents

Several other chemicals can be used for stabi-
lization. Some of these chemicals will make
the soil hydrophobic.  They will decrease the
rate of water absorption to some extent. Their
'general use is limited, as they have drawbacks,
including their expense7-

3. CONSTRUCTION TECHNIQUES

3.1 Stabilization method using plant,machinery

and equipment
The. procedure of construction will mainly depend
upon the type of plant and machinery available
at site. There are normally four methods in
use :- :

(1) Mix in place

Travelling plant

Statienery plant at a central yard

Mixing with front end loaders at a central
yard

— e~ —
s WwN
—

In the cdse of the mix in place method either -

a series of different machines is worked over
the soil to be processed or a single pass stabi-
lizer is used. In the first method, different
rippers, scarifiers, rotary
tillers, stabilizer spreaders, rotary mixers
and compacting equipment pass over the insitu
soil one after the other in carrying out the
different operations such as scarifying, pulver-
izing the soil, spreading the stabilizer, water-
ing, mixing and compaction. In the single pass
stabilizers these operations are done with
just one pass.

In the case of the travelling plant method,

‘the pulverized soil and stabilizer are hoisted

into a hopper from where
the: mixer along with the required amount of

water. ' The mixture is then discharged onto

the road and spread with:a motor grader and '
compacted.

they are fed into

In the case of the stationery plant methed,
the soil and the stabilizer are mixed with
the ' required quantity of water in a plant
central yard. - This method is normally
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restricted to soils with low . combined silt
and --clay content as other soils can not be
satisfactorily. - After mixing, the material
is transported to site and ' spreadvby hand, a.
grader or a bituminous paver and compacted.
Mixing with front end loaders at a central
yard has been successfully worked out locally
in the dry =zone even with a gravelly soil
having medium plasticity. The method 1s descr-
ibed in sectlon 5 of this paper.

In Srl Lanka  where manual Tlabour - “is cheap the'

stabilization work can be done manually for
small. jobs.

In this section, a general description of the
method of stabilization is ~given. Important
aspects are described in the ensuing paragraphs.

3.2 Pulverization of soils

The pulverization of soil can be carried out
by various methods, depending upon the  type
of soil being processed, the type of equipment
available and other. factors such as  climate,
weather etc.

On small labour infensive jobs manual labour
“can be’ successfully used. The lumps- can be pulv-~
erized with mammoties,' pick .axes, shovels*: ox
rammers.Paggses::of an agricudtural’ ploughirdriven
oy a-bullo¢k have also ibeen.tiiedlout:in‘other -Asian
countries and have proved eéffective sometimes.
If plenty of water is available, lumps of
clayey soil can also be slowly broken by alte-
rnatively sprinkling and allowing 'the soil
to dry. Another method where only steel whee-
led rollers arelavallabie and the soil ‘is dry
is to break the lumps of soil by pa551ng " the

roller a number of times on them.

The following agricultural machinery

can be
used to pulverize clayey soils :- .

(i) ..Pioughs
(ii) Disc harrows
(iii) Rotorvators

Specialized machinery such..as. rotorvators and

pulvi-mixers dre available for doing the dual"

job of pulverization and mixing. In the single
pass stabilizer the operation of pulverizing
is done by the plant itself. The speed of the
plant controls the degree of pulverization.

3.3 Spreading the binder

Bags of hydrated 1lime or cement are placed
at equal distancés calculated from the perce-

ntage of stabilizer to be added: Small piles.

are. then made using the contents of each bag
and the 1lime spread uniformly with showels
and rakes giving an even continuous layer over
the soil to be stabilized.

3.4 Water for stabilization

Normally there is no - precise test for the
quality of water required, it being generally
regarded that potable water 1is satisfactory
and acidic (orggnic) water should be avoided.

3.5 Compaction

Various types of equipment’ can be »ﬁsed for
compaction. The choice depends on the  type
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of stabilized soil to be compacted. Initial
rolling can usually be done with pneumatic
rollers or.sheet foot rollers or steel wheeled
rollers. For gravelly soils, the main compac-
tion may be done with pneumatic or steel wheeled
rollers.. Normally the specifications for stab-
ilized soil mixtures reqguire that the compac-
tion should be carried out to 100 per cent
of the standard density. .

3.6  Final shaping

‘The surface. is flnally brought to the reguired

levels and the crossfall as shown in the plans,
correcting any irregularities that may have
been. caused.

3.7 Quality Control Measures

Stabilized construction requires a good degree
of quality control if it has to be successful.

In the case of cement and lime stabilized
subbase and bases, the standard specifi-
cations for. construction and maintenance of

roads and bridges, detail the measures that
are needed, test methods and their desirable
frequenciesg.
4. - APPLICATIONS OF SOIL STABILIZATION IN

: SRI LANKA .
4.1 Lime Stabilization

Since the.  establishment. of the R&D Division
in the then Public Works Department, Highways
Department and presently the Road Development
Authority, wvast number of natural soils from

various parts of the country have been tested -

for their reactivity with 1lime. It has  been
found that most soils in Sri Lanka, other than
coastal beach and river sands and organic soils
such as peaty soils and topsoils etc., when
mixed in laboratdry with 2 to 5 per cent lime
by weight give adequate strengths for use as
subbase and bases in road pavement.

A typical 4 day soaked CBR curve with increase
in lime content is given in Figure 3.

Based on this, several roads have been constru-

cted on an experimental basis using the techni-

.ques of. lime stabilization for the past 25

years in Sri Lanka.

As’ the method of sdil stabilization was expected
to be a promising one, it had been anticipated
that lime would have to be produced in large
guantities. Hence studies have been carried
out. pertaining to the availability and the

production of 1lime. from coral stone and sea

shells and from dolomitic limestone,2.10

An example of lime stabilization is documented
where a road of length 2 km, close t¢o_ Negombo
was constructed along the sea beachll, ."The

insitu sand was first mixed with -imported gra-
velly soil and then this soil was mlxed with
llme.

