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CHAPTER 1
Formation and Development of Ground

1.1. INTRODUCTION

The materials that constitute earth’s crust is broadly classified into two categories

.as rock and soil. Rack is a material strongly bonded of minerals whereas soil is an

assemblage of solid particles formed by disintegration of rocks. It spreads beneath rivers
and seas and on land along-with all organic and inorganic materials overlying the bedrack.
. The type-and characteristic properties of the soils depend on its formation and
deposition by transportation agents. Additional particle binding takes piace due to the
presence of carbonates, oxides and organic matter. The exposure of soil with time develops
a weathering profile from the ground suxrface down. _
Changes in ground, after formation, occurs due to different natural causes and man's
activities other than that produced by structures. Man-made lands called reclaimed lands
ave formed in low lying aveas and on water by land fillings. _
The ground formed based on the above activities should have adequate mechanical
and hydraulic properties, otherwise the ground has to be improved.
. This Chapter deals with the formation of different types of soil and their further
alteration due to different reasons and identifies the conditions of ground which requires
ground improvement.

1.2, FORMATION OF ROCK, SOIL-AND SOIL PROFILE

Soil and rock are the principal structural materials with which a civil engineer deals,
Hence a knowledge of the origin, manner of acemrrence, and characteristics of these

- materials is essential for the successful practice of civil engineering design and construe-

“tion. Rock is a consolidated material composed of natural aggregate that are connected by
strong bonding forees. Soil, on the other hand, is an unconselidated material composed of
naturgl aggregate of mineral grains which have resulted from the disintegration of rock.
Further in engineering profession soil is also considered to include the reclaimed soils that
is the residue of vegetable and animal life including industrial residual wastes, Thus seil
is a particular material wharein the grains are bonded togethernot as strongly as in rocks.

1.2.1; PRINCIPAL ROCK TYPES 7 .

The rock materials encountered at the surface of the earth or beneath the surface
soil are classified under three major groups, viz., igneous, sedimentary and metamorphic .
racks, hased on their mode of origin. Igneous rocks are formed by the cooling of the molten
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magma or by the recrystallization of the older rocks under heat and pressure great enough
to render them fluid, Sedimentary racks are the products of minerals formed by physical
disintegration of any kind of rock and chermical decomposition and deposits of plant and
animal remains. Metamorphic rocks are those produced by internal processes such as heat,
pressure and plastic flow, acting on rocks of any kind, with the limitation that the rocks
concerned remained e_ssentia!ly solid during their transformations. BEach and every rock is
classfied under any one of these groups based on the texture, structire' and mineralogieal
composition of the rock. D
Igneous rocks are classified primarily on the basis of texture and colour. They are
generally very hard and have textures that vary from coarsely erystalline to glossy
depending upon the rate of cooling. The igneous rocks are generally massive withdut any
. structiral features but jeints and cracks aré usially found in all igneous rocks. Most of the
igneous materials that cooled very rapidly may contain gas bubbles or else have a fragmen-
tal structures. The principal mineral constituents are light coloured guartz and feldspar
and dark coloured hornblends, Wiotite, augite and olivins, -7
Sedimentary rocks may be further divided into three groups, viz., clastic, organic,
and chemical in accordance with the origin of the sediment, Rock or ‘mineral fragments
derived from pre-existing mineral belong to clastic group, those deposited from organisms
living in water are grouped as organic and those précipitated by chemical activity orleft to
evaporation is referred to as chemical, The texture of chemical $edimentd are usually
microscopic whereas clastic and organic may vary from coarse grained to microscopic, The
predominent minerals of sedimentary rocks are quartz; caleite and elay minerals. Almost
all the sedimentary rocks are classified as sandstone, lmestone or shale, The other minor
constituents of these rocks are iron oxides, feldspar and carbonaceous material. The most
important structural characteristics of sedimentary rocks from the geological point of view
is their bedding or stratification. Shales are formed predominantly from deposits of fine
grained particles (silts* and clays**}. It is estimated that shale covers aver 50% of the rock
that is exposed at the earth’s surface or clasest to'the surface under soil cover..Sound shale
can provide a good foundation material. It is not suitable as a construction material because
of its tendeney to break down under handiing'and weathering. C
" Metamorphic rocks are distinguished from others primarily on the basis of structure
and mineralogical composition. The agents of metamorphisms such as heat, pressure, and,
hydrothermal solutions lead to the erystallization and orientation of minerals not found in
parent rock, Metamorphic rocks are characterised by the foliated structure. However,

metamorphic rocks derived from sediments possesses a massive ré.the}' than a foliated .
Structure. Thése rocks alo show structural defects as cracks and joints. By metamorphism

limestone, sandstone and shale are changed to marble, quarkzite and slate. Metamorphic
racks formed from sound igneous or sedimentary rocks can be good materials for construe-
tion. Typical metamorphic minerals are chlorite; sericite, tale, hornblende and biotite. The
mostimportant engineering characteristics of metamorphicrocks are the softness of schists
and the high susceptibility of all foliated rocks to weathering, )

Particle sizes—*Silt : 0.002 mm to 0.075 mm, **Clay : < 0,002 mm.

‘accumulated deposits
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1.2.2. ORIGIN OF SOILS

- Uptoadepthof about 20 km the earth’s crust comprises of both rock and weathered
rock (assoil). Soils (weathered rock) originated from the rocks and minerals of the earth’s
crust. The pfincjpal minerals subject to weathering to produce soil at or near the earth's
surfide and avaitable in the order of dbundance arg? quartz, feldspar, pyroxene, amphibole,
cte. Solid rocks are decomposed to fragments ereating soils by the continuous weathering
processes in combination with erystal deformations. The type of soil developed depends on
the rock types, its mineral constituents and the climatic re gion of the avea.

Rocks cantaining quartz or orthoclase minerals with high stlica content (e.g., granite
and rhyolite} mostly decompose into sands or gravelly soils with a little clay. Tine textured
silty and clayey soils are formed due to decqmposit{on‘of rocks (e.g.; gabbros and basalts),
containing minerals of iron, magnesium, caleium or sodium, with little silica. Clays are not
fragments of primary minerals from parent.rock but secondary minerals formed by the
Aecomposition of primary minerals. Thus the behaviour of gravel and sand are different
than that of elay as the former are composed to primary minerals. ‘

Cneiss and schist decompose into silt-sand mixtures with mica, slates and phyllites
to clays, marble to limestone and quartzite to sands and gravels. As discussed earlier
through meta’morphisn} ingenous or sedimentary rocks could form metamorphic recks and

of soil particles with cementingnaterials subjected to high pressure
could form sedimentary rocks. Thus the cyclic process of transforming rock to seil and

. vice-versais a continuous process oceuringover millions of years through complex chemical

and physical processes.

1.2.3, TYPES OF WEATHERING

Breaking down of intact masses of rock into smaller pieces by physical, chemical or
solution processes is called vock weathering. All these three processes may take place
simultaneously but at different rates, depending on the climate, tapography and composi-
tion of the original rock, Rock weathering is one of the important geological processes. Rock
products formed by weathering are deposited as unconsolidated sediments as soils.

The process by which rock disintegrates into smaller ffagments due to combination
of grinding, shattering, breaking and stress changes without involving any change in the
properties is calied physical or méchanical weathéring or disintegration. For example,
stress Feadjustments during regional uplift accompanied by water run off, fréeving of water
in cracks and pores, the abrasion of gravel and boulders by mountain streams and rivers,
the pounding of water waves on beaches or cliffs, and the sand blast of sand-laden desert
winds cause physical weathering. Mechanical weathering may also be caused by organic
activity, such as cracking forces exerted by plants growing in the crevassis of rocks and the
moving fragments towards the surface by animals or insects. Mechanical weathering.
predominates in dry regions and areas with rugged topography.

Chemical weathering or decomposition is the alteration of the rock minerals, due to
chemical reaction, to form new minerals which have chemical and physical priperties
different from their parent matertals, The chemical reaction of minerals‘oceurs with water,
dissolved carbondioxide and oxygen from air, organic acids from plant decay and dissolved
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salts present in the water. Hydrated iron oxide, carbohates and stlphates are formed whén

rainwater comes in contact with rock surfaces. Similarly rainwater with pH <7 may react |

chemically with some rock. Further, during a geologieal time period even a weak acid may
cause decomposition, For example, leaching may vemove the eementing. properties of
sedimentary rocks, Chemical weathering predominates in warm; humid regions and in
aveas with flat topography. ' - -

Solution. is the dissolving of soluble minerals from the rock, leaving the insoiuble
minerals behind as a residue. Solution is predominent in humid regions underlain by

soluble rocks.

. Thus in the weathering process, rock minerals are broken physically, changed
chemically and dissolved ir water. The end product is soil which consists predominently of
quartz and clay minerals with varying amounts of mica, ferromagnesium minerals, iron
oxides and carbonates. This slteration process further continues with changes in environ-
ment and thak are induced by man-made activities such as construction of draindge and
structures, extavation, flcoding and filling. : ' T e

1.2.4. MAJOR SOIL TYPES

Based on the method of formation soils can be grouped into three broad categories—
residual, sedimentary or fill. Residual soils have formed from the weathering of rocks or
" aceurnulation of organic material and practically remain at the location of origin with little
or no movement of individual sail particles. Sedimentary soils are formed by individual
‘particles which were created at one location and later transported and deposited at another
location. Fill is 2 man-made deposit. : ‘

Residual Soils, All the three processes of weathering can cause j;he_fgrmg_tipnr of
residual soils, If the rate of rock weathering is more than tie rate of erosion or tramsporta-
tion of weathered material, the resulting accumulated soil is the residual:soil. The con-

tributing factors for the rate of weathering and natute of weathered products are climate, -

tiie, rock source, vegelation, drainage and bacterial activity. s the weathering. action
decreases with depth, the desper residual soils maintain the concentration of mineral and
orientation of grains of the parent rock. Thus the thickness of residual soil accumulated at
.a particular location depends on the rate of rock weathering and the availability of evosive
forces to carry the soil away after it is formed. Residual soils generally have wide range of
particle sizes, shapes and composition-based on the degree and type of weathering and the
minerals of parent rock. ' : ’ ’

Residual s0ils may be-derived from all the three basic vocks. Residual soils produced
from igriéous rocks, such as granite, are tan and yellow sandy silts and silty sands with
mica and clay of kaolinite family. Thess soils from granites ordinarily form good construe-
tion material, Basalt, another igneous rock, whick is rich in ferromagnesium niaterials
praduéé residusl zoils with highly plastic montmoriltonite clays with deep redtedark brown

colour and are not suitable for construction or. as foundation, The black cottori soils found »

in India belong te this group.

- Residual soils derived from clastic sedimentary rocks exhibit an altered minetal
i‘composition and are finer grained than the original sediments: Further the‘depth of
weathering of these sedimentary roeks is generally less than for igneousyocks in the same
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environment. The residual soils from carbonate sedimentary rocks consist of all the

_ insoluble impurities of the rock. These soils have clay varying from kaolinite to ‘montmaoril-

Ionite ard silica varying from boulder to silt-size and iron oxide.

 Residual soils formed from metamorphic rocks, such as gneiss and schist, range from
sandy silts to silty sands with varying -amount of mica. These deposits are extremely
variable in composition and extent and the minerals are found in the same order of bands
as in‘ths original rock. The residual soils derived from guartzites and marbles resemble
those from granites and limestones respectively in their engineering behaviour. Because of
the-variation in composition, these residual soils need caveful-study before use.

' Rosidual soils are found abundant in humid and warm regions which are favourable
to chemical weathering of rack. Residual soils-exist in many parts of the world, viz., South

. Asia, Africa, Southeastern North America, Central Ammerica, the islands of Caribhean and

South America. Sowers (1963) has reported the following typical depths of residual soils :

Southeastern United States Gto 23 m
*-Angola - ‘ . 7.5m
South India o 7.5tc 15m
South Africa .. 9tal18m
West Africa ' e 10 ta 20 m
Brazil i0to26m

Studies on residual soils are limited compared‘ to sedimentary soils.
Sedimentary Soils. Sedimentary soils are produced depending on the formation,

_ transportation and deposition of sediments. Sediments are formed basically from the

physical and chemieal weathering of rocks on the surface. Generally physical weathering
of rocks produce silt-, sand- and gravel-sized particles whereas chemical weathering

“produce clay-sized particles, Transportation of sediments can be performed by the five

agents, viz., water, air, ice, gravity and organisms. During the process of transportation the
sizes of the particles are altered and accordingly sorted depending on the agency. Lambe
and Whitman (1979) has given the effects of these five transporting agents on sediments
{Table 1.1). Thus, particles, so formed and transported, ave deposited in water or land to
form sedimentary soils, The deposition in water may be caused due to reduction in velocity,
decrease in solubility and increase in electrolytic cancentration.

. Sedimentary soils ave further classified based on the mode of transportation causing
the deposit. ’ : :

Soil particles which are transported by water, called water-transported soils, may be
in the form of suspended particles, or, by rollingand sliding along the bottom of the stream
or river. Particles transported by water range in size from boulders* to elay. Soils that are
transported by river water and deposited ave called alluvial deposits. Soil particles carried
by a river while entering a lake, deposit all the coarse particles because of sudden decrease
in veloeity and such a deposit is referred to aslake delta: However, the fine particles reach
‘the centre of the lake and get deposited under quiet waters. Every season alternate layers
are formed and such lake-deposits ave called lacustrine deposits. These deposits are weak

¥Qreater than 300 mm size.
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and compressible and pose problems for foundation. If coarse and fine grained particles are

deposited in sea-water, then they are called marine deposits. Marine sediments are made

up of terrestrial and marine contributions. The soil deposited in salt-water will h
highly ﬂocculatesl structure and thus have a larger void ratio than the soil de osis‘ée‘a
fresh-water._ Marine clay deposits are generally weak, compressible and problal:natiz ifi
for fout}datlons. In water stagnated areas where the water table is fluccuating :flld
v}e:lgetatlfmal growth prossible swamp and marsh deposits develop. Soils formed under
this en.\.rn'onment are soft, high in organic content and unpleasent in odour. Accumulati
of partially or fully decomposed aquatic plants in swamps or marshs is tell'med mucakm:
peat. Muc}: is a fully decomposed material, spongy, light in weight, highly compr 'b'l)
and not suitable at all for construetion purposes of any kind. ' d press,

Ice in the form of glaciers has been a very activ ‘ ¥ ¥
tl.‘ane.aportation. ]?eposits formed due to this are ygeneraﬁyagt:?;\;g Zit}j;'l:tfia:lhtel:ni %:d
Melting of a glacier causes deposition of all the materials and such a depoéit is calleg asf,li]i‘
The la.nd form'nr topographic surface after a glacier has receded is referred to as a gro d
moraine or t#1 plain. Till deposits which have been overrun by glaciers containg:oalrl-;1 3
particles and form construetion materials. Eskers are the remains of seils deposited b t}?l
surfa.ce ar}d subsurf.ace glacial rivers. Drumlins are glongated low hills of till that o'yt n
the direction of the ice travel. Large boulders picked up by a glacier, transported tz ;im:;

location and dropped ar ati : : s
o pped are called exratics. Glacial deposits provide poar to excellent foun-

Table 1.1. Effect of Transpoxrtation on Sediments
(After Lambe and Whitman, 1979)

Wate - - :
uter Air Ien Granity Chrganisins \
Size- i i i ‘
ize Rhefluctwn ‘ Considerable * | Considerable Considerable Minor abrasion
t' rough solfltmn, reduction grinding and irnpact effects from
little abrasion in impaet : direct o i
suspended load, t!‘AHSPOII-"gt:?ilocn

some  abrasion
and impact in
traction load

Shape and | Rounding of sand | Hiéh degree of Angular, scled

- M A .
roundness | and gravel rounding particles. ngular, non

spherical

Surface | Sand : Smosth, | Imy i
nd s pact produces | Striated surfa Btri
texture polished, shiny [ frested surfaces P

8ilt : Little effect surfeces
Sorting Ccn_siderab]e Very consider- | Very little No sorting Limited
sorting ) able sorting | sorting sortin,
(progressive) .

] : ?}:‘a\‘rkty ‘is generally cap:_able of transporting materials only to a limited distance and
hence there will be no appreciable change in the materials moved by the transportation
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process, Gravity deposits are called as talus. Talus ineludes the materials collected at the
base of cliff and landslide deposits. ‘ .
Wind, like water can erode transport fine grained particles by rotling or carrying
themm and deposit. Soils carried by wind and subsequently deposited ave referred fo as
acolisn deposits. Accumulations of such wind-deposited sands are termed as dunes,
Dunes generally accur in desert areas, and on the downwind side of bedies of water having
sandy beaches. Dune sands may be used for construction purpase to a limited extent. In
arid regions; fine-grained soils can be transported by wind to a great-distance. Wind-blown

. silts and clays deposited with some cementing materials in a loose stable condition is

designated asloess. These deposits have low density, high compressibility and susceptible
for collapse on saturation.

Fjll. The process of soil: formation discussed in the preceding sections are due to
nature. A man-made soil deposit is a fill and the process adopted to form the fill is called
filling, The materials needed for a fill are obtained from a source ealled boyrew or
processed by blasting and are transported through land or water using suitable vehicles or
machinaries and deposited in the vequired location by dumping. The {ill can be densified
by asuitable compadtion devies (asinacore of anearthdam or astracturalfiliora subgrade}
or left uncompacted (as in rock tee or hydraulic fill).

1.2.5, SOIL PROFILE ‘

Uppermost soils develop a characteristic weathering profile from the ground surface
down due to continuous exposure to anvironmental activities, The term soil profile is used
to indicate a vertical section through the subsoil showing the thickness and sequence of the
individual strata, The soil profile-is called simple or regular, if the boundaries between

_ strata are approximately parallel. If the undaries show irregular pattern the soil profile

is called exratic; The physico-cherhical praperties of soil profile up to a depth of 3 m are
influenced by the envirenmental factors such as changes of moisture and temperature,
amaount-and seasonal distribution of maisture and temperature, amount and seasonal
distribution of vainfall, changes due to biological agents, ground water level, ete. The degrea
of soil profile development depends on the length of time of environment activity. In freshly
deposited materials the profile is shallow and poorly defined and in older deposits it may
bhe as thick as 3 to 5 m-and clearly defined.

The science of soil profile analysis is called pedology or soil sclence which is one of
the basic science of agronomy. As civil engineers are also concerned with upper portien of

soil deposits as a foundation or as a source of construction material, a knowledge of the soil

profile at a particular location is very important for them. Further a suitable ground
imp)'ovemen_t technique can be decided only after knowing the details of a soil profile.

The uppeimost part of the ground surface is subject to the mechanical effects of
weathering and to the loss of some constituents due to leaching, This region is referred to
as A-horizon. The thickness may range from a few centimetres to half a metre. The lower
partisreferredtoas the B-horizon, where partof the substance washed out of the A-horizon
are precipitated and accumtlated. The B-horizon is also referred to as the zone of
accumulation and thickness varies from 0.50 10 0.75 m.



8 ' GROUND IMPROVEMENT TECHNIQUES

The properties of soils in the A and B horizons are chiefly needed for read works. For
foundation and earthworks the material underlying the B-horizon is important which is

referrad to as C-horizon. The character of the soil beneath the B-horizon is determined only,

by the raw materials from which it is derived, by the method of deposition, snd by
subsequent geological events. The strata beneath the B-horizon may be homogenous,
stratified or erratic. Generally the C-horizon will contain material which was first deposited
by water, wind or ice in the geological cyele. For ervatic depoesits it may be difficult to arrive
at average values. Generally the physical properties of almost every natural soil stratum
vary to a considerable extent in the vertical direction and to a smaller degree in horizontal
divection. '
Soil profile of various regions are briefly dealt below (Sawers, 1879).

Cool and Temperate Humid Region Soil Profile. In cool temperature regions
with humid climates, there is large aceumulation of dead leaves, plants and other organic
debris due to heavy growth of vegstation. These acoumulated materials decompose.stowly
and produce weak acids which accelerate the weathering-and the soil-moisture movement
is downward to the water table.

The uppei'most soil is subjected to chemical alteration producing elays of the kaolinite
family, soluble carbonates and semisoluble reduced iron materials. These are leached
downward by the soil moisture resulting in sandy soils with underlain clays. However, the
top soil will be dark coloured organic matter with spongy texture. The leached material
accumulates in the clay layer with decreasing effact of leaching with'depth. Thus the clay
layer is dark coloured and contains a greater concentration of clay minerals, tron, and
carbonates than the original soil. Below this clay layer lies the slightly weathered parent
material followed by unaltered parent material or rock. —

Hot-Humid Region and Profile. The upper parts of the deposits in this regionalso
experience alternate wetting and drying eyele and downward leaching. The decomposition
" is faster and no organic acid is produced. Because of the formation of soluble carbonates,
the silicate weathering proeeeds in a neutral environment and the soluble colloidal silica
is leached downward. The aluminium and iron become highly oxidized and cement the
quartz into a stiff rock like soild. The iron and aluminum get accumulatad due to continued
weathering and leaching and form nodules or concretions with a texture of a loose but
cemented gravel with a colour ranging from tan to bright red. This process is referred to
laterization and the well indurated material is called laterite or ferricrete. Well-developed
laterities ave porous, light in weight but strong and relatively incompressible. Some of the
strongly cemented laterities are used as load material in place of gravels. On the othey hand
some ‘of the less-developed laterites may get softened upen wetting. Laterites can be
identifted based on the presence of silica to alumina ratio.

Dry Region Soil Profile. In this type of region there will bs no presence of organic
matter, Because of surface evaporation the moisture movement is generally upwards
resulting in accumulation of soluble materials such as carhanates near the surface and in
the partial cementing of the sail. . This sort of drainage is referred to as drainage by
desiceation. This phenomenon of desiceation is very much pronounced in soils of semi-arid
and arid regions. The distribution of carbonates are often non-uniform, When dry, these
soils are highly incompressible and strong. However, upon wetting they weaken suddenly
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and collapse. They could be used as construction material depending on the parent material. -
In extremely arid regiornis, a saline or atkali topseil is formed due to soluble salts l?rought
by capillary action. These soils are referred to as desiceated soils and quite often mistaken

- for soft rocks.

Humid-Poorly Drained Scil Prefile. The wet, poorly drained soils form sin:lilar
group depending on the moisture, Organic growth is usually rapid in a very wet enviren-
ment and the decay process is slow leading to accumulation of organic matter, Slower rates
of decay assaciated with stagnation of water produce fibrous peat while ]1ighe'1‘ l'ates' of
decay with fluetuating water levels, produce nearly fibreless museles. In cool regions thick
peat deposits are formed due to very slow decay.

1.3. SOIL DISTRIBUTION IN INDIA -

India has a combination of tropical and temperate climatic conditions and exposed
to monsecon weather, almost, throughout the country. The average annual rainfall varies
from 20 to 400 em. The soils of India are generally very old and fully matured and their
formation is due to seasonal climatic distribution and amount of rainfall. The chemical
reactions involved are more intense and therefore rock disintegration is rapidly followed
by chemical decomposition. The soils of Indo-Gangstic plains are mainly alluvial an‘d
boulders being brought down by rivers from the Himalayas, Most of the other soils of India
have been formed in the areas where they are found. The soils of India may generally be
elassified as follows (Pichamuthu, 1970) : ) Aluvial seils, (ii} Black soils, {i{i) Red soils, (iv}
Laterite seils, (v) Forest and hill soils, (v7) Arid and desert soils, (04} Saline and alka[line
soils, and (wiii} Peaty and marshy soils. However, keeping in view the aspects of geotechnical

engineering the major soil deposits of India (Katti et af, 1975 ; Ranjan and Rao, 1991) which

cover large areas {Fig, 1.1) are discussed below,

1.3.1, MARINE DEPOSITS

The marine deposits spread along the Indian coast are relatively narrow belt and
generally derived from terrestrial sources except for the coral sands and mud near the
Andaman and Nicobar Islands and the Lakshadweep. These deposits are very soft to soft
normally consolidated highly compressible clays. The sensitivity range is in the order of
slight to medium sensitive and essentially inorganic in composition. The thickness of
deposits vary from 5 to 20 m. Marine deposits cover along the coast of West Bengal, Andhra
Pradesh, Tamil Nadu, Pondicherry, Kerala, Goa, Karnataka, Maharashtra and Gujarat.

" The deposits generally need a pre-treatment before application of any external load. o

' 1.3.2. BLACK COTTON SOILS

Black cotton soil is one of the major soil deposits of India and is spread over a wide
area of 300,000 sq. kin. To a large extent they are found in regions having low to {nedium
slope and poor drainage conditions. The primary bed rock is basalt or trap.anc.l in some-
locations quartizites, schists and sedimeéntary rocks ave found. It is expansive in nature
due to the presence of montmorillonite and illite ¢lay minerals. Some of these black cotton

. soils are also found to contain high amount of carbonates, The depth of black cotton =oils
" can be as high as 20.m, Black cotton soils extends over the states of Maharashtra, Madhya
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. Fig, 1.1. Major soil deposits of India
(Adopted from Katti et. ¢, 1975 and Ranjan and Rao, 1991},

Pradesh, Karnataka, Andhra Pradesh, Tamil Nadu and Uttar Pradesh. Based on the
pedological conditions the depth of crack and erack pattern vary. The soil surface is hard
in summer season but becomes slushy and lose its strength substantially during rainy
season. Volume changes up to a depth of 1.5 m generally occur due to seasenal moisture
changes. Highly loaded structures are most susceptible to damage as a result of the volume
changes. Because of the shrinking and swelling characteristics of the soil a special treat-
ment of the soil or design approach has ta be adopted.

1.3.3. LATERITES AND LATERITIC SOILS AND MURRUMS

Tropiecal regions of high moisture and high temperature establish special conditions
of accelerated and intense weathering which lead to the development of anlnique soil type
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identified as laterite. In such regions weathering activity is so intense that a treimendously
thick soil (exceeding 30 m) may be developed from the parent rock through processes
collectively termed as laterisation. Laterisation is due to decomposition of rock, remeval in
solution of silica and bases and accumulation of -aluminium and sesquioxides, titanium,
magnesium, clays and other amorphous products {Iyer and Pillai, 1972). The red, pink or
brown colour of Jaterities is essentially due to the presence of iron oxides and manganese.
A coarse-grained concretionary material with 80% of these lateritic constituents is called
laterite. Fine-grained materials with lower concentrations of oxides are called as lateritic
soils. Lateritic soils of India are residual soils and forms one of the major soil deposits and
spreads over an area of 100,000 sq. km. Lateritic soils extend over Kerala, Karnataka,
Maharashtra, Orissa and West Bengal States. Indian laterites have been derived from
different rocks under not humid conditions in places with an average anmial rainfall of
about 200 fo 300 cm. : ’

. The characteristic feature of laterites is the high strength when it is cut and dried in
sun. Hardened soil can retain the high strength even subjected to immersion in water. The
specific reason for such a behaviour is due to dehydration of iron oxides and the presence
of halloysite type of clay mineral. It has heen reported in literature that some of the laterites
show extremely high strength comparable to that of burnt bricks. Many laterites are porous
in nature and possess medium to high permeability. Calicut laterites were found to be rich
in halloysite and crystalline goethite whereas Rajamundry laterites showed presence of
crystalline kaolinite and metahallosite (Rao and Raymahshay, 1981). The reason for such
a behaviour has been attributed to the geological environment of the areas.

An aspect which is problemiatie is the permeability of laterites in relation to construc-
tion of reservoirs (Katti et af, 1975). Road cuts in laterite deposits pose a serious stability
problem. Further difficulties have been experienced in the assessment of lateral stresses
in lateritic profiles (Iyer and Pillai, 1972).

- Murrums are residual soils forined basically from weathering of basalticrock, where
monsoon is severe (Ketkar, 1970}, Murrums constitute mixtures of weathered rack pieces,
clayey sand and clay, Murrums may contain rock fragments in varying sizes. Murrums ara
found in many places with thickness varying from a few eentimeters to a few meters and
totally spreads over an area of 400,000 sq. km. It usually underlies black cotton soils, red -
or yellow soils. - ) -

Murrums contain over 50% gravel and very less percent of clay fraction. The material
is generally qitite compact and soft at shallow depth and hard at deeper depth. Murrums
because of the presence of gravel and sand size particles and compact exhibit very high
strength. They are used extensively as road material and fill material. The bearing capacity
of such soils are extremely high and do not pose any foundation problem.

1.3.4. ALLUVIAL DEPOSITS

The familiar alhuvial deposits of India are in the Indo-Gangetic and Brahmaputra
flood plains. The thickness of the deposit in these areas exceed 100 m. North of Vindya
Satpura range is covered with river alluvium and deltaic type are spread near the sea.
Alluvial deposits extend from Assam in the east to Punjab in west. Alluvial deposits
generally present alternating layers of sandy silt and clay and in some locations organie
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layers are also encountered. The Bengal basin is another important alluvial deposit and is
believed to have been formed in the middle of Mesozoic era. The subsoil of the upper strata
of about 100.m thickness of the Bengal basin is of recent: origin.and is deposited by the
(anga river system (Sam, 1975). These deposits ave primarily taken place under typical
alluvial environmients. The soil around Caleutta, termed the normal Caleutta deposit,
consists primarily of desiceated brownish grey/light brown.silty clay/clayey silt with
oceasionallenses of silty fine sand followed by grey to dark grey silty clay with decomposed
wood and exist up to a depth of 15 m (Som, 1975), Another deposit of Bengal basin is the

river-channel deposits, consisting of sandy silts to silty sands up to a depth of 30 m. (Som,

1975} :

1.3.5. DESERT SOILS ) _ _

Thar desert in Rajasthan, covering about 500,000 sq. k., consists of desert soils of
India. These are wind blown deposits generally present in the form of sand dunes with an
average height of about 16 m. The deposits are formed under arid eonditions and the dune
sands are predominantly of non-plastic uniformly graded fine or silty sands. Some of the
problems associated with the soil ave of soil stabilisation forreads.and runways and seareity
of water for any construction activity. -

1.3.6. BOULDER DEPOSITS N

Large boulders are carried down hills due to vivers and deposited nearfoot hills,-Such
deposits are encountered in the sub-Himalayan regions of Himachal Pradesh and Uttar

Pradesh. The properties of these deposits are complex and depend on the size of boulders-

and the soil matrix. Generally, hecause of particle contact high frictional resistance should
be anticipated (Ranjan and Rao, 1991).

1.4. AI.TERATIONS OF GROUND AFTER FORMATION

- A structure to be constriicted on the ground or under the ground should be designed
" considering the properties of the ground at the time of formation, at the starting of the
project and the possible changes which might take place to the ground during the design-life
of the structure. The size and shape of a given deposit and the engineering properties of the
soil in the deposit may change very significantly. Ground movements which are inde-
pendent of stresses imposed by the structure can oceur due to different activities. Tor
example ground movement may ceeuy due to swelling and shrinking, frost action, seepage,
vibration, ete. Many of these changes may be caused independent of man’s aetivity and
some duse to construction activity itself. Henes, necessary precantions have to betaken while
designing a structure keeping in view the possible anticipated changes which could oceur
during the design-life of the structure. A few of the factors which contribute-for ground
alteration are discussed below. .

1.4.1. EFFECT OF SEASONAL MOISTURE VARIATION

Soils may undergo volume changes caused by seasonal meisture content variation,
_When a saturated soil is allowed to dry, a meniscus develops in each void at the soil surface

i B e
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and brings in tension in the'scil water leadin to a compression in the soil structure which
is termed as shrinkage. Such a compression caused by shrinkage in fine-grained soils is as
effective as that produced by an external load which could produce a pressure as great as
500 kN/mZ In partially saturated soils the force causing shrinkage avises from the pressure
difference across the curved air water interfaces. The effect of shrinkage depends on initial
moisture content, type and amount of clay content, mode and environment of geological
deposition. Shrinkage js reduced due to the presence of sand and silt size particles. Soils
with high plasticity shrink greatly causing settlement. Shrinkage takes place in horizontal
and as well in vertical-divections because of capillary tension which is exerted in all
directions. Highly compressible clays exhibited eracks 0.5 m wide and 5 m.deep (Sowars,
1979). Repeated shrinkage produce a network of shrinkage eracks in all divections.

Some soils (expansive soils like black cotton seils of India) not only shﬁhk due to
drying but also show marked swelling with increase of moisture content. Swelling is caused
mainly due to repulsive forces which separate the clay particles leading to voluine increase.
The mechanism causing swelling may be attributed to a number of phenomena such as the
elastic rebound of the soil grains, the elay minerals affinity for water, the cation exchange
capacity and electrical repulsive forces and the expansion of entrapped air. Al these factors
may contribute for swell in precompressed clays whereas in normally consclidated clays
the affinity of water by clay particles and the electrical repulsion of elay particles may
predominate. If the swelling is prevented high pressures as high as 500 kN/m* may be
developed. :

- Inregions which have well defined, alternately wet and dry seasons, susceptible soils
swell and shink in regular cycles, Due to such seasonal volume change there will be rise
and fall in the ground surface accompanied by tension cracks in the soil during dry season
and closing of the cracks in wet season. The movements are Jarger in grass covered areas
than in areas devoid of vegetation. Soils with illite or kaolinite show large initial volume
deerease on drying with only a limifed swelling on rewetting.

. . As shrinking and swelling depend on the character of the soil and the moisture
changes, it is difficult to assess them qualitatively. Theoretically, a moist soil can shrink
ntil it reaches the shrinkage limit. Further if the soil is initially drier than the shrinkage
limit it should not shrink, In general, the lower the shrinkage limit; the greater the potential
shrinkdge. Similarly, the swell will be less when the moisture content is around pldstic
liinit ér slightly more, In'the field the most reliable methods of assessing shrinkage cracks
i8'by lo¢al enquiry and observations of shrinkage, cracking and desiceation in trial pits.
Adequate field observations for several years in a region are needed to properly estimate
the shrinkage and swelling. If the field condition compels to use aswelling soil, the effects
of swelling may be minimised by placing the clay at the highest practicable meisture and
providing surcharge over the soil. It has been found that the inherent potential to swell
depends on the plasticity index (Holz and Gibbs, 1956 ; Seed ef. al. 1962) as indicated in
Table 1.2. .
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Tabie 1.2. Volume Change Potential
(After I{oltz and Gibbs, 1956)

Volune clurnge Plasticily Index % Shrinfuge
yatential limie %
L Arid ureu. Hirnid area fmt s
Low 0to 15 0to 30’ > 12
Moderate 15 to 30 30 to 50 10 to 12
High > 30 > 560 < 190

1.4.2. EFFECT OF WATER SEEPAGE AND SURFACE EROSION

Mainly in sandy soils troubles oceur due to water seepage and erosion. . Internal
erosion tan result from carrying away of fine soil particles by ground water seeping in
broken sewers or culverts and in careless technique of deep excavation below the water-
table. The eonsequent loss of ground from beneath foundations may lead to collapse of
structure. Subsidence also possible due to solution of minerals from the ground as a result
of water seepage. .

Surface eresion may occur due to loss of matsrials in strong winds or erosion by
flowing water. Fine patticles such as fine sands and silts and dry peat are very much
susceptible for eresion by the winds. Surface evosion by flowing water may be severe if
structures are constructed in the bottom of the valleys particularly where monsoon rains
are very heavy. ’

Such actions of seeping-water and erosion may lead to changes in the properties of
soils and in soil profile which needs careful cansideration while designing a structure.
Erosion can be prevented by providing adequate depth of foundation, by growing suitable
vegetation, or by blanketing the erodable soil by gravel, erushed rock or clay, ete.

1.4.3, EFFECT OF VEGETATION

Swelling and shrinking problem is also aggravated due to the effect of the roots of
vegetation, The roots of trees, plants and shrubs consume considerable amount of water
from the soil leading to the soil shrinkage. Roots of isolated trees can spread te a radius
greater than the Height of the tree. The removal of water by the roots cause shrinkage both
vertically and horizontally. The root system cause two types of problems, viz., (i) heave of
foundation on sites which have recently been cleared of tress and hedges and (#f) settlement
in existing structures sited elose to growing trees or caused by subsequent planting of trees
of shrubs close to them (Tomlinson, 1986). Thus care should be faken to assess the
settlement and also the forces tending to tear the foundations.

-

14,4, EFFECT OF TEMPERATURE VARIATION

Both low and high temperature cause volume change leading to heave and shiinking
respectively. When daily mean temperature remains below 0°C for a long period the soil
moisture near the ground siirface freezes. Continued sub-zero weatherleads to increase in
depth of freeze which results in rise of ground surface known as frost heave. The frozen
water is concentrated into ice lenses or layers that lie parallel to the ground surface. Frost
heave is ravely uniform but exerts enormous upward pressure causing damage to structures
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constructed on them. During warm weather the frozen soil thaws causing low shear
strength and ground subsiderice. The zone of soil subject to freezing and thawing depends
on several factors such as type of soil or rock, the caver of vegetation, exposure to the sun;
surface configur atlon, and ground water movements, The depth below ground suy face to
which 0°C témperature extends is called the frost line: The depth of frost line depends on
the air temperature and its pericd and soil ability to conduct heat.

In permanently frozen g10u11d called permafrost, the frost heave effects are very
severe. Permafrost can also occur in distinet layers, lenses, sheets or dikes separated by
thawed material. The surface of per rmafrost is ravely stable, but varies with cyclic changes
ini elimate and ground water flow.

Coarse-grained soils such as gravel and sand with no fines are v arely subJect to freeze
causing objectional heave, Fine sands and silts have the optnmum combination of fine pores
and relatively high permeability that results in maximum ite formation and heave. As clays
have cracks and fissures they are susceptlble for frost acf:lon

Construetion of any structure on or above the fir ozen ground needs a careful desxgn
because of the fresze-thaw property of the frozen ground.

When soil is subjected to very high temperature severe shrinkage cracks may oceur.
Such conditions may arise on soil beneath foundation of beilers, kilns and furnaces,

1.4.5. EFFECT or VIBRATION

It is a common experience | that a sandy soil when subjected to vibrations from such
sources as moving machinery, traffic, pile driving, blasting or earthquakes usually increase
the density of sand and cause subsidence of its surface. Tt is also known vibration is one of
the economical means of compacting loose sand layers. Hence, the effect of vibration may
be harmful or beneficial. It has been shown that {Terzaghi imd Peck, 1967) the settlement
of a sand surface subjected to a pulsating load may be many a times greater than that
produced by a peak static load. Experimental studies and field expérience hate shown that
most serious settlements in sand due to vibrations are caused by high-frequency vibrations
in the range of 50 to 2500 impulses per minute {Terzaghi and Peck, 1967).

Settlement caused by vibration on clay is usually small because of the cohesive bond
between clay particles. Thus vibration does not cause any serious damage in clayey soils
under any eircumstances. Even a soft clay settles to a moder ate extent when it is repeatedly
subjeet to vibration at.natural E'requency . Whatever may be the subseil conditions it is

" . recommended to provide adequate provisions to reduce the amplitude of vibrations (Fer Aaght

and Peck, 1967).

The effect of blasting is equivalent to that produced by a mild ear thquake Damages
caused by blasting is not hasically dus to settlement but from the transient ground motions
and the air blast associated with the shock. Telzaghl and Peck(1987) also mentioned that
long-continued traffic could produce considerable settlement.

1.4.6. EFFECT OF MINING SUBSIDENCE AND PUMPING

Ground subsidence due to mmmg, pumping or dledgmg is genemlly of hlgh mag-
nitude. An earlier method of mining, particularly coal, was by sinking ‘bell-pits’,. practised
in medieval times. The subsidence is not sudden and oceurs slowly with less magmtude As
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mining techniques improved gradually. “Pillar and stall workings" technique was developed
followed by the present day method of coal mining by “Jongwall workings”. In the former

method, support to the reof is given by metheds known variously as ‘pillar and stall), ‘room -

and pillar’ or'bord and pillar’. Galleries are made from the shaft and the roof is supported
by rectangular pitlars of unworked coal. In the first phase, i.e,, on the onward workings,
only 30 to 50% of the coal is extracted. In the second phase, .., on the ‘return workings’
the pillars ave removed either entirely to allow full collapse of the roof or partially to give
continued support on some locations to.safeguard the structures on the ground surface at
such locations. By the longwall workings the coal face is continuously advanced over a long
front, The roof close to the face is supported by props and the cavity left by the coal extraction
is partially filled by waste material, When the props are removed the roof subsides resulting
in slow settlement of the gfound surface. In general; the trough or basinof subsidence occurs
all round fhe ares of coal extraction, Because of the sudden collapse of the roof, movement
of ground surface oceurs both vertically and horizontally. The movements are not uniform
and it is difficult to predict the settlement aceurately. Other forms of underground mineral
extraction by mining methods give rise to similar subsidence problems. The extent and
depth of subsidence can be greatly reduced by carefully planned extraction acconipanied by
recharge.

Excessive pumping from oil wells reduces the neutral stressesin the oil-bearing rocks
and increases the effective stress. The rocks consclidate as the vilis removed and the ground
surface sinks correspondingly. Similarly lowering of water table during construction
activity, as a temporary or permanent measure, increases the effsctive load on the subsoil
by an amountequal to the difference between the drained weight and the submerged weight-
of the mass of soil located between the original and the lowered water table. This increase
of the effective overburden pressure causes additional ‘%mpression leading to ground
subsidence. : S

1.4.7. EFFECT OF CONSTRUCTION OPERATION N - o
* -Ground subsidence during construction may dlso occur due to inereasing load on
surrounding soil and excavation apart from vibrations and towering of water table.
Load applied on one area of a ground surface above a soil may cause the surface of
the adjacent soil to tilt. Practical significance of this aspect depends on the soil profile and

ihe dimhensions of the loaded area. In soft clay subsoil the magnitude and distribution of -

the settléthent can be approximately assessed on the resulté-of appropriate soil tests, This

* effect 'on the soft clay subsoil may be greater although not necessavily detrimental. In the
sandy subsoil the settlement due to load on the adjoining site cannot Be computed
reasonably but has (o be estimated based only the records of precedents.

o dettlement due to eéxeavation depends to a large extent on the type of bracing used
and the care with which bracing is installed. The magnitude of settlement on the ground
surface adjacent to an excavation cannot be computed but a forecast can be made based
anly on reliable well-documented case records maintained for that area. Even in an open
cut insand without bracing, the settlement due to excavating thecut does not éxtend beyond
a distance equal to the depth of the ‘eut. If the cut is properly braced the maximum

- gettlement may not he greater than 0.5% of depth of the cut. Inan open-cut in soft elay, the
“ soil lacated at the sides of the cut acts as a surcharge eantributing for a lateral yield at the
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bottom of the cut towards the excavation. As a consequence of these movements, the ground
surface located above the yielding clay settles. ’

1.5. RECLAIMED SOILS

The ter.m reclaimed soil comprises of all materials depusited on a site using various
Fnethods for different purpose. It is justifiable to name the reclaimed materials as soil, when
it comes to the purposes of construction of structures on them considering th’em as
founde}tmr'x matetials. Industrial and commereial development of urhan areas development
of nawgfttxon channels for ports and other water front structures require z; large usable
land which cquld.be possible only by reclamation. Reclamations are also needed, though
may be less important, for disposal of garbage, industrial wastes, paper sludg’e mine
tailings, etc. Reclamations may be on unusable low level land areas or on large bo’dies of
water, ThBSE? reclamations especially near large bodies of water lead to unsavory odours
grea‘ter i_;urbldityt and toxity of shore waters and affect in great extent the ecology of ali
marinelife (Iyt.zr, 1975). The geotechnical problems to be answered in these areas are control
of settlement, increase of bearing capacity and biological stability of fill. Generally reclama-

tion followed by ground treatment is pr i igni
tion Tollowie gr ment is preferable and economical than designing deep

1.5.1. TYPES OF RECLAMATION MATERIALS

The materials which are used in practice for reclamation pur i
followmg: groups (Iyer, 1975) : (f) hydraulie fills of dredged soil, (if) sr;n?t};;?sﬁlffi%iz}g toat};i
sludge, (iv) flyash including slag, and () rubbish and debris. ’ ) P

I:Iydrau!m Fill.s. ‘For large reclamations hydraulic fills are most commonly used,
The soil needed fo? this is usually obtained by developing it from the adjacent river, lake
or ocean to place it at the desired loeation, Generally a well graded soil is preferr’ed fol,'
hydraulic fill. S.and deposited by hydraulic methods will be relatively in loose condition and
has to bs:- denmﬁed.. Bilt and clay hydraulie {ills are difficult to compaet after placement
‘Where f:lme. permits, such fill is left to consolidate and stabilize naturally, The main‘
problems with hydraulic fills are low density, segregation and turbidity of the avea. The
extent of segregation in the fill and the amaunt of turbidity of the adjeining water de;;ends
on the type of dredger used. Quick dumping of well-graded material has been shown to
produce good results in depths up to 15 m (Iyer, 1975).