In 1981, a surfacing of a unpaved road of length
100 m was- constructed on Yaggapitiya-Uyandara
Road, close to Kurunegala. On the. same road
a section’ of 300 'm was surfaced with a chip
seal. The so0il used for stabilization was a
gravelly soil which had 4 day soaked CBR values
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of 17-23  per cent. when compacted to 100%
standard density - and which when treated with
4 per cent lime achieved 'CBR wvalues of over
70. per cent. In the preceeding examples, roto-
rvators were used for pulverization and mixing
processes. .

A case study of stabilized soil construction
on the Palavi-Kalladi Road which is the appr-
oach road to the Puttalam  Cement Corporation
is described in section 5 of this paper.

Recently ‘soil lime was used in the construc-
tion of a shoulder surfacing on the Colombo-
Horana Road from Kohuwela to Pepiliyana.

\

4.2 Cenent Stabilization

Alfﬁcugh cement stabilization tests have been
carried out in the laboratory on various soils,
it was only recently that a length of more
than .1 km of road on the approaches to. the
Cement TFactory at Puttalam. was stabilized
with cement. The details of this work is desc-
ribed in this paper in section 5.

Recently the drain bottom 1linings on the .
Colombo~-Horana Road .from Kohuwela to Pepili-
yana were constructed with insitu gravelly
soil stabilized with 3 per cent of 1lime " and
8 per cent of cement. As the performance of
this mixture was not satisfactory, the drain

‘bottom'linings were constructed ‘with 3 per cent -
lime -and 12 per cent cement stabilized soil

and were observed to be performing more satis-
factorily.

4.3 Bitumen Stabilization

Base = construction by bitumen

road; at- Angulana in 1970. - The method tried

out 1nvolved the mlxlng of .ingitu sand.  with.
cutback. ‘bitumen using a rotorvator. This proce=: .
dure’ proved to be a very ~difficult one in.-
practlce and was abandoned.With -the commencement
of a “bituminous emulsion: plant  at Angulanav

in 1985, it is thought that suitable procedures
could be ‘worked out for bitumen stablllzatlon
of beach sands which would have. applications

in the. coastal belt where good aggregates are

not avallable.

In order to work out the details of this method,
it is“!proposed ' to carry  out a&an experlmental

stretch: durlng the constructlon of a new road. -

along the:i isea beach.": .

4.4 ?Other.admixture stabilizatioh -

Various other' chemical admixtures have been

ts.

Soil:ion two sections of road,

Galle Road -at Katubedde and the other at Torrin-
gton . Square, Colombo were ‘stabilized with a
chemical admixture in 1978,. but ‘proved to be:
failures. Laboratory testing of the stabilized

soils on.a later date also confirmed the results. -

Another stretch of road stabilized in 1985;

with 75% cement along with 0.6% chemical admi-
xture “has behaved satisfactorily--with a few
cracks appearing on the surface of this unpaved

road . of. low traffic intensity. Howéver. the

stabilizatiGh-
has been  tried .out on a short section of a-

trled out in the laboratory with. varylng resul-

one on Colombo—‘

high cost of this imported chemical admixture
made this method about twice as costly as the
construction of this road with aggregate or
lime stabilized bases. .

4.5 Mechanical Stabilization

The proportions of soils for mechanical stabi-
lization have been successfully worked out
for many projects for road work in Sri Lanka.
However = these projects did not get off the
ground - as cheaper alternative gravels were

" found for these purposes.

One project which was carried out in this regard
in 1975, was the gravel surfacing of the cere-
monial pathway at Kataragama Devale where a
gravelly soil was blended with another soil
to give the required properties.

Some - work which was recently done at the new
road +to Panadura through Egoda-Uyana,  include
the construction of a subbase by mechanical
stabilization of 80% transported soil mixed
with 20% insitu soil in order to reduce the
plastic properties of transported soil.

5. | Case study-Experimental sections of lime
and cement stabilization constructlon on
Palav1 Kalladl Road -

5.1 - -Introductlon

in 1988 it was decided to convert the improvements

to & section of the approach road to Puttalam

Cement “Factory from 1.5 to 2.5 km, to an exper-
imental project, where various mixes of lime
and cément stabilization for base construction
and other types of work could be constructed.

In thls project several sections .of lengths
varying.. from: 100 to 200m were constructed with
stabilized soil containing 3,4 and 5 per cent
lime: and 3,5 ‘and 7 per cent cement.

'The’surfac1ngs of bitumen primed -double bitu-
minous . surface treatments (chip seals) were
constructed = on two stabilized . sections but
in the:  other sections -they were -constructad
on aggregate bases 1laid on_ the ' stabilized
bases. Later the work on cement stabiliz-
ation base "construction was extended to cover
the 'section from 0 to 1.250 km .of this road
with a few intervening cement concrete sections.
In these sections, chip seals were laid directly
on the Stablllzed bases.

The traffic on this road included heavily
loaded cement trucks resulting . in a design
traffic of 2.3 x 10® axles for ‘a design life
of - 15 " years. By ' the time the! .’ experimental

' project was commenced a subbase of gravelly

soil hav1ng ‘a 4 day soaked CBR of 25 had been

constructed on the prepared existing road
-surfade. :

©5.2 - Materials and initial testing

With - an.  objective of stabilizing gravelly

soil from Cementigama quarry (situated about
4 =~ 6 km from the experimental - section) for
base~ constructlon, a series of laboratory
tests 'were ‘carried out to determine the suit-
able admlxture proportions of lime. and cement.

The test. conditions adopted for CBR determi-
nation ‘were 4 day soaked CBR for soils withcut

35




SOILHéTABILIZATION IN ROAD WORKS

any'stabiiizeriand 7 day cured and 4 day soaked
CBR for stabilized soils.

An abstract“of laboratory test 'results are
given in Table II.

The lime used was from Digana, Kandy with an

active 1lime content of 40%. The cemerit ‘used
was ordinary portland cement from the Puttalam
Factory. ) o

5.3 Construction

5.3.1 Constiiction machifiery,equipment and tools

Construction “machinery, equipment and tools avail-

able for the stabilization work are given below:
1. Agricultural Plough

2. Disc harrow

3. Motorgrader

4. Front End loader -

5. Lime/cement spreader

6. Water distributor bowser

7. Compactor - 5=20 tonne vibratory roller

8. Compactor - 25 tonne heavy pneumatic tyred
roller -

9. Tippers

10. Camber boards ...

11. Rakes, mammoties and showels

5.3.2 Pulverization and mixing of gravel with

stabilizer

-~

5.3.2.1 Lime Stabilization

For lime stabilization work, the gravelly soil
was transported to site and. . levelled by the
motor grader. " ’ '

As this work was done in the dry =zone during
the dry season, the gravelly soil when exca-
vated by dozers -and spread by motor. graders
did not have many Jlumps. The remaining lumps

~ werxe pulverized manually and what: could not

be broken up: were hand picked and discarded.

The 1lime was. supplied as a hydrated powder
in 50 kg bags. After checking their weight,
the bags were transported to site by tractor
trailer or by.a: combination of lorry and- manual
transport to yield a spread of the required
quantity at the laboratory value of dry weight.
The bags were then opened and the lime spread
uniformly with showels and rakes. onto small
areas of about 30 m? in one operation in order
to minimise the lossses due to wind. Lumps
of unburnt limestone were hand picked and
discarded. : .

The  applicdtion of stabilizer to gravel was
also carried ' out by using the spreader. In

“this -case the lime was sieved to. remove the

unburnt limestone and a capacity of 40 to 50
bags were placed in the spreader and .depending
on the rate of spread of lime, the speed of
the spreader was altered to obtain a uniform
but required spread of lime. Foxr higher lime
contents it was necessary to- spread the req-
uired - lime in two operations. ' This " method
proved to be inot very satisfactory with resp-
ect to thetl;me dust prevalent in the atmos-
phere during: the construction work, making
it somewhat injurious to. the labour working
on this project.

i

. motor

Next the lime was mixed with the soil by running
the agricultural plough or the disc harrow
and then further mixing with the motor grader
until a uniform mix, as judged visually, was

obtained.

' The mikture was then watered to the required

amount. by means of a water distributor bowser.
Next the 1lime soil mixture was further mixed

by repeating the mixing process till such time

the water was uniformly distributed in the
lime ‘soil mixture. The lime soil mixture was
shaped to .the correct profile by means of a
grader. and compacted to -the reguired
density of 100 per cent standard by initial
rolling with two passes of a heavy compactor

\ without ~vibration and final rolling with the

same roller with vibration with 10 passes.

The stabilized soil bases were - cured by keep%ng
the surface continuously moist by sprinkling
water at frequent intervals.

5.3.2.2 .Cement'stabilization

In addition to the methods given above for
lime . stabilization, central yard mixing using
a front end loader was carried out in the case
of cement stabilization.

in this process, dry gravel was transported
from the - quarry to the
within a distance of less than 1.5 km from
the section of the road to be stabilized.
The gravel was then heaped up with a top flat
area where - the required quantity of cement
was spread uniformly. The front end loader
worked -in a series of forward and backward
movements in a way that the gravel was mixed
gradually but uniformly with cement. It was
found that -it takes about 4 hours to mix 100
cubic metres of gravel. After mixing work was
completed, the mixed material was transported
and spread on the surface of the subbase which
had . been previously wetted. Then the watering
and compaction (as given in section 5.3.2.1)
were repeated to form a stabilized base.

5.4 Quality Control Tests

A field laboratory was set up at this site
to control. the guality of the material and
‘the work.

Using the facilities available in this labor-
atory., the following tests were carried out
at intervals of about 50 m along the stabil-
ized sections of this road :-

1. Field moisture content

2. Field density

3. Standard compaction test.

in addition to thHese tests, 7 day cured 4 day
soaked CBR tests at 100 per cent standard den-
sity were -carried - out on samples . taken from
the site after field mixing, and these test
results are given in Table III. ,
The results of the tests indicated that, gen-
erally, the control of quality of ¢the mater-

‘ial and the work has been carried out satisf-
‘actorily at this site. Co
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6. CONCLUDING REMARKS

Soil
to construct subbase and bases in other coun-
tries for the last four decades. In Sri Lanka
the time has come when the methods of stabi-
lization, ¢éspecially 1lime and cement, should
be exploited to the maximum for reasons given
in this paper. R

For this purpose, the construction industry
should be developed by the production of che-
aper stabilizers with respect to cement
better quality stabilizers with respect to
lime along with the purchase of pulvertization
equipment such as rdtorvators etc., working
out locally . suitable stabilization procedures
and training of personnel in such procedures.
of the
is

the determination of
stabilizer by testing
of "Let's try and

The importance
suitability of the
emphasized. The approach
see’' what happens", 1is seldom successful. 1In
selecting & stabilizer, the admixture which

produces the laboratory soil property changes

required to obtain the desired effects for
the least cost, from.the stand point of initial
cost and future maintenance cost, should be

selected.

When carrying out stabilized soil construction,

it’ is important that sound construction pra-
ctices should be followed. Also it must be
remembered that basic principles of road ‘engin-
eering such as provision of drainage at all
stages of work should be followed.
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TABLE +II -~ ABSTRACT OF LABORATORY TEST RESULTS FOR PALAVI - KALLADI ROAD