Smut-ary Fi}}s. Sanitary landfiils is considered as problem of chemieal stability. In
such fills, hlgh moisture content due to rainfall, snow melt or otherwise reacts with ‘the
waste materials tl:le'fn'se]ves to form a polluted liquid called leachate which often has
dreadful characteristics. The leachate from such fills may give rise to poliution of drinking
waters .and bad odours. Periodic eollection and treatment of leachate will be helpful
Produ.ctmn of methane and other gases cause explosions and fire hazards, Such ﬁlls;
experience large settlement dve to movement of fine material into large void spaces
material Ioss‘ due to chemical and bialogieal changes, creep and consolidation. Miling oi‘
waste materials and bailing them before filling will be very much helpful to reduce the

voé{urmii and the time required for compaction. Further fire hazards and {ly menace are
reduced,



18 GROUND IMPROVEMENT TECHNIQUES

Paper Shadge. Paper mill sludge is also used as a material for landfilling. This
sludge consists of kaolinite and organic cellulose fibres with ash content ranging from 32
to 59%. The density of the fill is low and the shear strength-increases with degree of’
consoldation and attains good bearing capacity with time. ‘

Flyash and Slag Flyash is a more stable material’ with a low percentage of
solubility. Steel furnace slags have been in use as reclamation material. But blast furnace
slags are not recommended as they have different prop erties thanthat of steel furnace slags.
Incineration residues are also being used as fill materials. All these materials are of light
weight and are highly alkaline. '

Rubbish and Debris. These fill materials represent a most hetero geneous material
ranging {rom stene, concrete pieces to paper, glass and grass. These are used as bottom
portion of a fill and rolled. Top portion may be a structural fill or hydraulic fill. Such fills
are highly compressible and a load test has to be conducted to evaluate its properties. Table
1.3 (Iyer, 1975) gives a summary of the different types of materials used as reclaimed soils
and their associated problems. -

1.5.2. CONSTRUCTION METHODS . .

When large volumes of soil must be excavated and transported, hydraulic methods
may be economical. In cohesionless or slightly cohesive soil fills the hydraulic excavation
is most effective. Jets of water under a high pressure as high as 1500 kN/m? through 50 to-
100 1rm nozzles wash the soil from the borrow location to sluices. Then the mixture of soil
and water can be pumped and transported through pipes to the required location:

The suspension can be pumped several kilomsters with@ly dredge pumps and
booster pump can be used for still long distances, . 'J .

Adequate care has to be exercised in zelecting a suitable site for disposal of waste.
The selected area should be abave the maximum level to the local water table. It is advisable
to create only a shallow landfill with the wastes because in deeper fills decomposition is

- slower. After due selection of a proper site for the fill a proper procedure has to be decided
for landfilling the wastes. .

Hydraulie filt Construction. If a hydraulic pipe line discharges directly on the
ground pipe at its focus, a fan-shaped mound is formed. The deposited soil is coarsest at
the outer boundaries and increasingly finer at points near the peol. The natural side slopes
created by a flowing coarse soil slurry are usually in the range between five and ‘ten
horizontal to one vertical. Hydraulicatly transported soft clay scils may develop slopes as
shallow as 60 to 1.

if it is necessary to contain the area receiving the fill, dikes are constructed or
sheetpiling is installed to forming a ponding area. A starter dike of 2 m high (first stage) is
placed first around the area to be filled [Fig. 1.2 («}]. The hydraulic pipe'is laid on the dike
and the discharge sluices or valves ave installed at regular intervals, While the filling is
processed the solids settle with the coarsest particles elose to the dike and the fine particles
nove to the centre and settle. Excess silt and clay in suspension are discharged with water.
In order to prevent water pollution, the unwanted fines ave recovered in an anziliary diked
area. In general controlling the sedimentation time, coarser fill can be obtained. When the
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pond is full the height of dike is raised te the required second stage level [Fig. 1.2 (3)], and

the process repeated till the required lev
practically feasible with efficient control.

Table 1.8. Materials used as Reclaimed Soils
{After Iyer, 1975)

el is reached. Heights greater than 80 m is

f{i }?rpe _of Mefhc{d of Method of Problems Remedial
3 aterial Placing ‘ Control Associated Measures
i, Fait;ily Clean |Hydrauliefill |Field density Uniform  fill  of { Vibratory  rollin
san { 3
N-values moderate density- ] Vibroflotation ¢
2. g;lt or Hydraulic fill | Field load tests on | Heterogenecus filk'} Preloading
ayey sand . large platés of large voids
3. f;ii;fCohesive Hydreulicfill | Field load tests on [ Skeleton of clay | Preloading
] largs plates " |bales matrix of
. sands and clay
4, f;ﬁtaio;l;;i:z Hydraulic fill | Laboratory tests Laminated normal- | Preloading  with
Exilines : A or under con-|sand drains or.stir.
i solidated clay ring and drying/
Adopt foundations
rigid/flexible articu-
. ) _ lated type
&, | Paper sludge Rolled fill Laboratory chemi- | Organic, under-con- | Preloading with
cal tests solidated material, [ sand layers
. chemical action
8, . :
Fly ash go]éed o er Laboratery chemi- | Chemically un- | Preloading, lime
ydraulic fill | cal tests stable-siit size-frost | treatment
corrosive to founda- .
) tion
7. f}l;iff“rfrrﬁa Raotled fill Laboratery tests Expansive-causes | Preloading, lime
co crack treatment
8. |Loading seil | Compaction Field tests on large | Heterogeneous fill, | Preloadin
unde.r. wet [ Deposition in | plates leachate, gas : g
| condition ‘| water losi $ 8 =
(possibly plosion
lateritic)
9, |Sanitz i .
amtaryrﬁll Rolled fill Field test Subsidence, large | Preloading, packing
. .| secondary campres- | and loading
sion

* As the hydraulic fills are generally loose throughout the depth, proper densification

‘or stabilization is needed if it is intended to support structural load. Hydraulic fill

zonstruction %s generally cheap an.d stableland areas have been created. However, in certain
ises exp;{nslve n:nethods of denS}ﬁcation may be required to make the fill suit;ble for its
purpose, Hydraulie fill construetion is suitable for land fill and fill along water front
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(k) Stage 2. Dikes built up from stage 1 filling.
Fig. 1.2. Hydraulic filling with dikes.

Landfilling Procedures for Waste Disposal. Wastes may fall into the categories
of industrial, municipal and hazarduous. However, the step hy step procedure for landfilling
of these wastes is identically same-to take the waste material,-place it in a suitably lined
area, backfill around it as it is being placed, and eventually cover it over in an environmen-
tally safe and secure manner, Obviously more care and greater precautions should be taken
while handling highly toxic materials. The problems of wastes are enorinous. Although
different new methods of waste treatment are proposed, the paramount task is.to-provide
a safe and secure landfill. The disposal of waste of all categories by the three means of
landfilling procedures are discussed below.

Trench method is suitable when adequate backfiil material is present and the site

has a high water table and the volume of waste to be disposed is relatively smatl, The chosern -
site should have sufficient strength and stability of side slopes to avoid a collapse. Wastes -

are dumped from the sides of the trench and spread into layers which is compacted
simultaneously by the spreading of bulldozers. As far as possible, at the end of each day
the final height of fill should be reached for the entive width. The necessary backfill material
is obtained by extending the length of the trench or by starting 2 new and parallel trench.
Tach day's deposit of waste must be completely covered belore work ends forthe day
(Fig. 1.9). i
_Ared inethod is suitable where large volume of waste has to be handled and landfilled
and at the same time the in-situ soil is niot stable enough to maintain the well-defined
siopes. The wastes are dumped on the ground and then spread and compacted in layers of
45 and 75 em each. For every 2 to 3 m of height, cover materials are spread. Each day’s
covered lift is calied a cell. Cells are stacked upon one another and compacted adeguately.
This method of successive cell application is used when filling a natural ground depression,
ravine or eanyon. If the number of staked calls exceed three, compaction has to be done in
an effieient way. _
The third method is called rapid method which is an adaptation of the area method.
This is suitable when large volumes of waste are to the disposed and a very low water table
exists at the location. Usually a single cellis made to the final height but the cover is taken
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Fig. 1.3. Typical sanitary landfill showing three different methods of operation : {i)
Trench method, where trucks depesit the loads into the trench and a bulldezer spreads
and compacts, and covers them over at the end of the day ; (b) Area method, where a
bulldozer spreads out the refuse and a seraper hauls the cover material ; and {c) Ramp
method, where the refuse is compacted as before hut the cover is excavated from directly
in front of the working face, (Adopted from Brunner and Keller, 1972).

from directly in front of the working face. Thus the cells in this method ave thicker and

shorter than the area method.

o The s.election of soil for covering the waste material is very important. Suitability of
different soils for landfill cover is presented in Table 1.4 (Brunner and Keller, 1872). As far

* as possible a suitable cover material, available near the area of fill should be used. If such

a s.oil is -not .ayailable near the landfilling srea, the available soil may be used irrespective
of its suitability. However, the final cover over the upper most cell should be the one which
could be almost near to the one recommended in Table 1.4, ’
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Table 1.4, Suitability of General Soil Types for
Use as Landfill Cover Material
(After Brunner and Keller, 1972)

Function Clean Clayey-silty Clean * | Clayey-silty Silt Clay
gravel gravel - sand send

Workability, place- | Good Excellent Exeellent | Good Fair Poor

ment of cover

Prevent rodents |Goed . | Fair to Goed | Good Poor Poor Poor

frem borrowing or ’

tunnelling

Keep {flies from |Poor Fair Poor Good Good Excellent*

emerging ) : .

Minirfmise moisture | Poor Fair to Good |Poor Gaod to Good to Excellent*

entering fi}l Excellent Exceliont :

Minimise landfill | Poor Fairto Good |Poor . [Geod ta Goodto | Excellent*

gas venting through . Excellent Excellent

caver :

Provide pleasingap- | Excellent } Excellent Exeellent | Excellent Excellent Excellent

pearance and con- ’

| trof blowing paper

Grow vegetation Poor | Good Paor to . Excellent Good to Fair to
Fair Excellent Good

Be permeable for | Fxcellent }Poor Good Poor Poor Poor

wventing decomposi-

tion gas**? ~—

*Except when cracks extend through the entire cover.
#+(Only if well drained.

_ ‘The wastes material deposited usuatly have a dry density of the crderof 1.57 to 6.28 N/m?
and moisture content of 10 to 35% with low bearing capacities, e.g., 19.0 to 84 KN/m?

Natural consolidation of sill is very slow and eannot be used without improvement.

The landfilled site can be better utilized after consolidating with the aid of a surcharge fill.

As most of the wastes are combustible in nature, settlements as high as 40% of the original

thickness of the fill ean oceur. The time required for complete consolidation may take one
. to four years. :

During the settlement process there are possibilities of gas generation within the
degrading fill and creation of leachate.

1.5.3. LANDFILL GAS AND LEACHATE

Most }gndfill sites produce methane and earbon dioxide gases. If an impermeable
cover is provided over the entire landfill, methane can move horizontal heyond the boun-
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daries of the fill then escape to the atmosphere, As the methane gas is harmful and ereates
health disorders it is advisable to properly vent the gas.

‘As carbon dioxide is 1.5 times denser than air and 2.7 times denser-than methane it
moves to the bottom of the landfill. Since it is readily eoluble in water, it may mix with the
leachate and enter into the groundwater. Dissolved carbon dioxide in water reduces the pH
of water and thereby increases the hardness and mineral content of water. A sand-gravel
drainage layer of a suitable geotextile can be provided above the bottom of the landfill with
a proper collection system for gathering the gas (and the leachate) for proper disposal at
the ground surface (Koerner, 1985).

Leachate should be properly collected above the primary liner {if provided) at the
bottom of the landfill, treated adequately and disposed as per the stipulated norms. But

- many of the existing landfiils are unlined. In an uniined fill or ifthe liner leaks, the leachate

will eseape from the cell to the surrounding soil. The basic need is not-to allow the leachate
escape from the landfill. This could be achieved only by providing liners or eontainment
walls,

1.5.4. LANDFILL LINERS AND CAPS )

Both bottom land and side slopes of a landfill area need protection by liners. A wide
range of materials are used to ‘ant as liners. In general the liners may be construeted of rigid
or flexible materials. The rigid liners are shoterete or gunite, concrete, soil-cement,

- bituminous-concrete, and bituminous panels. The flexible liners ave compacted soils,

chemically treated soils, bentonite clays and geomembranes.

Irvespective of the type of material, adequate site preparation and strengthening the
soil subgrade is simply mantlatory for a successful performance of a lining system. This
aspect is very important as no liner, whatever may be its rigidity, can withstand large
differential settlement. . :

Inspite of a perfectly designed and constructed lining the system ean not provide a
zero seepage loss systefn. Thus an underdrain system can be placed beneath the primary
linear to collect any leakage passing through it. This collected leachate may be treated and
disposed or recireulated back to the containment area. The present day practics, particular-
ly for hazardous waste landfills, is to provide 4 secondary liner beneath the underdrain
system. For a detailed treatment on liners, reference may be made to Koerner (1985).

When alandfill is realised tohe a hazard in its current condition or whenever landfiil
has esased to be usable it should he capped based on the environmental norms such that it
will be safe and secure. The flow of leachates generated from 1andfills to the ground water
system may be prevented by construetion of seepage cut-off walle, Most seepage cut-off
walls are constructed by slurry method and are backfiled with a mixture of soil and
bentonite.
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1.6. GROUND IMPROVEMENT POTENTIAL

In the aforementioned sections it has been discussed in depth about the formation of

_soil and roek, soil distribution in India, conditions (both natural and man-made) which are

formed due to reclamation. All the above ground conditions are not one and the same but

different in variety of ways, The soil and rock conditions ean be placed under three general

categories, viz., hazardous, poor and favourable (Hunt, 1986) 50 as to identify the gravity

of the ground condition which will enable the engineer to decide a proper treatment-approach
and or a design approach.

Hazardous. A regional or a local field condition is such that a regular design-ap-
proach or an economical treatment technigue may not be feasible and construction in such
a location may result in ultimate disaster. As far as possible such locations should be
avoided.

Poor. A local condition including regional conditions which may require special
design and/or special treatment for development.

Favourable. Alocal condition including regienal conditions for which normal design
and ground treatments are suitable.

1.6.1. HAZARDOUS GROUND CONDITIbNS

Construction on sites loqated. on or in close proximity te faults, particularly in
seismieally active regions, may serve ground shocks. Such locations dre totally unsuitable
and hazardous and should be avoided.

Loose to medium dense fine sands may easily he susceptib]eaguicksand eondition
leading to liquefaction when such sites are located in seismically active regions and adjacent
to deep rivers and bays, Due to liquefaction loss of ground support and lateral movement
cou}l)d oceur. Insuch locations the treatment will be costly and the potential risk also is very
high.

Ground collapse may take plaes in locations underlain by dormant or dctive mines
or cavernous limestones. Collapse may also occur in such loeations if the ground water from
adjacent site is drawn enormously. Any design approach to consider this factor is not
feasible and the treatment costs are high and potential risk also high.

Some of the natural slopes in glacial lacustrine clays, clay shales, colfuvium, thick
deposits of residual soils, dipping stratified rock masses and any deep cuts are susceptible
for slope fatlures in the form of landslides, avalanches, flows, etc. Such failures will be
sudden and occur more in moist climates. Inevitably such locations are hazardous for
construction activity.

Flood plains and other relatively low ground may be quite often expozed to seasonal
floods and may lead the ground subsidence. Such lacations need elaborate flood protection
measures such as construction of adequately high grades, dikes and surface drainage
control systerm. No praper design-approach or treatment technique is feasible.

) Any landfill of hazardous waste should never be selected for construction or any other
activity ivrespective of the age of the fiil.
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Thus the above ground conditions may be categorized -as hazardous and such
locations should be totally avoided.

1.6.2. POOR GROUND CONDITIONS o
Loess, porous lightly cemented-clays, low-density recent alluvium of arid-climate

“valleys may collapse on saturation followed by subsidence. In such site condition if it is

faasible, saturation may be prevented, or precollapsed before construction by flooding or
the structure may be designed with large allowable settlement and thereby make the
ground usable. ) :

Expansive clays and rocks including the black eotton soils of India undergo large
volume changes with changes in moisture contents. Prevention of swelling lead to high
uplift pressure and in dry weather experiences lavge network of cracks, Similarly behaviour
could be expected on soils susceptible for fresering which show frost heave-thaw behaviour
similat to swelling-shrinkage behaviour of expansive elays. In these regions the active zone
has ta be identified and structures should be designed to meet the behaviour, If the depth
of active zone is less in expansive clays a suitable ground treatment technique can be
apphied. - '

Soft to firm clays generally have low bearing capacity and some of the clays may be
highly sensitive to disturbance and some ave highly fissured. Such clays generally undergo
long-term consolidation of significant magnitude. Such locations ean be easily handled by
design of suitable deep foundations or by suitable treatment techniques.

Organic soils are highly compressible in nature. If the depth of organic soil is less a
suitable ground improvement technique is feasible or else the organic soil may be removed
and replaced with a better soil. On the other hand a suitable deep foundation can be
designed with the consideration of negative force on the deep foundation.

Loose sand and silts may need a proper treatment, in particular if deep foundations
are planned. ‘

Giround water location, although is not a soil or rock condition, is an important factor
to be considered in dealing with any of the field probleins, design methods and treatment
techniques. o

1.6.3, FAVOURABLE GROUND CONDITIONS

Cohesive granular soils such as sandy-clay mixtures, ave relatively strong and form
gaod supporting medium for moderately to heavily loaded foundations.

Cohesionless granular soils, such as medium dense to dense sands and sand-gravel
mixtures provide excellent foundation conditions for most loading conditions.

Shallew rock without any discontinuities provide the best foundationto support any
type of loading. However, its supporting capacity depends on rock quality, characteristics
of discontimaities and long term properties.
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1.6.4, ALTERNATIVE APPROACHES

As discussed above, in-situ ground characteristics of construction site arve different .

from those desired and, almost always, from idsal far a designated need. In urban
environment sites with favaurable support conditions become scarce. In many a situations,
in order to satisfy client’s desira the engineer may be compelled to.construct structures at
locations selected for reasons other than ground support conditions. Thus it has become
inereasingly important for the enginzser to know the extent to which alterations have to be
made for the construction of an intended structure at a stipulated site.

If unsuitable site conditions are encountered at the desired site of a proposed
structure, one of the following four procedures may be adopted to ensure satisfactory
performance of the strusture (Mitehell, 1976) ;

(&) By pass the unsuitable soil by means of deep foundations extending to a suitable

. bearing material, o
(i) Redesign the structure and its foundations for support by the poor soil, a procedure
that may not be either feasible or economical.
(fif) Remove that poor material and either treat it to improve and replace it or
substitute for it by a suitable material.
(fv) Treat the soil in place or improve its properties.

1.6.5. GEOTECHNICAL PROCESSES

Ground improvement in its broadest sense is the alteration of any property of a soil
or rock to hmprove its engineering performance. This may bs a permanent measure to
improve the completed facility or a temporary process to allow the construction of a facility.
Various process of ground improvement are available to inerease the strength, reduce
compressibility, reduce permeability or improve ground water condition. Further, if there
is any. foundation distress in the existing structures, in-place foundation treatment can be
applied to rehabilitate the structure. The techniques involved in the attainment of the
required improvement facilities 1s referred to as geotechnical processes.

Ground improvement technigues may ba classified based on the nature of the process
involved, material used, the desired result, etc. Various techniques discussed in the
subsequent chapiers are compaction, drainage methods, precompression and vertical
drains, vibration methods, grouting and injection, mechanical, cementing and chemical
stabilisation, geosynthetics, and miscellaneous methods. The factors that must be con-
sideted in the selection of the best technique in any case include the following (Mitchell,
1976)

(f) Soil type—soil, clay, organic, ete. )

{ii) Area and depth of treatment required—depend on the geometric characteristics

of the soil deposit and the nature of facilities proposed for construction.
(#i) Type of structure and load distribution. '
(fv)} Soil properties—strength, compressibility, permeability, ete.
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() Permissible total and differential settlements.
{(vi) Material availability—stone, sand, water, admixture, stabilizers, ete.
(vii) Availability of skills and equipment. '
'(viii) FEnvironmental considerations—waste disposal, erosion, water pollution, ete.
(ix) Local expérié‘nce and praferences.
(x) Economics.
The discussion onth .
at their use as a parmanent measure, However, somo of them may
facilitate construction as welk

e following chapters on different technigues is directed primavily
be used to expedite or



CHAPTER 2

Compaction

2.1. INTRODUCTION

Soil is exclusively used as a basic co;st: ion materi
; tuction material from the existence of eart
Stl‘;cgules such as dams, embankments, lévees, ete. Where the natural topogl‘apig: i}s1
undulated and needs to be changed to accommodate a building, highway or any other civil

engineering development, soil is generally the material used for filling in low locations.

It is essential that the in-place soil should po i 't i
the. forces caused by structures. goils should have zdse?;:tze:ti::gigogiloﬁﬁ; }t:; ::t:ztlmﬁ
resist seiftlement or heave, should possess proper permeability and si-aou Id be duraliale . d
Esafe agam?.t deterioration. These desirable features can be achieved by compactin ?};
.m-p]ace soil or by providing a compacted fill with proper selection of the fill soil ty egSo'E;
in the field is compacted by applying energy in the form of pressﬁre (rolling), I;n;pac]t

“{ramming) or vibration. This Chapter i i
; . pter deals with the differ i
with reference to ground improvement. 1 eljnt aepects of surfuce sompaction

2.2. COMPACTION MECHANICS

Excavaling a soil from a place and redepositing them for rueti

without spef:ial care will have high average po}:'osity,gpermeabi;it‘;’ogfféu:;:gnn'g;ﬁ;%iS
without having adequate strength and stability. It was customary even in ancieﬁxt timeslty
cop‘npact fills to be us‘ed as dams or levees, Thus it is generally a matter of economics to
place the i:i]l aF the highest density that can be obtajned practically in the field and th z
can be I}mmtam?d during the entirs life span of the structure. In order to have a logi Eal
and optimal design procedure one should know the density that the material has til clfe
compa.cbed such that the strength, compressibility and permeability characteristics of th

?ﬁaterlzlaltcan bi de}f;er}rlni?led. As the strength and other X

e moisture at which the soil is pla it i : i i
moisture content to obtain the des?gncctlaedr;slft; ’i‘iﬁfai?:;y e e o o & partioular

' t e, for & proper design the required
density and.the corre i i : , i o o vl
Sonatty o krow. sponding moulding water content, particularly for cohesive soils,

2.2.1. DENSIFICATION

. Dens.iﬁcation or reduction in void volume may oceur in a number of wa 5 such
re-or.:entat‘lon of particles, fracture of the grains or the bonds between them lelowed :S
1-e-or153ntah.on, and bending or distortion of the particles and their adsorbed layeis, I 4
cohesive soil the densification is primarily attained by distortion and re-orientat::iyon \;fhri)c;
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areresisted by inter-particleforces. In a cohesionless or coarse-grained soil the densification
is primarily accomplished by re-grientation of grains which is resisted by the friction
between the particles. '

Moisture plays a major role in the precess of densification. For example, capillary
tension in moisture films between the grains cause an increase in contact pressure and thus
a temporary increase in friction. But a continued increase in moisture content, decreases
the capillary teision and reduces the resistance due'to friction resulting in more densifica-
tion. If the moisture content is still higher because of huilding up of neutral stress which
prevents further reduection in void ratio, and the additional effort is wasted. Therefore,
saturation is the theoretical limit for compaction at any water content.

There is no one method of compaction which is equally suitable for all types of soil.
Hewever, the energy consumed in a compaction process is due to the compactive efforts of

the compaction device. The efféctiveness of the energy depends an the type of particles of

which the filt is composed and on the way in which ths effort is applied.

- 2.2.2. MOISTURE-DENSITY RELATIONSHIP

Compaction is measured quantitatively in terms of dry density. The increass in the
dry density of soil, brought by the process of compaction, depends on the moisture content
of the soil and on the energy input by the process of compaction, For a given amount of
compaction (i.e., compactive effort) there exists for each soil a moisture content termed the
“optimum moisture content” at which’a maximun dry density is achieved.

TFhe engineering behaviour of soil under compaction for a given amount of compaction
primarily depends on the moisture content. At low moisture contents, the soil is stiff and
difficult to compress and results in low dry denisities with high air contents (Fig. 2.1). An
inersase in moisture content, causes the water to act as a lubricant and thus makes the soil
more workable and accordingly results in higher densities with lower air contents. As the
air content becomes less; the water and air in combination tend t6 keep the particles apart
and prevent any appreciable decrease in air content. However, the total voids continue to
increase with moisture content, resulting in further decrease in dry density.

In Fig. 2.1 the zero air void or the 100% saturation line is shown. It could be observed
that the saturation line beyond the peak approaches the moisture-density curve but never
reaches since it is never possible to expel.all the entrapped air in the voids of the soil by
compaction. ) : : ' ‘

The maximum-diy density that can be obtained either in the laboratory tests or in
the field with any soil depends upon its type and varies from about 22 kN/m® for a well
graded gravel to about 14 kKN/m?®for a heavy clay. Figure 2.2 shows the moisture-density
eurves for different doils. Curves for well-graded granular soils and clay-sand mixtures
usually have a well-defined peak. Meisture density curves for clay soils usually have more
gently rounded peaks similar to uniformly graded sands. In general, a flat moisture-density
curvedenotes a closely graded soil whereas a well graded soil gives a curve with pronounced
peak. This is illustrated in Fig, 2.3 for two sands. '
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2.2.3, LABORATORY COMPACTION TESTS

Different arbitrary standards have been developed to simulate the various range of
amounts of effort as applied by the full sized equipment used in soil construction, However,
the simplest and the most widely used are the “Proctor tests” named after R.R. Proctor who
first developed the optimum moisture content-maximum dry density concept (Proctor,
1933), Two such tests are : {f) the Standard Proctor test (IS : 2720—Part 7, 1970) which
causes adequate compaction for most applications such as backfills, highway fills and earth
dams, and (7i} the Modified Proctor test (IS : 2720—Part 8, 1983) which is used for heavier
load applications, such as airfield and highway base courses. .

These tests ave performed by compacting the wet soil sample into a mould in a
specified number of layers. Each layer is compacted at a stipulated compactive effort. The
compactive effort is measured in terms of energy per unit volume of compacted soil. The
requived compactive effort is attained by controlling the wsight of hammer, height of drop,
number of layers, and number of blows for each layer. Alter compacting the final layer the
bulk density of the soil and moisture content are determined, Tests are repeated on'fresh
samples with inereased moisture contents, From the values of bulk density and moisture
content obtained, the dry density is caleulated. Aplot of dry density versus moisture content
is made. . ’ .

~ The Standard Practor compaction test adepts 1000 ml capacity mould, 2.6 kg ram
witha height of fall 310 mm, three layers and 25 blows per layer. Indian Standard (IS :
2720—Part 7, 1974) also recommends a 2250 ml capacity mould with 58 blows per layer
keeping the same rammer weight and number of layers. For Modified Proctor test a rammer
with & mass of 4,89 kg and a fali of 450 mm is used. In this case, the soil-is compacted in
five layers with each layer being given 25 blows for a 1000 m} capacity mould or 56 blows
for a 2250 ml capacity mould.
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Attenipts were also made (Wilson, 1950 ; HRB, 1962) to develop new procedures for

obtaining maximum dry density and optimum moisture content using static and kneading

pressures, to simulate field conditions more closely. These approaches were proved to be

one of academic ipterest as the results of such investigations were found not sufficiently
different from that of Practor’s in many soils,

2.2.4. COMPACTIVE EFFORT

Compactive effort is defined as the application of a given amount of energy per unit
volume of compacted soil under. laboratory conditions. Under field conditions, compactive
effort is defined as compaction by allowing a piece of equipment, passing a given number
of times on a given thickness of lift. In the laboratory tests, compaetive effort can be varied
by changing the weight of compacting hammer, height of fall, number of blows per layer
and number of layers. In a vibratory compaction method the compactive effort can be
changed by changing the frequenecy, amplitude, and time of vibration. In thafield, compac-

tive effort can be increased by increasing the weight of the roller and the number of passes -

of a roller. Irvespective of the type of soil and all methods of compaction, increasing amount
of compaction (i.e., applied energy per unit volume of soil) results in an increase in maximum
dry density and a decrease in optimum moisture content. Figure 2.4 (¢} shows soils
compacted at two different compactive efforts. A eomparison of these curves reveal that
above the optimum moisture content, when the percent air voids is small, increase in
compaction has little effect upon the dry density but below the optimum moisture content,
when the percent air voids is large, the effect of increase in compaction is considerable.
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 Fig, 2.4, Effect of compaction effort (After Sowers, 1979)
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The relationship between compactive effort and maximum density is shown in Fig.
2.4 () It could be seen that the relationship is not linear and only & small increase in
density could be achieved by a large increase in compactive effort. Further, the method of
application of compactive effort has a significant role on the density. In coarse-grained soils
vibration, which reduces the friction between the grains, is particularly effective. On the
other hand in cohesive =oils, pressure that bends and forces the grains into new positions
is better, Repeated application of small pressures can not hie effective in cohesive soils
compared to single lavge application and the duration of the effort sometimes influence the
density. In coarse-grained soils with high water contents, the neutral stress that resists
compaction will not build up if the effort is applied slowly.

2.2.5. ENGINEERING BEHAVIOUR OF COMPACTED FINE-GRAINED SOILS

The physical properties of a compacted soil depends on the soil type, moisture content,
density and soil structure. In cohesive soils at low moisture contents less than optimum,
an aggregated structure called floceulated structure is formed and at higher moisture
contents a dispersed structure is formed with flaky particles aligned in parallel. The nature
and magnitude of compaction in a fine-grained soil has a significant influence on the
engineering behaviour of compacted soil. Lambe's (1958, 1962) exhaustive study on com-
pacted soils has thrown more light on better understanding of compacted fine-grained soils.

It has been found that an increase in moulding water content causes a decrease in
permeability of samples compacted dry-side of optimum moisture content whereas at
wet-side of aptimum moisture content there is only slight increase. Further an increase in
compactive effort is found to reduee the permeability since it increases the dry density and
thereby reducing the voids available for flow and increases the particle-orientation.

Comparing samples compacted on the dry-side of optimum and en the wet-side of
optimum with same dry density and subsequently saturated, the sample compacted on the
wet-side is found to compress more than the one compacted on the dry-side at low stress
levels. But at high stress levels the sample compacted on the dry-side is observed to
compress more than the sample compacted an the wet-side.

* The results of Seed and Chan (1959) based on the study of stress-strain behaviour of
soils have revealed that the samples compacted on the dry-side of optimum tend to be more
rigid and stronger than the samples compacted on the wet-side of optimum. Tt is found that
at constant density the undrained strength decreases with increasing moisture content and
at a constant moisture content the undrained strength increases with increase in density.
The increasing density brings about increased pore pressure and thus decreased undrained
strength (Seed and Chan, 1959). Compacted samples subsequently saturated under con-
stant confining pressure showed an undrained strength decrease slightly with increasing
initial (compaction} moistl\re, presumably due to change of structure from the stronger

- aggregated to the weaker dispersed form.

It has been observed that swelling of clays increases with density and decreases with
the compaction moisture. Generally, the swell is far greater for a soil compacted drier than
the plastic limit than for one compacted on the wet-side of optimum. Swellcan be minimised
by limiting the ecompaction level and increasing the moisture content to the plastic limit or
slightly above (Sowers, 1979). ' : :
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Table 2.1 compares the salient properties of samples compacted on the dry-side of
optimum with samples compactedon the wet-side of optimum {(Liambe'and Whitman, 1979).
Thus an engineer designing a subgrade, a sub-hase, & dam or an embankment should
consider the behaviour of the seil during the entire life span of the structure.

Table 2.1, Comparisen Di'y-of-Optim_um with W(.zt-nt‘-Optim.um
(After Lambe and Whitman, 1979)

FProperty . Compaction
Structure .
Particle arrangement Dry-side more randomn
Water deficiency Dry-side more deficiency, therefore more water
imbibed, more swell, lower pore pressure.
Permanence / [{y-sxde_structure more sensitive to change
Permeability -
Magnitude. . ’ Dry-side more permeable
Permanence Dry-side permesbility reduced, much move by-
‘permeation.

Compressibility

Wet-side mote compressible in low stress rangs,

Magnitude dry-side in hlgh stress range
Rate Dry-side consolidates more rapidly
Strength
As moulded
Undrained ) Dry-side much higher
Drained . Dry-side somewhat higher
After satiration ’ . ’ ’
Undrained Dry-side somewhat higher if swelling prevented ;
. wet-side ean be higher i swelling permitted.
Drained Dry-side about the same or slightly greater
Porewater pressure at failure Wetiside higher
Stress-strain modulus Dry-side much greater
Sensitivity Diy-side mbre apt to be sensitive.

2.3, FIELD PROCEDURE

The field procedure for constructing 4 controlled compacted fill is simple to practice.
The fill soils are identified in a borrow pit. The soil is processed in the pit for the required
moisture content before transportasion. The processed soil is transported to an area being
worked. It is spread in thin layers and additional water is addéd if necessary. Each layer
is compacted to a predetermined density by a suitable compaction devices. This procedure
is explained in the subsequent paragraphs.
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2,3.1. CONTROLLED COMPACTED FILL

When soil is used for construction purposes it is placed in layers, each layer is being
compacted before being covered by a subsequent layer and compacted, till a final required
elevation and shape is attained. The compacted soil should have adequate strength and
stability that are as good or better than many natural soil formations. Earth structures
such as dams and embankments are primarily compacted soil which could withstand all
the forces to which they are subjected, Similarly earthfills can support buildings, highways,
ete. Such fills are veferred to as controlled compacted earth fill or structural earth fill.
Application of controlled compacted earthfill may be categorized under five groups : i} fills
used to support strictures and pavements, (if} compaction of pavement subgrade, (i)
canstruction of earth-and-rock fill dams, {iv) construction of embankments, and {v) compac-
tion of pavement layers, viz., base and sub base courses. Only the first two aspects are
relevant to this book.

Preparing sites for buildings where controlled fill is required ean fall into the
following three categories (Hunt, 1986) : ' '

(1) Fills placed on a stripped, compacted subgrade to raise general site grade for such
purposes as flood protection or to provide dock-high loading in an industrial building.

(2) Fills placed for structures after excavating weak soils from lowlands (the excava-
tion-hackfill method).

(3) Fills combined with benches that are constructed for hill side development.

2.3.2. PAVEMENT SUBGRADE

It is.important that the subgrade of a road should have adequate stability. Highly
organic soils and peat as subgrade should be avoided or should be replaced with more stable
materials. In very cold regions, where severe frosts oceur, frost susceptible soils such as
silts and chalks should be excluded or the voute alignment should be changed. In case it is

inevitable to change the route alignment, the material has to be replaced with non-suscep-

tible material or a thick non-susceptible material has to be placed on the top of subgrade
as fill and compacted. In either case the replaced material would function as the base. In
certain areas where considerable seasonal moisturs changes eceur resulting in volume
change in clay subgrads, especially in expansive clays like black-cotton soils, has to be
minimised by a suitable.ground improvement technigue. In order to ensure adequate
stability the sub-grade should be thoroughly compaeted when the soil is at a favourable
moisture content, :

2.3.3. MATERIAL SELECTION FACTORS

“Rock and soil are among the oldest construction materials. They are locally available,
readily handled by a variety of techniques, durable and cheap.'For these known reasons
only the modern engineer also has been using soil and rock for construction. The field
engineer:must-be- familiar with the materials and the construction operations that are
necessary to obtain the required results.

Soils have various levels of quality for use as a fill. The selection of borrow material
for fill depends on the purpese of the fill, availability of the material, and climatic conditions
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during placement. In general organic soils and clays are not used for fill. However, clays
are used in earth dams as an impervious medium called as core.,

For structural foundations and floors v-:eli—gréded granular soils with less than 10 to
15% fines are preferred as they have high allowable soil pressure when properly compacted
and at the-same time have excellent drainage. In such soils, building up of moisture from
capillary forces resulting in building dampness and possible frost- hedving is minimised.
Cenerally silts and clays are avoided as adequate support capaecity by compaction is not
feasible: Further such soils may pose construction difficuities arising from their response
to increased moisture during rainy periods. Any echesive mixture may be used provided
capillary cut-offs are installed immediately béneath floor of the structiive. Strength of
compacted fil} from such soils are generally lower than granular soil fills, Hydraulic fills of
silt-sand mixtures, uncompacted except for suface compaction at final grads, have been
used to support lightly loaded struetures such as houses. ’ :

Tarth and rockfill dams and embankments are constructed using a\yﬁde range of”

materials. The major ohjective of a dam is to act as a water barrier whereas an sembankment
is required to support only its own weight and that of traffic. In general organie soils, soft
clays and silts are avoided. :

Fills and subgrades beneath pavements should have materials with free-draining
properties so as to prevent moisture build up from capillary forces leading to frest heave,
expansion of clayey soils er pumping of softened fine-grained soils under wheel loads.

2.3.4. BORROW PITS

During the process of site investigation itself, it is necessary to Iozate suitable borrow
areas. Evaluation are generally made, about the availability on-site miatérials from cuts
and excavations and fram off-site borrow sources. ' o

Requirements of source material for fill depends on thélpréject type. Fora bﬁilding,
.+ fill may require only one type of select matarial. On the other hand for a dam & wide range

of materials ave required to use in the different parts of an earth dam to sadisfy different

functions.

Hydraulically excavated soil can malte excellent fill when they are non-organic and
“coarse-grained, In case of load bearing fills stock piling and drying ave usually necessary
prior to placement and compaction. In order to obtain efficient operations of the exeavation
equipment, moisture control is often necessary in the borrow pit. Plowing and exposure te
air and sunshine often help to dry the soil. Addition of motsture makes it easier to excavate
hard and diy soils. If the scil i drier than optimum, addition of water is necessary for
compaction. When the moisture is added at the borrow pit,'it is mixed uniformly.

In order to ensure the quality of the materials, adequate supervision of the borrow
pit is necessary. This requires experienced technicians who can recognize the specified soils
- and take adequate steps for checking moisture in borrow pits, during placement and rolling.
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2.3.5: PLACEMENT AND PROCESSING

The t:lacement of the fill materials depends on the method of handling, and the size
of the area to be filled. The materials excavated by shovels, draglines, and elevating grades

. are handled by trucks and wagons. The scraper spreads the materials in ribbon-like layers.

Sometimes levelling of the layers are needed after the spread by the serapes. If the material
is too wet, they are cut and turned with a disk plow so that they will aerate and dry in the
sun. If the material is too dry, the correct amount of water is added by sprinkling irrigation
and mixed into the soil by plewing. ' :

Different types of compaction equipment are available to use for different soils under
various field conditions. Detailed treatment on compaction equipment is made in the next

‘section. -

2,3.6. COI\IPACTfON SPECIFICATION ’

Two methods of compaction specification have been in praectice (Foster, 1962) to
specify the compaction requirements in the various compacted layers. In obe type, called
the performance type of specification, the compaction requirement is stated in terms of the
physical properties of the compacted layer. Typical specification of this type is the percent-
age of maximum dry density obtained ina standard compaction test. Sometimes both the
dry density and moisture content are specified. For example, a specification of 95% of
maximum dry.density is frequently designated. Specification in terms of percentage of the
maximum dry density in a standard test is preferable to a stated value of dry density,
becauss it ensures that a compactive effort comparable to that of the standard laboratory
test is applied.in the field. This type of specification is applicable for cohesive soils. Other
physical properties that ave used are the percentage of air voids at a specific moisture
contendt, void ratio and relative density. The last two are used primarily for eghesionless
materials, In performance type of specification, the contractor is given wide scope in the
selection of equipment and lift thickness. In the other type called the work type specifica-
tion, the type of equipment, the lift thickness, the moisture content and the amount of work
required to obtain the necessary density are specified. The work type of specification has
heen used for dams and embankment works whereas the performanee type of specification
has found wide spread usage in highway and airfied pavement works.

9,4, SURFACE COMPACTION

All types of sotl can not be compacted satisfactorily by a single piece of equipment.
Soil compaction is achieved by different means such as tamping, kneading, vibrating or
impact. Compactors operating on the principle of tamping; kneading anid impact are most
suitable for cohesive soils, whereas for cohesionless soils, equipment operating on the
principle of vibration, tamping and kneading ave effective. Appropriate equipment should

_ be used for the type of soil and the field condition. Inappropriate use of equipment for a

given soil typa will result not only in a poor quality of construction but also lead to
construction delays. Equipments which are available based on the above principles are
rollers, tampers and rammers, These equipments are used on the surface of the ground to
improve the material property to a limited depth from ground surface and are termed as
surface compaction equipments. Compacting materials to large depths by operating equip-
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ment'on the ground surface is being used more recently. This new technique is called heavy
tamping also named as dynamic compaction, dynamic consolidation, or pounding.

Dstails of these equipments and their appropriate use for different soils are explained
subsequently.

2.4.1. SMOOTH-WHEEL ROLLERS

Smooth-wheel rollers are of twa types : one with two large wheels in the rear and a
smaller single drfum in the front and the other type has large single drum in the front and
the rear, The latter type of roller is used for compacting paving mixtures. Smooth-wheel
rollers may be static or vibratory type. These rollers are self-propelled with arrangements
to move back and forth without turning. These static rollers impose a limited pressure on
the soils because of their relatively large contact areas. These rollers have a very limited
effective depth of compaction, and hence their use should be restricted to situations where
only thin layers or a surface zone needs to be compacted. They are used for compacting base
sub-base layers and subgrades, In order to prevent weak planes, every*l{f t has to be rolleé
after the previous rolled surface is scarified. This is especially important in earth dam or
embankment compaction. The smooth-drum paving rollers are sometimes used for com-

pacting thin cchesionless soils, but it tends to bridge over low spots. Seme rollers are .

egulpped with an electronic device named ‘compaction meters' which receives continuous
signals from an accelerometer mounted on the drums. Such devices provide a measure of

a relative value for the deformation modulus and moisture content of the soil through
correlations. - ’

. Vibrating smooth-drum rollers are most effective in compacting clean granular soils
in ﬁlvis'or subgrades. In most models, a separate motor-driven eccentric load system is
provided to cause a high frequency, low-amplitude oscillation of the vibrating drum or
drums. The performance of this type of compaction depends primarily on static weight
ﬁ'equency, amplitude of vibration and roller speed, Maximum compactive effort in soils is’
achieved at frequencies between 25 and 50 Hz, In order to compact large volumes of soil
an.d rockiill in thick layers, an amplitude in the range of 1.5 to 2.0 mm with a corresponding
suitable {'requency range of 26 to 30 Hz should be adopted. Medern machines have variable
frequencies and dual amplitudes. Normal roller speed ranges between 3 and 6 km/hr and

in case of thick layers or seils difficult to compact a speed of 3 to 4 km/hr are usually
recommended for smooth-wheel rollers in general,

2.4.2. SHEEPSFOOT ROLLERS

Sheepsfoot rollers, also called:as tamping-foot rollers, have projecting studs or feet
on the surface of the rollers and compact by a combination of tamping and kneading-action.

The kneading action of the feet causes successive layers to be fused and thus increases the

sta.bility. The;e compactors consist of steel drums which can be filled with water or sand
to increase the weight. As rolling proceeds, most of the roller weight is imposed through
ths projecting studs and results in fairly high contact pressure.

- When a.loose soil layer is initially rolled, the projections sink into the layer and
compact the soil near the lowest portion of the layers. In subsequent passes, the zone being
compacted already continuously rises until the surface is reached. This process of con-
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tinuously rising effect experienced by the compactor is referved to as “walk-out” by the
compactor. For most efficient compaction the roller should walk-out enough to lift the drum
off the construction surface atleast 26 to 50 mm during the last few passes. Fatlure to
walk-out signifies presénce of high water content allowing shear failure of the soil. However,
this does not necessarily indicate that enough compaction is not attained. A roller may
walk-out when the roller weightis reduced. :

- These rollers are available in drum width ranging from 120 to 180 em and drum
diameter ranging from 100 to 180 em and the loaded mass per drum ranges from about
9050 to 18,800 kg, The tamping feet may be clubbed or tapered, The area of foot ranges
from 36 to BO sq. cm and of length range'from 18 to 25.5 em. These rollers are available as

"both self-propelled units and as roflers only. In the latter case a tractor is required to tow

the roller. Seli-propelled rollers atéain a speed of 9 km/hr.
These rollers are well suited for compacting clay and silt-clay soils. Vibrating

- tamping-foot voflers are useful in silty and clayey sands. The.depth of layer that can be

compacted depends an the length of the projecting feat and the compactor weight. In general
larger and heavier units will compact layers on the order of 30 em in three to five passes.
Small and light equipments are limited to compact layersin 15 em thick to attain high soil

" densities.

Sheepsfoot rollers have the following advantages over other type of vollers : (}) more
suitable for cohesive soils, (7i) the feet produces kneading action, (#ii) increase in blending
of s0ils, (iv) simplification of adding water or drying as needed, (v} possible soil compaction
over a wide range of moisture content, and (vi) effective in breaking down large pieces of
soft vhek. The major disadvantages are : () relatively slow operation, (i} lower compacted
density, (i1) large entrapped air, and (v} soft zones are not revealed easily.

2.4.3, GRID ROLLERS

These are intermediate betwesn smooth wheel and sheepsfoot 1'olie1's, with their
ratating wheels made of a network of steel bars forming a grid with square holes, These
rollers provide less kneading action but high contact pressure. These are more suitable for

- coarse-grained soils,

2.4.4. PNEUMATIC-TIRED ROLLERS

These rollers are the most versatile equipment for general compaction as they are
offective for low-cohesive soils and cohesionless soils including gravels, sands, clayey sands,
_silty sands and even sandy clays. The compaction produced is primarily by kneading action
and soms designs provide a “wobble-wheel” sffect to increase kneading. These rollers are
outfitted with a weight box or ballast box between two axles so that the total compaction
load can ba easily varied. In the light rubber-tived roller 7 fo 13 wheels are mounted in two
rows and spaced so that the wheels of the rear row track in the space between those of the
front row. Such an arrangement does not ereate ruts and leave uncompacted areas. The
rollers ave available in a wide range of load sizes, the heaviest is having a capacity of about
1800 kN. However, 450 kN range is in common use. .

Wheel loads, tire sizes, and inflation’ pressures, number of passes and loose lift
thickness are varied depending upon the soil type and the equipment available. In order to
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determine the number of passes and the pressure requiréd te achieve the specified deﬁsii}’,
field tests are to be performed with the particular piece of equipment. ’

Roller speeds are generally in the range of 6 to 12 knyhr. As these rollers are of
heavier weight, they require less number of passes, permit thicker lifts, reveals poor
compacted zones, if any. Compared to sheepsfoot rollers, these rollers leave a smooth final
surface thereby providing protection to the surface against rainfall. These rollers are
effective both for cohesive and cohesionless soils and are the best type of equipment for
general compaction use. When used to compact cohesive materials, the rollers leave
relatively weak hond between lifts compared to sheepsfoot roliers. Light rollers (20,000 kg
capacity) are capable of compacting layers on the order of 16 ¢m thick with a few passes.

Rollers of higher capacity (40,000 to 50,000 kg) can compact layers of 30 cm thickness with

3 to b passes,

Table 2.2 shows the type of roller suited for a particular type of soil and the
corresponding rdting of soil with reference to volu

value as subgrade and base course.

me change, di‘aingge,/ permeability and

Table 2.2. Soil Characteristics and Rating for Construction
(Adopted fromi UGWES, 1953)

2 Soil Type Compaction Volume Drainage | Value os Sub- Value as
o té) Charac- Change and Per- | grade not sub- | Base for Pave-
g teristics and meability Ject to frost ment
5 2 Type of rollers }
g' suitable
0
1 2 3 4 & 6 7
GW | Well-graded | Good : tractor, | Almostnone | Good Excellent Good
clean, gravels- | rubber-tired, drainage,
sand mixtures | steel wheel or pervious
vibratory roller
GP |Poorly graded | Good : tractor, | Almost none ! Good Excellent to Paor to fair
clean gravels, | rubber-tired, drainage, good
gravel-sand | steel wheel or pervious
mixtures vibratory roller
GM | Silty gravel, |Good : rubber. { Slight Poor Excellent to Fair to poor
poorly-graded  tired or light . drainage, good
gravel-sand | sheepsfoot semi-pervious
silts roller
GG | Clayey Good to fair: Slight Poor Good Good to fair
gravels, poorly | rubber-tired or drainage, ‘
graded gravel- | sheepsfoot impervious
sand clays roller
SW | Well-graded | Good: tractor, | Almostnone | Good Geod Fair to poor -
' |clean sands, |rubberdtired or drainapge, .
gravellysands | vibratory rotler pervious

{Table Contd.)
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Table 2.2 {Contd.)
1 . 2 3 4 5 6 7
SP | Poorly graded j Good : tractor, Almostnone | Good Good to fair Poor
clean sands, | rubber-tired or. - drau}age, -
sand-gravel vibratory roller pervious
mixturas )
"SM | Silty sands, [ Good : rubber- | Slight Poo.r Good to fair | Poor
poorly graded | tired or firamage,
sand-silt mix- | sheepsfoot impervious
tures roller
SC | Clayey sands, | Good to fair: | Slight to Poo.r Good to fait | Fair to poor
poorly graded | rubber-tived, or medium ‘tiramag.e,
sand-clay sheepsioat. impervious
mixtures roller .
ML | Inorganicsilts | Good to poor : | Slight to Poor Fair to poor | Not suitable
) and clayey rubbep-tired or | medium firaihage, :
silts ‘shespsfoot . impervious
roller ) . .
CL | Inerganic Good to fair :|Medium ‘No drai‘naga. Fairto poor | Not suitable
clays of low sheepsfoot ar impervious :
to medium rubber-tired
plasticity roller
OL | Organicsilts |Fairtopoor: |Medium Poor dr?inage_, Poor Not suitable
and silty sheepsfootar | to high impervious
clays, low rubber-tived
plasticity roller }
MH { Incrganie Fair to poor : High PooF Poor Not suitable
clayey silts, sheepsfoot or Elramagle,
] olastic silts rubber-tired impervious
roller
CH | Inorganic Fair to poor : Very high No drainage, |Poor tovery |Not suitable
claysof high | sheepsfoot impervm.us poor
plasticity roller
1on Organic clays | Fairtopoor: |High No drainage, | Very poor Not suitable
and siity clays | sheepsfoot impervious .
roller
Pt |Peat Not suitable Very high Fairtopeor |Motsuitable |Notsuitable
- drainage

2.4.5. OTHER SURFACE COMPACTION DEVICES

Heavy rubber- :
compactors, Although these equipmen
they are not that efficient. Crawler-type

of compaction in cohesive soils and fairly effective in cohesionless soils.

tired trucks and scrapers used in hauling operations can ‘be used as
ts do have equal weight as that of rubber-tived rollers
tractors are capable of producing a moderate degree
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Compactive equipment of smaller size sho i
) Y  should -be used in the areas where large
equipment can not be operated. Air tamps, gasoline-driven tamps, leaping-fmg-tyge

machines and small vibrating plate devices are available, Particularly hand-operated :

!;ampi_ng_and vibratory compactors are used for working in limited spaces and for compact-
ing soils close to structures where care is required to prevent damage.

2.4.6, DYNAMIC COMPACTION

Dynamic compaction is a technique whiéh was used long s |
19?’?) has taken rebirth recently (Menard and Broise, 1975). 'If ti;ﬁg S‘:?}?;EZ: :;(;r];\f:;v?
weight {upto 45,00Q kg) is dropped from a height of 15 to 40 m to fall freely. back down to
ground sur_face: This heavy impact on the ground leaves its mark ‘behind. This jmpact
energyon c_oh;esmlnless soils eause liquefaction followed by settiement due to re;pid drainI;
In some soils radial fissules are formed around the impact facilitating rapid drainage. &

This pracess is then repeated either at same location or subsequently over other parts
of the area mte:}ded for stabilization at 5 to 10 m spacing. It is essential to avoig th
form.atlon of a thick surface crust at teo early a stage in the operations, After allowin th:
required number of drops, the arvea shall be compacted at depth. However, the soil ai the

shallow depth from the surface will be in a great disturbed condition. This upper layer up

to & depth of 2 m is then compacted usin i i

} g a smaller weight with greater area (and th
lower stress) and is dr?p!:ad from a smaH height (and hence imparts a lower energy). l’E;Z
usual engrgf per blow ;s in the range of 135 x 10® to 460 % 10® kg m, with values as high as
900 =.10° to 1800 x 10° kg m sometimes used. Generally a total tamping energy of 2 to 3

blows per sq. m. is used. Efficienc i i i
¢, . . y could be increased if the imy i
wave velocity in a liquefying soil. pact velocity excoeds the

Rigorous analytical model of the is sti i

R proeess is still not available. Only a preliminar
beglmmng‘? of an understanding of this dynamic compaction process are available, VVllenz
weight strikes the g"round surface it produces P, § and R waves. In nearly saturated soils
the P waves cause direct eompression and induce pore water pressure.

Densification is also brought in by S waves by mabilising shear forces in the particles
But the B waves and other surface waves are attempting to loose the surface soil andl
harmful in damaging the adjacent structure. Only empirical information is available to
assess the depth of penetration of the compaction. Considering effective depth as a fanction
of impact energy, the depth of penetration is within the following range (Dobson and

Slocombe, 1682}
- 1.26 VWE <D < 3.16 VWi
where D = effective depth (m)
W = weight being drepped (kN)
h = height of drop (m)
As the analytical understanding is in the formative stage, it'is recommended to have

a small test-section at the site under consideration for necessary field evaluation (Kesrner
»

1985). Proper instrumentation can also be made a isti
; nd necess X
evaluated for the final densified soi] mass.  realistic goals may bo

COMPACTION “

Phis technique derives its merit for the fgllowing reasons !
() It. is one of the simplest and most basic metheds of compacting lcose soil.
(##) Depth of compaction can reach up to 20 m.
(iii) All types of soils can he compacted. ‘
(i) Produces equal settlements more quickly than surcharge type loading.
(1) Tt can be used to treat soils both above and below water table.

As soft soils are susceptible for disturbance, due toheavy impact, a careful evaluation
is required: in clayey and concrete or steel block, of about 45,000 kg weight with necessary
arrangements for free fall and lifting and movement of crane to different locations is
sufficient. One crane and tamper can treat from 300 to 600 m?* perday. The major variables
involve in the process are: '

{i) magnitude of the weight, (i) size of the weight, (i) height of free fall of the weight,
{iv) number of drops per location, () distribution of drop locations over the site, (¢4) non-
homogenity of the soil, (vif) strength and permeability anisotropy of the soil, and (vifi) degree
of saturation of the soil.

The application of this technique is widely used and reported in literature (Leonards,
et. al., 1980 : Charles, et. al., 1981 ; Ramaswamy et. al., 1979, 1981 ; Welsh, 1982). From
the above field applications it is evident that thers is significant improvement attained in
soil properties due to this technigue, The improved properties of the soil after treatment
have been evaluated in the above applications, (i} by conducting cone or standard penetra-
tion test, (i) by monitoring surface settlement and pore water pressure and {#i) by
conducting tests on the treated undisturbed samples for physical, hydraulic and mechanical
properties. This method has been under estimated in the past but it is evidently a
cost-offective method which could be used for improvement of all sil types in a varied field
conditions. '

2.5, SELECTION OF FIELD COMPACTION PROCEDURES

2.5:1. CHOICE OF EQUIPMENT

Rollers. The selection of rollers should be primarily based on econamic, that is, the
chosen roller should obtain satisfactory compaction at the least cost. However, the selection
of rollers is the sole responsibility of the designer in case of work-type specification is used
or the contractor where the performance type specification is used. Further, the choice of a
rvoller for a given job depends on the type of soif and the percentage of compaction or relative
density. The soil characteristice and the choice of rollers along with the rating of soil for
construction are presented in Table 2.2. Sheepsfoot and rubber-tived rollers are generally,
preferred for cohesive soils. For cohesionless soils, rubber-tired rollers, vibrating compac-
tors and erawler-tread tractors are usually preferred, Rubber-tived rollers, smooth-whesled
steel vollers, and vibratory compactors are preferred for bass courses. Larger rubher-tired
and high-tire pressure rollers are needed for jobs wherein high densities are required.

Auxiliary Bguipment. In addition to rallers, it is necessary to have auxiliary
equipments; such as sprinkler for adding water, plows, harrows or pulvi-mixers for mixing
the water into the soil and for drying the soil so as to do the compaction work mare
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effectively. Alsoserapersor dozets ave needed for placing the fill. Small tampers or viErating
pads are needed te compact confined areas, : :

2.5.2. LAYER THICKNESS

As a general rule, the cost of nlacing and compacting scil decreases with an increase
in lift thickness. Henee an optimal practical thickness of 1ift should be used. Care should
be exercised that the thickness of ift should be such that the solid at the bottom of the lift
should attain the required density. Thin layers must be preferred wherever high degrees
of compaction are required. It is the common practice to use 15 em thick lifts of cohesive
soils of fills, subgrades and embankments. Thicker lifts may be preferred in embankments
wherein the density requirement is only moderate. For base course and sub bases where
light rubber-tired rollers are used, the lift thicknesses are limited to 75 to 100 mom, In
cohesionless soils thicker lifts may be uséd compared to cohesive soils. /

2.5.3. WETTING-AND DRYING METHODS ) - :

Wetting or Drying of soils ean be done either in the pit or on the fill. As it is difficult
to add more than 1 or 2% moisture on the fill and to maintain a uniform meisture and
satisfactory working conditions, wetting soils in the pit, has a definite advantage. Drying
is usnally attained by aerating the soil with the help of plows, disks, spring-tooth harvows
and rotary tiler type mixers, : o

2.5.4, CONSTRUCTION TRAFFIC

The effectiveness of construction traffic in compacting soils is similar to that of
preumatic-tired rollers. As the tyres do not give complete coverage with each pass and the
tendency of drivers to follow only existing tracks, usually the soil is ‘well compacted under
the wheel tracks, leaving uncompacted materials between them. When the regular compac-
tion is taken subsequently by the rollers, they ave unable to compact the soft areas since
they ride on the well compacted tracks. Thus the construction plan should be made such
that any movement of equipment should be systematically distributed over the fill in order
to take advantage of the zompaction produced by the movement of these equipment. Further
procedures should be faid out that such movements should be allowed anly on soils which
are processed and ready for compaction, ’ '

2.5.5. SELECTION OF SOIL AND DEGRET. OF COMPACTION

The final selection of soil depends on the availability and the conipaction charae-
teristics, and cost involved for excavation, hauling and compaction. The chwice of degree of
compaction signifies the minimum percentage of the maximum dry density which will
provide the necessary strength and incompressibility under worst condition. Table 2.3 giva;s
a guide line for preliminary estimates when soil test data are not yet available (Sowers,
1979, '

2.5.6, TRIAL EMBANKMENTS

In order to establish the number of passes required for a particular job; trial
embankments may be used. This arrangement is necessary especially where the work-type
specification is need. Tvial embankments may be included in the job in the temporary
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structures such as cofferdams. If it is intended to include the trial embankment in the
finished work, it should be located in a non-critieal avea, The trial embankments should be
constructed with a soil with adequate strength and other properties which is going to be
used in the final structure, The use of a trial embankment permits modification of the design
or even a change in the compaction procedure where needed before the job is started. Ina
performance type of specification, the preliminary work is essentially a trial embankment
since the contractor will be determining the number of passes required to obtain the
specified density. :

Table 2.3. Tentative Requivement for Compaction
_ {After Sowers, 1979)

Unified Soil Classifica- Required Compaction-Percentage of Standard Prector Maximum®
thon ; Soil Symbol Cluss 1 Cluss 2 . Clasa 3
W S 97 94 90
) 97 . 94 20
GM o8 . 94 e 90
o 98 94 20
sW . 97 95 91
sP 1 - es | - 95 91
SM . i 98 ) 95 C 91
sc 99 .o 92
ML : - 100 ‘ 98 52
cL . . 100 ‘96 oo 92
OL — 86 - 93
‘MH — 97 93
cH - : — - ' 93
o — . a7 " . 93

Class 1 = Upper 3 m of fills supporting 1 or 2 storey buildings
Upper 1 m of subgrade under pavements
Upper 0.3 m of subgrade under floors.

Class 2 = Deeper parts of fills under buildings

" Deeper parts (up to 10 m) of fills under pavements and floors
Earth dams. '

Class 3 = All other fills requiring seme degree of sirength or incompressibility.

2.6, COMPACTION QUALITY CONTROL

It is essential to obtain the density and moisture content as required in the design.
1t could be achieved by taking compacted materials and testing them for moisture and
density. Procuring samples and testing them is more important during the initial stages of
the job while procedures are being worked out, it is absolutely essential to decide the
supervisory staff (engineers and or technicians) and requived equipment for the testing be
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planned well in advance such that they will be available at the start of the construction. As

the conventional methods of measuring density and moisture content ave time consuming, ,

-rapid methods of determining these parameters should be used.

2.6.1. MOISTURE CONTENT MEASUREMENTS

Two types of moisture-content samples ave taken. One typs called the coristruction
control is intended to check whether or not a layer has the proper moisture content for
compaetion. The other type is taken in connection with the density tests to permit
caleulation of the dry weight. Usually the density tests are made before any appreciable
drying of the samplé and accordingly this moisture éonfent corresponding to this is recorded
as the moisture content at which the soil was compacted and termed as record samples.

In the conventional oven drying methoed several hours of dryingis needed which may
cause a construction delay and hence more rapid methods of determining the moisture and
density should be used. Several rapid methods of measuring moistuie content are available
including heating the soil in an epen pan over-ahot plate or gas flame, the alcohol burning
method, the alcohol method with a hydrometer and a meisture meter using caleiyym carbide
to generate acetylene in a closed container connected to a pressure gauge. All'the rapid
methods, except the guick ovens, require individual attention for each sample. Necessarily
the moisture content determined by rapid methods require a correction to make them agree
with the conventional methods. Further, these metheds ave suitable for cohesionless
materials as they yield results similax to oven drying, but give only approximate results for
" many types of cohesive soils (Hunt, 1986). .

Moisture content can also be obtained from penetration readings taken with a Proctor
needle in a sample compacted in a test mould, by comparing with a laboratory curve.
Many a times the engineer or the technician on the job develops a feel for the soil
being compacted and can tell by rubbing the soil in the hands and by observing the soil in
- the process of compaction whether the moisture is adeguate or not. This ability to estimate
moisture content is developed by the engineer qr the technician h‘_y ohserving the early
periods of job by making a large number of moisture content detel'nﬂiipation and compares
with the conventional ones.

As it is highly impossible to process at a given specific mositure gccurately, it is
necessary that the field inspection have a range within which the moisture content is
acceptable, The range of moisture content to be adopted should be given by the designer,
as this motlding moisture content affects the strength and other properties of the com-
pacted material.

2.6.2. IN-SITU DENSITY MEASUREMENTS

In-situ measurements of densities frequently are made on a giid basis, requiring ocne
test per so many square metres or cubic metres of compacted soil area or volume respec-
‘tively, Ae per the norms of USBR one ‘test per 2000 m® for embankment construction.

Industrial buildings supported on load bearing fills ‘should have a minimum of one test for

'ev'ery 1000 m? (Hunt,.iQBB). Further tests should be made wherever under-or over
compactions were doubted. ‘
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In a cohesive soil chunk samples or driven samples are obtained to detsrmine the
density (IS : 2720—Part 29, 1979). In a colesionless soils where a sample could not be cut
the sand cone density test (IS : 2720—Part 28, 1974) or the rubber balloon methed (1S :
2720—Part 34, 1972) is used, :

After the dry density is determined, the observed value is compared with standard
-maximum dry density and the percentage of density is evaluated. Layers which are not
compacted ta the required fevel should be given additional compaction. Where several soil
types are encountered laboratory ciirves should be available for each type for necessary
comparison of densities. ‘ ’ ’

2.6,3. NUCLEAR MOISTU. RE:DENSITY METHOD

Surface-type nuclear moisture-density equipment are used nowadays because of the
rapid results that ean be obtained. The principal components in this type of equipment are
the nuclear sotree which emits Famma rays; detector to pick up the gammia rays or photons
passing through the tested soil, and a counter or sealar for determining the rate at which
the gamma rays reach the detector. The nuclear sourees\'are radium-beryllinum and cesium-
americium- beryllium combinations. ’ ’

. During operations of the equipment the gamma ra\'y}penétrate intd the soil, where
some are absorbed, but some réach the detector by direct transmission or after hiting soil
inineral electrons. The amount of gamma radiation reaching the detector is inversely
proportional to the soil density and determined by kéeping a nuclear caunt rate veceived ab
the detector. The density is obtained using the observed count rate from a calibration curve
provided by the manufacturer of the equipment. ) ’

Moisture determination are obtained from a “thermal neutron count”. Alpha particles
emitted from the americium or radium source bombard a beryllium target and causes the
beryllivm to emit fast neutrons, These fast neutrons lose velocity if they strike the hydrogen
atoms in water. Based on this moisture results arve provided as weight of water per unit of
volume. After deducting the water determining fromi wet denisity determination, the dry
density is obtained. Determination of moisture content by this method may have significant
ervor if the soil contains iron, boron or eadmium.

2.6.4. HILL'S METHOD

_ The rapid compaction control procedure recommended by Indian Standard (IS :
2720—Part 38, 1976) gives the exact percentage of laboratory maximum dry density and a
close approximation of the difference between optimum moisture content and fill moisture
content of a field density sample, without any determination of moisture contents, By-this
moisture procedure it is possible to effect compaction control within one hour after
conducting the field teat, :

Although this method was developed by -Hilf (1966} primarily in controlling the
placement of earth-fill in dam eonstruction, the method is also applicable to control earth-fill
placement in the construction of highway embankments, canal embankwients and similar
structures built of cohesive soils, The reader may refer to the Indian Standard (IS :
2720—Part 38, 1976} for detailed procedure. ’ ' :
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Drainage Methods

3.1. INTRODUCTION

Grourndwater is usually considered as ons of the most difficult problems that has to
be handled in any civil éngineering construetion. Under many field situations during
construction operation it may be necessary to eliminate seepage pressure to increase the
shearing resistance or to reduce the dangerof frost damage. These could be done by reducing
the neutral stresses effectively by adopting any one of the drainage methods, Dewatering
systems and Drains ave the two methods which are used to improve the ground candition
before, during and after construction. '

 Dewatering systems essentially consist of lowering the water table to a required
elevation and to establish below this level a system of collectors located in wells, galleries
or ditches. The collected water at the collectors are pumped. Continuous pumping from
excavations or from natutal ground is a costly affair and the continued-flow. from the
surrounding ground may endanger the stability of adjacent structures. Further heavy
inflow may lead toerosion or collapse of the sides in an open excavation. Incertain situations
there may be instability of the base of excavation due to upward seepage.

On the other hand drains are providsd to serve to control the flow, in some cases for
lowering the water table, in others for reducing pore pressure and seepage forces.

Inorder to ensurs in selecting a proper drainage method, it is important to obtain all
the necessary information before commencing work, and this aspect should not e neglected
at the site investigation stage. ~

3.2. SEEPAGE

A material is said to be porous if it contains interstices, or void spaces, within which
the material is absent. The void spaces may be discontinuous or continuoas. For a medinm
to be permeable at least a portion of the void spaces in the medium should be continuous.
‘Eventually all soil deposits are permeable media.

Permeability of a soil is its capacity to transmit a fluid to pass through its intercen-
nected void spaces. The flow process could be under the action of an externally applied foree
or due to a diffusion process. The externally applied load may be a pressure difference due
to heads of water betwesn bwo points and the diffusion process is the dispersion ofmolecules
activated by differences in their concentration from point to point. Flow through the
‘medium is quantified by a material chavacteristics termed the coefficient of permeability,
k, {where k = ufi and v is the discharge velocity and i the hydraulic gradient) after Darey.
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Permeability depends on the type of seil and the permeant. The characteristics
related to permeant are viscosity, unit weight and the polarity of pore fluid. The charac-
teristics related to seil are particle size, void ratio, compesition, fabric and degree of
saturation. The coefficient of permeability may have a range of variations, Typical ranges
of permeability for different soil types and the drainage characteristies are listed in
Table 3.1.

Table 3.1. Typical Permeability Ranges for Different Soils
‘ {(Adopted from McCarthy, 1982)

Soil Type Ttelutive degree of Coefficient of Drotnage
. permeability permeability properties
.. ) \ i (oo fsec) :
Clean gravel - High ‘ 1tal0 Good
Cleansand, Medium 1 1te16”® Good
sand and
gravel mixtures
Fine sands, _ Low 10780 107 . Fair through poor
silts :
Sand-silt-clay Very low 10740 1077 Poor through
mixtures, practically impervious
glacial tills _ ‘
Homogeneous clays Very low te practically less than 107 Practically imparvious
impermeable

Water can rise in a soil through eonmected voids to elevations above the ground water
table due to capillary action. Such an action provides the moisture that results in heaving
of buildings and pavements from the volume increase of expansive soils or from freezing.
The potential for the detrimental effects of capillary rise is a function of soil type and the
depth to the water table, :

The velocity of flow through the soil vbids is referred to as seepage velocity (v,) which
is always greater than discharge velocity (). The flow of water in the soil causes stresses
called seepage pressures (j) which is equal to the-hydraulic gradient tinies the unit weight
of water (f = iy,). In a vertical flow condition in =a soil if the seepage pressure exceeds the
submerged weight of the =il and the soil column is uplifted. This phenomenon is referred
to as quick condition (boiling or liquefaction). Thus the most dangerous arsas for liquefac-
tion are those where the upward gradient is large and the counter balancing weight is small.
Such susceptible areas are along the toe of a slape or bottom of an excavation. -

The analysis of flow through soils is performed using a flow net. A flow net is a
graphical presentation of flow consisting of a net of flow lines and equipotential lines which
is an useful tool to determine the rate of flow, seepage pressures, pore water pressures and
gradients, In general twa flow conditions are encountered, iz, confined flow and uncon-

. fined flow. Confined flow refers to the case where the phreatic surface is known whereas

the unconfined flow refers to a condition in which the location of phreatic surface is not known.
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3.3. FILTER REQUIREMENTS

Inany drainagesystem peffm*ated pipes and conduits ofper,forate;ﬂ pipes or pii:e lines .

with opet joints ave usually provided. The space between the natural-soil and the pipe is

filled with a coarse-grained material known as a filler. If the voids of filler are larger than

the finest grains of the adjoining soil, there is a possibility of these fine particles to fill the
voids and accumutate and block the flow. On the other hand if the voids in the filler are as
small as those in the soil; then thereis a possibility of the filler material washed info the
conduits and pipes and thus leadingto erosionof the natural seil, Both these areundesirable

conditions. A filler material that overcomes the above two conditions is referred to as a

filter.

Filters are also used in earthdams, cofferdams and shest pile structures as a
transmission medium or to prevent piping. To prevent piping, the filter material should
have adequate weight. If a filter extends across a boundary between coarse and fine soils,
different materials have to be used. R )

Thus in general a filter or a drain material should satisfy the two requiremcnﬂéart
from adding weight, viz., o

(i) the gradation of filter material should be capable of forming small size pores such that
the migration of adjacent particles through the pores is prevented. h

(#%) the gradation of the filter material shculd be such that it allows a rapid drainage’

without developing large seepage forces.

. The above requirements are satisfied by adopting a suitable grain-size distribution
for the filter material based on the material to be protected. The following filter criteria are
. to be adopted (Bertram, 1940).

D15 (ﬁ!f:er)' o ’ . -
7 Dy (protected soil) dob ~{8-1)
This criterion emphasizes that the Dy size of the filter soil should not be'.more.than
four or five times the Dg; size of the protected soil. Phe second criterion is ‘
| Dy (filter) o o e
- Dy (protected soil} >4to 5 (8.2)

. This criterion emphasizes that the Dy size of the ﬁltér_ soif should be more than four

or five times the I}i5 size of the protected soil. : L N L -

The additional requirement which has to be satisfied as regards to openings in the

resh screen or perforated pipe is that the maximum size of the filter material should be at

least twice that of the openings in the mesh screen: (or. perforated pipe if no mesh is
provided).

As the lass of head due to percolation through the filter should be smallest possible,
latge filters ave usually made up of several layers. Each of these layers should satisfy the
above reguirements with respect to the preceding layer. Such composite filters are said to
be graded. As a rough guideline, the grain-size distribution eurves of the fine and coarse-

- grained soils should be roughly paraliel. S NS
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3.4 GROUNDWATER

Groundwater can be encountered in various modes of ocourrence. The term water
level, water table or phreatic surface has been defined as the level within a body of
subsurface water at which water pressures are equal to abmospheric pressure. The neutral
stress on this surface is zero, The water that occupies the voids of the soil above water table,
called upper zone, constitutes soil moisture. This water may be found as gravity water,
Hygroscopic moisture, perched water or iri the capillary fringe. This zone may be fully or .
pattially saturated. The zone below the water table is saturated and present in natural
formations such as aquifers, aquitards and aquicludes.

Aquifers are relatively pervious soil and rock formation through which groundwater
flows induced by gravity, In nature the most familiar situation is a stratum of coarse sand
in which the groundwater surface rises and falls with ¢hanges in weather, discharge and
groundwater use. Such an aquifer is termed a free ar unconfined aquifer wherein the
groundwater table is likely ¢o slope in the same direction as the ground surface. Further
the slope of water table is generally flatter and more uniform (Fig. 3.1). A relatively
impervious soil or rock is termed as an aquiclude. For example the ratio of permeabilities
of an aquifer to anaquiclude may exéeed 100 : 1, The groundwater pattern is more complex,
in formations that consist of alternate aquifers and aquitludes. A sagging aquiclude below
an aquifer creates a basin that holds ground-water perched above a general water table.
(Fig. 8.1). When an aquifer is.confined betwesn two aquicludes, it is capable of carrying
water under pressure. Insucha situation, the elevation of zero pressure is above the upper
surface of the water and the groundwater is said to be under artesian pressure. Artesian
pressures are usually developed by sloping aquifers, Artesian aguifers may extend over
several hundred square meters of areas. - '
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_ Fig. 3.1. Water table and aquifers.
Engineers are primarily concerned with aquifers, aquitards and the capillary zone. -

For exam.ple water from aquifers flowing into excavations has to be controlled to maintain:
dry working condition or to reduce pressures on structures. If aquifers are under artesian
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conditions could cause boiling or piping and uplift the bottom of excavations. Andaquitards,
1ep1esented by saturateqd silts, can alIow seepage. into excavatlons and cause weakness
zones in excavation,

Thus the engineers should be aware that gl‘ouﬁd\vatel‘ conditions ave tl'anéient and
that those encountered during investigation will not necessarily be those existing during
construction or at sometime latter as it undergoes Q_large seasonal and periodic variations,

The water table position has a significant impact in civil-engineering constructions
in a number of ways: For example the following water table pesitions may be.of concern to
civil engineers : ’

(i) excavation below the water table in granular soils require dewatering;

“{ii} a sudden water table rise can cause ﬁplif‘t of basement floors or of a structure itsolf,
{iii) fluctuation in water table position affects the active zone in swelling soils an:d(

. {iv) excess gloundwatel pumping may. resu]t in ground subsidence or even gwund

ca]lapse : . | . : —/

3.5. GROUNDWATER AND SEEPAGE CONTROL

Gloundwatet and seepage control needs a most significant consideration in many of
the civil engineering works such as in the stabllity of natural slopes and euts, dams and
levees, excavations for structures, open—pxt mines, tunnels and shafts, buuled str uctures,
pavements and side-hill fills. Furiher, the control should, be ensured dulmg constructlon
veriod and as well after construction.

The necessary controls required during construction are to (Hunt 1986)
(i) provide a dry excavation and permit construction to proceed efficiently
(if) reduce lateral [oads on sheeting and bracing in excavatsons ;
(0} stabihze ‘quick” bottom conditions and prevent heaving 'md plpmg
{iv) improve supporting characteristics of foundation materials
(v) inerease stability of excavation Sl_opé_'s and side-hill ﬁl]sv.
(v} cut off capillary rise and prevent piping and frost heaving in pavements -
{vif) reduce air pressure in tunneiling operations. -
The following controls are required after construction to (Hunt, 1986)

(i) reduce or eliminate uplift pressures on bottom slabs and permit economics from
‘the reduction of slabs thicknesses for basements, burried structures, canal linings,
spillways, dry docks, ete.

(ii) provide for dry basements.
(it} reduce lateral pressures on retaining structures,
(iv) control embankment seepage in all dams.

{v) control seepage and pore pressures beneatli pavements, side-hill fills, and cut slopes.
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{vi) prevent surface and groundwater contamination from pellutants.

The major control methods are : (7)) Dewatering systems, (i) Drains and (jii) Cut-offs
and barriers, The dewatering systems and drains are dealt subsequently and cut-offs and
batriers are dealt in the Chapter on Grouting methods.

3.6, METHODS OF DEWATERING SYSTEMS

Groundwater can be controlled by adopting one or more types of dewatering systems
or drains appropriate to the size and depth of exeavation, geological conditions, and
characteristics of the soil. In earlier days the control of groundwater in construetion work
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was accompanied by oneora combination of the following methods : (i) conetructing ditches
and dikes tointerceptseepage fram the slopes combined with a controlled rate of excavatiom,
(ii) sheeting combined with pumping from sumps, and (i) pumping from deep sheeted
sumps dug outside of the working area. o '

After the advent of suitable well-installation equipment, techniques and pumping
machines, the control of groundwater has much improved. Various types of drainage
systems which may be considered most suitable based on the grain-size distribution of soils
is presented (IS : 9759-1981) in Fig. 3.2. Different dewatering systems and drains are
subsequently described. :

1,6.1. OPEN SUMPS AND DITCHES

The essential feature of the method is asump below the ground level of the excavation
at one or more corners or sides (Fig. 3.3). Tns oxder to prevent standing water on the floor of
excavation, a small grip or ditch is cut around the bottom of the excavation, falling towards
the sump. In the case of large excavations which have to remain open over longqgriods, it
is advisible to design these drainage ditches with much move care.

Inittal Wdtler Tchle

Changed Water Table

Fig. 3.3. Dewatering through sumps.

This is the most wi.dely used of all methods of groundwater lowering. It is the most

cconomical method for installation and maintenance which could be applied to most soil
and rock conditions. This method is also more appropriate in situations where boulders or
other massive obstructions are met with In the ground. The greatest depth to which the
water table can be lowered by this method is about 8 m below the pump. This method has
a serious disadvantage that the groundwater flows towards the excavation with a high head
or a steep slope and hence there is a risk or collapse of the sides. In open or timbered
excavations there is risk of instability of the base diie to upward seepage towards pumping
sump.

3.6.2. WELLPOINT SYSTEMS

Filter wells or wellpoints are small well-screens of sizes 50 to 80 mm in diameter and
0.3 to 1 m length, Wellpeints ave either with brass or stainless-steel screens and are made

with either elosed ends or self jetting types. Where wellpoints are required to remain in the ”
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ground for a long period, e.g., for dewatering a drydock excavation, it may be economical to
use disposable plastic wellpoints which are of nylon mesh scréens surrounding flexible
plastie riser pipes. Water drawn through the sereen enters the space between the gauze
and the olitside of the riser pipe to holes diilled in the bottom of this pipe and then reaches
the surface. The welipoints are installed by jetting thein into the ground. A diagrammatic
arrangement of a wellpdint is shown in Fig. 3.4. A typical layout of a wellpoint system is
shown in Fig. 3.6 ‘

Te———- ftiser pipe to header maln

_!4_.»- Filter screen

/4
Collecting spoce
i

——]
—A-q

/=
X

Ni%

Inlet ports in riser pipe

je——— Filter Length
£
N

Rubber. ball raised when purnpirg

pin = and jowered when jetting

Serrated
Jetting nozzte

Pig. 3.4. Diagramriatic arrangement of 2 wellpoint (Adopted from Tomlinson, 1980),

. The capacity of a single wellpoint with a 50 mm viser is about 10 litres/m. Spacing of
wellpoints depends on the permeability of the soil and on the availability of time to effect
the drawdown, In fine to coarse sands or sandy gravels a spacing of 0.75 to 1 m is
satisfactory. A spacing of 1.5 m may be necessary in silty sands of fairly low permeability.

‘ _I;{-hig-hly permeable coarse gravels they may need to be as close as 0.3 m eentres, In general

a welipointing equipment comprises of 50 to 60 }Vé!lpoints to a single 150 or 200 mm pump
with a separate jetting pump. The wellpoint pump has an air/water separator and a vacuum
pump as well as the normal centrifugal pump. '

Wellpu_iht ‘system is the most commonly used method for constructioﬁ purposes, A

“wellpoint system is suitable when the site is accessihle, and where water bearing stratum

to be drained is not too deep. Wellpoint system acts most effectively in sands and sandy
gravels of moderate permeability. Further, in the wellpeint system the wateris drawn away
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Fig. 3.5. Single.stage wellpoint installation.

from the excavation, thus stabilizing the sides and thereby per miting steep slopes unlike
i epen-sump pumping. The installation of wellpoint system is very rapid and tequugg
reasonably simple and cheap equipment. In this there is an advantage that the water is
filtered and carries little or no soil particles, Because of this there is less danger of
subsidence of the surrounding ground than with open-sump pumping.

The serious imitation of the wellpoint system 15%51.0:&1011 Iift. A lowering of about
6 m below pump level is generally possible beyond which excessive air shall be drawn into
the system through joint in the pipes, valves, etc., resulting in loss of pumping efficiency.
If the ground is consisting mainly of large gravel, stiff clay or soil contammg cobbles or
bolders it is not possible to install wellpoints.

For dewalering deeper excavations the wellpoints must be installed in two or more
stages as shown in Fig. 3.6. There is no limit to the depth of drawdown in this way, but the
overall width of excavation at ground level becomes very large. On the other hand it is

. possible to avold multi-wellpoint stages by excavatmg down to water level before installing
. the pump and header.

When wellpoints are used in braced exeavations (Fig. 3.7)they are placed close to the
toes of the sheet piles. This is done in order to ensure lowering the water level between the
sheet pile rows, Wellpoints aré provided in conjunction with the sheet piles under the
following conditions : () to prevent quick condition of the bottom wlen the sheet piles are

-of limited penetration and (ii} to eliminate hydrostatic pressure on the back of a sheetplle
cofferdam thus allowmg higher bracing to be used.

As dn alternate to the conventional wellpoint system with surface pumps, one can
use a jet-eductor wellpoint system. A jet-eductor wellpoint system consists of a wellpoint
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WATERLEVEL AFTER

INITIAL WATER TABLE ‘ FIRST STAGE DRA\;IDOWN CURVE

= WELLPOINTS -

" \WATER LEVELS WITH ' ;
SECOND STAGE WELLPOINTS N
OPERATION " ;

Fig. 3.6. Multistage wellpoint operation.

[NITIAL WATER LEVEL

Fig. 5.7. Wellpoints in braced excavation.

attached to the bottom of jet-eductor pump, with.one préssure pipe and a slightly larger
return pipe. These two pipes along with the wellpoint and jet-eductor pump are installed
in a cased hole and surrounded with a filter sand, if necessary. This method has the
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advantage that the drawdown of the groundwater is not limited in depth by the suction lift
of a pump at ground level. The serious disadvantage with this system is that the jet-eductor
pumps usually have a low efficiericy. .. - ! . .

For large exca'\ratiiy‘ns or where the dépth of excavation below tﬁe Waf;ar féblé is more
Fh'an lO.tg 15'm or there is a necessity to reduce the artesian pressure from a deep aquifer
it is desirable to use deep-wells {dealt subseqitently) with or without welpoihts,
Wc::zl!points are installed either;by the progressive system or the'_ring system. In the
progressive system the header-is laid out along the sides of the, excavation (Fig. 8.8).
. Pump
Header )

‘ Valves Connection

Valves

1 0 A A ¢ 1 | A —
## f-‘ #’([# f f Wellpoints
T ~——  Trench Excavation — -
Pt v et
Backfilling Excavalion open

Excavation being ‘ \

.wellpoinis pumping main commenced welipoints
being puiled wellpoints being ifstalled
up : ) -

Fig. 3.8. Single-stage wellpoint instaltation by
progressive system (Adopted from Tomlinson, 1980).