Standard
Sieve Analysis ﬁ Compaction
; Percentage Passing I .g
Sample - 2 - [
2 E By >
Description Sieve Sizes U.S. 5 Y 2 o we
' ’ 1 0w U+ 5 Ho4 g o~ +
. Lo BN R o sSog 0o .0
A0 | Vo P Euww EQNM| Mo
I Bh |88 | 28 gasglgan| S8
3741 4" - ~ ~ 0 0 o © C.
4 8 |16 | .30} 50 ,:ugf me e 8‘206‘: 283 oM
Yellowish )
brown . S~ : ; :
gravel from 90 | 67, 541 46 41| 37| 34| 30 35 24 11 8.2 2.22 23
Cementigama = . .
Kalladi
with 2%
Lime 44 | 29 15 9.4 2.16 | 150
With 3%
Lime - - - 9.8 2.20 [160
with 4%
Lime 40 27 13 9.9 2.16 {170
Yellowish ]
rown :
gravel‘fro‘m 79 57) 46 | 32| 28{ 24| 21 35 23 12 6.6 2.24 30
Cement igama]
Kalladi
with 2% ~ o »
K} .
cement 44 28 16 7.4 2.21 [170
with 3% .
cement - - - 8.2 2.19 1130
with 4%
cement 43 27 16 7.6 2.20 {130
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TABLE III -' CBR TEST RESULTS OF SAMPLES TAKEN AFTER FIELD MIXING -

PALAVI - KALLADI ROAD

of thickness 100 mi

First layer of cement stabilized soil

of thickness 100 mm

Second layer of cement stabilized soil

Location

C.B.R.

Location C.B.R.
(km) L per cent. (km) per cent.-
0 + 080 150 0 + 575 130
0 + 150 160 0 + 623 160
0 + 200 140 0 +°638 140
0 + 250 135 0 + 640 100
0 + 312 160 0 + 682 65
0 + 346 160 0 + 702 95
0 + 398 175 0 + 780 135
0 + 438 160 0 + 830 180
0 + 505 - 150 0 '+ 890 180
0 + 535 160 . 0 + 940 195
"0 + 623 180 1 + 020 145
0 + 683 > 200
0 + 735 180
0 + 795 % 190
0 + 944 135
0 + 995 150
1 + 052 160
1+ 205 115
1 + 230 150

One layer of lime stabilized soil of
thicknesses varying from 100 to 200 mm .

One layer of cement stabilized soil of
thicknesses varying from 100 to 200 mm

450 -

se(c oy per dent Seg&jen ps:BeBat
1+ 500 -1 + 600 75 1+ 900 - 2 + 000 150
1+ 600 - 1 + 700 70 2 + 000 - 2 + 100 175
1+ 700 - 1 + 775 85 2 + 100 - 2 + 200 190
1 + 800 -~ 1 + 900 110 2 + 200 - 2 + 300 200
1+ 900 - 2 + 000 100 2 + 300 - 2.% 400 200
2 + 000 - 2 + 100 140 2 + 400 - 2 + 450 185
2 +100 - 2 + 150 160 2+ 450 - 2 + 500 > 200
2 + 150 - 2 + 200 150
2 + 200 - 2 + 300 175
2 + 300 - 2 + 350 160.
2 + 350 - 2 + 400 130
2 + 400 - 2 + 450 145
2+ 2 +.500. ° ~ 50
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. -~ FOUNDATION T'ECHNIQUES FOR BUILDING IN MARSHY AREAS

o 1 : 2 - ' 3
« J.J.P. Ameratunga, K.S.Senanayake & H.D.J.P Samaranayake

1.0 INTRODUCTION W

The city of Colombo has developed over the years in the North-
South direction along the coastal ‘belt, conveniently avoiding the
vast expanse of low lying marshy lands that existed towards the
west. These low 1lying lands were treated as unsuitable for
building - purposes due the high cost and technical difficulties
involved with reclamation and subsequent construction. Besides,
functioning as 1ideal detention basins, they protected the city at
times of flood distress.: However, the accelerated development
programmes embarked on during the last two decades necessitated
the developers to focus their attention on these marshy lands. By
the mid seventies, 90% of the city area had been developed,
rather in a haphazard manner, and the major part of the balance
_area available for future development were situated within the
low lying areas. -

.- In the early eighties, accelerated construction saw the
® . development of Tow lying areas for "housing, office & commercial
' buildings, warehouses etc. Nevertheless such development did not
necessarily take place using adequate engineering expertise.
Reasons for this 1is the lack of knowledge of the behaviour of
subsoils in the marshy areas and the failure on the part of
developers and the industry not giving due recognition to the
importance of geotechnical engineering. Many buildings were
designed in a very conservative manner making the cost of
construction very high. Some others were constructed with
inadequate foundations and ended up with major distress requiring
very costly treatment for their repairs and restoration. A
balance between the two extremes have to be found with
» appropriate foundations which interact with the ground and

superstructure to give the best performance at the lowest cost.

(=3

2.0 CONDITIONS PREVAILING IN THE LOW LYING AREAS

In finding foundation techniques suitable for low lying areas,
the significant features of 'the Tand and the characteristics of
the subsoil must be well understood. It is then only, these
techniques could be exploited to the maximum advantage. o

The significant features of the low lying areas in and around
Colombo city are; o : '
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1) They generally exist below 2.0 m MSL contour Tine but most
parts lie below 0.5m contour and perennially remain as
submerged or water—1ogged lands. Even in the other parts
ground water table is generally high.

2) Storm drainage network interlinked by the streams and canals
pass through these -lands which serve as detention basins
during flood times. High flood levels in the order of 2.0m
to 2.5m MSL can be anticipated depending on the location even
after the rehabilitation of the drainage network.

'3) Ground consists of cumu]ative.deposits,which are very weak
and highly compressible. ' : '

Extensive investigations. carried out by the National Building
Research Organisation (NBRO) in the last decade have revealed the
existence of organic subsoils in the Tow lying areas.

Some important characteristics of the subsoils are;

1) Organic soils are predominantly peat and are distributed
over large extents and to\ccnsiderab]e depths often exceeding
10m to 15m. ' B .

2) Organic soils occur as a single layer or as pockets or layers
sandwiched among.inorganic soil strata.

3) Peaty subsoils, by virtue of its formation and -decomposition
over the years, ‘exhibit highly variable properties and
possess very high moisture content, high void ratio, high
compressibility and very low shear strength. Fundamental
geotechnical properties of the organic soils in low lying
‘areas in and around colombo are given in Table 1. The least
decomposed material exist close to the surface as fibrous
peat and has a high coefficient of compressibility compared
to the more decomposed amorphous peat or the organic clays.