T Standby pump (if required)
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Fig. 8.9. Welipoint installation by the ring system
{Adepted from Tomlinson, 1580),
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Pumpingis done continaously in one length as further points are jetted ahead of the pumped

down section and pulled out from the completed and backfilled lengths, Only one header is

sufficient for narrow excavations whereas for wide excavations or in soils containing layers
of Tess permeable materials, the header must be placed on bothsides of the excavation. In
the ring system of installation (Fig. 3.9) the header main‘is placed completely to surround
the excavation. The progressive system is suitable for trench work whereas the ring system
is most suitable for rectangular excavations such as for piers or basements and for long
trenches.

3.6.2. DEEP-WELL DRAINAGE

Deep-well drainage system consists of deep-wells and submersible or turbine pumps
which ean be installed outside the zone of construction operations and the water table
lowered to the desired level. Deep-wells are usually spaced from 8 to 80'm depending upon
the level to which water table must be lowered, permeability of the sand stratum, source
of seepage ahd amount of submergence available.

Deaep-well systen is suitable for lowering the ground water table where the soil
formation is pervious with depth, the excavation extends through or is underlain by’
coarse-grained soils, This method is also suitable when a great depth of water lowering is
required or where a head due to artesian pressure has to be lowered in a permeable strata
at a considerable depth below the éxcavation level, Deep-wells may be combined with the
wellpoint system on certain field conditions for lowering the groundwater table (Fig. 3.10).

DISCHARGE PIPE w——

S
: ,'}—DEEP WELL PUMP ™o
DEEP WELL—! ,

FRE SRR

Fig, 3.10. Deep-weli dewatering.

The installation of a deep-well is done by sinking a cased borehole having a diameter
of about 200 to 300 mm larger than the well casing which depends on the size of the
submersible pump. The inner well casing is inserted after the completion of the borehole.
A perforated sereen is installed over the length of soil which required dewatering and is
terfinated in a 3 to 5 m length of unperforated pipe to act as a sump to collect any fine.
material which might be drawn through the filter mesh. Graded filter material is placed
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between the well casing and the outer borehole casing over the length to be dewatered
Then the outer ca}sing is withdrawn in stages as the filter mateﬁal is placed. The space:
ftbove tll'l_e‘screer-l is backfilled with any available material. The water in.the well is then
{furged by a boring tool to promote flow back and forth through the filter, and.at the same
time any unwanted fines which fall into the sump are cleared out by ;Jaiier before the
submgrS{b[e pump is installed, This is the last operation before putting the well into
commission. Figure 3.11 shows the details of a completed installation. L
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Fig, 3.11. Details of deep-well installation.

If centrifugal-pumps ate used in a deep-well system, the tops of the screens should
be set balow the computed water surface in the well. If the wells are pumped by deap-wel]
pumps, the bottoms of the wells should be set to provide sufficient length of submerged
sereen to admit the flow without excessive head loss, - ‘ #

As heavy boring plant is used to sink the well in very adverse formations like
boulc?ers, rocks or under other difficult field environment, the cost of deep-well system is
‘re]atlvely.‘ high. Thus it is advised to restrict this method to jobs which have a lon
construction petiod such as dry'docks or access shafts for long sub-aquecus tunnels. s

3.6.4. VACUUM DEWATERING SYSTEMS

G‘i'avity r‘nef:h"ods;' such as wellpoints'and deep-wells, are not much effective in the
ﬁneglamed soils with petmeability in the range of 0.1 to 10 x 10~ mm/s. Such soils can be
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dewatered satisfactorily by applying a vacuum to the piping system. A vacuum dewatering
system requires that the well or well point screens, and riser pipe be sutrounded with filter
sand extending to within a few metres of the ground swrface. The top few portion of the hole
is sealed or capped -with an impervious soil or other suitable material. By having the
pumping main a vacuum pressure, the hydraulic gradient for flow to the wellpoints is
increased, This method is most suitable in layered or stratified soils with coefficient of
permeability of the range 0.1 to 10 x 10-! em/sec. A typical vacuum dewatering system in
a stratified soil is shown in Fig. 3.12. In this system the wellpoints should be placed closer
than the conventional system. It is common to use suction pump in this system and the
practical maximum height of lift is about 3 to 6 m. _ :
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Fig. 3.12, Vacuum dewatering system. = -

3.6.5. DEWATERING BY ELECTRO-OSMOSIS .

When an external electro-motive foree is applied across a solid-liquid interface the
movable diffuse double layer is displaced tangentially with respect to the fixed layer. This
is electro-osmosis. As the surface of ine-grained soil particles causes a net negative charge,
positive ions (cations) in sclution are attracted towards the soil particles and concentrate
near their surfaces. Upon application of an electro-mative force between two electrodes in
a soil medium the positive ions adjacent to the soil particles and the water molecules
attached to the ions are attracted to the cathode and are repelied by the anode (Fig. 3.13).
The free water inthe interior of the void spaces is carried along to the eathode hy viscous
flow. By making the cathode a well, water can be collected in the well and then pumped
out. Hypothetical distribution of ions between external and internal phases ina clay pore
Jis shown in Fig. 3.14. A comparison of electra-osmotic flow with hydraulic 'f"low thrqugh a
sitigle capillary is shown in Fig. 3.15. The electro-osmotie flow (,) produced hy an applied
electric field is given by an expression similar to hydraulic flow (@) as ., s
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Fig. 3.13. Mechanism of electro-osmosis {After Gray and Mitchell, 4967).
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Fig. 3.14. Hypothetical distribution of ions between external and
internal phases in a clay pove {After Gray and Mitchell, 1067}

Q. =k, i, A L .d3.8)

where k,'is called the elegtro-osmotic permeability, the unit being em/sec for Fhe constant

' potential gradient of one volt/cm. Different theories (Helmholtz, 1879 ;-S‘chmld, 1950-52.;
Tadashi, 1961 ; Gray and Mitchell, 1967) have been postulated to explain the elec?ro-ps-
motic flow. While the hydraulic coefficient of permeability (k) and the 1:ate f’f hydraulic flow

. ciebe_nd on the size of voids in the seil and consequently on the grain-size, whereas the
coefficient of electro-osmotic permeability and the rate of electro-osmotic flow are almost
independent of grain-size, For most soils it lies within the range of 0.4 to 0.6 x 10~ em/fsec
{Casagrande, 1949, 1952).
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Fig, 8.15. Comperison of slectro-osmotic and hydraulic flows.

The potential gradient should riet exceed 0.5 volts/om in order to prevent considerable
loss of energy due to heating.of the ground, Apart from this limitation, there exists a fairly
wide range of variations in installations to comply with equipment which the contractor
has at hand. For example equal gradients can be achisved with various potentials by
changing the spacing of the electrodes, - ’

Electrodes. The general layout of the electrodes depends upon the purpose for which
they are intended, Sheet piles of any shape can be used. The'simplest type of anade for
normal application are old pipes, of 25 mm or 50 mm diameters, which can be easily driven
into the soil. These ean either be placed singly or in groups of two or three. The individual
pipes forming one anode should not be closer together than 0.7 m otherwise the group acts
like one single electrode with a diameter only stightly.larger than that of the individual
pipes. - -

Bince the ancdes corrode considerably in the course of a few weeks of electro-osmatic
treatment they should be replaced as soon as the current drops to less than 30% of the
initial consumption. : e '

The length of the anodes and the gpabiﬁg.bétween the electrodes will differ in every
practieal case. In Figs, 3,16 and 3.17 t}leée are shown for a common example where it is the
intention to apply electro-osmosis for'stabilizing stopes and for sheeted excavations.

Where excavations are to be stabilized during construction it is advisable in general
to install cathodes in the form of wells from which the accumulating water can be pumped
according to need. In contrast to normal wellpoints these cathade-wells should extend from

‘the surface to the bottom so as to allow the water to discharge into them over the whole of

theit’ heighit::Suchi*cathode-wells have the advantage of serving also as.drainage wells for
layers and pockets of said whiely are fréqueritly present in silty soils and which otherwise
would hardly be affected by electro-osmosis. Two basic arrangement of cathode-wslls are

'—sh‘owrir‘iri Fig, 3.1B:Either the wellis arranged separatsly but-in ‘close-pioximity to the

cathode (Fig 3,18'a) or-the-edthods and the well combined as bne body (Fig. 3:188).-: .
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Fig, 3:17_. Electr_ode arrangements for sheated excavation.

.* - In case of cathodes embedded in pervious filter, asindicated in Fig. 3.18 {a), the pore
‘water entering into the filter well lose practically all of its electrical contact with the
electrade and thus reducing the electro-osmotic transport of water to a fraction of the full
capaeity of this methed.” "

o The well and electrade combined into ene body (Fig. 3.18°) consists of a metal grid’
or slotted pipe in the _inside, a copper gauze surrounding it and a jute or cotton fabric in
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Pig. 3.18. Combination of cathede and well,

between. The copper guaze serves as cathode and it is to be placed into immediate contact
with the soi which is being subjected to olectro-osmosis. As a rule, the anodes and cathodes
should veach to equal depths. Ancdes and cathodes should esxttend in depth at least 1.5 m
below the bottom of the slope or excavation (8 ; 97659-1981}. Ifthe electrodes are arranged
in a row, Indian Standard (IS : 9759-1981) recommends that the cathodes to be placed in
one or more lines and spaced on 7.5 to 10.5 mcentres, with anodes installed midway between
the cathodes. The cathode-wells should have a diameter not less than 100 mm.

Safety Measures. The following simple rules should be made known to everybody
on the site : :

(i Only persons wearing rubber boots should be admitted into the neighbourhood of the
electrodes.

(#i) While working between anode and cathode neither the electrode nor the wiringshould
be touched in such a manner that while one hand is on the electrode, the other gets into contact
with the ground or with the other electrode, Serious harm could ba the consequence, even with
less than 100 volts. ‘ :

(iii) Where the excavation is carried out by machinexy special attention has to be paid by
the operator to avoid the cecurrence of short circuits. This may endanger the operator himself
in the first place. No particular precautions are necessary if the machine operates within a space
enclosed by anodes such as sheeted excavations of the type shown in Fig. 3.16.

Case histories of electro-osmosis treatment of soft clays are presented in Table 3.2
{Pilot, 1981), A comparative study of dewatering systems discussed above is presented in
Table 3.3 (I8 :'9769-1981).
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Table 3.2, Case Histories of Electro-osmosis
{Adopted from Pilot, 1981}

Location and
refarence

Object of treatment

Soil treated

Procedure

Results and
comnienis

As, Norway. (Bjer-
rum et al, 1967).

Marren, USA.
(Fetzer, 1967).

Singapore (Chappel
and Burton, 18756).

Bordeaux, France,
(Caron, 1968).

Tunnis, Tunisia,
{Caron, 1968),

- | Beattle, USA.,

(Dearstyne and
Newman, 1963}

Antwerp, Belgium,
(De Beer and Wal-
lays, 1965),

Angers, France,
(Caron, 1971 ;
Peignaud, 1877).

Dighi, India, (Srid-
haran, 1972).

To increase
strength prior
to earthworks,

Treatment of
Woest-Branch Dam
foundation (under
construction),

Treatment of em-
pankment and its
foundation on
creeping soil.

Treatment prior to
excavation,

Foundation sail
treatment prior to
construction of
TESErVDirs.

Treatment of foun-
dation soil under
existing runway.

Treatment prior to
excavation.

Ta increase soil
strength under
bridge abutment.

To harden soil
around a pile.

Sensitive clay,
about 12 m thick.

Fairly soft silty
clay, 18 m thick.

Fill and soft clay,
5 m thick.

Soft clay, 9m thick.

Very softclay, 16
thick.

Soft clay
(through pump-
ing) 1.5 deep.

Very soft clay (wa
= 120—220%), Tm
thiek. ’

Soft to stiff clay,
10 m thick.

Soft clay around a
test pile 150 mm as
diameter,

Electro-drainage :
65 V/m at 250 A for
4 months,

Electro-drainage :
B---25 V/m at 40 A
for 10 to 12
months.

Electro-drainage
with local harden-
ing next to the
anode : 14 V/m at
2530 A for at
least & days.

Electré-drainage H
1625 Vm at 20 A
for 3 months,

Electro-injection :
ammonium
chioride.

Electra-injection :
H. 226, with 6 V/im

.at 4 A for 16 days,

Electro-drainage :
10 V/m at 45 A for
one manth,

Electro-injection :
sodium silicate,
with28 V/m at 30 A
for maximum

3 months.

Electro-drainage :
HVimat8Afor 12
hours.

‘incressed form 50

‘soil,

Satisfactory treat-
mentof 2700 m? soil :
w dropped from 31
to 17% ;50
inereased from

9 to 38 kPa.

Satisfactory treat.
ment of 580,000 m®
soil ; excess pore
pressure greatly
reduced.

Satisfactory ; w of
s0ft clay decreased
from 72 te 35% ; sy

to 144 kPa.

Satisfactory treat-
ment of 1000 m’

Satisfactory ; sz in-
creased from 6 to
15 kPa.

Satisfactory.

Satisfactory.

Unsatisfactory-
majerimplementa-
tion problems.

Satisfactory.

Note ;10 = water contact,

s, = undrained shear strength.
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Table 3.3, Comparative Studies of Dewatering Systems
(Adopted from IS : 9759-1981)
8l | Method Soils Suitable Uses Advantages Disadvantages
No. ' for treatment
1. | Sump Clean gravels Open shallow, | Simplest pumping {r) TFines easily
pumping }and coarse excavations equipment removed from
sands greund

() Encourages in-
stability of for-
mation. .

2. | Wellpoint |Sandy gravels Open excava- | (@) Quick and sasy (@) Difficuit to instal
systems down to fine tions including to instal inj in open gravels
with - sands (with rolling pipe suitable soils and  grounds
pumps praper control trench excava- containing cob-

can also be used tions bles and
in silty sands) bouidf-frs
(b) Economical for j {{) Pumping must
short pumping be continuous
periods of a few and noise of
weeks pump may be a
problem in a
built up area

{¢) Suction lift is
limited to 4.5 to
6.0 m.

) If greater
lowering is
needed multi-
stage installa-
tion is
necessaly.

3, {Deep Gravels to silty Deep excava- | () Nolimitation
pored filter | fine sand, and tion in through on amount of
wells with | water bearing or above water draw.down as
electric rocks bearing forma- there is for suc-
submersi- tions (b) tion pumping
ble pimps Awell can be

canstructed to
draw water
from several
layers through-
outits depth

©) Wells can he
sited clear of
working area

() No noise preb-
lem if mains
electricity
supply is avail-
abla.

(T'able Contd.)



68 GROUND IMPROVEMENT TECHNIQUES

_ Table 3.3 (Contd.)

Sl Method

in silty sands
and sandy silts)

(b

multistage well
pointing cannot
be used)

Usually mere

B

Raking holes
are possible

)

SBoils Suitable Uses Advantages Disadvantages
No. for treatment
4. | Electro- Silts, silty clays Open  excava- Any appro- Installations and
osmotis and some peats tion in appro- priate soil ean | running costs are
priate soilsor to be used when |usually high,
speed dissipa- 1o other water '
. tienofconstruc- lowering
tien pore method is
pressures applicable
5. | det- Sands (with | (@) Deep excava-| () No limitation | (#) Initial installa-
eductor proper control tion (in space so on account of tion is fairly
system can alsobe used confined that draw-down costly

Risk of flooding
excavation  if
high pressure
wafer main is

appropriate  fa ruptured

low per- (¢} Optimum

meahility soils oparation
difficult to
control.

3.7. DESIGN STEPS FOR DEWATERING SYSTEMS

A complete dewatering system should be capable of lowering the groundwater table
upto a required depth, should jhtercept seepags into the excavation and at the same time
should remove the surface water which would otherwise affect the operation of the
dewatering system or construction, Thus the selection of an appropriate dewatering system

- and its design depends on geological, soil and water-table conditions at the site, the
magnitude of the excavation, surface-water runoff and construction requirements. The
essential steps in designing a dewatering system is presented below.

3.7.1, SUBSOIL INVESTIGATION

:

Paramount importance should be given to know the characteristics of soils adjacent
and beneath an excavation, The depth and spacing of borings have to be properly planned
to ascertain the thickness of stratified soils and soils with significant variation. Samples.
should be taken at frequent intervals so as to identify each soil type, permeability
characteristics of the soil, and layers of clay or any other impervious material. The position
of water table and substratum pressure should be earefully recorded. Grain-size distribu-
tion and permeability are the two important factors to be determined.
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Table 3.4. Permeability Values of Pervious Stratum
(Adopted from IS : 9759-1981)

Coefficient of Permeability ()

SL Types of Sund
No. om feec
i Very fine sand 1te 50
2 Fine sand 5] to 200
3., Fine to medium sand 201 to 500
-4, Medium sand 501 to 1000
5 Meditm to coarse sand 10G1 to 1500
<] - Gravel and coarse sand 1601 ta 3000

Permeability of the sand strata to be dewatered or in which the hydrostatic pressure
is to be reduced should be determined. Indian Standard (IS : 9759-1981) recommends a
field pumping test for this case. Howaver, various methods may be adopted to determine
the permeability. A rough approximation of permeability may be obtained from Table 3.4
(IS : 9759-1681). A better estimate could be from a comparison of grain-size distribution
curves ot from the Hazen's empirical relationship, viz.,

k=C1Dd : (3.4)
where Do = Diameter of particle (em), o
k = Coefficient of permeability (em/sec),
€1 = Constant varying between 100 and 150 in case of pumping test is not con-
ducted. This approximate expression will be valid for fairly unform sands in loose state with
uniformity coefficient not greater than 2. Laboratory determination of & yisld reliable
results for uniform sands but the results will be misleading in case of well graded or

stratified or gravelly sands. It is warranted to assess the permeability by a suitable field
pumping test in case of large dewatering prajects.

'3.7.2. SOURCE AND WATER TABLE DETAILS

" Source of seepage and knowledge of the water table and any substratum pressure at
a site are most important factors to be considered while designing a dewatering or a
pressure-relief system. The source of seepage depands on the geological features of the area,

" nearby streams or other bodies of water, on the degree of pervicusness of the stratum, and

amountof drawdown. Streams close to the wells may act as line source of seepage depending
on the distance of the wells from the effective source of seepage. A flow may be from an
aquifer being drained, the distance to which is commonly known as the radius of influence.

' The radius of influence may be estimated from a drawdown curve established from a field

pumping test. An empirical equation (Bq. 3.5) based on Sichordt’s equation (as recom-
mendad by IS : 9759-1981) may be used to estimate the radius of influence.

R=C (H-h,) vk : ..(3.5)
where B = radius of influence {m}

C’ = a constant = 0.9 (for gravity flows)
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H = depth of nhatural water table (m}
huw = head at the well {m)
%k = coefficient of permeability (10~ em/sec).

If the well is located close to a river, the source of seepage may be consideéred as the
river, provided the distance L [fom the well to the viver is less than B/2.

Generally the initial elevation of the water table is considered in deciding the
elevation at which the first stage of weilpoints/wells would have to be installed, as the water
table or artesian pressure may be affected frequently due to seasonal variations or with the
stage of adjacent water source. In order to ensure dry working conditions during construe-
tion it is preferable in most-soils to maintain the water table 1 to 2 m below the bottom of
the excavation. Some groundwaters may contain iron or dissolved salts which over an
extended period of time may partially or fully clog the sereens, filters or surroiinding soil
and corrode the scveens or metallic’ patts resulting in the reduction of efficiency of
dewatering system: Thus due coisideration should be shovim on the chemical ; plopel ties of
g‘toundwatm in the design, operation and maintenance of dewatering system.

3.7.3. DISTANCE OF WELLPOINTS/WELLS FROM SOURCE OF SEEPAGE

Based on the field condition the value of t 01 L should be ascertained. In this regard,
the following considerations should be taken care of (IS : 9759:1081).

() If the attual radius of influencs is lavge compared with the radius of the well, only
an approXimate estimation of R may be sufficient since the discharge is not much sensitive
to the value of R.

(b) An aceurate estiviation of L should be made for a particular dewatering system,
since the discharge is inversely proportional to the value of L.

3:7.4. EFFECTIVE WELL RADIUS

The effective well radius, r,,, for a wellpoint/well is decided baséd on the installation
of wells with or without filter, If a wellpoint/well is inistalled withiout a‘'gravel or sand filter
the effective well fadius ¢an be takén as one half the outside diameter of the well screen.
When a gravel or sand filter is used around the well sereen the well radius is taken as
one-half the outside diameter of the filter. If a well sereen is installed withouta filter in the
pervious stratum but a natural filter formed avatind the sereen due to surging, the effective
well radius will exceed dhe-half of the outside diameter of the wéll séreen. As the extent of
the develaped filter due to surging is indefinite it is-genérally adequate and conservative
to use a value of r,, corresponding to the outside diamieter of the well screen,

3.7.5. DISCHARGE COMPUTATIONS

Before designing a dewatering and/or pressure velief systetn; it is hacéssaty to know
the rate at which water must be rémdved from the pérvious strata in order to achieve the
required groundwater lowering or pressure relief. Based on this, the demgn should decide
the number, size, spacing, and penetl ‘ation of the wellpoints/wells and the size and capatity
of collectors and pumps. Thus it is mandatory to establish the fundamental relationships
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between discharge from wells and wellpoints and the corresponding drawdown's
the pervious strata. This is dohe by following the design principles as apphcable tal
and continuous flow through a porous medium,

In a dewatering system with a single line of closely spaced wells, an aPPFOXlrnate
solution for the drawdown produced by these wells ean be obtained by considering theipe
of wells equivalent to a drainage slot. The validity of this assumption depends upon fhe
spacing of the wells ; as wells are more closely spaced, they tend to approach a continuong
line sink or slot. Their spacing is so determined that the head along the line of wellpoints
is essentially the same as would exist at a slot. The following procedure is recommended

"by Indian Standard (IS : 9759-1981) to be followed in this respect ;

{{) If H is the head cor_respoﬁding to the natural water table and A, is the head at the
slot, than the head reduction (/f — &) at a slot required to produce the desired residual head hp
should bs computed from equations given in Tables 3.5 to 3.8 along with the factors in Figs, 3.19
and 3.20. .

0~ o /___,_t
02 : /

74
o/

wio /
06

08

o 0% 10 15 20
v .

Fig. 3.19. Factor Y versus ratio WL,
* (i) Assuming that fi, = hp, and that (&, ~ h,), the head difference (i, being the head at

the well) is small (assumed as 0.001 H), the wellpomt spacing can then be computed from the
following equations :

(a) For artesian case:

hp =y a’ o ‘ :
= o ...(3.8
H-hpy 2:tLrE 2z, : (3.6)
where L = distance of wellpoints from the line soi_{rce

a = spacing of wellpoints, and

r,, = radius of wellpoints
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12 G-
10
8 / 10
%4 " / ) ky . \
0 ) \
02
0 2 4 6 8 10 0 005 010 018
Factor ky © Faclor ky

HOTE —~+ 20 is = Dislance belween slots {Bz width of stels }

Fig. 3.20. Computation of factors k) and kg,
(b) For gravity case:

hp? - h,2 o o
H? —hp® 2L In B : 87
Wellpoint spacing can also be determined from a flow net (reader may refer to IS :

9759-1981). An approximate spacing of wellpoint required to produce a given groundwater

G TER  SPACING OF WELL POINTS x 0.3m POLES
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Fig. 3.21. Wellpeint spacing for uniform clean sands and gravels
- : (Adapted from 1S : 9759-1981)
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lowering in various soils can also be estimated from the monographs shown inFig. 3.91 and
Tig. 8.22, As these monagraphs are based on empirical data and are for average conditigys -
they should be used with caution.

GROUND WATER  SPACING OF WELL POINTS x 0-3m

: L POLES
LOWERING x 0-3m " —
sy
ey k "
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- w-f 2 o
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I . — — - =-0 COARSE

2 ot L sde - 9F - SAND
Feend 15

PREIT s VERY FINE

Tt L3 it GRAVEL

s - w7 e -~

s 8 = =~ MEDIUM

P g 15 SAND

WL COARSE
14 B SAND
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Flg 3.22. Wellpoint spacing for stratified c?ean sands and gravels
(Adepted from IS : 8759-1981)

Table 3.8, Flow to a Siot from a Single Line Source
(Adopted from IS : 9759-1981)

Penetration ~ Flow Condition Discharge Formulae Remarks
Fully penstrat-  Artesian Q= kDx H k) H = original ground
ing slot L € water level
Gravity ke 2 . o= ground water leval
@= 2L @ - at the use '
@ = flow rate

L = distence of the slot
from theline
saurce

D = depth of pervicus
stratum

x = distance perpen-
dicular to the
direction of flow

{Table Contd.)
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Table 3.5 (Confd,)

Partially Artesian kDx(H - 1)
penetrating slot Q= L+ Fg
. ' H~ho\ hx . Ep = extra-length facto
Gravif; = o7 2 RL | 2 g2 A 8 st 4
avily Q ( 0.73+0.27 H ] 2L H"~hp) as deseribed by
for L,’H =3 various authors

Note. The maximum residual head, 2p downstream from the slot can be compuited frain the following
expression : '

L EalH =)

{i) For artesian case : hp = T+Ea +h,
, N L 1.48
{if) For gravity case : hp=ho 5 H-h+1

for LIH=3

Table 3.6. Plow toa Slot from Two Line Souxvees
(Adopted froin IS : 9759:1981)

Penetration Flow Condition Discharge Formulue Remnarks
Partially Artesian L 2kDx (H -1} {} = flow to the slot
penetrating T L+yb ¥ = a factor which
slot - . depends onthe
ratio M/} where
. 0.73 + 0.27 H = he bx W = penetration of th
G t; ot a1 7 e BX g2 g 2 pel m of the
ravity Q H L =) slot into the per-
vious stratum {To
be determined from
'Fig, 3.19h
Fully . The flow is twice the computed from Note. The slot is mid-
ponetrating Table 3.5 for the respective cases way between the line
slot sources. _
Note, At distance y from the slot, in excess of sbout 1,3 D the head & inereases linearly as y increases,
and ean be computed as follows :
fomho t (H -yt
L+yD
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Talle 3.7. Flow to Two Partially Penetrating Slots Midway Between
and Parallel to two Line Sources
(Adopted from IS : 9759-1981)

Flow Condition Discharge Formulae Remurks

Artesian Flow from onhe source to the closest of the
two slots is obtained from equations of
Table 3.5,

Head hp midway between slots ischtained
from Table 3.6.

Gravity Flow frem either slot is determined from ] k1 and k3 can bo obtained from Fig. 3.20.
Table 3.5.

The head hp midway between the slots is
given by

hp = he [{efz (H-h)+1

Table 3.8. Héad Reduction for Finite Length of Slot
(Adopted from IS ; 9759-1981)

Penetration Flow Cornidition Head Reduetion at the Wells
Fully penstrating | Artesian R a | Qul
well H =l = 2nkp In Torw * EDa
Gravity 92 2 _ 2QwL Q_w_ @
H*~hy = va T In T
Pattially Artesian QL
penetrating H—hu = kD { + ﬂa)
Gravity The formala for fully penetrating case can be used
g provided @Qu is computed from an appropriate

equation.

Note 1. Q,, = discharge per well.
‘the"2; 0, = uplift factor (for details as given in various text books).
Note 8. h, = head at the well.
‘ (ifi) After the wellpoint spacing and the head h,, at the wellpoint have been computed, the
flow @,, per wellpoint can be computed from the equation given in Table 3.8.
{iv) The above value of /i, should be equal to or greater than the value of /2, computed
from Beq. (8.7). The total head loss in a wellpoint connection should be estimated afresh :
hpy=M-V+H,+H, {8.8)
wheie M = distance {rom base of pervious stratum,
V = vacuuim at pump intake,

H. = average head loss in header pipe up to pump intake,
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H, = head loss due te screen entrance (H,) + friction loss due to flow through the

well sereen (H,) + friction loss due to flow in the riser pipe (H,) + velocity head

(H,).

3.7.6. DESIGN OF FILTERS

Based on the filter criteria, discussed in Section 3.3, the filter requirements for filter
material shall be as under:

. Character of Filter Materials 'IRatm Ry Ratio K5
Uniform grain-size distribution (C, = 3 to 4) ' 5t0 10 —
‘Well graded to poorly graded (non-uniformy); 12 to 58 12 to 40
subrounded grains
Well graded to poorly graded (non-uniform); 9 to 30 6o 18

angular particles

Dgy of filter material
50 = Do of material to be protected

Dy of filter material -
6= D5 of material to be protected

where R

R

3.7.7. DESIGN AND SELECTION OF WELL SCREENS

The design of wells and wellpoints must ensure that there will be little resistance to
water flowing through the screen and riser pipe, prevent infiltration of sand during
pumping, and resist corrosion by water and soil. Commereially available wellpoints are of
brass or stainless-steel screens mounted over galvanized, tin-dipped, or stainless-steel
suction pipe. A high-capacity type of wellpoints should be used when large flows ave foreseen
in the field. The mesh or slot size of a sereen should be smaller than the 80% size (Dgo) or
70% sizo (Dqo), respectively, of the sand in which the wellpoint will be installed, so as to
avoid infiltration of sand, While draining silty soils, the wellpoint should be provided with
a graded filter.

Screens commonly used for deep large diameter wells are slotted steel or wood stave
pipe or perforated stecl pipe wrapped With galvanized, tlapezmda[ shaped wire. Slotted
steel o1 waoden screens are commercially available with various width of slots. In order to
enhance the efficiency of the well and at the same time to prevent infiltration of sand, it is
desirable to use a graded filter around the screens. The riser pipe usually consists of either
steel or wood,

As per Indian standard (IS : 9759-1981) the following criteria should be observed in
designing and selecting well sereens or wellpoints.

Slot width = Dy, {filter or aquifer sand)
Hole diameter or width < Dg, (filter or aquifer sand). .

3.7.8. SELECTION OF PUMPS AND ACCESSORIES

Pumps, headers, discharge lines and power unit must be of sufficient capacity to
remove the required flow from the wells or wellpoints and conduct it away from the
dowatered area. The selection of a pump and power unit depends on various factors such
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as required discharge, suction lift plus positive head including hydraulic head lossés,
gir-handling capacity, power available, fuel economy and durability of units, When selecting
a pump and motor unit, it is necessary to adopt a conservative approach as the estimated
flow is not exact and the efficisncy may be reduced in long time pumping.

Centrifugal pumps are used to pump water in collector pipes connected to wells or
wellpoint system and removing surface water from sumps. The selected pumps should have
sufficient air handling capacity, and they should be able to produce a high-vacuum. A
wellpoint pump consisting of a self-priming centrifugal pump with attached vacuum pump
is generally adequate and develops 6 to 7.5 mof vacuum. If the depth of water table lowering
is large (> 4.5 m) but the rate of pumpage for each wellpoint is relatively small (< 10 to 15 gpm),
installation of a single stage wellpoint system at the top of the exeavation or water table,
with attached jet-eduetor pump may prove to be advantageous than a multistage welipoint
system. Water table up to 30 m can be lowered using a jet-eductor wellpoint system.

In selecting the power unit to be used for driving the pumps, consideration should be
given to the initial cost of the unit, and the cost of operation, including maintenance and
fuel. The capacity of a pump required for a dewatering system is decided by the horse power

. as obtained from the formula

Total discharge in gpm x Total dynaﬁlic load
3960 x Efficiency of the pump and engine

where total dynamie load = operating vactum at the pump in take

Horse Power =

(3.9

+ discharge friction losses,

Header pipes ave of 16 to 30 em diameter ars relatively light weight steel or plastic
pipes. Headers for wellpoint system are provided with inlets for connection of wellpoints at

-short intervals. The connection of collector lines to the header pipes should bs through

noh-refurn valves. Discharge line may be of steel, aluminium or plasf:lc pipes which should
conduet the fow with relatively small head loss.

8.7.9, WELLFPOINTING IN DEEP EXCAVATIONS

If the water table could not be lowered more than 6 m or if a deep excavation has to
be made, it is advantages to use multi-stage wellpoints as discussed earlier. The lowest
header of the multistage system should be located not more than about 4.5 m above
subgrade to ensure that proper drawdown of the groundwater level can be achiaved with
the vacuum avatlable in the line, Observations should be made at every stage of operation

. -for discharge and groundwater lowering.

3.7.10. DEEP BORED WELLS |

The procedure for designing a deep-well system is similar to that of wé]lpoints. The

‘well should be sufficiently large to accommodate pump and to_keep the head loss low.

Deep-wells are usually of 16 to 45 em diameter with sereens of 6 to 22.5 m length, Pumping
from wells can be done using surface pumps with their suction pipes installed in bored

“wells. This could be effectively used only up to a depth of 7.5 m. If céntrifugal pumps are
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used in a deep-well system, the pumps can be located on tho excavationslopes and connected
to a common header pipe. For deep excavations submersible pumps should be installed,
with a rising main to the surface. Sufficient depth of pervious material should be there
belaw the level to which the water table is to be lowered, for adequate submergence of well
sereen and pump. Fer large diameter pipes {> 160 mm)} turbine or submersible pumps are
used.

3.7.11. CONTROL OF SURFACE WATER

In laying out a dewatering system, proper steps should be taken to control surface
water so as to prevent flooding of pump resulting in failure of the system. Further,
uncontrolled run-off may cause serious evosion of slopes. The required measures are
providing dikes, ditches, sumps, pumps and mulching and seeding to minimise slope
erosion. The following factors should be considered while designing and selecting measures
to control water (IS ; 9758-1981): .

(a) duration of eonstruction

{b) frequency of rainfall occurrence

(¢) intensity of rainfall and the resulting run-off

{d) size of area to be protected, and

(e) available sump storage,

A dike can be built around the top of the excavation to eliminate run-off into the
excavation from the surrounding area. Dikes should be large enough to prevent water from
overtopping them, The top of the dike should be at least 30 em above the level of surface
water to be impounded, Generally dikes ave of width 40 to 150 cm and with side slopes of
1 on 2 or 2.5. Water retained by the dikes can be pumped out or conducted to sumps inthe
bottom of the exeavation by pipes or line channels and then pumped out of the excavation,

Ditches should be designed with adequate allowanes for silting, free board and
storage. Velacities of flow should be low encugh to reduce the extent of maintenance.

3.8. DRAINS

A complete drain consists of three components, viz., filter, conduit or eollector, and
disposal system. ’

As disenssed earlier a filter is essential for continued efficiency of the drain and to
prevent seepage eroston during high hydraulic gradients. The water is tollected jn the drain
conduits from the filter and is carried away. Ordinarily, the conduit is 5 to 10 times larger
than its hydraulic dictate to allow for variation in soil permeability and to accommaodate

'some siltitig. Commercial pipes have perforations of 8 to 9 mm in diameter and require a
gravel filter with a maximum size of 12 to 16 mm. The permanent and simple disposal
system is gravity. During adverse conditions such as wet weafher, high water table and
difficult topography, gravity system of disposal can not function. Insuchsituations pmppi::{g
has to be resorted to which will be costlier aver a long peried.
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" 3.8.1. OPEN DRAINS

The oldest mt?_thod of draining excavations, roads, ete. is by apen drains, vliz., a ditch
or a sump. A.sump is merely a shot ditch which could be constructed easily with unskilled
labour. Details of this method is discussed in Section 3.6.1.

3.8.2, CLOSED DRAINS

When seepage erosionor pipingis troublesome or where a permanent drain is desired
perf?rated pipe can be laid at a required depth in ditches and the ditch is back filled witl;
asuitable filber material (Fig. 3.23). As far as possible pipes should be laid in straight lines
Openings should be provided for every 30 to 50 m to flush out the pipe occasionafly. Alsc;

manholes should be provided at changes in direction and-at int
eraiont sostion ! , at intervals of 100 to 150 m along

Compacted - Construction
- - backfill . “{sequence
.- of fine —f—

fiiter %—@

Fine filter — . @

Coarse —@ g

filter _®

Fine filter - )

Fig. 3.23. Pipe drain with double filter layers.
3.8.3, HORIZONTAL DRAINS

If field situations warrant to avoid open-cut work or non-availability of adequate
submergence, the groundwater can be fowered by means of a Banny drainage system. This
system consists of a reinforced concrets shafts or wells from which a number of horizontal
p?rforated pipes are fixed. These pipes may be extended to a required length in any
divection, Water collscted in the well is pumped out by means of a turbine pump. This
system may not be effective in lowsring water in stratified soils. ‘

3.8.4. DRAINAGE AFTER.CONSTRUCTION

Preventing groundwater from seeping into an structure or through a finished struec-
ture's may be necessary in order to obtain proper use of the structure or'to’protect it from
drainage. In some situations, the dewatering systems utilized during construction may be
further used to protect the structure. ' .

In a particular field condition if it is necessary that an usable part of a structure has
to be located below the groundwater table, it is essential to bﬁild'the facility utilizing
waterproof design and construction techniques. One of the desirable features for a sub-
aqueous structure is to have all seams and joints with water stops or to aveid completely
seams and joints, ' o
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Foundation Drains, Where groundwater is present in the vicinity of a structure,
provision should be made to quickly carry away the water from the building. In the worst
condition the effect of groundwater may be allowed only on the éxterior side of a building.
When the depth helow the water table is not too great, it is feasible td control the water by
foundation drains. An arrangement of such a drain is shown in Fig. 3.24. However, such
drains should not be placed lower than the bottom of the footing. Such drains_consist of
perforated pipes or pipes with cpen joints so that the groundwater can enter into the pipe.’
A suitabte filter should surround the pipes. The collected water in the pipes is disposed off
by gravity flow to a storm drain system or other drainage facility stich as.a ditch, dry well,
ete. If disposal by gravity flow is not possible, the drainage water has to be divected to sump
pit or other collector and pumped to a disposal.

Masonry Ground surface {sloped away from wall)

Basement wall "
{Exterior waterproofed )

<150t backiill’ . Qrigina} elevation
* of ground water table

Below grade
basement area “
Orawn-down water table

. Select coarse litter material to
prevent eresion of natural soil
Perforated footing drain

(drain to area of low elevation)

Fig, 3.24. Footing drain tile inistallation fof disposing of
ground water against a basement walk.

BlanketDrains. Continuous drainage blankets ave sometimesconstricted beneath
dams and basement floor slabs to provide a highly permeable drainage path for removal of
groundwater acting against the bottom of the slab. If an escape path is provided the uplift
‘pressure can be reduced and the possibility of seepage through-the floor arrested. The
blanket consists of a fine filter layerin contact with the soil followed by a coarse filter cum
collector layer (Fig. 3.26) and the latter is in contact with the undetside of a masonry dam
or basement.floor. The blanket is connected by conduits to a sump where the collector water

4‘- P T K
v . Concrete floogor mat L
Al . - A * .

yr."n.

3 Dy, A

7 Soil to be druined
ilter

Coarse fifter

Fig. 3.25. Blanket under-drain with pipe disposal—minim
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i
is pu‘mped out or to drainage pipe where disposal is by gravity. Such blankets are also
provided beneath pavements to prevent capillary flow upward.

) Interceptor Draing, In paved highways and airfield runwa ai :

provgded parallel to the shoulder. Such drains ave termed as intercepytz: zg(i::sd\tﬁiz}sl e
provided to low?r the groundwater table to a level beneath the pavement and to er:‘ T—,
easy ]ateral.dramage for water finding its way into the coarse base material. The pEr o ]

of such drainage facility is to keep the base and subgrade scils dey se as to main}::a'se
adequate strength and stability. The drains also provide a means for disposal of surfain
and near surface water and also shall help to intercept underground flow trying to ent;?'
the pavement from the side areas. Similarly, open drainage ditches located adjacent to
shoulder area may help to intercept surface and near surface water flowing towards the
roadway area from the sides also prevent development of excess pore water pressure, Figur

3.26 shows different application of interceptor drains. e

Original ground

.Sl Pavement Oiginal ground Pavement

Orlginat watsr lavey
Original woler level

Water level . ~
with droingge Longitudinal drain i Waler level

(@ Longltudinal drain 1 drairage
(b}
? Runway pavirg surfoce
| $am ! 23m 23m | 53m |
~ Original graund line Impetviaus backfill

1" slope

-

0.6 m minlmum Al Gronylar subbase gase  TUmeane=®
&iteh bollem Subsuwoce drain course

Place draj
controtlsd gradation :a :’m on both
backid) es where neaded
{c)

Mavement of sibsurfoce woler
towards dieh

d)
Fig, 3.26, Highway and airfield drains :
(e} Interceptor drain for highway constructed in a sidehill (Adopted from Cedergren, 1967);
(b) Interceptor drain for highway in flat terrain (Adopted from Cedergren, 1967} ;
(e} Fypical airport rumway interceptor drains (Civil Aeronauties Administration) ;
(d) Typical apen-shoulder ditch for roads.



CHAPTER 4

Precompression and Vertical Drains

4.1. INTRODUCTION |

Temporary loading applied at a construction site, with or without vertical drains and
other consolidation techniques applied on/inside the ground to improve the subsoil charac-
teristics is called precompression. In particular the preleading technique is commonly referred
to as precompression.

Preloading techniques have been in use even before 1920, but they were spotty and
unsystematic. With the growth of interest in Soil Mechanics in 1930'%, important develop-
ments on preloading techniques had taken place and during 1945-65, this technique has
been widely used. After 1965, the scope and frequency of preloading have increased much
more. With building up of confidence this methed has been tried with a greater variety of
deposits which included, besides clays, silts and sands also peat and even rubbish. Inspite
of the promising trends there is localised reversals caused by the fear of sand liquefaction
after the earthquakes of Nligata (1964), San Fernandoe (1970) and some other events (Seed
and Idriss, 1971). These events have induced the engineers to avoid preloading at sites
founded on sand in earthquake-prone areas and instead turn to seime other methods.
However, this is only a precautionary measure and not based on any specific experience
(Stamatopoulos and Kotzins, 1985},

The preloading technique along with construction of different types of vertical drains
for accelerating consclidaticn have been discussed in this Chapter, Also consolidation based
on electré-osmotic and chemico-osmotic prineiples have also been dealt.

4.2. COMPRESSIBILITY OF SOILS AND-CONSOLIDATION

A soil layer undergoes compression due to compressive stress caused by construction
activities or otherwise. The compression may be attributed to rearrangement of particles,
seepage of water, erushing of particles and elastic distortions. The compression may be
progressive and cumulative, dependent on the type, magnitude and duration of load, and
on the properties of the material. The civil engineer pays equal importanee to compression
along with shear failure in designing structures. The magnitude of compression may be
detrimental for some structures or may hamper the normal functioning of conventional
structures.