4) Peaty soils show rapid rate of consolidation in the primary
‘stage, but the secondary conso11dation is also significant
and ground settleinent owing to_this factor cannot be ignored.

3.0 SOME PROBLEMS ASSOCIATED WITH THE. DEVELOPMENT OF LOW LYING
AREAS o :

From what has been discussed above, it is therefore evidént that
for any development to take place, it 1is necessary to raise the
existing ground surface to maintain a Planned Ultimate Formation

Level (PUFL) well above the ground water table and, as well, '

above the highest flood level —anticipated in each area.
‘Inevitably, 1in most areas, a Fi11 a few meters high would be
required to achieve the PUFL. On the other hand, the earth fill
so constructed should provide a strong base to support the
~ foundations. Therefore the -fil11l should be well compacted and must
have adequate thickness.- :
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When a fill 1is placed over the marshy Tand and a building is
constructed with its foundations supported on the fi11, the

building begins to settle. The important constituents of this
settlement are;

Settlement of the subsoils due to building load (Ssb)
Settlement of the subsoils due to fill load (S.¢)
Settlement of the subsoils due to self weight ?g )
Settlement within the fill due to building ‘1oad ?g b)
Settlement within the fi11 due to self weight (Sff§

Gl N —
e s s N S

In the case of a well compacted gravelly fill placed over a
naturally consolidated ground, the effect of components Sgg and
Sgg . could be negligible.. ' :

Settlement of a building can become a ssrious problem,
‘particularly when it js excessive or when the settlement is hot
even throughout the building. On the other hand, significant
differential settlement. may lead to distress that could be
aesthetically unpleasant and- even pose danger or create

psychological discomfort to the occupants.

The component Sgf Or the settlement in the underlying soils due
to the load of €211 could be considerably large when the ground
is highly compressible and/or ‘when the fil1l height. is large.
Sometimes the fill material intrudes and sink into the natural
ground particu]ar1y4when“the ground is very soft. Normally it is
- neither possible to lay the fill in uniform thickness throughout
the reclaimed area nor to expect the subsoils to be reasonably
uniform in characteristics and stratification as well. Therefore,
it is reasonable to expect high differential settlement owing to

sz' ‘

Influence of the bui1d1hg load on differentia1vsett1ement.cou1d
be large particularly when uneven loads are transmitted through
large foundations which can affect subsoils at deeper elevations.

4.0 COMMON FOUNDATION TECHNIQUES
4.1 Ground Improvement .

Although the basic concepts of ground improvement were developed
many thousand years ago, it is only 1in the last few decades they
came 1into limelight. During the past.50 years or so many new
methods of ground improvement have been  developed
(Senanayake, 1992). There are different methods applicable to
~almost all kinds of s0il; sands silts, .clays and organic soils
such as peat. Generally the action of these techniques is to
either replace, densify, harden or reinforce the weak ground.
Some of the methods that would be appropriate for the low Tying
areas in the Colombo area are discussed here. :
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4.1.1. Pfeloading

Preloading, as the name suggests, is the technique of loading the
ground to pre-introduce settlements that would be expected under
building loads. This method 1is suitable for the peaty soils which
are highly compressible and predominant in the low lying areas.
Vertical drains are generally used in combination with preloading
to accelerate the consolidation process.

4;1.2. surface Stabilisation

The shear strength of the subsoils can be 1increased by

stabilising using 1ime or cement based hardening agents. Although -

this method has been applied for organic soils as well,
effectiveness of stabilising peaty soils still remains doubtful.

4.1.3. Dynamic Consolidation

Dynamic consolidation or heavy tamping is a technique first
developed for densification of loose sandy ground by tamping with
a heavy hammer dropped through a considerable height. This method
has become popular in the recent years for the 1improvement of

organic soils_as well, including peat and sanitary fills.

4.1.4. Partial or Fu11'Rep1acementAof Soil

If the weak soil layer is hot very thick and exists within the
first two to three meters of depth, one method for construction
is the replacement of weak soil with well compacted selected
material. However, in most low lying areas where ground water
table is high and excavation becomes difficult, this method may
not be suitable unless pumping facilities, dredging equipment and
material suitable for hydraulic fill are conveniently available.

Another appropriate technique 1is- the replacement of weak soils
found. beneath foundation locations of the building. The depth of
replacement below the foundation level should be at least 2.0 to
2.5 times the width of the footing. It should be also ensured
that the extent of replacement is wider than the footing at
least by an amount equivalent to the above specified depth of
replacement. This is because, in such an arrangement the
foundation stress will be contained within the zone of
replacement and moreover, at such depths, the influence of stress
bulb of the foundation loads will be insignificant hardly
affecting the underlying weak soils. Granular earth is desirable
to be used in the fill which should be well compacted in layers
to .achieve a dry density of at least 95% of the Proctor dry
density. _ )

4.2 Foundations
4.2.1. Sha110w Foundations

Considering economics and ease of building construction, shallow
foundations appear._to be the most appealing for low rise



&

‘buildings in marshy areas. They are broadly classified in to;

1) Strip foundations
ii) Pad foundations. and
iii) Raft foundations

and, are found 1in practice in many variations and combinatiqns.
The shallow foundations which are considered most appropriate
for use in marshy areas will be discussed in section 7.0.-

'412.2, Deep Foundations

Owing to the. unfavourable subsoil -conditions. found in most Tow .
lying areas in and around Colombo, deep foundations transmitting
heavy loads should be founded on weathered or fresh rock and
designed as end bearing piles. Deep foundations with end bearing
piles therefore cannot be Justified for low rise buildings, but
are appropriate for high rise buildings which transmit heavy’
loads to the foundations, ‘ .

In some Tow lying areas, moderately strong and sufficiently thick
s0il layers which are suitabile as bearing stratum are found
within reasonable reach, i.e. about 3m to 7m from ground surface.
For moderately loaded structures, when shallow foundations are
found to be inadequate, under-reamed piles, cylinders or
stone/gravel columns can be used to transmit the loads to such
bearing strata found at intermediate depths.

5.0 CONSTRUCTION OF FILL
5.1 Imbortance of Fill 1in Building Construction in Marshy Areas

As mentioned earlier, the marshy lands that are to be developed
must be reclaimed by at least a meter or two, to raise the ground
level well above the expected high flood level. On the other
hand, because of weak subsoils which do not possess adequate
bearing strength, it is very important to provide a stronger base
which can be used to - support the structures or to facilitate
construction activities. To achieve this, earth filling must be
carried out in a controliled manner. The importance of a well
controlled fill and some measures that could be taken to minimise
settlement and distress in buildings constructed on fi11 are

~discussed below.

5.2. Settlement of Subsoils due to Fill Load and Building Load

When building load is transmitted to the ground through the
foundation, the extent to which the stress bulb extend depends on
the width of foundation. Say for a strip footing of width B, the
increase in ground stress at a depth of 2B below footing level is
estimated to be only about 10% of the bearing pressure. Therefore
it could be seen that the stress bulb of a narrow footing would
affect only the uppermost layers, and perhaps may not affect the
subsoils appreciably if the filled layer is sufficiently thick.

- On the other hand, stress bulb of a wide foundation, such as a
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raft foundation can affect subsoils in deeper elevations.
simitlarly, since earth fills on marshy land are spread over a

wide extent of ground surface, fill load will be fTully:

experienced by subsoils throughout the overburden. As such,
settiement in marshy ground due to fi11 load could be
significantly high. Ameratunga and Senanayake (1989), for
example, have shown with test data that for a fill of 2m height,
the settlement of the subsoils could be as high as 1m when the
thickness of the weak subsoil strata was only 4m. However, this

is not an exaggeration when considering the large volumes of

earth that sink into the swampy ground at the initial stages of
filling operations, unless precautions are taken to separate the
fi11 material from the subsoil using geotextile sheets etc.

Anyway, such order of large settlements cautions us on the need *

of additional filling that would be required to maintain the
planned ultimate formation level. :

The more concerning aspect of this settlement is associated with
the building construction itself. If the building is constructed
before major part of the settlement due to fill is over, the
effects on the building could be highly disturbing. If the
Settlement due to fill load, which is often the Targest component
of settlement, is rather even throughout, there would be no
appreciable ‘differential settlement’ contributed by fill Joad
although the building will be subjected to ‘total settlement’.
However, if the subsoil strata are heterogeneous, which 1is often

the case, settlement .will be uneven and the building will undergo’

distress depending on the order of differential settlement.

Senanayake (1986) showed that the settlement expected in
underlying soil due to the building load in most cases is in fact
one order lower than that due to the fill Tload. Therefore if the
building construction is delayed after the fi11 is replaced, the
residual settlements can be brought within tolerable limits.

An important consideration when designing warehouse type
structures in marshy areas is the emphasis on live loads over the
building loads. Live 1loads in such structures are distributed
over a wide extent of ground surface and the effect will be
cimilar to that due to a fill toad. A classical example of a
warehouse building that had undergone distress due to the
intensity of 1live load is described by Sivakugan et al (19889).

5.3 Settlement within the Fill due to its Own Weight and Building
Loads , '

When a fill is placed without properly compacted, a loose state
of compaction prevails over the extent of the fil1l. depending on
the intensity of building loads and the heterogeneity of the
fi11, large differential settlements could take place within the
"f£i11 which may cause distress in the building. Loose ‘fil1
consolidates under its ownh weight and also could settle ‘as a
result of subsurface seepcge and. erosion. .Further, a loose fill
will not be a good bearing stratum and may cause bearing
- failures. In fact a well compacted fill of selected material
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could provide a stronger bearihg stratum than most naturailly
existing residual soil strata found in the region. .

5.4. Constfuction of the Fill
' 5.4.1. Quality of Fill

Herath (1989) explains in detail the selection of borrow
material, the recommended compaction procedures and associated
testing for quality control. 1In general, well graded soils with
fine content not exceeq;ng 30% and the standard Proctor density
not less than 1.8 g/cm can be taken as a good fill material
provided it is free from deleterious»materia1.'8e1ectedvfi]i-
material. should be placed in layers not more than 30cm thick 1in
loose state_ and must be,compacted to at least: 95% of the
standard Proctor density in order to achieve a satisfactory earth
fi11 suitable for general building purposes.

It is essential to carry out quality control tests for selection
of fi11 material-and the field compaction as well. Herath (1989)
lists the following factors that are of paramount +importance and
need to be checked to achieve a good quality fi11.

a) quality of fi11 material

b) optimum moisture range

c) optimum Tift thickness of fi11 layer
d) appropriate compaction plant. -

5.4.2. Time Lag between End of Filling and Beginning of
Construction A . ‘

The time period between end of filling and beginning of building
construction (t.) becomes crucial in most cases as far as the
tolerable settlement is concerned. It would be possible to obtain
"a-very crude value for t by using known theoretical equations
with parameters JTike the "thickness of compressible soil strata
and the coefficient of consolidation (cy,). The value of ¢, is
conveniently predicted from the oedometer tests, but it ds
generally accepted that the field €y value could be several
orders higher than the laboratory value. This seems to be true
even for organic soils, especially peat, which is apparently due
to the macro-structure of subsoils, numerous drainage paths owing
to sandwiched sand/silt layers and many other non—-homogeneities.
It is considered that a more reasonable value of Cy, could be
obtained by using the coefficient of volume compressibility (mv)
predicted in a laboratory test and the coefficient of
permeability determined from a field test in the following
equation:

(Ov)fie1d = fie1d)/ w-(m)gierg

However, the best method of assessing the rate of consolidation
may be by means of a triail embankment loading. Observations of
the settlement of trial embankment when plotted against log-time,
will enable the (CV)fi 1d. ©f the strata to be estimated.
Realistic ranges of coef$1cient of consolidation obtained for
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organ1c soils found in and around Colombo through field trials,
if conducted, will be immensely helpful to the practicing
engineer.