4,2.1. COMPRESSIBILITY

A change in the stress system acting on a soil mass causes a change in the volume of
the mass. Such changes in volume, result in change in the permeability characteristics of
. o
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the soil, chang\;. in the interparticle forces, change in shearing resistance and displacement
of the seil mass. Considering the condition that achange in stress system results in a volume
decrease, will cause compression or settlement of the boundaries of the mass.

All soils undergo elastic distortion almost imniediately after the application of load
including saturated soils under no drainage condition due to induced shear strains
(Leonards, 1962). Compression caused due to these process is termed initiat orimmediate

compression (Fig. 4.1).

Tatal

Time Dependent
Comptession

Compression

Primary
Compression

. Theoretical
. Seeondary —— e — ] — _L
Compression > —.
: i; T \—A:[ual
Period of + Period of
Tt

COMPRESSION

Frimity Compression | Secondary Compression

1 —

i Yoo
TiME

Fig. 4.1. Components of total compression.

When a soil mass is subjected to siress in such a manner that its volume is decreased,
there are thres possible factors to which this decrease might be attributed : (i) compression
of solid matter, (i} compression of water and air within the voids, and (iif) escape of water
and air from the voids, The solid matter and the pore water, being relatively incompressible,
do not undergoe appreciable volume change when subjected to compressive load usually
encountered in soil masses. If the soil is saturated, the decrease in volume of the soil may
be justifiably considered as entirely due to an escape of water from the voids. In a partially.
saturated soil mass the situation is much more complex since presence of a compressible
gas within the voids may undergo appreciable compression, even though there may be no
escape of water from the voids. The time-dependent compression in a partially saturated
soil is beyond the scope of current knowledge. The time-dependent comptession in a
saturated soil is discussed further.
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As majority of the natural deposits are saturated, the compressibility of a soil mass
may he attributed fully to the rigidity of soil skeleton which in turn depends on the

structural arrangement of particles and the bonding forces between the paiticles. Thus in -

a saburated soil-water system the compressibility of mineral skeleton is generally so large
compared with the compressibility of water. If such a system is loaded, the applied pressure
is initially transferred to poré water as excess pressure and onee drainage is permitted, a
portion of the applied pressure is transferred to the mineral skeleton causing a reduction
in excess ‘p?:re water pressure followed by a compression. This process of gradual load

tyansfer from pore water to soil skeleton and the corresponding gradual compression is
termed eonsolidation. That part of consolidation which is completely controlled by the -

resistance to flow of water under the induced hydraulic gradient, is called primary
consolidation. The other part, called secondary consolidation (creep), is due to the
plastic deformation of the soil at zero excess pore water pressure. The primary consolidation
is normally more than the secondary consolidation.

4,2.2, ONE-DIMENSIONAL CONSOLIDATION

Figure 4.2 shows a field situation wherein a stratum of clay sandwiched betw_reen two
coarse-grained strata, This situation leads to a flow only in the vertical direction. The
coarse-grained strata which are stiffer than the clay and consclidate instantaneously
compared to the clay layer, Hence, the excess pore pressure develops only in the clay layer
and if drainage is allowed settlement ocours in the vertical direction. Further, the thickness
of the consolidating stratum is less compared to the horizental dimension. ‘Hence the
distribution of pore pressure and stress is uniform at all vertical sections. Thus flow of water
oceurs only in the vertical direction followed by settlement and there is no horizontal strain.
Such a situation is raferred to one dimensional consolidation.

IS

?E

R

Fig. 4.2. Field situation of a elay stratum.

In some field problems the consolidation may be in two or three directions, For
example, the conselidation may be in horizental and vertical directions, when an oil tank
is placed on a clay stratum having a thickness greater than the diameter of the tank, and
under a long embankment, In axisymmetric loading such as under a circular tank the flow
will be in vertical and radial directions and accordingly the consolidation will be in the
vertical and radial directions. Solutions to vertieal and radial consolidations are available
to caleulate the time.required for consolidation. Exact solutions to two and three-dimen-
sional consolidation problems are not available. However, most available two and three

-dimensional solutions are based on the assumption that the total stress remain constant.
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4.2.3, COMPRESSIBILITY CHARACTERISTICS OF SOIL DEPOSITS

In the natural process of deposition, fine grained seils undergo the process of
eonsolidation under their own weight of overburden pressure. After an elapse of several
years a state of equilibrium is reached and the compression ceases, This equilibrium may
be established only in horizontal ground surfaces whereas in sloping ground surfaces ereep
may he taking place. Season after season, the process continues followed sometimes by
erosion or removal of overburden pressures, Sometimes due to frequent depesition the
process of consolidation may be continuously taking place. So fine grained soil deposits exist
in the field under different conditions and their stress history should ke known.

Normally-Consclidated Soils, Soils of low to moderate plasticity include clays,.
silts, organic and micaceous silts with plasticity indexes up to 30 (as well as sands, gravels
and porous rocks). Such a soil depesit is said to be normally-consolidated if it has never
been acted on in its history by effective overburden pressure greater than those existing at
present. The characteristic e-log p eurve for novmally-consolidated soil is shown in Fig. 4.3 ().
The greater pait of the curve is approximately straight and the slope is expressed as
compression index, Experience has revealed that the natural water content of these soils
is ecommonly close to the liquid limit. If the water content is lower than liquid lmit, the
sensitivity (a measure of the consistency of a soil) of the soil is low and if greater than lguid
limit, the soil is said to be highly sensitive. In any event these #oils are always soft to a
considerable depth.

Over-Consolidated Soils. A soil deposit, of low to medium plasticity, which has
been fully consclidated under a pressure, p,, greater than the present overburden pressure,

" P, 15 said to be overconsolidated {preconsolidated or precompressed). Most undisturbed

soils are over consolidated to some degree and exhibit the characteristic e-log p curve of
Fig. 4.3 (b). The ratio (p, — p,)p, is referred to as the overconsolidation ratio (OCR) and p,
the preconsolidation pressure.

The preconsolidation pressure can be estimated from the e-log p curve [Fig, 4.3 (D).
Tangents are drawn to the initial, flat section and to the steep straight-line portion of the
curve and the intersection is approximately the preconsolidation pressure. Overconsolida-
tion may also be caused by a variety of factors (Leonards, 1962} : (i) pressure due to
overburden that was subsequently evoded, (i) desiceation due to exposure of the surface,
often accompanied by alteration of the ¢lay minerals, (iii} tectonie forces due to movements
in the earth’s erust, (fv) temporary overloading, and (v) sustained seepage forces.

Some of the other factors {Sowers, 1979) such as () changing the physico-chemieal
bonds betwesn the clay particles or by introducing stresses by the expansionfeontraction of
the grains during the alteration process may show effects of preconsolidation. Fer example
residual soils, weathered rocks and some partially indurated rock exhibit preconsolidation
from this source. Removal of high concentrations of cations due to leaching may have the
same offect in some clays deposzited under salt water. All these ave referred to as pseudo-
preconsolidation (Sowers, 1979).

Preconsolidated clays have water contents much less than their liquid limits, Heavily
overconsolidated clays exhibit water contents less than plastie limits. A soil will not settle
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Fig. 4.3. Stress void ratio curves of typical natural soils (Adoepted fram Sowers, 1979),

appreciably until the stress imposed by the structure is greater’than the preconsolidation

pressure.
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Sensitive Clays. The consistency of clays and- other cohesive soils is usually
described as soft, medium, stiff or hard. The term sensitivity indicates the effect of
remoulding on the consistency of a clay. The degree of sensitivity, 5y, of a clay is expressed
by the ratio between the undrained strength of an undisturbed specimen and the strength
of the same specimen at the same water content but in a remoulded state. The degree of
gensitivity is different for different clays and it may also be different for the same clay at
different water contents. S; varies from 2 to 16 with the lowest value for insensitive clays
and with the highest value for the extrasensitive clays. In some locations, because of
formation of a well-developed or honeycomb structure or to leaching.of soft glacial elays
deposited in salt water and subsequently uplifted, the S, value may be stilt higher and they
are known as quick clays, Sensitive clays are preconsolidated to some degree. The water
contents of highly sensitive clays is generally higher than their liquid limits. Figure 4.3 {¢}
shows the e-log p curve for sensitive clays and other soils with a flecculent or well developed
skeletal structure. The curve is flat up to the preconsolidation pressure, drops sharply and
then gradually fiattens to approximate a straight line. The sharp drdp in void ratio may be
attributed to a structural break down in which the bonds between the particles are broken
and the particles rearrange themselves into a-more dense orientation (Sowers, 1979).

Cemented Soils. Cemented soils and similar =oft rocks depict e-log p curves similar
to preconsolidated soils, The preconsolidation effect may be attributed to the bonding
between the particles. If the bonds break suddenly due to increased pressure, the e-log p
eurve will be similar to that of sensitive clays. For such materials with water-sensitive

" bonding two pressure-void ratio curves may be visualized (Sowers, 1879} : undisturbed

(usually moist but not saturated) and inundated, as shown in Fig. 4.3 {d). The drop from
the higher value (undisturbed value) may occur due te inundation under small pressure
{(may ba due to self weight of soil). Dus to this behaviour serious sudden settlements may
occur in dry regions where cemented soils have been wet due to construction activities

(Sowers, 1879).

Expansive Soils, Partially saturated highly plastic expansive clays and some highly
mieaceous soils may be subjected to high preconsolidation due to desiccation. These soils
have high affinity to water and abserb water if they have access to water and expands {Fig.
4.3 ()]. Two e-long p curves may be developed for such soils : undisturbed but partiaily
saturated, and inundated (Sowers, 1979).

Organic and Reclaimed Soils. Peats and highly organic soils ave extremsly
compressible depending en the initial void ratio, The e-log;p curves will be similar to that
of clay deposits but with less preconsolidation. The virgin curve ine-log p plot is seldom a
straight line. The compressibility of reclaimed soils can not be measured in the laboratory
because of the nonhomogenity of the material. However, the compressibility characteristies
is similar to that of organic soils, Much of the compression is crushing of hollow bodies and
distortion of resilient materials (Sowers, 1879).

Sand. Sandy soils compress less under static leads, than under dynamic loads. A
static load induces a compression in a sand mass. In general, the compression in non-

* cohesive soils oceurs immediately after the application of load. The compression is due to

volume changes caused by lateral yielding or shear strain that takes place in the soil.
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Ifthe londed avea is large, the compression is governed by the contact pressure, which
is a function of the modulus of subgrade reaction at different points. In such situations,
compression versus pressure curves may be used, the curve being obtained by field testing
or by use of a simple compression test in the laboratory in which the lateral deformations
ave preventsd. However, the laboratory eurve should be used with eaution. In non-cohesive
soils the most common method to predict the settlement is by adopting semi-empirical rules
relating compreszion to the results of field penetration tests.

4.2.4, METHODS OF EVALUATING COMPRESSIBILITY

As discussed earlier a soil mass is said-theoretically-to be fully consclidated under a
given pressure when the excess pore water pressure is zero, depicting the termination of
primary consolidation, The slow continued compression that continues after the excess pore
water pressures have substantially dissipated is due to secondary compression (Fig. 4.4).
As the secondary compression is time dependent, the longer the elay remains under a
constant effective stress the denser it becomes. Practical evidence show that ereep ceases
or becomes so small that it is not measurable. The velative importance of secondary and
primary compression varies with the type of soil and also with the ratio of stress increment
to initial stress, Both primary and secondary compressions are time-dependent compres-
sion which are dealt below. Immediate compression which is generally less for cohesive soils
may be computed from elastic properties of soils.
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Fig. 4.4. Secondary compression and definition of its rate.

Primary Compression. If the soil beneath a structure contains layers of sand or
stiff elay alternatively with layers of soft clay, the compressibility of the sand and stiff-clay
strata can be disregarded. (Ferzaghi and Peck, 1967).

The compressibility of layers of clay depends on the magnitude of the greatest
pressure experienced by the depesit and the liquid limit of the clay. The primary compres-
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sion, S, of the normally consolidated clay of thickness H with initial void ratio, e,, due to a
change in pressure p is computed from Eq. (4.1)

Cr_' ,pn +
S.=H Tre, logi o

{4.1)

where C, is the compression index from a field é-log p curve, The field e-log p curve has to
be extrapolated from the results of the laboratory e-log p eurve by a suitable procedure
(Sehmertmann, 1955). C, can be estimated roughly from a known liquid limit (Terzaghi and
Peck, 1987) as

C, = 0.009 (wg — 10%) (4.2)

For soils of very low plasticity and porous rack, Sowers (1953) has found the
comptession index to be 1:elated to the undisturbed void ratio, e,,

C,=0.75(e,—a) ..(4.3)
where ¢ is a constant whose value is from 0.2 for porous rock to 0.8 for highly micaceous
soils. Both the expressions are approximate at the best and considerable variations should
be expected. Equation (4.2) may be erring in the unsafe side if the liquid limit is greater
than 100%, if the natural water content at a depth of 7 to 10 m is greater than the liquid
limit or if it contains a high percentage of organic material (Terzaghi and Peck, 1967).

The compressibility of a precompressed elay depends on liquid limit and on the stress
ratio Ap/(p,’ — p,) where Ap is the pressure added by structure, fo the present overburden
pressure p, and p,’ is the maximum pressure that has ever acted on the clay. If the above
stress ratio is less than 50%, then the primary compression is about 10 to 26% of that a
similar normally consolidated clay. For stress ratio greater than 100% the infiuence of the
precompression on the settlement of the strueture can be disregarded (Terzaghi and Peck,
1857).

The compressibility of heavily precompressed beds of clay is usually irrelevant. Large
and heavy structures on such stiff clay may be damaged due to moderate differential
settlement. However, a settlement computation may be made from a cavefully conducted
consolidation test resulés on an undisturbed sample.

Forsensitive clays, cemented soils and expansive soils consolidation test results may
be used evaluating primary compression. The compression index for peat can be estimated
from the initial void ratio, e,, (Sowers, 1979) as

C,={05tc0.7e, a(d.4)

Tor reclaimed soils the compression index may be estimated from Eq. (4.4), the value
of e, varies fvrom 0.15 for rigid refuse to 0.7 for hollow bodies and garbage.

Based on the above discussion it could be realised the primary compression is
evaluated based on ajustifiable value of C.. It is quite reasonable to expect C,, ta depend on
in-situ void ratio, soil structure and the amount and type of clay minerals and the index
properties: Based on these factors, different equations ave suggested by varicus authors
and reported {Table 4.1) by Bowles (1988).
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Fquations incorporating w, and e, and/or 1y, applicable to preconsolidated soils also.
It is reasonable to take an average value of C, based on the above equations and if the
seatter is large C, should be used frem the consolidation test results (Bowles, 1988),
Secondary Compression. It is difficult to evaluate secondary compression. How-
ever, by maintaining a constant pressure on a clay long enough past the point of primary
consolidation, a relationship between secondary compression and time may be obtained,
provided temperature control and equipment corrosion are taken care of. The magnitude
of the secondary compression is referred to as a coefficient of secondary compression and
expresged as the slope C, of the final portion of the time compression curve (Fig. 4.4).
AH/H
O, oo ..(4.5)
“ 7 log (t, + At/t;)
where tp = time when primary conselidation is complete
At = time inerement producing AH
H = thickness of laboratory sample

Therefore, the secondary compression, S, = AH, for the time increment Af for a
stratum of thickness H is
£, + AE

£

S, = HC, log

. ..(4.6)

Table 4.1. Equations for the Compression Index from Different Sources
(Adopted from Bowles, 1988)

Compression Index, Ce Conments Source

0.009 {wr, — 10%) + 30% clays of moderate St Terzaghi and Peck (1967)

0.37 {0 + 0003107, + 0.0004 1w, - 0.34) | Statistical analysis Azzouz et al (1876)
1+ 24
0.5 [—G-EE] e, s 0.8 Bowels (1888} and Rendon-
¢ Herrera (1980}
—0.0897 +90.0009wy, + 0.0014 Ip 134 soils analysed Koppula (1981)

+ 0.0036 1w, + 0,1185 e, + 0.0025 G

0.2348 en — Nagaraj and Murthy (1985,
1986)
0.009 1w, + 0.006 L, — Heppula (1986)

Note. Use wy, wy, I, as bercentage and not decima!l

e, = Wy, Gy

@G, = Specific gravity of soil solids

Equations that use e, (or to,,) and w, are for both normally and aver consolidated soile.

Secondary compression may be significant in highly plastic soils and especially in
organic soils. Typical values for the coefficiant of secondary compression for some soils are

" given in Table 4.2 (Ladd, 1987).
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Table 4.2, Typical Values of C,
(AfterLadd, 1867)

Type of soils Verlue of Co
Normally conselidated clays 0.005 to 0.02
Very plastie soils, Organic soils =0.03
Precompressed clays with QCK > 2 <0.001

4,2,5. RATE OF CONSOLIDATION .

The consolidation of clay under a load in a consolidation test does not take place
instantaneously. As the clays have less permeability, all the entrapped water in the voids
cannotescape immediately when aload is applied. However, the flow does take place rapidly
at fivst, as it continues, the pressure drops and the rate of flow decreases. As the water is
forced out, the particles come closer causing setilement at the surface of the specimen. The
rate of settlement is rapid at fivst, and then decreases to a small fairly constant value.

The progress of consolidation occurs at the different rates in different parts of the
specimen. As the drainage facilities are better at the upper and lower boundaries the
progress of consolidation is rapid than at the middle of the specimen.

A theory, known as theory of consolidation, (Terzaghi, 1925, 1943), has been '
developed for computing the rate of consolidation based on the assumption that the laws
of hydrautics govern the decrease of porewater pressure, The followingrelationship between
the degree of consolidation I/ and time as

U=pT,) )

where Te= 3'2—1 -.{4.8)

and oyt 2Bk 3 4.9)
’nUYU, Yw

T, is a dimensionless number called the time factor ; ¢, is known as cosfficient of consolida-

tions ; d is the drainage path (= half the thickness of sample), ¢ is the time corresponding
to U, m, is coefficient of volume compressibility, k is coefficient of permeability and D is the
constrained modulus. Figure 4.5 is a graphical representation of Bq. (4.7).

In ovder to estimate the degree of consolidation or the rate of settlement, the prime
factor the coefficient of consolidation ¢, has to be evaluated properly. The coefficient of
consolidation can be evaluated by means of a conselidation test, by fitting the experimental
deformation-time curve to the theorstieal eurve for Eq. (4.7), Two popular methods are A.
Casagrande’s {1936) log-time fitting method and Taylor’s (1948} viime fitting method.
These methods yield some what different values. The viime method usually gives a larger
value of ¢, than the log-time method, and this methad is usually preferred.
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Fig. 4.6. Time rate of conselidation for a stratum drained on both surfaces
and any distribution of stress or for a stratum drained on one
surface and a uniform distribution of stress,

An estimation of ¢, is feasible if the constrained modulus D is known for the load level
from the expression
=Dk (4.10)

Yo

The best way to determine D(= 1jm,) is from a consolidation test results. The
parameter I also can be estimated by indivect methods from simple tests such as water
content, cone penetration test, standard penetration test, ete. Values from indirect methods
could be used for preliminary rough estimates of settiement or rate of settlement.

The value of D which js important in the evaluation of settlement ealeulation is the
value applicable in the stress range between the natural overblifden stress (NOS) and the
vertical stress due to natural overburden strass and the stress after surface loading (Ac,’).
The NOS can be easily evaluated, But Ao, is generally unknown. However, in most
problems it can be assumed to be on the order of 0.1 MN/m? and Hence the average stress
will be roughly equal to NOS + 0.05 MN/m? The value of D at this particular stress level
is of interest and has been called as “specific constrained modulus, D,”. The parameter D,
is not greatly influenced by moderate vaviations in Ao/, and the error invelved in accepting
0.05 MN/m? is small (Stamatopoulos and Kotzians, 1985). )

The parameter D, can be estimated from the empirical caleulations from Fig. 4.6 for
sands, silts, elays and moderately organic soils. For soils below the water table D, may be
estimated from water content and for soils above water table, IJ, may be estimated either
from the natural dry density or the natural veid ratio. ‘

Cy

For cohesionless soiis-“DR has been correlated with the standard penetration resis-
tance (N}, Parry (1972), as : :

D,=60N (d11)

where D, is in units of kgffem?
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The value of D, has also been correlated with cone penetration resistance g, as
D, =ag, . (4.12)
where « = 2 for sands (Schmertmann, 1970)
= 4 for soft to medium stiff silt-clays (OECD, 1979)
= 1 for peaty soils and peat (OECD, 1979).
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Fig. 4.8, Estimation of D, : (z) From dry density, (b) From water content at saturation, and {¢) From void
ratio. Valid for all erdinary soil within the limits of water content, dry density and void ratio
coefficients of correlation = 0,63 — 0.64 outer and intermediate lines bracket 85 and 67% of
results respectively (After Stamatopoulos and Kotzias, 1973).

The parameter D, has also been correlated with C, as (Coumoulss, 1979} :

1+e,
D,= 645G, dy . {4.13)

where a, is the effective consolidation stress and under in-situ stress conditions this will

" be equal to the normal overburden stress,

As ¢, varies from load increment, loading and unloading and different samples of the
same soil, it is extremely difficult to select a value of ¢, for use in a particular engineering
problem. Thus the observed rate of settlement or heave of a structure is several time faster
thanthat estimated from a selected ¢, value from a consolidation test (Branwell and Lambe,
1968). This anomaly may be due to various assumptions made in the one-dimensional
consolidation theory. However, predictions of rate of consolidation are useful only to know
in advance the approximate time required for consolidation,

- 4.2.6. ACCELERATING CONSOLIDATION

Accelerating the rate of consolidation ean be useful in cortain civil engineering works,
such as highway and airfield embankments on compressible soils, wherein it is essential
that the major portion of the settlement should have oceurred during construction and not
after construction (Rutledge and Johnson, 1958}, Also in order to increase the shear
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strength of a dam foundation to permit more vapid construetion acceleration has been
resorted to (Lane, 1948),

Proloading alone or along with vertical drains have been used. Evidently, more °

settlément will oceur under a heavy surcharge, provided the soil has adequate shear
strength, than under a light surcharge. When a surcharge is used another method of
accelerating the consolidation process is to shorten the length of the drainage piath for t.he
pore water escaping from the consolidating soil, This is achieved by providing vertical drains
or wells at adequate spacing such that more shott distance drainage paths ave crez.ited.
Detailed treatment on preloading and vertical drains are made in the subsequent sections.

4.3. PRELOADING AND SURCHARGE FILLS

Preloading of a séil, in its simplest intent, is merely applying an extern‘al lqading for
a long duration to cause desirable changes in the soil. Conventionally preloading is usually

carried out before construction of any structure. However, this can be installed even under -

semifinished condition and even after completion such as in the case of liguid storage tanks.
If the thickness of fill placed for preloadingis greater than that required for the final ground
surface elevation, the excess fill is termed a surcharge fill.-

It has been reported (Stamatopoulos and Kotzias, 1985) that preloading has been
used in many civil engineering works such as road embankments, bridge abutments and
box eulverts, warehouses, gravity quay walls, housing complexes, ranways, storage tanks,
multistored structures, canals and industries.

Preloading methods have several advantages, in comparison with the other methods
adopted for improving ground support, such as (i) the cost involved is comparatively less
and vary between 10 to 20% without using vertical drains and 20 to 40% with the use of
vertical drains, (i) especially attractive when the fill material, after completion o‘f‘ ]‘:relzload—
ing, is subsequently used in the same project as fill material or for site preparation, (iti) simple
conventional construction equipment needed for earth moving job is sufficient for the
preloading works, {fv) cost of monitoring instruments ave cheap and the time needed for
installation is only two to three weeks, () effect of preloading ean be ohserved periodically
from the field-instrumentation and makes possible future predictions about the behaviour,
and (v} provide uniform improved properties of the ground.

The decision to adopt preloading technique will be quite reasonable and successful
only when the following conditions are satisfied (Stamatopoulos and Kotzias, 1985) : () there
should not be any base failure during preloading or during the oporation of final structure,
(i) the duration of preloading will be within the time allotted by the construction schedule,
(iii} there will be no damage to adjoining structures, (fv) there will be no undue disturbance
to nearby communities, (v) settlements after construction will be within the range of
tolerances, and (i) the cost is less compared to other methods. :

4,3.1, PRECOMPRESSION PRINCIPLES

Preloading increases the pore water pressure in the seil and, as the consolidation

" process oceurs, an inerdase in the effective stress takes place in the sail accompanied by
surface settlement. The preloading material placed over the ground to be improved in
amounts sufficient to produce a stress in the soil equal to that anticipated from the final
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structures. The time required for attainment of full conselidation varies directly as the
square of the layer-thickness and inversely as the permeability. Thus preloading alone-can
be sufficient only when the thickness of layer is less and more construction time is allowed
in the development of the project ; otherwise surcharge fill may be successfully used.

“The ratio of the weight tsed for preleading to the weight of the final structure to he
constructed on the improved soil is called coefficient of surcharge (m). The higher the value
of it, the less time required for consolidation under full pretoad and the higher the proven
post-preloading factor of safety against a hase failure. On the other hand higher value of
m leads to more construction time and expense for preload heap and more attention to be
paid for stability, Generally m varies from L0 to 2.0 and the correct cheice of m is a vital
part of the decision making process. Although the surcharge fill is not going to imprave the
rate of consolidation, the pressure increasg propartionately increase the-amount of con-
solidation. Thus a permanent fill in combination- with a surcharge fill can cause more
amount of settlement in shorter time.

Using conventional theories of conselidation, the amount of surcharge fill required
and the loading period can be estimated. Surcharge fills generally enable to cause both
primary and most of the secondary compression. In highly erganic deposits and in sanitary
landfills, the secondary compression will be predominating. While computing the time
required for full consolidation, it has to be remembered that the average degree of
consolidation throughout the consolidating layer and the value at each depth vary. Hence
the analysis has to include the possible existence of residual excess pore water pressure
after removal of surcharge. In case residual excess pore water exists, the settlement would
oceur under the permanent fill. To avoid this it is desirable to base the required surcharge
loading duration on the consolidation time reguired for points most distant from drainage
boundaries (Mitchell, 1876). The rate of preload and surcharge fill placement may be
controlled depending on the rate at which the soil is gaining strength. These should be
checked during the fill placement by means of piezometers and in-situ strength tests,

4.3.2. PRELOADING METHODS

Heaping of fill materials is the most common method of preloading. In some cases
the material is left completely or partly and the removed matarial may be reutilized in the
same project for another preload or for embankment construction. There is danger of a base
failure in heaping fill material, still this methed is generally adopted as it is less costly for
all types of structures and locations. Instead of heaping fill, the required weight for

preloading can also be applied to the ground by constructing a paripheral dyke and filling
the enclosed area with water.

In normal practice the most frequent method of preloading is embankment loading.
Tn most cases three to eight months are required from the beginning of embankment
placement to the end when the load is removed. The height of preload soil heap in-most
cages is 3 to 8 m above the original grade and the minimum and maximum height being 1.5 n1
and 18 m respectively. The usual range of settlement observed is from 0.3 to 1 m and in
exceptional cases thismay lead to 2m, Table 4,3 illustrates some case histories of praloading
by fill (Pilet, 1981). ) .

In another methed of preloading, the final structure is-used as a vehicle for load
application. This method has been extensively applied for liquid storage tanks. Prior to
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taking up soil improvement the tank is constructed and then filled with water incremen-
tally. At every stage of additional water loading, the completion of consolidation is ensured.
After the final increment of filling and allowing sufficient time for the rate of settlement to
decrease almost completely, the tank is emptied and its base levelled by jacking. As stated
above this methed gained importance in liquid sterage tanks as.they are usually buiit of
flexible steel plates. Further, there is no betheration of bringing, filling and removing fill
material which tremendously reduces the cost and time of construction.

_ Table 4.3, Some Case Histories of Preloading by Fill
(Adopted from Pilot, 1981)

Location Soil deseription Performance duta
and Par- Sur- Time to Total Heate Addi-
reference manent | charge auer- settle- on fional
loud loud load ment | removal | settle
(hPu) Pa) | removal | under | ofover-"| ment
(months) i over load (m) | after
load removel
) of over-
load ()
Fukuroi, Recent, fime alluvium,
Japan 20 m thick ; wp' = 30 te
{Ueda, B60%, 5, = 60 ta 200kPe, 42 84 ki 0.39 0.04 0
1971} o = 2.5 to 4.5 x 107
m-/sec
Tampa, Sandy clay, 8 m thick
USA under & m of sand
(Wheelass 41 174 3.6 0.07 ? 0
and Sowers,
1972)
La gunillas, | Clay and silt, about
Wenezuela | 10m thick ;s =25 ? 22.5 36 1.10 ? 7
(Lambe, to 100 kPa
1972)
Berthier- Silty clay, about 60 m
ville, thick
Canada 160 160 11 1.20 0.04 ?
(Samson
and
Garneau,
1973)
Arles, Clay and peat, 11 m
France - thick ;iwy = 20 to 120%,
{Simoen and isy =10t0 20 k?a ? 176 20 1.20 7 0.08
Brigande, .
1976)

Note: 1w, = natural moisture content ; s, = undrained shear strength

&, = coefficient of consolidation.
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‘Anothl?r'most effective method of preloading is by lowering the wate;' table provided
the SC‘HE conditions permit. In highly permeabls soil the effect will be more. As the water
tableis lowered the effect of buoyaney is lost and the soil above water table gains unit weight

. by about 10 kN/m®, As an approximation every meter lowering of water table will produce

about the same loading as half a meter depth of fill. The lowering of water table is done by

_'a suitable dewatering system. The rate of settlement may be increased substantially by

combining the methed of lowering the water table with that of heaping fill,

Another approach is inundating or preponding. Lowering of water table is applicable
when the water table is high. When the water table is low, a load ean be applied to some
soils by opposite action; i.e., by inundating or preponding the surface. The effect of
preponding is breaking loose bonds between particles, inereasing surface tension forces and
tho weight of water. The combined effect depending on the type of soil cause adequate
densificaiton of soil, This technique is also referred to as hydrocompaction. ‘

Kjellinan {1952) proposed a vacuum preloading method. In this a 150 mm layer of
lsand iz placed on the surface of a soft clay, the layer is covered with an impervious
membrane. An application of a vacuum of 60 to 80 kPa is induced in the sand which acts
-as an equivalent overload. For better performance, it is the usual practice to use vertical
«drains in conjunction with this method. The method derives the advantages (Pilot, 1981)
for the following reasons : ‘

(i) there are no problems of embankment stability to consider.

(i2) it eliminates the need for backfill material which is usually expeﬁsive'and often

unavailable,

(fif) the installation and removal of the means of applying the preload are readily
accomptlished,

Table 4.4 shows four case histories of vacuum preloading (Pilot, 1981).

Jacking is anather procedure adopted in preloading. This method is mostly applied

_‘to individual footings of either new buildings to which extra stories are to be added. Jacking
‘is a standard method of proloading footings and piles in underpinning.

In la.rge areas if only moderate improvement is needed on a specific area wherein
he.avy loading is planned, it is advisable to use preloading in combination with piling. In
this approach, preloading near the piles must be completed frst so as to prevent down-diag

f‘forces on piles are minimised. In general, mixed methods provide increased safety for
‘structures that are sensitive for settlement, and low cost of improvement for pavements,

utilities and small buildings.
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Table 4.4, Case Histories of Vacuum Preloading
(Adopted from Pilot, 1981)

Perforinance data
Location, siructure, Soiil description Technique employed Sottlement {m)
reference ) . ]
Alfortville, France ;|Power station soot, Membrane method, applied .in
gas-holder foundation. | 3m thick, over sand- | two stages :
(Soletanche, 1950) gravel mixture: (1) 40 to 80 kPa for 40 days 0,24
(2) 40 kPa, 3 years later, for 60
days concurrently with filling of "0.10
. reservoir. ’ .
Philadelphia, USA ;{Siit and organic Well method (without membrana)
punway (Halton, et al, | clay, 7 m thick; over inconjunction with pumping from
1965) sands and gravels. well-points and .sand drains ; .
maximum 40 kPa negative pres- 0.10
sure applied for 40 days.
Inland Sea, dapan ;|Clay and silt, 6 m Well methed (without membrane)
reservoir foundation, | thick, under layer of | inconjunction with pumping from
{Teshima and Ogawa, | fine sand lying over well-points and sand drains ; 0.8ta 0.5
1887) sands and gravels. | vacuum applied for 60 days. ’
Brest, France i | Clayey silt fil}, 6 m Woell method (without membrane)
hydraulic fill, (Paute, | thick, over 2 m of ! 20 to 45 kPa negative pressure
1970) slime lying over|applied for about 30 days. . .
sands and gravels. | —wells with 10 m spacing 0.03to 0.32
—wells with 3.3 m spacing 0.10t0 0.42

4,3.3. CONSTRUCTION REQUIREMENTS

Tn order to achieve the best performancs by the preloading technique various factors

have to be considered and the salient factor are explained below,

Ground Investigation, Ground i
and the subsurfaca conditions should be investigated thoroughly. Two aspects hav
decided before selecting this methed, i.e., the ground should be able to support the weight
of the preload for which the subseil should have adequats shear strength and the time
te, that s, for the ground improvement to be complete. .

required for the settlement to comple
ation effort than other metheds as switching over to

Preloading requires a higher investig

a new technigue in the middle of eperation is not feasible.

Preliminary investigation may be made by geophysical metho
and sampling, Tt is vecommended tohave atle
sites 1000 to 5000 m? the minimum number of bo
in excess of 1000 m? Undisturbed samples should be ta
penetration tests for every 1
formation of hard soil or up fo a depth of 30 m from the ground surface wh

Soil Types. Practically preloading technique
type of naturally laid or man-made soil. Under natural soils,
clays, organie silts or alluvial de

treated successfully. However, t

nvestigation has to be planned with utmost care
e to be

ds followed by boring
ast 2 to 3 borings for sites up to 1000 m? For

rings should be three plus one for every 1000 m?
ken for about 3 m and standard”

m. Borings should be deep enough to réach the underlying -

has been applied effectively on every.
loose sands and silts, soft silty
posits and less frequently organic soils like peat have been:
hick deposits of plastic clay and sanitary fills are still:

ichever is less.
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do;l[btful to treat satisfactorily. Preloading can be applied to soils above or below the water
table. : '

~ Space, Materi.als and Access. Adequate space is required for preloading. About 10 m
or mote of area outside the perimeter of the planned structure is needed to perform the
pml?ad operations. Evidently the space requirement may not be a problem in new projects
but in extensions to existing instaliations space may be critical,

Anothe.r important requirement is the availability of a suitable fill material. Among
the f’lli ms'ztenals, granular materials are the most desirable since they do not turn to mud
during rainy weather and has adequate strength and stability and can be reused after the
completion of Preloading. Ore and industrial products are also satisfactorily used. In soms
cases fine-grained materials, like clayey soils, have also been used in practice successfully
with the constraint that it could be possible to construct only during dry weather.

The olther aspect is the access of the fill material. The transport of large quantities
of 1":li materials, t:}n-ough inhabited areas, may cause inconvenience to public by way of dust,
noise :'md b.urden ontraffic. Transport of fil material by sea, lake or yviver may be acc-eptablel
especially if dredging is required for deepening the water. If the preloading is to be done b_a:'
water, thers should be adequate source of water near to the site.

Site Pre]_)aration. Before starting the preload operation the site must be cleared by
surface vegetation, the topsoil up to a depth of about 0.5 m must be removed ‘and then the
surface must be covered by a base layer of free draining material, The necessity for rernoval
of s‘u‘rf‘ace vegetation is to prevent further settlement dus to a large-term decay and also to
facilitate t'he placement of base layer. The base layer is of about 0.6 m thick and must be a
:nun-.coheslve 'admixture of gravel and sand. The base layer plays a two fold role : @) to
receive anc'i du?charge the water that reaches the surface of the compressible soils during
the ‘cnnsohdatmn process, and (i) to provide a comfortable working surface on which
?qulpmer}t can move in rainy weather without hinderance. In areas where the sand-gravel
is expensive or not available, it is advisable to uss, geosynthstics as they offer a high water
conduetivity and eonsiderable strength.

4, MONITORING OF COMPRESSION

. It -has been discuss'ed in_Section 4.2, that the compression caused by surface load is
vided into t\‘vq E:ategorles, viz., time-independent and time-dependent. The time-inde-
I endent is the initial compression or the initial settlement. The time-dependent are primary
_t_:r_ld secondary compressions, Field time-settlement observations reveal that settlements
:_(.:ouid occur over pel:mds of several monthsto many years. It is necessary to predict the time
Yate atx}d thIe duraltlog and amount of settlement for proper monitoring of the preloading
peration. In preload problems settlement-time predictions are of the following t;

(Stamatopoutos and Kotzias, 1985) : ovine Bpes
i) Prediclztion of the behaviour of large-scale preloading or test fill from the vesults

of borings and tests.

(i) Prediction of the behaviour of large-seale preloading from that of a test fill.

(¢ii) Prediction of the behaviour of the permanent structure from that of the preload-
ing.
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The first of these pradictions are fully dependent on the results of borings and-tests
on laboratory samples which are used oh theories of consolidation for necessavy prediction.
The other two predictions are based on empirical methods basedon field observations rather
than theoretical methods. Howaver, the second and third method should be considered to

be more reliable than the first; as they are based on field observations rather than from
i

e et mm#i%; AP
R S0 Y L A ¥
T TR e
¥ LM
() As assumed in the derivation {b) As it could happen in a field
of Terzaghi's theory of problem,
consolidation. . .

theory and small scale tests.

4.4.1. PREDICTIONS FROM BORINGS AND TESTS Fig. 4.7, Arrows showing water drainage i:aths.

The time prediction of initial compression is trivial since the determinations take
place immediatsly after the load application. The time prediction of secondary compression
could be determined approximately from Eq. (4.6), Thus only the time for primary comptres-
sion has to he determined using the well established Terzaghi’s theory of consolidation.

Of these three approaches the fivst is the most convenient because by-retaining the'

" theory of consolidation, predictions may be made using ¢, = Dk . The second and third
¥

. . w .

- approaches summarily reject the theory dr conselidation and fully based on empirieal
 approach. Figure 4.8 shows a comparison from field curve and predictions, based on (i) ¢,
. eing determing:d from laboratory test data, and (ii) ¢, being determined from field
. permeability and taking D egual to the laboratory determined D, {Stamatopoulos and
: Kotzias, 1985). It could be realised that the second prediction is close to the true one.

Equation (4.8) is rewritten as

Cy DE 1

=t =t ... (414

T, AR : -( .)
A determination of ), for a given time t from Fq. {4.14) will enable to determine the

degree of consolidation U from Tig. 4.5. Orelse T, can be obtained from Fig. 4.5 for a known

degree of consolidation and the corresponding £ can be abtained from Tq. 14.14). In either S E——
case ¢, or D and b aiong with d should be known. The coefficient of consolidation can be Controction ; .
obtained from a laboratory consolidation test data or the values of D and k have to be _oaffaTiest Tl 7| wmm == 223 m T T TR 7
estimated. The former is simple as it requires only a compression versus time eurve from £ ,/' Prediction bases on
a laboratory test. The latter is more complex because it must be based on both the laboratory, £ oot s
consolidation test (to determine D} and the field permeability test (to determine k) § J
However, it is move appropriate to predict the rate of settiement from field data. D can bi E o ,," Prediction based on
reasonably estimated by takingit egual to speéific constrained modulus, D, (Stamatopould w _ _[_ faborstery oy
and Kotzias, 1985}, This it remains to estimate k and D, : ' ] - - .

00 . 5j0 150 200

In the field the soil is found in a heterogeneous condition with sand seams, cia
pockets, stratified layers, decayed roots and other relatively pervious organic remains.
such irregular and eiratic medium, the value of k (or¢,) when measured in small laboratary

- sample may be misleading. Hence it is appropriate to use & from field measurements.

The field condition is not that simple to determine d as in a laboratory condition fo

a homogeneous soil with double drainage. If sand or highly permeable layers preser_;_t:withf
the soil as in Fig. 4.7 (b), the drainage path may be much different from the conventiond

ideal condition [Fig. 4.7 (&)). .
Thus the uncertainties in k {orc,) and d can be overcome by any one _of the followin;
appreaches (Stamatopoulos and Kotzias, 1985)

TIME {days)

. Fig. 4.8. Comparison between a Settlement-Time curve obtained from a test fill and predictions based,
firat, on ]aborfstoxy e, and, second on field permeability. The secend prediction affords a much
better approximation to the field curve. (After Stamatopoules and Kotzias, 1985), )

: The theory of consolidation is only applicable for fully saturated soils, In partially
saturated soils, compression may oceur due to surface loads even without expulsion of water
g_nd the theory becomes irrelevant. In the field partially saburated soils are encountered
siich as dumps and man-made fills, locations where the water table has been lowered, and
[6ésse soils after inundation. In.such situations it is a good practice to take sam,ples,
herever possible, and study the compression-time behaviour by laboratory tests. In
tuations where samples could not be taken due to oversize materials, field plate-hearing

lzé;s may be conducted to assess the rheologieal properties (Stamatopoulos and Kotzias
1985), '

{i) d is known from borings, so b must also be measured in the field inorder to inciud

the effect of pervious material, ) :

(ii) k is known from field tests, but & is not absolutely known,
(1i1) the factor k/d? is not known reliably.
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4.4.2. PREDICTION FROM TEST FILLS

A reliable estimate of time rate and the magnitude of total settlement of the actual
preloading can be made from a test fill. The width of test fill must be wide enough (or as
wide as the large-seale preloading) such that the load is exertad to the deepest compressible
s0il. If the large-seale preloading is not going to experience a base failure or excessive creep,
then the development of settlement will be in the same way as in the test fill. The large-scale
preloading subjected to the fill load is expected to settle by an amount equal te the
settlement of the test fill, cotresponding to the same time, multiplied by the ratio of
preleading to test pressures. Figure 4.9 shows a comparison bstween settlement-time
curves for test filt and the large-scale porloading (Stamatopoulos and Kotzias, 1985), It
could be observed both the curves are similar in shape and the settlement of the large-secale
ioading is about 3.5 times the settlement of the test fill and the settlements are very nearly
proportional to the heights of fill, f.e., 11 m: 3.4 m.-

Fill crest 10m X 43
height tim

’ /
Fill erest €0
height 3-4m

V'

SETTLEMENT {m}

. ___,,L
0 30 100 06 1000

DAYS SINCE APPLICATIONOF FULL

Fig. 4.9. Comparison between settlement time curve,
{After Stamatopoules and Ketzias, 1985).

4.4.3. MONITORING TIME RATE OF SETTLEMENT

An effective tool for monitoring the danger of a base failure is to maintain plots of
average daily rate of settlement and time during the load accumulation. The time rate of
settlement during fill build up is predictably related to the rate of load application, One
such correlation is shown in Fig. 4.10 for a coastal avea underlaid by erratic deposits

(Stamatopoulos and Kotzias, 1985). Similarly the time rate of settlement during fill build -

up canberelated to pore pressure induced in the soil, both quantities reflecting the intensity
of the process of consolidation. One such correlation is shown.in Fig. 4.11 (Stamatopoules
and Kotzias; 1985}, High rates of settlement may demand a fill discontinuation so as to
avoid a failure. '
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Fig. 4,11, The time rate of settlement correélates well with the piezoma‘cri‘c head,
the coefficient of correlation equals 0.70 (After Stamatopoulos and Kotzias, 1985).