As an alternative to a trial embankment the settlement of the
constructed fill can be mon1tored over a period of time before
deciding on the appropriate time% to begin construction. A method
for establishing the coefficient of consolidation and hence the
total settlement, where consolidation is practically one-
dimensional, is given by Asaoka and Suzuki. and described by
McAnally and Boyce (1980). If settlement readings are- taken at
"equal time intervals, and plotted with the total observed

-settlement. at the:end of the preced1ng time 1interval, a stra1ght»:

1ine p]ot w111 result. The

-

observation

th

Toral observed settlement at i

-
o

Total observed settlement at \i-l)th observation

'FIGURE 1

total settlement from the time of commencement of observations
will then be given by (Fig. 1)

s8¢ = a/(1-b).

In order to establish the straight line relationship as early as
possible, grouping of the settlement observations can be made. If
the time . interval between observations are too small, then: the
1ine will be close to 454 gradient, but the convergence with the
45, gradient will not be well established. As an example for such
group1ng, observations may be made on a weekly basis. Then the
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observations at 10 weeks, 20 weeks, 30 weeks etc., will form one
group while observations at 9 weeks, .19 weeks, 29 weeks etc.,

- will form a second group giving more points on the plot in a

relatively short duration of monitoring. Once the linear

-relationship is established, cy can be estimated from the

following equations;

b=exp(-6c .“E/H2 for permeable top and bottom - boundaries
b=C—20v,“¥/H ) for one impermeable boundary.
where H is the full depth of the consolidating stratum.

It is claimed that this method will a1lqw’the c,, value and the
total settlement to be estimated within the firs% 10% to 20% of

~ the consolidation process. :

Now, using this c, value which has been estimated, the ultimate -
settlement due to fil1l load and building load etc. it will be
possible to determine when to commence building construction so
that residual settlement will be contained within tolerable
Timits. S :

6.0 PRELOADING AS A GROUND IMPROVEMENT TECHNIQUE
6.1. Adaptability of Preloading for Low Lying Areas

Preloading is called by different names by different groups viz.
precompression, surcharge etc.. but is considered as one of the
most economical methods of foundation techniques appropriate for
marshy areas. According to ‘Stamatopoulos and Kotzias (1985),
conscious reliance on preloading to improve soil began 1in the
twelfth century, although the concept itself may be much older.
In Sri Lanka, only a few instances where preloading has been used
are documented.

Apart from its economy, one of the major advantages under Sri
Lankan conditions, is the fact that this technique needs only
equipment associated with earthworks. 'By measuring ground
movement and pore pressures in the ground, it is possible to
arrive at realistic designs. One disadvantage of the technique is
that it needs space beyond the perimeter of the planned building
which becomes a problem in small sites particularly in built-up
areas and if there are adjoining structures liable to settlement.
A Tlarge volume of earth, a few times the volume of earth
necessary for the fill itself, would be required for the
preloading operation. This becomes another disadvantage if borrow
material could not be found easily or if the disposal of excess
material after preloading becomes a problem. Where a large site
is to be developed, available borrow material for reclamation
could be used as a preload and the ground +improvement can be
progressively carried out across the site with careful planning
of the construction sequence. '

Time becomes a crucial féctor in preloading technique because the

building construction gets .delayed by that much as the duration
needed for application and removal of preload. Delays due to
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waiting time of consolidation can be well compensated for by
proper p]ann1ng and - timely decision making which otherwise take
more time in many instances due to logistics.. If the need for
ground improvement is 1identified at the planning stage and if
preloading work is planned and executed while the detail designs
are in progress, the time factor will not be critical.

A favorable aspect in the low lying areas is that peaty soils, .

unlike inorganic clays, have a relatively higher rate of
settlement and therefore shorter duration is. required for
preloading. Consolidation process under preloading can be further
accelerated by improving drainage within the subsoil using
vertical drains. Soil prof11es in the Colombo low 1lying areas

often show presence of lenses and- 1ayers of high' permeable so11s,55r
such as silts. and sands, sandwiched in between the low permeable

strata and therefore vertical drains may  not prove to be always
necessary.

6.2 Design of Preload

Mitchell and Katti in tneirvstate of-the-Art Report on Soil
Improvement gives a detail account of the work carried out by
Aldrich (1965), Johnson (1970) and many others

Settlement at any time (st) can be expressed as;

Sy = 84 * Uisgops SSec

where,
S = immediate sett1ement
U = average degree'of consolidation
Scons = final oonso1jdation settlement
Ssec = secondary settlement.

The objective of the design may be either

1) to determine the magnitude of surcharge pressure (p.) required

to ensure that the total (or desired part: of) settlement

. expected under the final pressure (pf) will be complete in a
"given length of time, or:

2) to determ1ne the length of time required to achieve a g1ven‘

amount of sett]ement under a given surcharge Toad.

Consolidation sett1ement estimates for permanent fil11 and
structure 1loads are made .in the usual way, by dividing the
stratum to a series of sublayers, with the use of Terzaghi’s
equation. Now 1if a surcharge 1load which applies an additional
stress pg were also used and left in p]ace indefinitely, then a
time- sett1ement curve could be plotted in the same way as shown
in Fig. 2. If the surcharge were left in place for time toRs and
the layer settles by an amount ‘equal to that to be expected under
the permanent fill alone, i.e. SR=S¢, thehn the average degree of
consolidation Ugr reached would be,

sk = Sf/Sfis
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As pointed out by Aldrich (1965) and Johnson(1970), the
distribution of effective and excess pore.water pressures before
and after surcharge removal will be as shown in Fig. 3 for a clay
layer ‘drained at both boundaries. Therefore, a substantial
portion of the Tayer may undergo further consolidation after
removal of the surcharge load, whereas the remainder will be
unloaded. As the heave may not be very high, the additional
consolidation in the central part may be important. To eliminate
this, the surcharge should be left in place until pore pressure
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at the most critical point, i.e. the point that is last to
‘consolidate, has itself reached a consolidation ratio U, given
by, o _

'(UZ),f_I_S = p.r/(pf+ps) ....... (1)
‘Times CorreSponding td u R and (U ) +s'are found by using the
Terzaghi’s theory and t e coeff1c1ent of consolidation Cy
according to,

t = T.H?/c,

. where, T is the appropr1ate non d1mens1ona1 time factor.