4.4.4, INSTRUMENTATION ‘

Tn order to monitor the progress of consolidation of a preloaded soil certain instru-
: ments have to be installed. Instrutents are mainly of two types, viz., settlement plates and
. piezo. meters and the former is used to measure the surface settlements and the latter is
used to.measure the pore water pressure. Sometimes to measure the side movements or
the compression between specific elevations inclinometers ars used.
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Settlement plate consists of a steel plafe which is installed on a prepared surface at
an slevation at which the settlement is desired. At the centre of the plate a steel riser pipe
or rod is connected, As the preload fill is build up, the riser is extended, with the top kept
a few centimetres above or below the surface of the fill, depending on the work, so as to
pravent damage to the riser by equipment, Initial elevations of the plate and of the top of
the steel riser are obtained. For each addition of riser the elevation of the top of the riser
is also obtained before and after the addition. Based on the observations a time-settiement
record of the plate is obtained. Settlement plates are generally preferred because the
ohservations obtained from them ave the easiest to interpret and less in cost.

Piezometers are located at critical locations within the subsurface. These help at first
the development and later the dissipation of pore water pressure. Measurements of pore

- water pressures are used to evaluate the progress of consolidation of embankments or of

soft foundation soils and to help in the evaluation of shear strength which in turn helps to

. determine the possibility of a base failure. The most common type is the open stand pipe
- piezometer which is installed in a boring. Other types of piezometers may be useful under

special conditions such as when there is () an excess timo lag due o low permeability of

the soil, (i) a need to control from a central room, or ({ii) a desirability to avoid borings. For

details of different typss of piezometers reference may be made to UUSBR (1874).

Inclinometers, also known as slope indicators or borehole deflectometers, are in-
stalled to measure the average inclination along given depth intervals inside the boreholes,
From the inclinations the horizontal movement and the connected time rate can be
assessad, They are installed only in cases where intensive creep is anticipated under a
preload, Where it is essential to measure the compression of specific layersin the subsurface
independently of the total settlemont, vertical differential settlement measuring instru-
ments have to be installed.. ’

4.6. VERTICAL DRAINS

The preloading techniques is likely to be inefficient when used alone in very thick
soft clays or in soils with exceptionally low permenbility because an inordinately long period
of time will be needed to bring about significant compressions, As the length of the drainage
path controls the time for consolidation, this should be as short as possible. For this purpose
only a layer of sand {called sand bianket}is placed on the top of the site prior to eonstructing
the fill. By this provision any water squeezed from the underlying soil wili reach the sand
layer and flow fast laterally to the fill edge as the permeability of sand is much larger than
the underlying soil. Based on the same concept, radial improvements in preloading time
can be effected by the installation of vertical drains to shorten the drainage path under
which the clay will consolidate. ‘ ‘

4.5.1. GENERAL PRINCIPLE

Vertical drains are continuous vertical calumns of parvious {sand or fibrous) material
installed in elayey soils, These drains proyide the pathway for the pore water to escape from
the consalidating soil by travelling a shorter distance than would be necessary without

them. Furtheér, they atlow the flow inside the soil to take place along the horizontal which
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is the direction of least resistance. Thus it serves the purpose of collecting and discharging
the expelled water faster during the process of consolidation. .

Installation of vertical drains in conjuction with preloading brings about the rapid
di;sipation of excess pore water pressure and thereby accelerating the primary conselida.
tion. Ver_tica! drains have no direct effect on the rate of secondary compression. Howevey,
the early completion of primary compression leads to the earlier occurrence of sec_ﬁndar): '
compression and thus amounting to a total reduction in the time for conschidation.’

In order to signify the relevance or otherwise of the use of vertieal drains a sequence
of events that may lead to use of vertical drains is illustrated in Fig. 4.12 (Stamatopoulos
and Kotzias, 1988). Figure 4.12 (a) represents a lahoratory consolidation test result on
a 20 mm thick specimen. From the time-compression curve, the time required for primary
consolidation is 3.7 hrs, Figure 4.12 () represents the time prediction for real problem
without vertical drains. Extrapolating from the laboratory results to the real problem of a
clay stratum of 6.3 m thick, with double drainage, time required for 70 and 88% consolida: .
tion-have beon estimated as 16 and 43 years respectively, As such a long time can not be
accommodated in a construction project, vertical drains have been planned. Figure 4,12 ()
represents the time prediction for the same real problem with vertical drains. Evidently
:‘:]he estimate shows an encouraging results and enhances support for the use of vertieal

rains. ’
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There is an important fallacy in this reasoning, namely that the time requiired foi
consolidation has been evaluated based on the laboratory results, The assumptions invelved:
in the Terzaghi’s theory may not be absolutely true in the field. The assumption of 20 mm
specimens are made up of the same constituents and lighave in exactly the same fashion
as that of thick field layer may be true. Further, it has been pointed out that the time rate
of consolidation can be 10, 100 or even 1000 times faster than that estimated from
laboratory results (Simons, 1074 ; Stamatopoulos and Kotzias, 1983), Still, there is a
growing suspicion that there are cases where vertieal draihs have been used without being
needed (Lewis et al, 1976). Vertical drains in certain field conditions may be unnecessary
or even harmful. For example, in peaty soil the permeability is high enough so that primary
consolidation is so rapid that vertical drains are unnecessary and vertical drains may be
ineffective in clays with abundant pervious inelusions, Further in sensitive clays, soil
disturbance may result in high initial pore water pressure and a zone of low permeability
around the drain. Sometimes, the time required for the installation of vertical drains may
be greater than the time saved from the process of consolidation. Vertical drains may raise
the cost of soil improvement, in certain cases, by as much as a factor of 3 or more
(Stamatopoulos and Kotzias, 1985). Therefore, the decision to provide vertical drains to
accelerate the consolidation should be supported by strong field conditions rather than
estimates made based on parameters derived from laboratory tests.

. 4,5.2. DESIGN OT VERTICAL DRAINS
Many theories have been proposed over the years based upon various assumptions

about the homogeneity of the soil, the vatiations with time of the permeability and"

coefficient of consolidation, the appropriate hydraulic flow law, drain effects (smear,
disturbance and well resistance) loading rate and eresp effeits. Majority of publications
have considered instantaneous load application on a homegeneous soil without drain
effects. A review on vertical drains was made by Richart (1959) and Johnson (1970). The
basie theory of vertical drains which has been in use till today is after Reudulic (1935) and
Barron (1948). In the analysis of theories two conditions prevail, viz.,

(3) Free-Sirain Condition, Application of a flexible surcharge load will _c'ause an
uneven settlement at the surface and this condition is referred to as free-strain condition.

(i} Equal-Strain Condiiion, Application of a rigid surcharge load will cause an
equal settlement at the surface and this condition'is referred to as equal-strain condition.

"The theoretical design of vertical drains is based upon the independent behaviour of
each drain in the centre of a cylindrical soil mass [Fig. 4.13 {a}] considering an element of
s0il with vertical and radial flows and developing the governing equations similar to one
dimensional theory [for detailed derivation refer, Leonards, {1962}), we have

8%y, 0P, 1 0, | du,
¢ o ¢ P prll (4,15}
By (1+ .
where ¢, = (-‘%) is the coefficient of vertical consolidation
=
by (1 +e) . , . . -
and g, = —?i—%a—%) is the coefficient of radial or horizontal consolidation, where k, and
ol

b, are referred to as vertical and horizontal permeabilities.
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) Equation (4.15) is the governing differential equation for three dimensional con-
solidation and may he considered to consist of two parts :

One dimensional flow :
. Py duy, . ‘ .
. v T o ..(4.16)
Radial flow:.
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Fig. 4.13. Theoretical results for radial consolidation to
vertical drain welts (After Barron, 1948),

A solution of Eq. (4.15) has been conéidered by Carilo (1942) as a combination of
solutions of Eqs. (4.16) and Eq. (4:17) and accordingly we have )
A-=0-U)1-Uy (418}
where U= deg_'ree of consolidation for three dimensional flow
U, = degree of coqsolidation for one dimensional flow

Uy = degree of consolidation for radial flow



8 GROUND IMPROVEMENT TECHNIQUES

cpt

anF ..{4.19)

The time factor for radial flow, T',. =

where r, is the radius of influence.

The time factor for one-dimensional consolidation is given by Eq. (4.8).

Solutions to Eq. (4.16} is already discussed and solution for Eq. (4.17) was given by
Rendulic {1935) for free-strain condition and by Barron (1948) for equal-strain condition.
It has been reported by Richart (1959) for values of n (= r/r,) greater than five, both the
solutions give closer values, Hence for all practical purposes Fig. 4.13 (¢) (Barron, 1948)
may be used regardless of the imposed boundary strain condition.

"The above discussed theory is based on instantaneous loading, But in practicé the
loading is one of gradual loading and the prediction of the amount of consolidation during
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Fig. 4.14. Namograms for the functions required for the design of vertical drains
under progressive loading conditions (After Chaput and Themann, 1975).

PRECOMPRESSION AND VERTICAL DRAINS 104

the loadingstage is of considerable importance. Chaput and Thomann (1976} have provided
asolution which is presented in Fig. 4.14. If the average degiee of consolidation U, is defined
as the ratio of the settlement at time £ when the load reaches p{t) [Fig. 4.14 {a)] to the
ultimate settlement that would result from p(f) applied instantly, then duung the load
application (0 = t =t .
Usz1-B(CHn* T, T, (420)

where Ay, B(n) and C are pfesented in Figs. 4. 14 (&), Fig. 4.14 {¢) and Pig. 4.14 respectively
when the total load has been applied, ¢ > £, then

U=1- B(n)C‘(kz 2 mpmﬁn2 (T =1, 1, =1, (21

B and C are obtained for £ = t, and D is given in Fig. 4.14 (e).

All design procedures for vertical drains require a proper estimate of the coefficient
of radial consolidation ¢;. This parameter links vertical compressibility and horizontal
permeability and controls the radial flow of water into the drain. Hence, the accurate
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DIRECTIONS,

1. LOCATE POINT (1) CORRESPONDING YO ASSUMED DIAMETER AND
SPACING OF SAND ORAINS ARRAMGED IN AN EQUILATERAL TRIANGULAR
ARRAY [iF SAND DRAINS ARE ARRANGED (N A SQUARE ARRAY MULFIPLY
SPACING 8Y 072 TO CONVERT TO AN EQUIVALENT TRIANGULAR ARRAY)

2. FROM POINT (D EXTEND A LINE HORIZONTALLY TO REFERENCE LIE TO
LOCATE POINT ()

3. COHMECT POMT (3 AND ASSUMED VALUE OF THE COEFFICIENT OF
CONSOUIDATION FOR RADIAL DRAINAGE {POINT (D) WITH A STRAIGHT
LINE TO LOCATE POINT @} ON THE SUPPORT LINE

4. PASS A STRAIGHT LINE FROM POINT G)THAOUGH POINT (5} THE ELAPSED
TIME AFTER INSTANYANEQUS LOADING PO DETERMINE PGINT (B)CORRESPORDING
TO THE DESRED VALUES OF THE AVERAGE BEGREE QF CONSOLIDATIOH OR
AVERAGE EXCESS POREWATER PRESSURE RATIO

T OHOTES”

HOMOGRAPH APPLIES TO RADIAL FLOW TO YERTICAL SANU DRAINS
ASSUMING EQUAL STRAIN CONDITIONS THROUGHROUT COMPRISSIBLE STRATUM

Fig. 4.16. Nomograph for consclidation with radial drainage ta
vertical sand drains (After NAVFAC, 1982).
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determination of this parameter is essential. Ceefficient of radial consolidation varies twe
to ten times that of coefficient of vertical consolidation. Both laboratory and field methods
have been proposed for determination of ¢, In the laboratory method a consolidometer is
used in which the clay specimen is placed with a vertical drain at its centre. Conventional
consolidation test procedure is followed with this set up and the cohsolidation rate is
measured. This laboratory methed has been extensively used (Hansbo, 1960 ; Shield and
Rowe, 1965 ; Rowe and Barden, 1966 ; Rowe, 1968 ; Berry and Wilkinson 1969 ; Paute,
1973). It has been reported (Pilot, 1981} that the laboratory measurement of ¢5 is quite
reasonable and however large specimens should be used to account for stratification of soil
stratum. In-situ measurements are based on peimeameter tests. (Torsionsson, 1975 ;
Mieussens and Ducasse,-1977). A monograph for estimating the average degree of percent
consolidation for various values of ¢, drain diameter and spacing and time is given in
Fig. 4.15.

4 5.3, TYPES AND CONSTRUCTION OF VERTICAL DRAINS

Vertical drains are mainly of two cohumnar types : ({) sand drains, and (ii) prefabri-
cated drains. Sand drains are made by filling a cylindrical hole with sand Prefabricated
drains are also known as wickdrains or wicks and if sand is packed in filter stockings they
are called sandwicks. These drains can also be of flexible corrugated plastic pipe, wrapped
inside a filter. The first step of the installation procedure is te place a working platform for
the equipment. This is done by placing a free-drainage soil which serves as a drainage
blanket whan connected to the drains. The blanket thickness must be adequate to allow for
loss of grade during consolidation,

Sand Drains, They have been widely used for over fifty years. They range -in
diameter from 180 o 450 mm. The holes required for sand drain installation should be
made with least cost. There are three methods of sand drains construction, viz., (i) high-
pressure water jetting, {ii) displacement of the natural ground, and (iif) wash boring. In all
these methods a steel pipe is inserted in the ground and later withdrawn as sand s poured
from the top to fill the hole. AH the methods are labour intensive. The spacing of drains
wvaries from 2.5 to & m. High-pressure water jetting provides forcing water through the
bottom of a steel jetting rod at about a rate of 50 Vsec or more. The force of water jetting
looses up the soil at the bottom of the hole and then the loosened soil along with water is
allowed to flow upwards avound the jetting rod. A steel pipe inserted at the ground sinks
by its own weight as the hole progresses downward. This method requires a large quantity
of water, and creates a disposal problem of the soil slurry which may cause an environmen-
tal hazard, However, this method provides very less soil disturbance. Typical sand drains
installation with surcharge is shown in Fig. 4.16.

In the displacement mathod a close mandrel consisting of a steel tube closed at the
lower end by a loose cap is used:' The mandrel is driven by percussion or vibration or
sometimes jetted into the place. When the pipe has reached the desired depth sand and
water are introduced at the top and the pipe is withdrawn. Due to the forcing of the pipe
the soil is displaced upwards and sideways by shear and compression creating a severe soil
disturbance. The disturbance causes high initial pore pressure, low permeability around
the hole and decrease in shear strength. However, this is a.simple inexpensive method
which is very popular.

Soil dlsplacement and remouldmg
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Fig. 4.16. Typieal sand drain installation with surcharge.

In the wash boring methiod the hole is advanced by civeulating water into the hole at

.arate of 1 to 2 Ifsec, The soil slurry from the hole are allowed to settle and from which clean

water is siphoned back into the eireuit. This method causes less soil d;sturbance and it can
be performed with simple subsurface investigation equipment. This method i is slower and
more expensive than the previcus two methods. Still it-has provided to be quite useful in
small projects. Table 4.5 shows the dlstmbance effects from sand drain installations
{Johnson, 1968}.

The sand used for filling the holes should not cantain fines and be uniformly graded.
The sand should not be coarse also as to over facilitate the migration of fine particles from
the seil into the drain. For this reason particles larger than 4 mm should not be used.
However, befoie using necessary tests the ga'a\;ei-sand mixture is compatible with the
surrounding soil. The voids in sand created by filling the hole should be sufficiently pervious

-to allow the unobstructed flow of water from the soil into the drain and fram the lower part

of the drain to the top.

Table 4,5, Disturbance Effects from Sand Drain Installations
{After Johnson, 1968)

‘Disturbance effect Remurks

Smear Can be caused by any method ufin’sta]lutiaﬁ, even by thin sharp
knife drawn through soft clay.

Outward soil displacement caused by driven closed-end

effects mandrels

Inward soil displacement resulting fromgettmg methods or
withdvawal of solid stem augers

Either outward or inward soil displacement may result from
hollow stem auger methods, depending on the rotation and
advance rates of auger.

(Table Contd.)
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Table 4.5 (Contd.)

Disturbunce effect Remarks

 Grouting of thin sand layers Caused by natural driliing mud formed by jetting methods,

Thin filin of mud on sides of drain  [Caused by natural drilling mud formed by jetting metheds.

Contamination of sand backfill in Possible in jetting methods if washing during jetting is insuffi.
drain ' cient ; also passible when withdrawing driven mandre! if sand
stick in mandrel.

Most likely with driven mendrel method, possible with solid or
"hollow stem augers ; may he severe in varved er thinly bedded
deposits, -

Distortion of thin sand layers

Prefabricated Dyains, Kjellman (1948} was the first to suggest tHe use of driven

cardboard drains to replace sand drains. Initially the cardbeard drains were 100 mm wide
and 3 mm thick (Fig. 4.17) and varied sizes have been in use subsequently. They ave
installed in the ground using a specially made mandrel. Channels have been provided in
the cardbord (about 10% of the cross-sectional area) which facilitate the water to escape
from the clay to the ground surface, A 100 mm »x 3 mm cardboard can function equal to a

50 mm diameter sand drain. Cardboard drains are easy to install with less soil disturbance, .

Specially processed cardboard has long life but can not sustain large déformations.

LHOSS-SECTION OF MANDREL

Fig. 4.17. Cross-section of cardboard drain and insertion mandrel,

Cardboard drains have been replaced by plastic drains (also known as plastic
band-shaped drains) and has been manufactured in a large scale. The well-known brand is
Geodrain which consists of a 100 mm wide and 3 mm thick paper-covered polythene strip
which contains channels along both sides (Boman, 1973 ; Terrafige, 1976). The configura-
tion is so chosen such that a drainage channel of more than 70% of the total drain area is
available. In order to give a long life the exterior filter paper is chemically impregnated.

The eross-section of plastic Geodrain and insertion mandrel are shown in Fig. 4.18. The .
plasticdrains have been widely used (Hansho and Torstensson, 1977) and showed relatively :

little disturbance and could sustain large settloment without break of drain continuity.
Geodrains have been claimed to have the following advantages : (i) low cost, () fast installa
tion, (#if) ensured drain continuity, (fv) clean site, (v} light-weight installation equipment,
(vi) bigh permeability, (vii) negligible subsoil disturbance, and (viii) positive drainage

Common types of plastic drains (90 to 100 mm wide by 3 to 5 mm thick) are usually installed :
by a lance about 140 mm in cross section, Open or closed mandrel are fitted to the rigs. A
downward force of 200 kN canbe executed by the rigs and they provide for the simultaneous |
driving of up te four wicks at a time, Installation speed is of the crder of 0.3 fo 0.6 m/set:
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Fig. 4.18, Cross-sectien of plastic geodrain and jnsertion mandrel.

and driving depth could be up to 45 m (Nichiolls'and Barry, 1983). Plastic drains are wound
around reels, and as the mandrel is lowered into the ground, the band is released by

unwinding. ’I:he spacing is commonly in the order of one and a half to two wick drains per
one sand drain. ‘

For wan!:-ofrnodern manufacturing and installation techniques these type of drains
are nlot yet available in India. However, the sandwick drains were first used in India by
Dastidar et af (1969) and has been used successfully in several installations (Subbaraju ez
al, _1973 ; 'Som, 1975). Sandwicks are ready made small diameter (of about 100 mm} sand
drains which are contained in long filter stockings. Sandwicks are installed by the closed-

mandrel technique adopted for sand drains. This type of vertical drain is economical where
labour costs arve low,

Anothel‘. type of drain called rope drain has been developed and used in saveraijo.b's
.by Central Bu11c?ing Research Institute, India (Mohan et al, 1977 ; Sengupta et al, 1980).
The rope material consists of natural fibres such as coir. In such drains the drainage
capacity is the major constraint.

4.5.4. EFFICIENCY OF VERTICAL DRAINS

The.efﬁcienf:y f.’f sylrstem of vertical drains is assessed with reference to the primary
const?lldatlon attained with and without installation of vertical drains has been expressed
by Bjerrum (1872) as

y =L
pc + psc
where p, and p,, are the primary compression and secondary compression réspectiveiy.

Values of Ppe and p,, are evaluated as shown in Fig. 4.19. According to Bjerrum (1972), a
value of the range of 0.6 to 0.8 may show a satisfactory performance of drains.

The efﬁ.ciency of drains-system depends on drain effects such as smear disturbance
a.nd djram resistance. In the installation of sand drains the soil is disturbed in two ways : '
(} being compressed and sheared especially when closed-mandrel is used, and (i) by being
smeared due to remoulding. Both action reduces the soil permeahility around the drains.
Ifthe change in permeability and the thickness of the smear zone were known, smear could
?_e accou'nted for (Barran, 1948 ; Richart, 1954). As an approximation, the ef,fect of smear
1s sometimes taken as equivalent to halving the well radius. The drain should be capable
to.collect the water coming from the consolidating sail and also to conduet it to the surface.

: For water to flow upwards in the drain, there should be a head difference from bottom to

the top with the maximum head at tha bottom.
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Fig. 4.19. Definition of vertical drain efficiency (After Bjerrum, 1972).

“Huckling ot folding of sand drains or prefabricated drains does not generally affect

the performance of the drains even for a prolonged service period (Hansbo, 1983 ; Sifclair

et. .al, 1983). Clays exhibiting horizontal stratification with seams of sand or silt may
affectfeffect in. the following manner (Rowe, 1968) - (@) thin lenticular strata of high

permeability greatly increase the efficiency of drains, since they act as horizontal drains
attached to main arteries, (i) continuous thick seams of high permeability material at"
sufficiently close spacings often render vertical drains unnegessary or gre atly reduce their .
real effectiveness, In order to accurately assess ‘the efficiency of a drainssystem it is

necessary that an adequate geotechnical investigation has to be plantied -which should
inelude continuous core sampling of the strata, in-situ permeability measurements at low
hydraulic heads and laboratory consolidation tests en large diameter specimens (Rowe;

1968,
4,5.5, APPLICATIONS

The concept of vertical drains was known more than a ecentury ago. Biit it has been
applied only after 1930s. Until about 1950 most iristalled vertical drains were sand drains.

Since 1080 préfabricated drains have become popular because of their less cost and fast’

installation, It has been reported that the cost of prefabricated drains is about one-thivds
of the cost of sand drains. However, in Indiaonly sand drains have been widely used (Datye
and Nagarajan; 1975, 1976). Datye (1982) has reported that in India over 10,000 drains o

200 to 400 mm diameters have been successfully installed at spacings.of 2te b m adopting

conventional equipment used for pile driving.
Johnson (1970)_'5111(1 Bjerrum (1972), Stamatopoillos and Kotzias (1985) have reported
a numberof case histories involving the useof vertical drains, A compilation of case histori
reported by Pilot (1981) is presented in Table 4.6, Based on the compiled data Pilot (1981
has.drawn the following conclusions. .

PRECOMPRESSION AND VER"HC“AL DRAINS

{Adopted from Pilot, 1981}
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Table 4.6, Case Histovies of Vertical Drain Applications ,

over load), on 6 to 8 m
peat and 7 m soft clay
{su = 20 to 60 kPa)..

Location and reference’|  Structure and soil Drain Systemn Comments
‘ d i Z, orn
_ ) escription performance
ll?;;?)rm, Japan (Ueda, E.mbankm?nt 10 m | Sand drains, 6.4 m diam. at | Failure occurred at an
. igh (of'which 3m were | 1.2 m centres, embankment height of

6 m.

| Massachusetts, USA,

(Aldrich and Johnson,
1972).

Test embankment 6 m
high, on about 18 m,
silty to organie clays.

(1} Three test areas with

@

sand drains 0,45 diam,
at 8 to 4.2 m centres :
(&) auger-hored drains,
(b) driven drains,

(e) jetted drains

Test area with the
same drains arranged
differently,

With drains at 3 m, in-
situ ¢ values lower
than for 4.2 m spacing
1 coneluded that distur-
bance increased from
Jjetted drains to auger-
bored drains to driven
drains. Settlements in
driven-drain area were
greater than in other
areas,

Sah Francisco, USA,
{Margason and
Arango, 1992),

Embankment in the
Bay, en 6 to 12 m soft
clay. Observed for two
years,

Jetted sand drains, 0.8 m
diam. at 3 to 4.5 m centres.

Good  results.  Avea
with drains at 3 m set-
tled 20 to 25% faster
than that with drains
at 4.5 m. Setilements
agreed well with con.
ventional theories, but
not so with pore water
pressures.

Ska-Edeby, Sweden,
{Holtz. and Broms,

Test embankments, on

about 10 m soft clay (s, |-

&)

Driven sand drains,
0.18 m diam. at 0.9 m,

Disturbance due to the
drains were small

soft and sensitive clay.
Observed for twoyears,

(2)

:1972). 5 fo ll_:} }{?a). Observed L5 m and 22 m|closespacing more effi-
for 14'yedrs, centres, cient. Results support
(2} Drainless  reference | Hansbo's theory with n

) ] area. = 1.5.
.(hf):sdzaclgltlse;;s, .USA' Alppmach amp 10 m (1) Sand drains (etted | Good results. Con-
(L et al, 1972} high, on 10 m chiefly open-mandrel), 0.3 m | solidation . virtually

diam, at centres from
2.7 to 4.8 m according
to test araa,.
Drainless
Rrea.

.reference

completed within 200
to 400 days in various
test areas, but U < 7097,
in drainless area after
700 days, w/fey in-situ
found to be equal to 2,
valuesoferandey being

much  higher than
lahoratory.
{Table contd.}
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Table 4.6 (Contd.) :
Location and reference Structure and soil Dirain System Comments on
description performance

Napa River, USA,
(Suet al, 1873).

Access ramp bo a struc-
ture 7 m in height, on
15 m of soft silty clay.

Driven sand drain, 045 m
diam.

Good results. Greatly |

increased
compatible

strengths
with in-

(Kuesel ef al, 1673).

bankment @m high, on
about 20 m soft clay.
Observed for about two
years,

layout pattern from 1.8x 2. 1
mio 2.7x 8 m.

Observed for four creased pore water
years. . pressure and settle-
ments,
Hampton Roeads, USA, | Precompressien  em- |Jetted sand drains with | Good results. ¢ found

tobe equal fo ¢y and, on
this basis, measured
settlements agreed
with design caleula-
tions.

Fiuminico, Italy
(Croca et «l, 1973).

Test embankment, on
sbout 30 m more orless
organic clay.

Driven sand drains, 0.4 m
diam. at about 8 m centres.

Driving the drains
brought about excess
pore pressure of ap-
prox. 20 kPa that vir-
tually vanished within
70 days.

PRECOMPRESSION AND VERTICAL DRAINS
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Location and reference

Structure und soil
deseripiion

Drain Systemn

Comiments on
perfermance

Palavas, France,
(Bourges ef al, 1973).

Pest embankment 7 m
high, on 22 m soft clay
{5 = 10 to 30 kPa).

Sand drains {jetted
open-mandrel), 0.3 m
diam, at 4 m centres.

Good results, Setile-
ments much more
rapid in drain avea {2.8

Oeford, England,
(Murray, 1973).

Embankment 34 m
high, on 18 m soft clay.
Observed for one year,

(1) Driven sand drains,
0.3m diam. at1.8m
centres.

(2} Draintessreference
area.

Settlements occurred
as quickly with or

without drains,
laboratory testing
having undsr-esti-

mated & and ey,

Vizag, India. (Sub-
baraju et «f, 1973).

Stockpiled ore 9 m
high, on 12 m soft clay.

(1) Test area with open-
mandrel sand-drains,
0.36 m diam, at 2.14 m
centres.

(2} 'Test area with sand-
wicks, 0.06 m diam. at
2.14 m centres.

(3) Drainless reference
area.,

Grains  in  strength
wers largest with sand.
drains, lower with

sand-wicks, negligible |-

in reference ares,

Cran, France. (Paute,
1973 a).

Access ramp to strue-
ture about 3 m high,
over 17 m soft clay. Ob-
served for 3.5 years.

Driven sand drains, 0.4 m
diam, and 13 m desp at4m
centres,

Good results. Settle-
ments  slightly less
than calculated using

method of finite dif-|

ferences.  Decreased
moisture content and
increased eohesion note-

worthyin upper 6 m.

(Table Conitd.)

Observed: for three |{2) Drainless reference | m agdinst 1.9 m), Ap-
years, area, preci-gble uniferm
cohesion increase
throughout layer.
Marbonne, - France. | Testembankment5.5m | (1} Test area with | Unsatisfactory results.
{Mieussens & Ducasss, [ high, on 15 m various' eardhoard drains at 3m | Pore water pressures
1973). seft  clays  infer- centres. dissipated slightly
stratified with sand. [(2) Test erea with sand | faster in drain areas,
Observed for 1.5 years, drains (jetted open-|but settlements much
’ mandrel), 0.3 m diam. | the same in three
at 4 m centres, areas.
(3) Drainless reference
area.
Bordeaux, France, | Embankment 6 mhigh, | Auger-bored sand drains, | Good results.
(Queyroief al, 1977).  |on 12 m solt organic [ 0.3m diem. at 2 m centres. | Measured settlements
clay. Obsarved for two agreed with those

estimated on basis of
e measured in-situ.

years.

Ska.Edeby, Sweden. | Testembankmenti.5m [{1) Geodrains at 0.9 m |Results for Geodrains
(Hansbo & Tosensson, | high, on 10 m soft clay. centres, equivalent bo results
1971, Observed for three | (2) Sand drain reference j from sand drains 0.38m
years, area. diam. at 0.9 m centres.
(3) Drainlessreference
srea,

(i} Vertical drains are generally very effective except where they arve installed in
organic soils, in highly stratified soils, or where serious stability problem exist.

(#1) The installation of sand drains by the open-mandrel method results in more
efficient drains than does the closed mandre] method.

{fif) Plastic drains are increasingly being used.
(iv)-Predictions of rates of consolidation where drains are mstalled cannot be made

reliably, because of the diffieulties of determining a representative value of o, and
of accounting for the effects (disturbance and smear) of the drain installation.

4,6, DYNAMIC CONSOLIDATION

The densification of soils by dynamic consolidation, (dynamic compaction, heavy
tampmg} has been described in an earlier section. It has also been discussed that this
method could be used as a means for improving silts and clays. It has also been noted that
the secondary compression is also reduced. The time required for treatment is less than
that for surcharge loading with sand drains.
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The application of this methed is same as that needed for cohesionless soils but more
time is required. Several blows are applied at each location followed by one to four week

rest peried, then the process is 1epeated Several 1epet1tlons may be needed and in each’

repetition immediate settlement occurs followed by drainage of pore water. Drainage is
facilitated by radial fissures that form around impact points and by the use of horizontal
and peripheral drains. As there is a need for time lapse between successive repetitions of
heavy tamping when treating silts and clays, a minimum treatment area of 15,000 to 30,000 m?
is necessary for economieal use of the method (Mitchell, 1975), Menard and Broise (1875)
suggested that this technique is effective in soft clays for the following reasons :

{{) Many soft clays are not fully saturated, and the small percentage of gas in the
voids is dissolved in the pore water under the hammer impact, thus leducmg the
void velume.

{it) Soft clays often liguely under impact.

(iif) The permeability is increased during heavy tamping because of liquefaction,
fissuring and shearing, and rapid dissipation of the pore pressure occurs.

(iv} Thizotropic strength gain follows the shear strength decrease caused by compac-

tion.

The compression of a soft clay during dynamic compaction and its subseguent
consolidation characteristics under static loads have been demonstrated in the laboratory
by Magnam and Dang (1977). Case histories on the application of this method for soft clays
and clayey silts of low shear strength has been reviewed and reported (Table 4.7 on next
page) by Pilot (1981). Out of the six case histories reported three dealt on soft clays and
three on clayey silts of low shear strength.

4.7. CONSOLIDATION BY ELECTRO-OSMOSIS

Electro-osmosis has been used as a means for consolidation of certain soils. The
electro-osmosis process, by which the pore watermoves under the influence of an electrical
potential, effects in the decrease of water content in fine grained soil and thereby brings
the consolidation of the soil, This is possible under certain soil conditions and limited
volume of soil to be consolidated. The flow of water from ancde to cathode ceases when a
hydraulic gradient induced by water content variation tending to cause flow from cathade
towards anode exactly balances the electrically induced hydraulie gradient causing flow
from anode towards cathode. At this condition there will be an increase in effective stress
(Ac") due to pore pressure dissipation. Earig (1968) showed that-the pore pressure varied
linearly between the electrodes after a long pericd of time in a soil undeérgoing electro-osmotic

eonsolidation. The magnituce of the pore pressure difference (1) between the two efectrodes
is given as

k,
1 =Ewa .L(4.21)

where k. = coeflicient of electro-osmotic permeability

Table 4.7. Case Histories of Dynamic Consolidation
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Table 4.7. (Contd.)
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ke, = coefficient of hydraulic permeability
Y., = unit weight of water
V = voltage difference applied across the electrodes (a function of position).

Thus the increase in effective stress is equal to pore pressure difference bstween the
electrode. Hence,

A = (RSl 1. V {4.22)

The amount of consolidation associated with this effective stress increase is obtained
from a void ratio versus pressurs refationship for the soil determined in the usual manner.

The rate of consolidation is governed by the same relation as that for conventional

loading. The time ¢ for a given degres of consolidation is

TL?

p=

€y

..{4.23)

where T=a time factor, dependent on the degree of consolidation and boundary eondi-
tions '

L = electrode spacing
¢y = coefficient of consclidation.
Values of T for different degrees of consolidation for the case of patrallel plate
electrodes are given in Table 4.6 (Mitchell, 1978).

Fable 4.8, Time Factor for Various Degrees of Consolidation
by Electro-Osmosis between Parallel Plate Elecirodes
(After Mitchell, 1976)

Degree of Consolidation Time Factor T Degree of Consolidution Time Fuctor T
U% U
0 Q 50 0.204
10 0.050 80 0.384
20 0.102 70 0.501
ac 0.157 a0 T 0.665
40 0,221 20 0.248

Electrodes ave generally placed in a particular pattern, as shown in Fig. 4,20 and not
as parallel plates: Thus the time factor given in Table 4.6 has ta be treated as approximate
values. It has been reported (Mitchell, 1976) that a hexagonal arrangement of electrodes is
efficient in terms of power consumption, average voltage and anode to cathode ratio. Well
points are generally used for cathode and reinforcing bars or aluminium vods for anodes
which cost less than well points, Further iron and aluminium anodes decompose during
treatment and participate in electrochemical havdening. Thus for the above reason increas-
ing the number of anades relative to cathode is generally beneficial. - : -

Tlectro-osmotic consolidation will be effective and economical under.the foil-o“';'ing
conditions : (i) a saturated silt or silty clay soil, {if) a normally consolidated soil, and (iif) a
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low pore water electrolyte concentration. The efficiency of the method may be reduced if’

gas generation, drying and fissusing at the electrodes are taking place. Non-uniform
changes in properties of soils between electrode is possible because the induced consolida-
tion depends on the voltage and the voltage variation between anode and cathode. In order
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to attain a more uniform stress conditions, reversal of electrode polarity may bé
[Fig. 4.21 ()], Electro-osmosis may also be combined with preload or surcharge’:
aceelerate consolidation. : R
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&hc u ADDITIONAL CONSOLIDATION OWING Tb !LE—CTRUDE REVERSAL
CQ-:IQ = REBOU‘ND AFTER ELECTRODE REVERSAL

Fig. 4.21. Consolidation stress induced l.ny electro-osmaotic consolidation,
before and after electrode reversal (Adpoted from Mitchell, 1876).

opted
fill to-




CHAPTER 5
Vibration Methods

5.1. INTRODUCTION

Inertia forees become significant in comparison to static forces when the applied loads
on the soil mass changes rapidly causing excessive deformation of the soil. This charac-
teristic behaviour could be used in-any ground improvement technique by way of adopting
some form of vibration which could bring in deformation and displacement resulting in
densilication. These techniques for compacting cohesionless soils, arranged in the order of
decreasing effectiveness are vibration, watering and rolling. In practice combinations of-
these techniques have been used in improving the properties of in-situ soils. Cohesionless
soils get densified lavgely by fracture and reorientation of the grains. Static forces are not
effective in this process, But both vibration and shock are helpful in reducing the wedging:
and aiding densifiestion in cohesionless soils. Vibration and shock are less effective in
cohesive soils as they are offset by the inoreased cohesive resistance dus to dynamic loading.
‘This Chapter deals with ground improvement techniques which utilize the principles of
vibration,

5.2. VIBRO-COMPACTION

Vibro-compaction method is a rapid densification technique which could be used
effectively in saturated cohesionless soils. In such loose deposits vibration or shock waves

" eause localized spontaneous liquefaction followed by densification and settlement, The load

dus to shock is temporarily transferred to the liquid and the soil particles take a much
denser pattern aided by the soil particles. Even in dry soils due to shack and vibration, the
particles move from the original position and take a more compact pattern. Once the
particles are free or loosened dus to the shock, even a small pressure is enough to put them
to a more compact mass. The new density or the compactness attained is permanent and not
reversible.

The effectiveness of these methods decrease with increase in the percentage of fines
in the soil, because the permeability is too low to prevent rapid drainage following
Hquefaction. More than 20% of silt or 5% of clay may reduce the effectiveness of the method
(Mitchell, 19786). Further their application in partially saturated soiis is restricted because
compressive stresses from the presence of air-water menisci act to prevent the soil particle
movements necessary for densification. ‘

The three methods which are in use are : blasting, vibratory probe and vibratory
compactors.

124
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5.2.1. BLASTING. , . o

In this technique a certain amount of explosive charge is buried at a certain depth of
a cohesionless soil required to be compacted and is then detonated. As explained above the
shock waves produced by the blasting eause densification. o

A pipe of 7.5 to 10 em is driven to the required depth in the soil strata. The sticks of
dynamite and an electric detonator are wrapped in the water pl‘(‘}‘:')f bundles and. lom'zred
through the casing Fig. 5.1. The casing is withdrawn and: a wad of paper or wood is placed
against the charge of explosives to protect it from misfive. The hole is backfilled with sand
‘in order to obtain the full force of the blast. The electrical circuit is closed to fire the charlge.
A series of holes are thus made ready. Each hole is detonated in succession and the resulting
large diameter holes formed by lateral displacement are backfilled. The surfgc’e settlements
are measured by taking levels or from screw platés embedded at certain dépth below the

ground surface.

- LCONNECTING WIRE

Fig. 5.1. Installation of explosives (After Mimh¢11,11970).

Usually the explosives are arranged in the form ofa horizontal grid. The spacing of
the charges is decided by the depth of strata to be. densified, the size of charge and the
overlapping of the charges. A spacing of 3 to 8 m is typical and a spacing less than 3 m
should be aioided, _ S

Compactionis carried oiit in a single tier only if the depth of stratum to be densified
is 10 m or less. In such a case the dépth of explosive charge should be below half the depth
of the mass or stratum to be densified (approximately at 2/3 point}). More than one tier
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should be planned if the depth of stratum to be densified is more than 10 m Génefellj«' the
depth of charge should be greater than the radius of sphere of influence (&), '

Successive blasts of small charges at appropriate spacings ave likely to be more
effective than a single large blast (Hall, 1962 ; Mitchell, 1978). Thoorstically, one charge
densifies the surrounding-adjacent soil and the soil benedth the blast. Charges should be
timed to explode such-that the bottdm of the layer being densified upwards in a uniform,
manner (Koerner, 1986). The upper most portion of the stratum may be less densified which
may be compacted by vibratory rollers. The amount of charge to be used should be optimal
such that it is just enough to shatter the soil mass uniformly but not to create permanent
surface craters. A carefully placed charge with required amount and depth shall not create
a surface heave more than-0.15 m (Mitcheil, 1976). As a rough guidance, the welght of
charge.required is. computed from the foHowmg relationship.

W=164 CR®
where W = Weight of explosive (N)
C = Coefficient (0.0025 for 60% detonator)
R = Radius of infiuence {m).

Charge masies of less than 2 kg te more than 30 kg hdve been used (Mitchell, 1978).
A typical firing pattern (Mitchell, 1976) is shown in Fig. 5.2.
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. o Ymoo-g s
10 2 o o ] o 0 [o] a o L
NOTE
‘ g  FIRST BLAST
5 ¢ 4 O SECOND BLAST
H—5m ~—=i - ¥ THIRD BLAST

s+ SETTLEMENT OF STAKES

a, GRID SPACING . b. FIRING PATTERN

Fig. 5.2. Typieal charge spacing and firing (Aflter Mitchell, 1976).

Blasting technigue involves less time, labour and expense, This techriique needs no
special.equipment and could be successfully used for densifying soil ‘at a great depth.
Further this could be effectively used to compact a large volume te a substantial depth up
to 20 m ard in small areas where the use of other metheds. would be i impractical. Relative
densmes of the order of 70 to 80% can be achleved In remote areas where vibrations are
favourable, the technique may prove most cost effective. Invariably the. biastmg work
should be executed only by an experienced contractor under special supervision.
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Although blasting is one of the most economical ground improvement techniqies, it
suffers the disadvantages of non-uniformity, potential adveise effects on adjacent struc-
tures and the danger assaciated with the use of explosives in populated areas. Very fine

" grained seils which- have high cohesive forces cannot be compacted by this method,

Maximum compaction is obtained only when the soil is duy or completely saturated. In case
of dry loose sand, good vesults ave obtained due to free fall of smalbsize particles into the
voids between the soil grains thus making a dense soil. In case of saturated soils shack
waves cause liquefaction leading to expulsion of water resulting in a better arrangement
of particles. But in partially saturated soils due to capillary tension between the soil gains,
less densification is achieved. Pre-flooding of the site is desirable, if blasting is tobe resorted
to for densification of partially saturated sands or loess. Theoretically there is no Hmit for
the depth of densification by this techmque However, if the depth is more than 10 m,
compactlon should be done in more than one tier for which a careful planning i is needed to
achieve the result,

Thus it is emphaswed that adequate data w1th regard to type of scul deglee of

l satur: atlon, depth of deposit to be densified and degree of densification required should be

collected. A plehmmaty test may be necessary to aseertain the spacing, depth, amount of

_ charge and sequence of operation, In order to evaluate the economical feambnhty of this

teclinique, the above details ave needed.

5.2.2, VIBRATORY PROBE

Vibratory probe, also called as Terra Probe, consists of a vibrodriver (similar to
vibratory pile driving] coupled to an open-ended steel tubular probe of 760 mm diameter
and 15 m length. Vibrodriver activises the probe to vibrate in the vertical direction and
imparts a vertical impulse normally at 15 Hz with 10 to 25 mm amplitude. This vibratien
enables the vertical pipe to penetrate the loose material. The probe is sunk to the desired
depth and held for 30 to 60 seconds before extraction. A spacing of 1 te 3 m is generally
adopted. A square pattern is followed with a fifth probe at the centre of each square to
achieve an increase of densification, instead of adopting a reduced spacing.