Seoondary compression (ssec) represents ‘a very significant

portion of the total compression of organ1c so1ls, specially
peats. Preloading may be effect1ve for minimising the effects of
subsequent secondary compression under permanent loads.

Sgec = Ca'Hp 1og(t/tp)
where, -
t>t . - . _
C, = vertical strain per 1log cycle increase 1in time
subsequent to the end of primary consolidation at tp,
and ,
"Hp = layer thickness at t1me tp
The correspond1ng equation to (1) for the critical point for this
case is

Up)fss = (g + Ca.Hy 1og(t/tb)}/sf+s..f.;.(2)

The nature of secondary combression is such that some time after
surcharge pg is removed, secondary compression will reappear
under Pfs bsi this effect is small and can usualily be neglected.

7.0 FOUNDATION TYPES USED IN THE LOW LYING AREAS
7.1 Type of Foundations

- Foundation types used 1n‘1ow:1y1ng areas can be categorised as
follows; -

Masonry strip footings

RC strip with rubble foundat1ons
Inverted T footings

Vierendeel girder type foundations
Raft foundations

Pad footings

DO A WN =
N Nt e Nt o St

For single storeyed buildings, the most. common footing type used
in the low Tying areas 1is the strip footing with or without a
rubble base. For two. storeyed structures stiffened foundations

such as the inverted T and vierendeel girder type are
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increasingly becoming popular. RC pad'footings for columns and
RC strip foundation for walls are in common usage , with or

without plinth beams, in many of the low-rise framed structures.

7.2 Appropriateness of Foundations

Based on the observations made on the performance of a large
number of buildings constructed in the low lying areas,
(sivakugan et al 1989, Tennekoon, 1989, Tennekoon et al 1989)
appropriateness of the different types of foundations can be
summarised as follows. .

7.3 Strip Foundations

Many of the _1lightly loaded buildings monitored in the low lying
areas have been founded on rubble/brick masonry strip foundations
where as in some others RC strips have been employed beneath the
masonry. It had been observed that masonry foundations undergo
total settlements as much as RC foundations. Although an RC strip
is expected to reduce settlement, observation of building
performance in the low lying areas (Tennekoon et al 1989) have
shown that it has no rationale. It is postulated that masonry

- foundations_ respond with arching action whereas RC foundations

respond with bending action in carrying the Jload. Therefore, in
situations when strip foundations are found to be feasible,
masonry foundations are found to be suitable for lightly loaded

houses built on compressible ground.
7.4 Stiffened Foundations

Often 1independent pad footings are used for columns in framed
structures whereas the walls are supported on strip foundations.
But in general in the low lying areas, RC framed buildings having

independent footings performed 1less satisfactorily than others.
This can be expected if tre footing level is close to underlying
weak soil layer and differential settlements are high due to
different column loads and due to variable soil conditions. The
relative stiffness between the structure and the ground, and the
stiffness of the structure as a whole are very important factors

- that govern building response to foundation settlement. By

introducing connections between columns i.e. by stiffening,
differential settlements could be reduced in some cases. Framed
structures tend to be Jess stiff than load bearing wal]l
structures because of the .large openings that were provided 1in
the walls for doors and windows. As a result the contribution of
the frame to the overall stiffness is small compared  to the
contribution of the infilling (Tennekoon et al 1989)., Provision
of a stiffened foundation such as Inverted-T or a vierendeel
girder could help to even out differential settlements. Thirteen
2-storeyed buildings constructed in a single site on a 2m thick
fil11l over a 5m thick peat layer using inverted-T foundations
performed fairly satisfactorily with only minor distress shown.
Vierendeel foundation type was found to be a good method of
providing stiffness to framed structures.
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7.5 Raft Foundations

Raft foundations are used when the bearing pressures should be
drastically reduced owing to low bearing strength of the
supporting soil or when it 1s hecessary to reduce differential
settlements by bridging over vAriations in subsoils. With the
increased size of foundation it is genera11y possible to increase
the bear1ng capacity of the ground by using a raft. However, this
is counter effective in low lying areas as the weak soils below
the fi11 Tayer of limited thickness 1is affected by the
foundation load to a greater depth. Therefore, in adopting raft
foundations -on fills over. weak subsoils,;, it is important to

-depend .mainly on the strength and St1ffness of the fill which_

Jo1nt1y functions as a raft.

7.6 Pad Footings

Iin deve1opﬁng.a Tow 1yihg area for building purposes, a fill with

a thickness of at least im - 2m would be necessary. If the fill
is- well compacted and offers ‘adequate strength to- support the
foundation, pad footings could be selected so that the stress
influence zone does not extend deep into-the underlying weak

ground. The stress increment due to foundation load at a depth of

2B be1ow foundation level, B be1ng the width of footing, is about
10% of the foundation 1oad It is possible to spread the stress
distribution horizontally rather than vertically by placing
smaller pad. footings at smaller intervals. This way the strength
of the compacted fill can be utilised to the maximum while the
the underlying layers are least affected by foundation load.
However, as discussed under strip footings, it 1is desirable to
connect all the columns by a grid of beams at plinth level in
consideration of st1ffness required to withstand differential
sett]ements : '

7.7 Deep Foundations

Although deep foundations such as piles supported on rock or
other suitable deeper stratum appear to be a solution to problems
of settlement and bearing capacity posed by weak subsoils in low
lying areas, they are generally expensive and beyond the reach of
average developer, not to mention the low- income house builder
particularly when the bear1ng strata are found only at depths 1n
the order of 10m to 25m in Colombo region.

Under-reamed piles (Thayalan et al 1989) can be employed as a low
cost foundation alternative for T1ightly to moderate1y Toaded
buildings in areas where moderateTy strong inorganic soil strata
are encountered.
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