In each insertion the probe densifies a cylinder ofsoil of 1 m diameter and about
1 m deeper than the probe location. Effective treatment has been accomplished between.
depths of 4 m below the ground surface and up to a depth of 20 m. The opsration is very
efficient when the groundwater is 2 to 3 m of the surface. Sometimes a water jet may be
used to help easy penetration of the probe for sites where the water table is deep but the

. .operation of jet has to be stopped during withdrawl. Ponding of the site may also be adopted

to utilise this technique in a better way. Saturated soil conditions are necessary and
underlying soft clay layers may damp vibratiuns thereby hampering the densification
process.

In ovder to evaluate the effectweness of this techmque and to decide a proper spacing,
testsections of the order of 10 to 20 m may be utilised, As this technique needs no backfilling,
the cost of densification by this method is modevate. Thus this technique is preferved for
densifying offshore locations. Compared to vibroflotation (discussed in the next seetion) this
technique needs a more closely spaced penetration to improve a given area uniformly as
only a lesser lateral soil zone is improved by this technique. The terra probe technique is
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considerably faster than the vibroflotation procedure. Although both the methods give a

fairly good result, the vibroflotation methed will achieve somewhat higher relative densities

{(McCarthy, 1982).

5.2.3. VIBRATORY COMPACTORS

These compactors are available as vibrating drums, vibrating pneumatic-tive, and
vibrating plate equipment. They are operated with a frequency range between 1500 and
2500 epm which-is within the natural frequency range of most of the soils, Compacting at
natural frequency gives the maximum effeet because of high amplitude resulting in amore
dense arrangement. Good results are achieved when the compactor travels at a slow speed
of 3 to 6 km/hr. Smooth drum and rubber tired vibratory-compactors have proven very

effective in compacting cohesionless deposits of limited thickness, e.g., 2 to 3 mor where
" cohestoriless fills are placed. The vibratory plate compactors generally have a limited depth
of effectiveness. Details of vibratory rollers are dealt in Chapter 2. '

Heaviest vibratory rollers can densify above 2 m depth. Figure 5.3 shows field results
from surface compaction tests (D’ Appolonia et al., 1968). Seil nearer to the ground surface
will have low density heeause of over-vibration and lack of confinements. Figure 5.4 shows
a density-depth densification for a fill placed in successive lifts (Mitchall, 1976},

DRY DENSITY - kN /m3
15 I : 7 B

0 —‘\
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0.5 No.of roller passes 2 N
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2.0 5
A0 60 80 100

RELATIVE DENSITY~%,

Fig. 5.3. Dehsity Vs Depth for different number
.of roller passes (After Mitchell, 1976).
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Pig. 5.4. Density Vs Depth relationship for a series
of 0.6 m lift {After Mitchell, 1978).

In order to achieve hest results it is essential that lift thickness, roller type and seil
type should be matched. High lift thickness yields loose density layets with high density
layer alternatively and low lift thicknesses cause waste of energy through repeated
over-compaction of neat surface layers. Relative densities as high as B5 to 90% dnd a lateral
earth pressure coefficient of one or more can be achieved if the system is matched properly.

-5.3. VIBRO-DISPLACEMENT COMPACTION

These techniques in this group are similar to those described in the vibro-compaction
technigue except that the vibrations are supplemented by active displacement of soit and
by backfilling the zones (by a suitable material} from which the soil has been displaced. In
the methods, viz., vibroflotation and sand compaction piles, backtilling is undertaken along
with the displacement of soil grains, In another method, viz., stone column, the vibration
technigue is used to make a barehole followed by backfilling and compacting. This latter
method is referred to as vibro-replacement method. While vibro-displacement is a method

.to improve the density of cohesionless granular soils, vibro-replacement is used to improve

cohesive soils with deep vibratory methods. Heavy tamping method (Dynamic Compaction)
discussed in Chapter 2 also utilises basically the principle of vibration. .
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5.3.1. DISPLACEMENT PILES

Natural ground and existing fill can not be compneted in layers. The simplest method
among the vibro-displacement techniques is by driving piles which is very effective in
densifying echesionless sands up fo reasonable depths. Such piles are referred to as
displacement or compaction piles, When the piles are driven into loose sahd, the ground
surface betwaen the piles commonly subsides in spite of the displacement of the sand by
-the piles. Hammer vibration coupled with the displacement force of the pile is ideal for
densifying cohesionless soils, but the method is slow and expensive,

Clompaction piles can also be used in sandy soils with some cohesion and in existing
cohesive fills. Compaction in such.soils due to pile driving is not cansed by the vibrations
associated with the driving, but by static pressure which decreases the size of the void
spaces, If the soilis located above the water table and the voids are lavgely filled with air, -
the compacting effect of pile driving is commonly. very satisfactory (Terzaghi and Peck,
1987). The effect of compaction of such soils below water table decredses with decreasing
permeability of the soil, In clays displacement piles may cause heaving of the ground
wurface, The ratio of heave volume fo pile volume is about 50% for elays and 30% for silty
clays.

Displacement piles cause densification of sand for distances as large as eight
diameters away from the piles. Because of lateral displacementof soil, the horizontal stress
acting on the pile increases resulting in large coefficient of earth pressure at rest value of
the stratum being compacted. Timber piles are extensively used for compaction of soils,

5.3.2. VIBROFLOTATION

Vibroflotation is an efficient technique for densifying cohesionless soils, with simul-
taneous vibration and saturation. This technique was originated in Russia in mid thirties
‘and was applied in 1989 in Germany for improvement of building foundation sails.

""" The vibrofiotation equipment comprises of a viboflot probe; actompanying power
supply, water pump, crane and front-end loader {Fig. 5.5). Vibroflot probe consists of a
cylindrical penetrator, about d00mm in diametir and about 2 m in length with an eccentric
weight inside the eylinder developing a horizontal centrifugal foree of about 100 N at 1800
rpm, A typical vibroflot is formed of two parte. The lower part is the horizental vibrating
anit which conneets to the upper part, a follow-up pipe, the length of which ean be varied
depending on the compaction depth (Tig. 5.6). The devise provided for water flow:fromjets
at top and bottom at the rate of 295 to 300 litres/min at a pressure of about 400 to 600 kPa
The water jets the vibroflot into the ground as it is lowered with the crane. The front-end
loader is used to supply the backfill material as the in-situ soils are-densified.

The probe is freely suspended from a crane. Each compaction sequence has four basi
steps (as suggested by Brown (1976} and Vibroflotation Foundation Co. USA): They ar
(Fig. B.7): ' ) o

(i) Vibroflot is positioned over the spot to

opened,

be compacted and its Iowe-rjet is then full

(i) Water is pumped in faster than it can drain away into the subsoil. This creates
momentary“quick” condition beneath the jet which permits-the vibrofiot to settl
of its own weight and vibration.
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‘Fig. 5.5. Vibroflotation eguipment (After Brown, 1976).

(i) Wateris switched from the lower to the top jets and the pressurs is reduced enough
to allo_w water to be reburned to the surface, eliminating any arching of backfill
material and facilitating the continuous feed of backfill.

(v C_ompaction‘takes place during the 0.3 m per minute lifts, which return the
vibrofiot to the surface. First, the vibrator is allowed to operate at the bottom of
thf.s ‘crater. As the particles densify, they assume theic most compact form. By
raising the vibrator step. by step and simultaneously backfilling with sand, the
entire depth of the soil is compacted into a hard core. -

“In partially saturated sands water jets at the top of the vibroflot can be opened: to

fadilitate liquefaction and densification of the surrounding ground. Liquefaction occurs to
a radial distance of 800 to'500 mm from the surface of the vibroflot. In clean and free
draining-soils, backfiil consumption is at a rate of 0.6 to 1.5 m® per meter of compacted
depth. On an average backfill sand added will be equal to 10% of the total volume compacted.
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Fig. 5.7, Vibroflotation compaction process (After Brown, 1976).

equipment and an excellent workmanship the end result depends on the other factors

Depending on the requirement of relative density the spacing has to be adopted. Figure

VIBRATOR

5.9 shows the relationship between probable minimum relative density between vibration
centres and spacing (Mitchell, 1976). A relationship between allowable bearing pressure
to limit settlement and spacing is teported by Mitchell (1576) and the same is given inFig 5.10.
The pattern of spacings may be line, triangls, or square. Patterns and spacings required
for an allowable soil pressure of 300 kN/m? and square footings are presented in Table 5.1

(Mitchell, 1976).

(After Mitehell, 1976)

Table 5.1. Vibroflotation Patterns and Spacings for Isolated Footings

Fig. 5.8. 100 HP Vibroflot {After Brown, 1978).

, . . Square Fooling Size Number of Vibro- Centre to Centre Pattern
In one penetration of vibroflot a ¢ylindrical column of 2.6 to 3 m in diametér can b " (m) flotation Points Spacing (in)
compacted. ‘ : <1.2 1 - —
Densification results should be verified by eontinuous monitoring (such as cone. 1.4ta 1.7 2 1.8 Line
penetration resistance or standard penetration resistance) or discrete monitoring (such as; 1.8t02.1 3 2.3 Triangle
nuclear methods). A typieal continuous monitoring results from a prbject‘(Davis, et al 231028 4 1.8 Square
1981) is'shown in Fig. 5.8. ' - ) 3.0te 3.5 5 2.3 Square + one at centre

The successful applica-éi'on of this technique depends on the following fastors
(i) equipmert capacity, (i) probe spacing and pattern, (iii) type of soil to be compacte
(iv) backfill material, () vibroflot withdrawl procedure, and (vi) workmanship. For a give
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Fig. 5.9. Relative density as a function of vibroflot
hole spacings (After Mitchell, 1976),

Figure 5,11 shows the range of the grain-size distribution of in-situ soils suitable for
vibrofiotation (Brown, 1976). This technique can be used most effectively for very loose
sands helow water table that have grain-size distributions falling entirely within zone B.
Layered clays and presénce of fine particles, cementation and organices in the in-situ scils
pose a variety of difficulties for compaction by this methed. In-situ soils having grain-size
distribution falling entirely within zone C are very difficult to compact by,tfmis technique.
In general, the attainment of density and zone of compaction decrease with increasing silt
and clay contents, The fines and organics apparently damp out vibrations, aggregate the
sand particles together or fill the voids relative movement of particles for densification.
Presence of clay layers also reduce the zane of compaction. Zone A includes gravel, dense
sand and cemented sands. The rate of probe penetration is less in these soils and the effect
becomes still less when the water table is at a greater depth. Hence, under these conditions
this technique may prove to be uneconomicil, : -
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Fig, 5.10. Allowable bearing pressure on cohesionless soil layers
stabilised by vibroflotation (After Mitchell, 1976),

The suitability of a backfill material depends on the gradation. Brown (1976) has -
developed a rating system to assess the suitability of the backfill material. The rating :

system is based on a suitability number defined as

1 1
{Dgn)? (Dza)‘a (Do)

Suitability Number = 1, 7'\/

* where Dy, Dy and Dy, are the particle sizes corresponding to 10, 20 and 50% finer of the !

backf{ill material. Fable 5.2 presents the rating description (Brown, 1976).
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Fig. 5.11. Soils suitable for vibreflotation (After Brown, 1876).

. Table 5.2, Backfill Evaluation Criteria
" (After Brown, 1976) :

Suitability Number Description of Rating
0to 10 Excellent
10to 20 Good
2 to 30 Fair
380 to 5O Poor
» 50 Unsuitable

Vibroflotation is controlled through the power consumption ofthe vibrator within the
probe and by the care with which withdrawl of vibroflot and backfilling the central portion
of the hole. Withdrawl rates of 0.3 to 0.6 m/min are customaly This is of great concern since

" the density of the backfill zone must be assured.

Most vibroflotation applications have been adopted to a depth less than 20 m,
although in a few cases depths up to 20 m have been densified successfully. The maximum
is limited mainly due to the capacity of the crane to pull the vibroflot out of the ground. It -
has been reported in literature that in soils treated by vibroflotation, relative densities of
at least 70% can usually be obtained at points midway between compactions. By this

treatment bearing capacities of 250 to 400 kPa can be obtained (Bowels, 1988).

This technique claims its merit based on the following : (i) no material cost except

the Backﬁll material, {if) complete uniformity in density and hence better control on
-~ settlement, (7if} gives high bearing eapacity, {iv} faster than pile driving, and (v} much
. quicker in operation than the conventional impact-typs hammer.
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This technigue has been used in fine grained soils also with stone aggregates as

backfill material. In suth a case structural loads can be carried similar to.that of any deep

foundation system (Kaerner, 1985). This technique has also beenused to stabilize slopes
{Mitchell and Katti, 1981). :

5.3.3. SAND COMPACTION PILES

This method consists of driving a hollow steel pipe with a detachable botiom plate
down to the desired depth. The driving can be done either by using an impact hammer or
a vibratory driver. Sand is introduced inlifts with each 1ift compacted concurrently with
‘the withdraw] of the pips pite. Compressed air is blown down inside the casing to hold the
sand in place. The in-situ soil is densified while the pipe is being driven down. The
compacted sand pile prevents collapsing of the surrounding soil as the pipe is withdrawn.
During the process of compaction, the compacted column expands laterally below the pipe
tip forming a caisson pile. This technique is also referred to as vibro-composer method
(Aboshi and Suematsuy, 1985). The installation process is schematically shown in Tig. 5.12.
The required level of relative density can be achieved by varying the diameter of the
compaction pile and the spacing. Figure 5.13 illustrates the effect of variation of spacing
“and the size of the compaction piles on relative density {Gupta, 1969).

Peaetration

Seting

Forming the pile and compaction

Fig, £.12. Vibro-compozer method {After Aboshi and Suematsu, 1985).
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Fig. 5.13. Effects of size and spacing of sand compaction piles
on relative density of in-situ soil (After Gupta, 1969).
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The soil at shallow depth {less than 1 to 2 m) may have less density than that below
due to lesser confinement. Further the density will decrease radially outward from the
compaction piles. The increase in density may be computed based on the average surface
settlement and the amount of backfill used. Typical densification ofa loose sand surround-
ing a pile after driving and backfilling is shown in Fig. 6.14 (Moyerhaf, 1960} The density
increase is characterised in Fig. 5.14 in terms of the ratio of final standard penetration
resistance to initial penetration resistance.

LIMIT OF SOIL
COMPACTION

LIMIT OF SOIL
COMPAGTICN

LEGEND
" FINAL
ORIGINAL

RESISTANCE ———me()

PENETRATION

SCALE

| B S
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(a) DRIVEN PILE

(b) CAISSON PILE

Fig. 5.14. Compaction of loose sand around compaction piles (After Meyerhof, 1880).

TFhis method is economical for moderate depths upte 15 m. Although this technique
is costlier for deeper depths compared td other vibration metheds, the treated ground
generally has uriiform properties. If it is intended to increase the average density of loose
sand from an initial void vatio of e, to a final void ratio e and if it is assumed that the
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installation of sand pile causes compaction only in the lateral direction, the pile spacing §
may be obtained from (Mitchell and Katti, 1981).

1/2

nil +e,
and 8= { %éw)-} d for square pattern
/2
rm{l+e ) )
5=1.08 { ——(—_—0)"] d- for triangular pattern
0

in which d is the diameter of the pile (Fig. 5.16 a & &).
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Fig, 5.15. Spacing batwean granular piles (After Ranjan, 1989).

Closer pile spacing (S/d = 2) may cause construction difficulties where large spacings
(Sid > 4) may have no appreciable effect. Hence a pile spacing S/d between 2.5 and 4 may
be adopted with reasonable accuracy (Ranjan, 1989).

§.3.4. STONE COLUMNS

Stone columns also called as granular piles are installed mostly using vibration
Fechniques. A cylindrieal verticalhole is made and gravel backf{ill is placed into the hole in
increments and compacted by asuitable device whichsimultaneously displaces the material
radially. This results in a densely compacted stone column of certain depth and diamster.

Format_icn of stone columns using a vibroflotis quite suitable techniques for improve- 7
ment of cohesive soils (Engethardt and Kirsch, 1977 ; Thornburn and McVicar, 1968). The
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Fig. 5.16. The vibro repl'acément process (After Baumann and Bauer, 1974).

vibroflot is allowed to sink into the ground due to its own weight, assisted by water or air
as a flushing medium, up to the required depth, The soil surrounding the vibroflot is
disturbed or remoulded and the softened-material can be removed by jetting fluid (water -
or compressed air). Water is used as a jetting fluid fox: fully saturated soils while compressed
air is Used for partially saturated soils (Engethardt and Kirsch, 1977). By this process a
borehole of Jarger diamieter than the vibroflot is formed once the vibrofiot is withdrawn (Fig.
5.16). So formed borehole is backfilled with grayel of 12 to 76 mm size or furnace slag
{Thornburn and McVicar, 1968), Withthe repenetrationofthe vibroflot the backfill material
is displaced into the sides of the borehole and compacting underneath its tip. While
backfilling the vibroflot is raised and lowered. This procedure is repeated till the hole is

-completely filled and compacted which forms a cylindrical granular pile.

Unlike in vibroflotation, wherein water jets are used, some dry processes are also in
use to make the hole. A-closed end pipe mandel is driven to a desived depth and the gravel
is allowed to fill'after opening trip valve. Arammer is used to pack the soil through the pipe
as it is withdrawn and gravel added. i

Apart from the use of vibroflot and hollow pipe, different simple technigues are being
used for constructing stone columns. Datye and Nagaraju (1975, 1985) proposed a method
which primarily ttses a hammer weighing 15 to 20 kN falling through a height of 1 to 1.6 m for
compacting stone aggregates placed in pre-bored holes. The resulting stone column is

~ referred to as rammed stone column and the technigue has been claimed to be economical

than vibrator compaction. A simple method using the conyentional anger béring equipment
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and a free fall cast iron hammer has also been used (Rao, 1982, Ranjan and Rao, 1983). In
this method the bore hole is made by spiral auger and the bore hole is cleaned manually by
using specially made tools. In the cleaned bore hole granular piles are cast using 20 to 30 mm’
size stone aggregate and 20 to 25% of sand with uniformity coefficient of 2. The aggregate
and sand layers are placed alternatively with layer thicknesses of 300 to 500 mm and 50
to 100 mm respectively. Each two-layer unit with sand layer at top is compacted with the
help of a east iron hammer of weight 1250 kN with a free fall of 760 mm. Due to the impact
of hammer the sand fills the voids of the stone aggregate followed by the lateral and
downward displacements of the charged material till full compaction is achieved. Various
stages of installation by this technique is shown in Fig. 5.17. This technique camn be applied
to small building foundations. Ranjan and Rao (1988) have indicated that granula¥ piles of
600 ram diameter and 16 m deep have been successfully installed using-this techmque A
detailed treatment of granular piles is dealt by Ran;an (1989).
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Fig. 5.17. Granular pile installation method using indigenous know how {(After Rao, 1982).

The variation in pile diameter installed by vibroflot (diameter 300 to 500 mm) varies
between 0.6 m (stiff clays) and 1.1 m (very soft cohesive soils). Datye and Nagaraju (1985)
have reported stone columns ranging from 400 to 750 mm using rammed process: Using
the simple bering equipment and the light hammer Rao {1982) and Ranjan and Rao (1986)
reported granular pile diameters ranging from 250 to 800 mm.

The spacing of stone columns is determined based on the settlement tolerances for
the loads to be applied (Gresnwood, 1970) and the degres of improvement required
(Engelhardt and Kirsch, 1977). Stone columns are spaced from 1.2 to about 3 m on centre

over-the site (Bowles, 1988). Spacing ranges recommended for sand piles can be adopted-

for granular piles also.

The length of the stone columns is sufficient either to extend helow the depth .of*
sighificant stress increase caused by the foundation or should extend through-the soft g]ay -
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to firm strata to control'settlements. The resistance is derived by stone columns only by the
perimeter shear and not by end-bearing. On this basis the stone column length {I,.) should
he g'reatgr tharn {Bowles, 1988)

P~A (9cy).
nde

L{.‘

where P = total load on the stone column
A, = cross-sectional avea of the stone column
~d = avérage diameter of the stone column

¢, & = side and point cohesion.

There is no theoretical plocedme wadable to accumte[y predict the combined

improvement of the ground: Thus if is usual to assume the foundation loads are carried
-only by the total number of stone columns with no contribution from the intermediate
-ground (an?!es, 1988),
: " Stone columns may be arranged to support isolated footings, strip footings or mat
foundations: The entire foundation area should be covered with a blanket of sand or gravel
at least 0.3'm thick to help distribute loads and to facilitate drainage of water conducted
put of the soft soil through the columns which act as vertical drains as well as veinforeing
elements.

Theload capacity of a stone eolumn is controlted by the passive resistance of the soft
-goil that can be mobilised to withstand radial bulging and on the friction angle of the gravel.
An applommate formula for the allowable bealmg capacity of stone columns is gwen by

Qo= SF o5 (e +8)

- where K =tan® (45 4+ ¢7/2) .

¢' = drained angle of internal friction-of stone

‘¢ = either drained cohesion (suggested for Ialge areas) or the undrained shear
strength, s;.

o = effective radial stress as measured by a pressure meter (but miay use 2¢ if
pressure meter data is not available)

SF = éafety factor-used about 1.5 to 2.

¥

As bearing capacity of stone columns is generaily high, settlement is the important
riterion. For want of theoretical equations to predict settlement of storie columns, empir 1cal
‘methods are used. The settlement of stone column foundation depends on columin spacing.
he settlement of a single column of a group in a lead test nmay be in the rangé of 5 to 10m
t the design load. The settlement of large group is usually about & to 10 times, the single
olumn settlement (Mitchell, 1976). Figure 5.18 shows estimated settlement of the treated
-ground as a function of soil strength and column spacing {(Greenwood, 1970},

. Stone columns are very much suitable for soft, inorganic cohesive soils. They also can
‘be used in loose, sand deposits to increase the density. Sione columns are capable of
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0 ¥ T !
Colurnns assumed resting on .

firm ground -

Immediate settlements and shear

2 displacements neglected

Clay strength
40 kN /m?2
20 kN /m2

.

50 %

75

SETTLEMENT OF TREATED GROUND -
o, OF UNTREATED GROUND SETTLEMENT

100

2.50 2.79% 3.25

STONE COLUMN SPACING - m

2.00 2,28 3.0@

Fig. 5.18. Effect of stone columns on anticipated
foundation settlement (After Greenwoed, 1970).

dissipating excess pore water pressure in the in-situ soil and thereby reducing the void Tatio
in the zone of influenee. As they are constructed on valume displacement basis, there is an
intimate contact between soil and column. Stone columns can not be used effectively in
thick deposits of peat or highly organic silts or clays.

Stone eolumns using vibrofiot has been installed in India in & big way for strengthen-
ing soft goil for foundation of steel eylindrical storage tanks (mare than 100) all around the
coast of India for refineries and chemical plants from seventies (Varadarajulu and Gupta,
1903). The tanks sizes varied from 2.5 to 70 m in diameter and up to 16 m height. It has
been reported that the subsoil conditions around coast starting from Haldia tu Kam‘i!a
through Madras on the east const and Cochin on the west coast cohsist of deposits of thick
soft clay/clayey soils of very high compressibility. Table 6.3 (Pilot, 1981) gives a few case
histories of stone column applications. The results Teveal the following (Pilot, 1981) :

(i) Stone columns are generailj employed in thick deposits of soil of very low shear -

strength. . _
(i) The undrained shear strength has increased which is not taken into account at
. the design stage. : ‘
(iit) Settlements are reduced and stability of embankments and slppes are increased.
(i) A good installation technique is important to ensure efficient functioning of the
columns.
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5.3.5. HEAVY TAMPING

This technique also called as Dynamic compaction or Dynamic consolidation has been

_ dealt in Section 2.4.6. This technique basically utilizes the vibration and shock caused by

th‘:a‘ dropping of a heavy weight. Evidontly the densification takes place by displacement of
soil grains. As explained earlier this technique can be adopted for all seils.

" Table 5.3. Case Histories of Stone Column Applications
: (Adopted from Pilot, 1981)

el. al., 1975)

| Preyming A 34,
France (Bachy,
1976)- ’

Argenteuil RB
311, France.
(Jardin, 1974}

Cagnes AB, France,
(Cas_s an, 1974)

Konstanz,
Germany,
(Engelhardtet. of,,
1974)

East Brent,
England.
(MacKennaet, «l.,
1875)

Rouen, France.
{Vautrain, 1977)

{s: = 15 to 30 kPa}..

8 m peaty clay.
{Menard pressure-
metey ; Py = 270 kPa,
By = 2,000 kPa),

3.5 m soft organic clay
(su = 10 to 33 kPa),

36 m soft silty clay
(s = 10 to TO kPa).

15 m soft snd low-
consistency silty clay.

12 m silty =oft clay
{s:: = 15 to 50 kPa)
over 16 m silty sand,

Aliout 10 m seft soils :
clay, peat and chalk (s,

=20 to 50 kPa).

diam, Angle of internal
friction {assumed) =-30°

Columns under founde.
tions embankment. 1
coiumn per m .

Columns under embank.
ment slope, 5.5 m longx 0.8
m diam. 1 column per 3.5
m? -

Columns under wiaduet
abutment and approach
embankment 18 m long

% 0.9 m diam. 1 column
per 2.8 m?

Test area with 12 columns,
12 m deep x 0.8 m diam. 1
column per 1.1 m?

Columns under embank-
ment abutment, 11.3 m
long % 0.8 m diam, 1
eolumn per 5.9 m’

Celumns under reinforced-
earth embankment 10 m
long x 0.9 m diam, 1
column per 3 m’

Building site Foundation soil Column data Results
Canvey Island, . |7 msoftclayunder2m Loading test applied to [ Ultimateload =200kN ;maxi-
England (Hughes |overconsolated clay column 10 m long, 0.66 m | mum settlement = 0.17 m

(0.01 m under 100 kN), Very
good agresment between
measurements and design
data of Hugheset. al, on basis
of column’s actual diameter
(0.73 m).

Settlement under loads less
than 100 min. After improve-
ment process, p; = 20,060
KkPa, Ep = 54,000 IcPa.

No settlement or stability
problems encountered ; after
improvernent process, s, = 40
kPa,

Averspe soil strength in-
eraasesf 70% Trouble-frea be-
haviour of abutmant.

Greatly decreased settle-
ments : under stress of

200 kPa, 55 mm prior to

and 10 mm after improve-
ment process,

No reduction in settlements,
nor in pore water pressures
(might be due to columns
being clogged by mud).

Greatest settlement mea-
sured = 0.4 m (0.9 m without
improvement  treatment),
greater than anticipated.
Test apparently carried out to
column ultimate strength.
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f low permeability. In such situations injection of chemicals have been in use. Recenp

o eve!opment is compaction grouting which is relying not on infilling, but on densification
C TER 6 f suitable soils by displacement. ’ '

) IL AL ‘ ] In groutlirfg different types of grouts ave used, different ground conditions have to be
3 Groutingand Injection atisfied and different functions have to be served, no generalization about grouting

quipment and methods can be made, .

) In sum, it may be stated that grouting teday is an invaluable tool in civil engineering
6.1. INTRODUCTION ractice and whose importance is constantly increasing.
Cirouting is a process of ground improvement attained by injecting fiuid like material
into subsurface soil or rock. The technology of grouting is nat new, yet it is constantly
developing with innovation of new materials and construction techniques, The medern
grouting was first started in mining works for arresting seepage and strengthening in civil
engineering works. Grouting is particular valuable in foundation works before construction
{e.i., to control water problem, to infill voids to control settlement, to increase soil bearing
capacity, ete.), during construction {e.g., to control groundwater flow to stabilise loose sand
against liquefaction, to provide adequate lateral suppott, ete.), and after construction (e.g
to reduce machine foundation vibrations, to eliminate new seepage, to apply in underpin-
ning work, ete.). Grouting is usually limited to zones of relatively small volume and speeial
problems. Grouting is adopted bath for temporary and permanent works and the following
applications have been in use (Harris, 1983) : ‘

6.2. ASPECTS OF GROUTING

_ The prineiple of grouting is to introducs a substance into rock fisstires or into a soil
y pumping fluid (called a grout) down a small diameter tube in the required location. Itis
gsential that.a particular grout should penetrate satisfactorily into the permeable
aterials or rock {issures and seal all voids. Before implementing any grouting technique
n the field, the basic function it is intended to do should be tealised. The three basic
unctions invelved in soil and rock grouting (Fig. 6.1) are the following (Koerer, 1986} :

GROUT GRAQUT ' GROUT

- (7) Sealing pockets and leaves of permeable or unstable soil or rock prior to excavation
of a tunnel heading or alternatively grouting a stratum from ground level.
({i) Sealing the base of structures (such as cofferdams or caissons) founded on pervious
ground.
(#11) Fixing ground anchors for sheet pile walls, conerete pile walls, retaining wall
stabilising rock cuttings, tunnels, ete. . '

{iv) Repairing a ground underneath a formation or cracks and structural defects o
building masonry er pavement and sunken slabs or damp proof course. :

{a) Pecmeation grouting (b) Compaction (¢} Hydrofracturing

(¢} Filling the void between the lining and rock face in tunnel works. - {penetration) . grouting {con-  (uncontrolled dis-
(vi) Forming a grout curtains in layers of permeable strata below a dam. :;f',',l,ﬁ displace-  placement )

(vii) Fixing the tendons in prestressed post tensioned conerete. , . o
1 Fig. 6.1. Varicus functions invalved in soil and rock grouting (Adopted from Keerner, 1985).

(uifi) Sealing the gap between the surface of a concrete foundation and the base plate of 2 _
stamchion. . (i} Permeation or penetration, In this situation the grout flows freely with minimal

. . B ect 1 i i .
(i) Producing mass conerete structures and piles, et into the soil voids or rock seams.

(ii) Compaction or controlled displacement. In this case the grout remains more or

All types of grouts are used, including cement, cement and sand, clay-cement, .
s Intact as a mass and exerts pressure on the soil or rock.

slag-cement, resin gypsum-cement, clays, asphalt, pulverised fuelash (PFA) and a large
number of colioidal and low viscosity chemicals. However, in most of the cases cement and
water is the most widely used group because of its relatively low cost. Although cement h
been and is widely used in grouting, it has the disadvantage that it cannot penetrate soils
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3 (iif} Hydraulic fracturing or uncontrolled displacement, In this condition the grout
pidly penetrates into a fractured zone which is ereated when the grouting pressure is greater
an the tensile strength of the soil or rock being grouted,
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6;2.1, GROUTABILITY

naiteln order to obtain a satisfactory performance of a grout, its grain-size distribution
should be known hecause it shall show the relationship between the suspended particles
and-the void dimensions. Should the latter be larger than the particles, a plug may form in
ain jopening and ultimately block it. Grouts with coavser particles in them, on the other
hand, may also tend to build up a block leading to a low rate of flow. In such cases, treatment
of drainage filters may be adopted, In order to prevent seggregation of agglomeration and
#4 increase stability fine grained particles like bentonite may he added.

Some preliminary work is needed on the location before the actual injection of grout
is taken up. Initial washing of the surfaces openings is needed to make them clean and
clay-free such that grout may adhere. In fractured rock, prior injection of dilute silicate can
make subsequent grout penetration easier.

Best results are obtained when the pumping pressure is not allowed to grow large
enough for the particles of soil to be disturbed. and moved. To prevent blowout during
grouting, the grouting pressure is generally limited to about 20 kN/m? unless grouting
under heavy structures or in other situations where greater confinement exists, Further
the guality of a grout must be sufficiently fluid to enter the soil quickly, but at the same
time the movement should not be teo fast. In dry ground, the absence of water facilitates
the entry of grout, but, especially in loose soils, the penstrating gront surface may actually
disintegrate before setting is accomplished. In such situation viscous grouts could be used
with advantage. The three factors which decide the effect of rate of injection of a grout ave
({) viscosity of the grout, (i) permeability, and {fii) shear strength of the soil.

Fhe desirable properties of ali grouts include suitable rheological properties with low " *

viscosity, correct setting time, maximum volume with minimal weight, strength, stability
and durability. Thf‘:_-:}n@ivi ng'a_l_ problem has to be properly undexstood before deciding the

type of grout. ImpropeTiypeefgiout may either work adversely or may be costly. In general
coarser and moderately ablg5oils tdquirahigh viscosity grouts whereas low viscosity

of:ldw per

grouts are quite suit%fb[ )
_ The radial distancd froni:the 61
such factors as speeghofreackitin.concentyatio

1t alzll‘ﬁ‘:y.

Yotk that a gxfddi-::\:vill peretrate depends on

zily Dyl

injection points (Mitchell, 19765. ’ flram
Agrout is npt a]w Xﬁlﬁﬁgected to be peymaneﬁt but it has to last long epough to fulfil

Trens Gy

TR e ASlrt g By g0 el s ng i o ngdl soosin g
a necessary operationa fnchich. The Te evant hf‘ejo ’g %1“'0&?: i !aééd“e{ﬂih%ls}l bn the
veqiitersht of the individusljoly Fonexample; agraab ombairpndpnmitamisaxppeted to |
be long last for so many decades whereas grout has todashonlyfoma: feve weekslifisisngpd

to tempoxatilyarrest aguicksand sondition, ‘.ia":?figgaeﬁgﬁ‘{?}%s 1o gofioagae G5
A life of a grout dependsiun whitopeological vand dvd rogdulogical: sibwatiolm, 20y

sxampleaivvater-solukletchamisalgitink way nobhepwitahladnea oention wharathere is
misvement ofwatem Iworder tu adeebtain the durabilifydbvelatbained by s gronbg sHorar .

long time check is essential. For lonig-terin jclisrila'w:borefholésltﬂayi&kgrdrilledﬁmbhagi'outéﬂ
zone for observational purposes. In alluvial deposits grouting efficiency is checked using

neofchemisalsinsolution yjscosity of solution -
and change in viseSsity'with titne, fnjédtiti pressure, 4Ad thidgattern and sequence of
Q2T 28 33)3!; 1 Y
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boreholes and walter tests. Fissures in rocks which hava been grouted can Beeliebked by
driving a gallery into it but care has to-be taken that no new fissures avefopifad-dde'to
stress release beeause of the ereation of the gallery. PEVIRETINE Y
. 1} e il Ty
6.2.2. GROUTING MATERIALS _ Hioga .m[;,[q
Crouting materials may be grouped under two basic types (Bowenyg 19813t univiy
({} Suspension grouts. These are multi-phase systems capable of fo}-{iggingwﬁubsystems
after being subjected to natural sieving processes, with. chemical propertiesawhichimusife
carefully scrutinised so as to ensure that they do not militate against contiolled: propettias of
setting and strength, Water in association with eement, lime, soil, ete., constitutdsuspinsions.
Emulsion (asphalt or bitumen} with water is a two-phase system which is dlsainghidediinder
suspension. Suspension grouts are also referred to as particulate grouts (Miteheliz 17 B

(i) Solution grouts. These are intimate one-phase system 1*éﬂii‘ﬁiﬁ'gﬂ'—‘aﬁ”&?igih'dﬂy
designed chemical balance until completion of the relevant reactions. éﬁl@ltiﬁﬂhﬁ i:ﬁ?x'#‘:ﬁi‘éhft})\e
solute is present in the colloidal state are known as colloidal solutions. Cl“?é[li{i‘élﬂ'g.iiiﬁlﬁ Hisiito
this category. wneY pdalideely boe

il led eanly disanod

6.2.3. SUSPENSION GROUTS roibergng 030

When grouts (particularly suspensions) are injected inte: tha oilaformatitn the
relationship between the grout particle size and the soil void sizg sheuld hmeqnsiderad; A
groutability ratio (GR) has been defined as a rough guide (Kraveiz, 1j£?§§) o

o
T T T SR

GR = D, (formation} amil & bas adporg Jnsmsy

Dy, (grout}
D5 = particle size at which 16% of the soil is finer (of this T RER B e dr e eed).
Dgg = patticle size at which 85% of the soil is finer (of tHeSib RS Mjétted).

e e . .. R C dibuvad yeer sioord ol
This criterion decides the limit for suspension groutmg.zjmﬁm e 1o stie .

"‘__U'E,I? hﬂl_l(i'[a i [;-;}‘, .{D BN

Grouting with Sofl. Soil itself can-be used to fill up[ﬁemﬂﬁbh@ﬁfgidﬁitﬁnoﬁfée-
grained soils. Even fine sands and silts may be used for thiziputpose:ihichavodldisettle
out quite quickly after injection. The soil to be usedasa groutshoulflie aweryHineagrained
soil. Clay is a complex compound with particles < 0.002 mm %’1’?155'!‘Isf:t]ﬁ}és’ﬁﬁifgﬁblé*fﬁlﬁﬁjébtigmn
into medium eoarse sands and other soils with ﬁermeabiliﬁfﬁ!"ﬁﬁ@ﬁi‘ﬂbﬂbf ’I:’t%?iﬂ?bﬁ’liﬁy's.
Clay grout behaves like a Bingham fluid and gels when uﬁﬂi‘%f{ji%ﬁé?'{‘ﬁ?s‘ijﬁe'b‘ft g'l'g‘i.‘if:"\é?iil
exhibit low shear strength and hence can be used to 1‘eduée'ﬁ)’é’{'g{Qﬁiﬁiﬁ&?‘fﬁﬂ%ﬁkﬂ% riltite
. res ) i 9j§ﬂl]‘jr!5{_’tl 1ol EIgLie

hased clays produce low viscosities and are preferred a8 flier grou 5t F{en o1l cLlP}y 15 a

. ) A 00 B B ozl 'ga tor racd A Pos
commonly used material whose structure is such tha{ta;. rater Is readily d
surface and enables reasonably to econtrol the viscosity, strenst ﬁﬁs R R\ﬁ; rope & <

A1)
No flow of soil-grout oceurs when the water-to-soibiatio iskbptverylow Bréssui? is
then exerted by the grout against the soil mass from the groutife Bipeeausihgdensification
and movement of adjacent areas. This technique hasihegiy kggw,gi(gg;;l_i_e;g.agjm_u’djacking
and quite often used to raise pavement slabs or to undalpixbahaligw,hpji_di_ngifg,uﬁgﬁdgt_igps.
Nowadays, it is also used to strengthen in-situ soil by foyming rompdetionipiles... -
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Grouting with Cement Mixes. A satisfactory coment based grout depends on the
water-cement ratio, the rate of bleeding and subsequent ultimate strength of the. grout.
Although water may be giving mability for a grout, if in excess may cause separation of
ingredients of the grout leading to high bleeding. Low strength water-cement ratio with a
proper proportion of admixtures or fillers aliows a maximum physico-chemical reaction,-
giving rise to good ultimate strength.

Cement grouts are usually formed from Ordinary Portland Cement (OPC) and water.
The water-cement ratio may be varied from about 0.5 1to 5 : 1 depending upen the ground
conditions and required strength, The OPC grouts are suitable only in fissured vocks,
gravels and coarse sands, Rapid hardening cement which is finer than OPC has a quick
setting time and high early strength and therefore may be preferred to OPC in ground with
high flowing water. High alumina cement also has rapid strength gain and resists attack
by sulphates and dilute acids, Super-sulphated cement is very finer and therefore suitable
for. penetrating finely fissured rocks. When selecting a particular eement grout for use, one
would obviously like to know its final strength, flow rate, set time, shrinkage, permeability,
and durability. Cement grouting has been widely used, more often in sespage cut-off
beneath dam, but also in ground water control in certain cases.

Other ingredients sometimes used in cement mixes are clay, fine sand, fly ash,
fluidizers, aceelerators, and retarders or expansion additives, Clay is considered as a filler
incement grouts when used in amounts less than 3%by weight, It can also be used to control
bleeding by holding the cement in suspension while it is setting. Sand is a true filler in
cement grouts and is used to reduce the overall cost of the grout material. Pozzolans such
as fly ash or ground slag are also sometimes used as fillers. Additives or admixtures are
meant to impart controlled features to the final composition of the grout.

Soil in combination with a stabilising material, e.g., cement would do better than soil
alone. Grouts may have different properties depending on the amount and type of soil {say
clay, silt or sand), cement, and water they contain. Further the viscosity of grout depends
on solid-to-water ratios and different cement-to-soil ratios. Insoil-cement systems, volumes
of soil between four and six times the loose volume of cernent are common. The volume of
mixing water varies from about three-fourth to twice the volume of clay per bag of cement
in.cement-elay grouts, and from about one-third to one time the loose volume of sand per
bag of cement in cement-sand grouts. Water-cement ratios in the range of 0.5: 10 5: 1
have been in use. The lower this ratio, the less likely will.be cement segregation and
filtering, but the more difficult will be injection and the greater will be friction losses in the
pumping system, Bentonite clay-cement mixes have an interesting synergistic properties
and has been widely used as a permeation grout. Low-water-content soil-cement mixtures,
like soil alone, can serve as displacement grouting. The advantage of these soil cement
mixes over soil alone is permanence of the grout and their disadvantage is increased cost.
‘The other factors, such as equipment, pressure, and pumping rates, however, are roughly
the same for that of soil alone. ‘ :

Water-insoluble and chemically active materials, natural possolans comprise vol-
canic glass, opal, pumicite, elay minerals, zeolites and hydrated oxides of aluminium, The
most useful from the grouting point of view is pulverised fuel ash or fly ash which is often
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employed in conjuction with cement. PFA can retard alkali agg;'eg?.te reactwn‘s‘an_d ]redx;iz
the heat generation. The chemical interaction produfwjd by PFA with u::emerg{ti is m;c 1 mth
effective than that between sand and cement. Addl‘tmn of fly as}.’x markedly ua.duceis e‘
consistency at a eomstant watér-coment-fly ash ratio. Fly ash with OPC Pro\rlb est ;Bv:;
viscosity than special cements. It has been reported (SOmanathan, 1968)01;}1.:&‘3 o;d.tives
30% of fly ash reduce gelation time, afflux time, b!eedm'g z.md streng‘.th., T }a:.m. ad. 1.dual
are used with the cement in order to vary its characteristics dependmg on the 1m Wll .
job Some are water-soluble, a few are colloidal and some produce gas. For examp e,‘ca c1urr;
chloride is used as an accelerator, carbohydrates can be employed to re.d}lce the water -iem:ent
ratio, expansion may be achieved nsing embeco, ete. Comn}on a.dd;twes tolcerr_ag; ?;\;
used to impart specific El‘operties tothe ﬁ‘nai products are given in Table 6.1. (Littls John,
1982).
Table 6.1, Commen Additives to Cement Grout Used to Impart

Specific Properties to the Final Product
(After Little John, 1982)

Admixture Chemical Optimum do§uge, Remark
% cenent weight
Accelerator  Caleium chloride 1to2 Accelerates set and hardening
Sodium silicate 0.5to 3 Accelerates set
Sodium aluminate - 0.5t03 Accelerates set
Retarder Caleium 0.2 to 0.6 Also increases fluidity
iignosulphonate
TPartaric acid 0.1ta 0.5
Sugar . 01to0.5
Fluidiser Caleium 0.2t0 0.8
Jignosulphonate
Detergent 0.05 Entrains air
Air entrainer Vinsol resin 0.11t002 Up to 10% of air entrained
Expander Aluminium power 0.005 to 0.02 Up to 16% preset expansion
Up to 1% postset expansion

Saturated brine 30 to 60

Equivalent to 0.5% of mixing

0.2 to 08 (for w < 0.7)
' water

Antibleed Cellulose ether

Up to 20% (forw < 5) Entrains air

Aluminium sulphate
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Grouting with Asphalt Ernulsions. Residues of oil refining indistry in an ct-nui‘-

sifying plant is processed to produce nsatly civculardroplets of asphaltsusperided in a watey

matrix. By choosing the proper emulsifying agent one can obtain negatively charged aniohic

asphalt globules (for maximum flow and penetration)or positively charged cationic asphalt. -
globules (to attach to negatively charged clay soils). Further, both anionic and cationie types -
of rapid, medium or slow setting globules can be manufactured. These globular spheres of ‘

1 te 2 um in diameter, along with water can be used as a grout to fill =oil voids or rock
fissures, Rock fissures of 10 um size and middle silts have been grouted using these globulés.

The choice of type of emulsion setting nesded is based on the flow of groundwater in the

voids. Slow-setting emulsions are generally recommended since they can travel the longest
distance into the material being grouted.

6.2.4. SOLUTION GROUTS

There are numerous solution groits are available, Solution grouts can genervally
permeate finer soils than can suspension grouts. Many of the sclution grouts are termed
as chemical grouts, Such chemical groutingis done using “one-shot” system or “two-shot”
system. In the “one-shot” syster where all chemieals are injected togethsr after pre-mixing.
Setting times are controlled by varying the catalyst concentration according tg the grout
concentration, water composition, and temperature (Fig. 6.2). In “two-shot” system (called
Joasten process) wherein one chemical is injected followed by injection of a second chemieal
which reacts with the first to produce a gel which subsequently hardens. Two-shot systems
are slower and require higher injection pressure and more closely spaced grout holes,
Although chemical grouting costs high, it has several advantages, viz., (¢} absenca of
particulate material, (it} low viscosity, and (i) control over setting time.

Tea-shol chemical
injectica set-up

One shot chemicas
injection sxt up
using fwa chemleais

C1,C2 = Chemical 1and 2
1 = Infection pump
£ = Pump

Seoi
TIITTTT FTIIIINIT, 7, /|11/1/; P'=Pressure gauge
F =Flow mater
Y =inlet valve
MT «Mix tank

Fig. 6.2. Two-shot and one-shot methods of chemical grouting.
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" The following detailed classification on'solution grouts have heen given by Tallard

and Caron (1977): ‘

A, Aqueous solutions—Silicate derivatives, Other mineral gels, Lignosulphite
derivatives, Other plant derivatives, Arcylamides, Phenoplast Resins,
Aminoplasts, combination of above.

B. Colloidal solutions—Organic solutions, Mineral solutions.

C. Nonaqueous solutions—Synthetic resins, Vulcanizable oils, Bitumen and other
materials, Solvent systems,

D. Emulsions—Bituminous, Others.

E. Produects reacting with the ground—Reaction with ground or groundwater salts,
Reaction with groundwater.

T, Combined systems.
Some of the more commonly used solution grouts are discussed bslow :

Silicate Derivatives. Sodium silicate, alsa called as water glass, is a commonly
available and relatively an inexpensive agueous solution. Here the sodium silicate is
allowed to react with carbonie acid, by the two-shot system, to form salt (sodium carbonate,
asolid) and acid (silicic acid, a liguid) which further breaks down to water and silicondioxide
(a solid preeipitate). Thus the two original liquids react to form two solids which remain in
the soil voids or rock eracks as the grout. The above reaction is slow which can be accelerated
by adding calcium chloride. Instead of the two-shot system, a delayed and controlled
reaction has also been developed using an organic reagent, usually ethyl acetate or
formamide, which slowly breaks down the acid and produces a colloidal silica gel. The
gelation period can be varjed allowing greater coverage of the avea by the grout. The
commeon silicate based grout adopted nowadays contains sodium silicate, a reactant, an
accelsration and a water carrier in the proportions roughly of 40, 10, 10°and 40 respectively
(Keerner, 1986).

LignosulphiteDerivatives. This grout can be used similar to silicates and possess-
ing a visepsity increasing with time. It is basicatly made from lignin, a residual product
from wood industry. The raw lignin can be used directly, or as a dried, catalyst-mixed
powder to which other additives are sometimes introduced hefore injection, These additives
are added for control of gel time and uniformity. The grouts are made from lignosulphites
and a hexa chromium compound. Scluble lighosulphites mized with a bichromate form
gelatinous masses which are quite firm, the bichromate oxidising the lignosulphite and
precipitating it as the salt of a heavy metal. Setting time varies from 10 min to 10 hours
which is a function of bichromate concentration. Although use of the waste by product is a
welcome measure, the final reaction leaves as residual amount of toxicity.

Acrylamides, The acrylamide grouts are characterised by constant viscosity, good
penetrability, effective control of gel time and adequate strength. There are a number of
acrylamide grout pattented in the market. Aerylamide and the cross linking agent
methylene-bisacrylamide can be mixed and easily dissolved in cold water up to concentration
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af 20% viseosities of the mixes are closetothatof water. Ammlon:ium per_gulphate eé(g:elere:tfas
the reaction speed so that, if required, a gel can be formed wﬂ:.hm a fe\:.' seands. pce? 1236 .
tion of 0.5 to 1% by weight of ammonium persulphate provide gel.‘t:mes‘from 6 :ae?f 0t o
min according to water temperatures and grounid tempel'at'ures. The gel ttmfzs ?:18‘;‘ ecte

hy other factors such as variations in the pyy of the soil which could be controlled by using

appropriate buffers or regulatovs. Actylamide ave mostly used in controlling the flow of

water'and rarely used for stabilisation of rock masses or soils. Acrylamide grouts should
not be used near potable water sources. '

Phenoplast Resins, The resoreinol-formaldehyde combination is a resin results
from the polymerisation of resorcinol {meta-dihydroxybenzene) with formaldehyde ina-
queous solution when the py is changed. This gives higher strength -han acrylamide.
Resoreinol is a phenol derivative so that this grout might be considered as a phenoplast.

. A comparison between the relative degrees of toxicity, viscosity and strength of

. — ot various solution grouts has been made by Karol (1982) which is presented in Table 6.2.
- § < Particle size ranges over which each of these grout types are effective is presented in Fig. 6.3
5 L (Mitchell, 1976). S
o I SN . . .

| g 'E Table 6.2, Relative Ranking of Solution Grouts as to
§ ——— & . their Toxicity, Viscosity, and Strength
€ A = @ {After Karol, 198%)
z - g7 & .
£ e  R— = Grouts Corrostvity or toxicity Viscosity | Strength
= Y. S — = -
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~ % 2 i - . - & : -
iR - z e G Sirec Medium Medium Medium high
T F S & h 3 ' H 2 Silicate-bicarbonate '~ Low Medium Low
2.3 - ‘ :
_,__‘a T, ——— 8 — T u & Lignosulfates
-7 3 £ — & T 5 - E Terra Firma High Medium Low
—£ 3 g — I T DR - & Blox-all High Mediwn Low
% ¢ R - - b @
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- 2 - 1 — % 2 f::‘f Terranier * Medium - Medium Low
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L T i w g Herculox Medium Medium High
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Yl —— F— & AC-400 Low Low Low
0
| g —— 1 Polyurethane
- I ] . CR—250 High High . High
Z 48 F— —— CR—260
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6.2.5. COMPACTION GROUTING

The basic coneept of compaction grouting technique is that of injecting an expanding
bulb of high viscous grout with high internal friction into a compressible soil or into a soil
mass containing large voids. The injected grout acts as a radial hydraulic jack which
compresses the surrounding soil and thus achieving-controlled densification. This is also
called a displacement grouting. Itis essential to distinguish between conventional penelra-
‘tion grouting and the compaction grouting. Conventional penetration grouting basically
involves in filling openings in soils and rocks by a fluid grout, to reduce permeability or to

increase the strength. Campaction grouting does not depend upon grout entering openings

but invalves displacement and compaction of soils as a result of the intrusion of a mass of
thick grout. The difference between these two techniques is shown in Fig. 6.4.

{a) PERMEATION (Y UISPLACEMENT L JENCAPSULATION

sang \
Permeated sand
GROUT FILLS ¥OIDS GROUT BULB DISPLA- GROUT FLUID SURRCUNDS

CES SURROUNDIRG IRTACT CHUNKS OF 5DIL
soIL

Gompaction gout

Fig. 6.4. Types of grouting {After Graf, 1969 ; Mitchell, 1570,

Compaction grouting is applicable to partially saturated cohesive or organic soil
masses, silts, sands and seils containing void pockets. It is also used to stabilise soil under
residences and light commereial buildings and sometimes foundations of large structures.
The following advantages and disadvantages have been focussed by Shroff and Shah (1992)

- hased on the studies by Graf (1969) and Warner and Brown (1874) :

Advantages:
) Minimum disturbance to the structure and surrounding ground during repair.
(i) Minimum risk during construction.
(i1i) Greater economy.
(fv) Supports all portions of structures.
{v) Reduced need for extensive exploration.
(vi) Greater flexibility.
(vii} Groundwater not affected.
Disadvantages: .
(i) Relative ineffectiveness in stabilising near-surface soils,
(i) Prohibitive cost for some structures ii" the soil to be treated is excessively deep.

(i) Grouting adjacent to unsupported slopes may be ineffective.
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(i) Difficulty of analysing results.
{v) Not suitablé in decomposable materials.
(vi) Effectiveness quesfionable in saturated clays:
(vif) Danger of filling underground pipes with grout.

Recently Boulanger and Hayden (1995) have given seven well-defined case histovies
an the compaction grouting treatment of liquefiable soils. From their analysis the following
important lessons are derived :

(i) Construction procedures significantly affect the improvement achieved.

{ii) Significant increases in penetration resistance could be achieved in soils l'aﬁging
from slightly silty sand to silt and the effect in silt is particularly promising.

{iify Grout takes required to ‘produce a specified increase in penetration resistance
{near treatment and grid centre) will be greater than expected based on simple
design caleulations, The apparent discrepancy is attributed to the concentration
of volumetric strain near the injected grout columns.

(iv) Significant economy may be achieved by propetly quantifying the distribution of
volumetric strain around a grout'mass. -

6.3. GROUTING PROCEDURE

Depending upon the material to be grouted (.e., whether it is rock ov natural soil or
fill} its quality (.., in terms of fissures, cracks, discontinuities, or density) and the purpese
of grouting (i.e., for seepage control, or strength of stabilization), a well planned procedurse
has to be adopted to attain the desired result. .

A full fledged pre-grouting site investigation has to be planned and undertaken in
order to decide several factors such as grout type, equipment; grouting technique, ete. Based
on the nature of work the number of drill holes, depth and pattern have to be decided.
Turther, an appropriate injection or compaction grouting has to be followed. Proper grout
injection measurements should also be incorporated in the grouting procedure.

6.3.1. PRE-GROUTING SITE INVESTIGATION

r"""*I’t*i's ‘é‘s{e‘e‘nt\izl to conduct a full site investigation before commencing grouting
AV

i L 0w . . N .
pperations so a8 to decide the method of grouting and the extent of grouting required in a

particu{ar-locabion: The-investigationshonld include a geological survey and investigation
drilling gt Darirze i It} i

i 2l Lue shane s2waes mpika 4 . a e .

: deolog‘tcal survey qgr}l?‘lfgi of st dying thfeugg%eml geolt!wgy of the areg with the help
bf—mappingimethodsfand'ﬁxﬁl'oratory‘drilling,..toétablish..ﬁésm*es,ffauits,_ olds,.ete. The'
frlisttidbneveals:tiarbttent ufisaib Hndmookiforinations, Fhnesiohwenknéad, therdip and
gtr;}gés,igi;&gdf?f};grggou%dgizﬁm sy ertsne o shoai ote wolod haailanl sowilaojifo anmos
noibiiyd dinogad bas { 4oy Yo diunal oiffaars oovd balsoestad wm =anslo agibbod
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Iibvatest tenis b dsfevmine, Hheel ssneth, e

precise Yoeations where grouting has to
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test is a must to factlitate more precise estimation of the required pumpmg plessums,
grouting pattern, and type of grout.

6.3.2. GROUT HOLES PATTERN

Giouting may be of shallow depth with low pressure or deeper depth with high
pressure. The shallow grouting is done first to seal all major erevices in and consclidate
rock ana deep grouting is undertaken later. The field permeability log helps in deciding the
zone te be grouted, the type of grout to use, and the possible extent of grout penetration
under a given pressure. Ideally, the spacing of grout holes should follow a grid pattern such
that the radius of penetration is sufficient to cause slight overlapping between adjacent
Holés. A second and subsequent half-size grid is then mjected to fill the spaces between
adjacent columns (Flg 6.5). Sometimes a thivd and quarter-size grid is required to achieve
the target.

. LES
SECO? HPARY HO PRIMARY HOLES

CYLNOERS OF
GROUTED SOL

Fig.6.5. Grouting pattern.

As a preliminary guidance the spacing of grout holes may be as given in Table 6.3
(Harris, 1983). However, this will very much depend on the viscosity of the grout. After
fixing the length, breadth and dopth of the zone the quantity of grout is caleulated. The
tatal volume of grout required depends on the veid ratio of the zone to be grouted, and the
conditions prevail during execution such as ground water, fissures, ete. Thus an exact
quantity of grout requirement ean not be planned at the beginning of the project.

Table 6.3. Grout Hole Spacing
(After Harris, 1983} -
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Grout holes are drilled with rotary drilling of ‘pereussion drilling. In these hole
drilling no samples are taken, However it is advisable that a small pereontage of the grout
holes be cored or cased so0 that sample can be obtained. In rock, the grout holes are always
washed out and pressure tested

63.3, GROUT CHARACTERI STICS

In order to obtain the desired effects a grout should not set quickly because this may
affect the pumping but should set and harden after the completion of‘pumpmg The viscosity
and subsequent rate of hardening are regulated frequently during pumping by addition of
additives, The fluid viscosity gradually changes with time as chemieal veactions take place
to transform the grout from a liquid stage into a gel (initial set) stage. Some grouts react
in minutes while others may take even 24 hours to develop the maximum viscosity. Clay
suspensmns with bentonite have thixotropic properties, i.e., they behave like a fluid when
in movement and form as a’jelly when stationary and thls transformation is reversible.
Buspensicns of solid particles in water (such'as clays, cements, bentonite, plaster, PFA,
lime, ete.}, emulsions (such as bitumen in water) and solutions (which react after injection
fmm insoluble precipitates) exhibit the above characteristics.

The prineiples to follow in choosing the grout are (Harris, 1983)

() the grout must be able to penetrate the voids of the mass to be injected (e.g., a
cement grout or floceulating chemical grout may get filtered in a fine sand).

(if) the grout should be resi_s_tant to chemical attack when in place,

(@£} the grout should be ablé to develop sufficient shear strength to withstand the
hydraulic gradient imposed during injection and on flowing groundwater.

Recommendation of various grout types for application i in dlffelent situation is
presented in Table 6.4 (Harris, 1983},

Table 6.4, Grout Types and Applications -
(After Harris, 1983)

Confficient of Psfjmpabi[ity of Grid Spacing (m) o Sail Type
the Zn{l(: {mntfs) .
=1 & Fissured rocks
leo1x107! 3 . Medium/coarse sands and gravels
<_A10"' 0.5tal Fine sands

Grout holes are generally vertical but sometimeas inclined holes are made to meet
some objectives. Inclined holes are made to ensure that maximum number of joints or
bedding; planes are intersected by a specifie length of grout hole and beneath building
foundations. Obligue holes are usually made with an angle not exceeding 15 degree or so
to the vértical. Depths of grout hole varies from 20% of the hych ostahc head in hard rock
to T0% of this in poor roek (Kyynine et. al., 1957,

Emulsions
Solutiens, one shot

Solutions, two shot

Grout Type Application
PFA’ : Mass filling in very coarse soils and rock fissures..
Cement- ¢ Mass filling in very conrse soils and rock fissures phis
ground strengthening.
Buspensions Clays Mass filling in medium coarse soils and 1mperrneab1hty
improvement,
Clay/Cement Similar to clays plus added strength

Impermeability improvement.’
Permeability and/or strength improvement in medium
coarss seils.

As for one-shot with additional control of gel time, Also
suitable in fine soils,
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6.3.4. GROUTING PLANT AND EQUIPMENT
Both suspension and solution grouts use the same mixing plants and delivery system

and they differ mainly in their storage and mixing configuration, A grouting plantincludes *

a mixer, an agitator, a pump, and piping connected to the grout holes. A typic.al' cg_n'aent
suspension grouting plant is shown in Fig. 6.6 (Houlsby, 1983). Two syster.ns, viz., single-
line type and circulating type, for piping are shown in the Fig. 6.6, In the circulation type,
the unused grout is returned to the agitator and in the single:line type the grout refussed
- is wasted. ' -
These valves conteol the

quantity 6f grout fed inte
the eircutation. line

Waler meter Llor midsu-
ring water tothe mixer )

Fig. 66! Typical lyoiit of a grouting plant tAdepted from Houlsby, 1983).

Forsolution grouts, separate ingredients are stored in stationary tanks or tank trucks
and metered out on a flow volume basis. : ¢ '
to the intended grout pipe. The grout pipes are connected in a manifold system, but each is
separately valved so that complete control is obtained over their flow:

The basic items required for a grouting plant and their functions ave !
(i) Measuring tank—to control the volume of grout injected.
(ii) Mixer—to mix the grout ingredients.
(if) Agitator—to keep the solid particlés in suspension until pumped (not required fof
chemical grouts). .
{iv) Pump—to draw the grout from the agitator to deliver to the pumping line.
1 (v} Control fittings—to control the injection rate and pressure so that the hole can be
i -celh sniflguTanly Blend-with water and thin grout.

dhos o

They are mixed at junction points and delivered.
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It is- always necessary that a thoroughly-mixed mixing is done in three stages
(Houlshy, 1982) : (i} formation of a vortex which acts as a centrifugal separator-thicken
grouts and unmixed eement are pushed to the periphery of the vortex and passed to amixing
rotor, (i) treatment of thicker fraction and unmixed cement from the vortex - these are
subjected to a violent shearing action in a mixer rotor, which breakes up thicker fraction
and lumps of cement and wets and produces a grout resembling like a colloidal solution
rather than a mechanieal suspension, (iii) cireulation of the treated fraction back into the
vortex-vortex continues to spin till all the thicken fraction of cement lumps are broken and
the entire grout reaches an uniform consistency. Houlsby (1983} advocates the following
precautions while mixing a grout : ’
(i) Water is placed first in the mixer.
(f1) Mixer is run at the maximum speed before adding the cement.
@iif) Grout is mixed in batches,
{iv) Ingredients have to be measured by volume.
(v) Enough water should be rhaintained to cover the rotor while it is functioning.
(vi} Mixer should not be allowed to run for more than a few minutes between batches.

{vif} Mixers should be cleaned thoroughly after the day's work.

A barel type grout mixer (Fig. 6.7) consists of a cylindrical drum placed either
horizontal or vertical with an axial shaft fitted with paddles or blades. The axial shaft is
rotated normally or by power. Cement and water ave thoroughly mixed with the help of
paddles. Vertical type of mixer is used to handle small quantity of grout. ‘

WATER METER
CEMENT

‘z__-__,__

L
T

PABDLE

WATER

MOTOR ¢ EmenT

h‘=|=|=T:m~-v~men

FADDLE
prmii |

fe— CYLINDRICAL DRUM

L 4— OELIVERY

—

Fig. 6.7. Vertical and horizental barrel type mixer (Adopted from Houlsby, 1882).
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A grout mix should be continuously agitated to prevent ss_etting. This' is a::hi;:{ve;!1 'b})i
an agitator sump between the mixer and the grout pt;m};ln. é}z aglf]s?tc};r iiur{:p li Z]t:]r; d:; ::.é‘
itati i isti f a vertical shaft to which horizon 5
has an agitating mechanism consisting ¢ : oTizonta es ar
c:r?r:acted which is revolved at 30 to 100 rpm. (Fig: £.8). The grout mix from the mixer is

i i 'k d other foreign matters.”
‘ough a wire screen to remove pleces of sack, Sf:,l ings, an f » mal
e athor s fixed to the agitator near the delivery pipe, to prevent entering of

ther screen is r th enteting
ﬁzlf:p?;z the pump. A graduated (in litres) dipstick is used to measure the quantity of grout
in the agitator.
[rroron] PADDLE
REVOLVING AT

0D rpm APPROX

/\"
DISCHARGE __..-/—\

- EHD OF CIRCULA = A
TION LINE r

5 M(3TE
APPROX
+—w T PUMP
ELEYATION
. AEMOYABLE
SCREEN
IPSTICK
EACT GRADUATION
of 5 LITRE)

PADOLES

— BAFFLES

VIEW A A

Fig. 6.8. Grout agitators (Adopted from Houlsby, 1982).

For most situations, pumps should be able to provide pressures of 2803.1{1\11/;1112 or
under, and rates of displacement around 0.007 m®, Pun'?ps may be of }?‘;sbon rir ¢ sa‘ff mf:;
type. The best all-purpose pump should be able_ to displace the wi le varie rghe ﬁﬁ'{ow-
consistencies actually employed in practice includ.mgvew low slump metures.‘- o
ing capacities of pumps may be preferred depending on the type of grout (Harris, R

Pressure (N }mm®) Delivery (I [min)
120
Small pump 0.8
1.5 45
‘ 450
Large pumnp 3.5
10,0 130

Other accessories needed to the grouting
pressure gauges, packers, casing tubes, flow metres, etc.

plant ave grout pipes hoses, valves, nipples, |
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© 6,3.5. INJECTION MEFTHODS

The successful implementation of a grouting project very much depends on the skill
and precision with which the grouting process is executed adopting an appropriate injecting
. technique. Generally the grouting methods to be adopted in a project arve usually specified
. on the grouting project design. In selecting a grouting method the following aspects have-
- to be satisfied : (i) soils or rocks of different characteristics should be treated individually,
- (it) it should be possible to treat short sections of boreholes in any desired sequence and”
. repeat the injection if necessary, and {i77) leakage around the borehole should be prevented.

In the normal practice individual grouting of each hole is done. However, group
i grouting (in which more than one hole are grouted simultaneously) is occasionally under-
. taken when rock eonditions permit. For ‘curtain grouting’ (i.e., to form a deep barrier to
prevent passage of water through a foundation); holes are grouted in stages. For blanket
: grouting’ {i.e., grouting of the surface area), the shallow holes are usually grouted to their
full depth in a single operation by the method known as “full depth grouting” or “circuit
grouting, full depth”. :

Basically, grouting activities are mandatory for strengthening and water sealing.
Compaction grouting may be adopted for the former activity. Consolidation grouting is
another approach and this is frequently effected to a depth of about 6 m below the structure,
tha grout holes being injected in a single stage (Seed, 1972). Blanket, contact, and curtain
grouting can cut off water effectively. Contact grouting in tunnels may be carried out
starting at one end and advancing continuously towards the other. In this process the lower
holes in each ring being treated first and uppermost ones last.

In general the stratum to he grouted is divided into zones depending upon the
permeability condition of different zones of the stratum and each zone is separately grouted.
The several methods deseribed below can achieve the required target.

Grouting from the Bottom. A grout hole of 50 to 75 mm diameter is drilled to full
planned depth. Inrigid soils or in intact rock strata a self expanding packer is placed directly
above the lowest zone and grout is pumped in Fig. 8.9). The proeedure is repeated aftex
the packer is raised and fixed to the next zone. Thus the drill hole is grouted successively
upwards. In soft or unstabls seils the drill hole must be supported by a casing and it also
provides a good seal between the packer and borehole walls. The casing is raised progres-
sively with packer. In fissured rock, a particularly permeable stratum can be isolated using
a double packer (Fig. 6,10). ‘

Grouting from the Top. In this method, heles are drilled down to the seam closest
to the surface and grouting is carried out. Holes are then cleaned by washing and drilling
continued to the next seam. The grouiing process is then effected. Subsequent washing
followed by further duilling and repeated grouting are done until the entire operation is
completed (IMig. 6.11 ). This method gives a low output, However, by this methed, short
passes can be treated individually and there is no risk of leakage along the hole into the
underground zone. This methed is quite useful for heterogeneous strata and provides
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Fig. 6.9. Self-expanding packer.
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improvementof the upper zones and should any weakness exist, deals with it aui
During grouting if any sensitive surfaces are encountered, they should he thordu:g'hly
tightened before grouting of the lower stages is undertaken. In this method, rubber packers
may also be used which could expand on pressure to about five to six times the diameter of

the hole. Hencs, grouting is facilitated in a particular zone by fixing packers on the top and
bottom of it [Fig. 6.11 (5)].

éma_tmally.
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Fig. 6.10, Grouting an isdlated stratum using self-expanding packer.
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Fig. 8,11. {u) Dewnstage without packer
{Adopted from Water Resources Commission, Australia, 1981).

Circuit Grouting. This method is based on the principle of grouting from the top
downwards. A drill hole is bored to'the depth of the bottom zone and grout is pumped down
the grout pipe and returned up the drilt hole (Fig. 6.12). By this process clogging is almost
eliminated. The grout hole is then despened and the procedure repeated.

Tube-a-Manchette Grouting, The double packer method adopted for fissured rocks

' was found unsuitable in alluvial soils as difficulties faced to'effect asesl on the lower packer.

This difficulty is overcome by this method. In this method a 12.5 to 15 cm diameter hole is
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Fig. 611. (b} Downstage with packer
(Adupted from Water Resources Commission, Australia, 1981},

drilled in the stratum and a 6 em diameter pipe, called the tube-a-manchette, with a

eircumference row of holes, is lowered instde the drill hole. The drill hole is covered with :
10 em wide tightly fitting rubber steeves. The 6 cm diameter pipe is sealed into the outer
hole by a clay-cement grout. Grouting is effected from botton upwards through a smaller -
interior grout pipe lowered into the 6 em diatheter pipe (Fig. 6.13). The inner grout pipeis

tightly fitted to the 6 crn diameter pipe with the help of rubber packers (IS - 4099-1978)
When bthe grout is pumped in through the inner pipe, due to the high pressure th
clay-cement grout eracks and allows the grout to fill the voids in the surrounding soil. THi
solves both the problems of supporting the hole and allowing grout to flow into the soil. Thi

method is suitable for grouting alluvial type soils. Although the procedure is cumbersome,:
it enables grouting in any desired sequence. It is difficult to assess the pressure-intake and:

is-costlier than the other methods discussed earler.
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Fig. 6.12, Circulation grouting method.
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Pig. 6.18. Grouting through tubes with sleeves (Adopted from 15 : 4099-1878).

Point Grouting, In shaliow work of 10 to 12 m deep the grout is injected from the
points of a driven or jetted lance. Injections are delivered at pre-determined positions along
the line of drive and also on the return in systems where a second reacting grout ingredisnt
is to be placed independently of the initial injection.’ This is widely used and has the
limitation as regards to depth and penetrability of fine strata.

Jet Grouting, Jet grouting, which has originated from Japan, is used as replacement

- technique, unlike other conventional injection methods. By this methoed, soils ranging from

silt to elay and weak racks can be treated. This methed consists of lowering a drill pipe into

o a 150 mm diameter borehole. The drill pipe is specially designed which simultaneously

conveys pumped water, compressed air and grout.fiuid. At the bottom end of the pipe two
nozzles ave provided at 500 mm-apart. The upper nozzle (1.8 mm diameter) delivers water
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at about 400 bar surrounded by a collar of compressed air at 7 har to produce a cutting jet.
The grout is delivered through the lower nozzle (7 mm diameter) at 40 bar (Fig. 6,14} The
grouting action requires the stem to be slowly raised, whereby the excavated material
produced from the jetting action is replaced hy the grout and forced to the surface. The jet
water could reach about 1,5 m and by rotating the stem a ¢olumn of replaced earth may bs
formed.

SIMULTAKEQUS SUPPLIES

OF WATER COMPRESSED.,
AlR AND GROUT

THREE PHASE
el FLUD PIPE

DRILLING RIG ﬁ ;DISPLACED SQIL

150 mm gia

[{[proation

UPPER JET(Waler and compressed air)

Fig. 6.14, Jet grouting methad.

Pressure Injected Lime, This is a special form of grouting in which a lime slurry,
containing 0.3 to 0.4 kg lime per litre of water plus a surfactant, is injected under high
pressure (350 to 1400 kN/m®%. Hjections, spaced at 1 to 2 m are made at vertical intervals

“of 0.3 to 0.5 m to maximum depth of about 3 m. Pumping is continued at each depth until
refusal or the sltiry runs out at ground surface. Usually about 120 litres of slurry is
consumed per meter depth.

This method is best suited for expansive soils with cracks, fissures, slickensides
fractures, and root holes which are used as foundations for light structures. Because of high
pressure adepted in this method, the expansive soil can be treated to a depth greater than
the depth of seasonal moisture variation. These discontinuities existing in the soil, in
conjunction with channels formed by hydraulic fracturing under the high injection pressure,
provide channels for the slurry throughout the soil. Stabilization is achieved through
reaction between the lime and the soil adjacent to the cracks which forms moisture barriers
to protect the untreated soil blocks against volume change. As the lime particles are bigger
than the pore size, significant penetration-of the grout into soil pores does not ocour,
Further, migration of lime mto the soil from the eracks by diffusion also is slow (Mitchell,
1978).

Tru(_:k-mounbed injection rigs containing mixing tanks, pumps, hoses ahd injection
pipes can treat areas of virtually any size or configuration, Cost of stabilization is generally
low. '

Electrokinetic Injeciion., Stabilization of silty soils may ndit be possible by chemi-
cal or admixture perhaps because of lack of confinement or the necessity to avoid distur-
bance of the ground. In such situations electrokinetic injection technique may be adopted.
In this technique chemical stabilizers are introduced at the anode and carried toward the
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cathode by electro-osmosis. Direct current electrical gradients of the order of 50 to 100 volis
per metre ave required. Although the method is likely to be expensive, it can be effectively
used in special cases (Mitchell, 1976). Twao case histories of electrokinetic injection is
presented in Table 3.2,

Compaction Grouting Technigues, Compaction grout work utilises portland
cement clayey silty sand mixture. Normally, two to four bags of cement percubic meter of
clayey silty sand are used. Silts and clays are added to provide plasticity and eohesion to
the mixture. The function of sand is to provide interparticle friction and to reduce the silts
and c¢lays to a semiplastic material, ‘

Koehring mudjack is the basic equipment which enabled the compaction grout
technique to develop and is still the most widely used, The principle behind the design of
the equipment is a chopping pug mixer that provides thorough and uniform mixing of the
materials and a feed provision to the piston pumps with ashut off arrangement (Graf, 1969).

.However, the mudjack has two set backs which could be improved in the refined models,

viz., limited pressure capacity, and holding of a zero slump mixture.

The grout holes arve predrilled and cased up to the top of the zone to be treated.
Injection is usually done in vertical stages of less than 2.4 m. Grout holes may be inclined
with inclination not exceeding more than 20° off vertical. Before injection the holes ave
primed by injection of water or lime slurry.

Injection points are placed by drilling inside and ahead of a 3.8 or & em pipe while
simultaneously driving the pipe. The points are placed at different depths such that a
staggered depth patternis achieved (Graf, 1969), Generally shallow points are placed closer.
Figure .15 shows a possible section showing grout point positioning varying with depth of
grouting. Another pattern (Fig. 6.16) frequently used is angulation of the grout points so
as to gmut beneath a structure without going through it (Graf, 1968},

3

Fig. 6.15, Possible section showing grout point positioning varying
with depth of grouting (Adopted from Graf, 1969).

In most of the compactmn gwutmg work is effected by placing the points to fulk depth
and pumping until (i) resistanee to pressure is achieved, (if) pressure loss or surface lift is
observed, indicating maximum compaction for the bulb, or {iii) in the judgement of the grout
foreman or engineer, pumping should be stopped (Shroff arid Shah, 1992). The grout pipe
is then withdrawn to soms distance, varying with job conditions, and operation repeated.



170 GROUND IMPROVEMENT TECHNIQUES

Fig. 8.18. Poasible section showing angulation of grout peints and bulbs
(Adopted from Graf, 1869).

When maximum compaction of the seil surrounding each bulb is achieved, the
pressure will cause a lift of the overlying seil. Lifting of light structures may be achieved
at depths of 1.8 td 8.0 m below the foundation whereas for heavy structures the depth
required will be about 3.6 to 6 m below the foundation, )

6.3.6: GROUT INJECTION MEASUREMENTS AND MONITORING

“During the grouting process the basic information to be obtained is the weight for
suspension grauts and volume for solution grouts and grout flow rate along with pressure

for both. The measurements of weight or volume should be made accurately so as to confirm :

mix proporfions. In solution grouting positive displacement meters may be used for their
purpose (Baker, 1982).

_ The flow rate of the grout during injection should be continuously monitored and
plotted against the grout pressure to ascertain the condition below the ground. Different
types of flow meters are available in the market.

Pressures should also be monitored at the grout stations, if possible, continuously.
Bourdon tubs type gauges are also used to measure pressure periodically which usually

take a dreadful battering on most grouting jobs and yet provide such valuable information '

that they are worth taking care of (Koerner, 1985).

Girout menitoring, is not just measurementof flow rate, pressure, ete., butitismaking -

a positive assessment of the results of the injected grout. This can be accomplished by the
conventional methods by obtaining undisturbed soil and rock samples of the grouted
material and then testing them for strength, permeability, compressibility, etc. adopting
standard laboratory methods. The constraint about this approach is the selection of test
boring location, depth of sampling and finance. A better approach is to use indirect methods
such as geophysical or non-destrictive testing methods which will provide a continueus
trace of c'o']ff.in_i_io'us'ligfure and af‘tgr' grouting either along the ground’s surfacé or within
adjacent grout pip'eé; Hi{ck and Wa}ier (1982) have recormmended grout monitoring proce-
dure Which is presetited’in Table 6.5, S B
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Table 6.5. Grout Monitoring Procedures at Varicus
Times During the Grouting Process
(After Huck and Wal ler, 1982)

Grouting activity Minor monitoring effect only Intense monitoring effort
Prior to grouting Inspect equipment Inspect equipment
Set elevation survey points Set elevation survey points
Establish monitoring plan and Estzblish monitoring plan and procedures
procedures
During drilling Conduct pregrout radar and cross hole
acoustic surveys
Grout Materials Certificates of compliance Certificates of compliance
Trial grout mixes Trial grout mixes .
Independent laberatory tests
During grout Monitor injection pressure and Monitor and record injection pressure and
flaw rate. flow rata (strip chart}
Grout samples for gel time and Grout samples for gel time and storage
storage
Plot grout-take log Plot grout-take log
Heave measurements on survey Heave measurements on survey points
points In-situ deformation measurements as
appropriate {inclinometer andfor in-situ
stiain)
Pere-pressure data
In-situ resistivity
Acoustic emission monitoring for
hydrofracturing
After grouting Final heave survey Final heave survey
Final review and signoff’ Postgrout redar and acoustic surveys
’ Final review and signoff
6.4. APPLICATIONS

The major application of grouting is seapage control and strengthening. However,
grouting has been in use for other allied engineering works such as underpinning, vibration
control of machine foundation, slab jacking, anchor systems, ete. Some of the major
applications of grouting are briefly explained below.

6.4.1. SEEPAGE CONTROL

Seepage Control in rock under dams is the oldest area of grouting application which
has had considerable exposure, Based on the degree of fracturing in the rock nearits surface
a shallow blanket grout is placed, through which a deep curtain grout injected (Fig. 6.17 ).
This curtain wall is a cut off walt which is on extension of the clay core of the claws and the
junction is made more carefully to avoid a seepage path through the interface. Spacing and
depth of the curtain grouting is shown in Fig. 8.17 () and Fig. 6.17 (c) shows the typical
pattern which varies with location along the axis of the dam. Grout curtain configurations
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(2).Grout pattern typically used in fractured rock where upper
surface is highly fractured.
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Fig. 6.17. Blanket and curtain grouting fnr seepagg.gontral
beneath dams on rock foundations (Adopted from Wahlstrom, 1974).
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secting fault zone

{c) Conerate arch dam

Fig. 6.18. Grout curtain configurations for seapage control of
rock foundations (Adepted from Wahlstrom, 1974).

for seepage contro} of different rock foundation are shown in Fig. 6.18 (Wahlstrom, 1974).

Control of sespage of pervious dam foundations are accomplished by a variety of
grouts and such grouts are usually placed deeply. It is customary te provide parallel rows
of curtain grout lines in'soils. A deep grout curtain used to limit the seepage loss in soil is
shown in Fig. 6.19 (Bonazzi, 1965). In this situation, a flexible grout curtain was found
suitable in certain places, Accordingly silicate solufion groutjng or cldy suspensions were
used in some places while in other places clay-cement grouts were used to have water
tightness. ’

In constructing transit or utility tunnsls beneath water table ina pervious soil, water
inflow ptoblems can be expected. Such water inflow may erode fine soil particles resulting
in piping collapses and large surface subsidence. In such situations, one method of
constructing the tunnel is to grout the soil in advance of tunneling. Chemical solution
grouts, with relatively quick setting time are recommended for this purpose. ,

- In order to prevent hazardous materials and toxic waste landfill leachates from -
environmental pollution, grouting technique has been adopted. The isolation of a pit with
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Fig. 6.19. Deep grout curtain (various types of grout)
beneath earth in France (Adopted from Bonagzei, 1965).

such materials from its surrounding environment is done by drilling a row of closely spaced
grouts and continuous grouting is performed fromi their bottom upward. Generally chewmical
grouts of low viscosities are adopted such that the grout curtain is tight. However, jet
grouting is well suited to address the problem of toxic waste containment,

6.4.2, SOIL SOLIDIFICATION AND STABILIZATION

Construction of transit and utility tunnels can cause settlement and stability
problems for adjacent buildings and structures located above them. Such a situation for
Prague subway was handled by Verfel (1979) by adoptiﬁg suitable grout (Fig. 6.20).
Different grouts were used depending on the nature and type of strata. By this grouting it
was reported that adjacent buildings were raised by 12 to 17 mm. The volume of grout used
wias 35% of the grouted volume of the otiginal soil. Stabilization grouting is also used as a
method of under pinning of building foundations. ’

It may be necessary to treat ground destined to carry bridges with appropriate
grouting materials in order to obtain stabilisation and ensure its .ability to carry the
projected load. Ground stabilisation proved to be necessary especially under the pievs. This
is effected by appropriate chemicals or cement.

A mine may, from the hydraulie stah;i point, be regarded as. a large scale di-éinage .

system entailing the necessity of pumping quantities of seepage water to the surface
throughout its life which may be half a century or more. This is én expensive work which
could be, partially or completely obviated by grouting. The earliest grout used in mining
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Fig. 6.20. Different grout types and how they were used to stabilize buildings located
adjacent to and above site of construction of Pragus subway {Adopted from Verfel, 1979).

operation is sodium silicate aluminium sulphate chemical grout. Some mining operations
cause surface subzidence due to removal of subsurface support and the risk of occurrence
of such a damage may be reduced or eliminated by appropriate grouting. In mining
operation grouting is done for these basic reasons, support and water sealing, in every case,
gometimes former, sometimes for the latter and, if necessary, for both.

Slabjacking, formerly known as mudjacking, technique relates to the raising of

" concrete pavements and the stabilization of slabs by means of infilling existing under slab

voids. This is different from compaction grouting discussed earlier. Compaction grouting
applies primarily to soils whereas slabjacking pertains to man-made structures and is
particularly effective in highway maintenance. The use of pressure injection has been in
use since Second World War and a variety of materials have been used. Some of the
materials are : hot asphalt, soil-cement slurries and cement-sand-mixes, hydrated lime, fly
ash, ete. Sufficient research and development have been directed in this technique and
adequate refinement has been attained to achieve any desired result. Also, the terminology
has been divided into the categories of slabjacking, where actual lifting or levelling is
involved and pressure grouting, where-the objectives is simply infill voids. The term
mudjacking is no longer in use. The mudjack machine more or less in-its original form is
still employed for this type of work. ’

6.4.3. VIBRATION CONTROL

Excessive vibration (amplitude or settlement) is caused in those cases where vibrat-
ing machine foundations have an operational frequency approaching the natural frequency
of the foundation-sojl material and induee resonance. If it were possible in some way to
forecast the natural frequency aceurately, the problem of resonance can be completely
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avoided. As the correct assessment of natural frequency is much more dif! fieult, the problems

of resonance may occur from time to time. Simple techniques are sometimes quite effective

in eliminating the occurrence of resonance, e.g., the foundation may be separated from
adjacent floors or the water table may be lowered or mass may be added by underpinning
the foundation. Grouting is an efficient corrective technique.

Chermical injection through machine foundation soil is a recent finding in decreasing
vibration. Chemical grout alters the elastic praperties of the soil and resulis in increased
rigidity of the base. Increase in rigidity increases the difference between the frequensy of
natural vibration and the operating frequency of the machine resulting in decrease of
amplitudes. The injection method has an added advantage of non-interruption of work of
the machine during the treatment. It is sufficient to stabilise the soil near the foundation
edges perpendicular to the plane of vibration.

CHAPTER 7

Mechanical, Cementing and
Chemical Stabilization

7.1, INTRODUCTION

Soil stabilization is referred to as a pracedure in which a special soil is propor-
tioned/added/or removed, or a cementing material, or other chemical material is added to
2 natural soil material to improve one or more of its properties. One of the more common
methods of stabilization includes the mixing of natural coarse-grained soil and fine-grained
s0il ko obtain a mixture that develops adequate internal friction and cohesion and thereby
provides a material that is workable during placement but will remain stable further.
Improvement of soil praperty by proportioning of coarse and fine grained soils is commonly
reforred to as mechanical stabilization. Rearrangement ofsoilp articles by some mechanical
means (say by compaetion) is also referred toas mechanieal stabilization. On the other hand
stabilization can also be achieved by mechanically mixing the natural seil and stabilizing
material together so as to obtain a homogeneous mixture. After the soil and the stabilizing
agent are blended and worked together, they ave compacted using an appropriate compac-
tion device. The stabilizing materials inciude cement, lime, bitumen/asphalt, polymers and
other chemicals. Addition of chemicals causes a physico-chemical alteration and referred
to as chemical stabilization. In order to sugment the stahilization, additives which have
the property of water-holding or water-resisting property are sometimes added.

7.2, REQUIREMENTS OF SOIL STABILIZATION

The mode of alteration and the degree of alteration necessarily depend on the
characterof the soil and onits deficiencies. In general the requirement is adequate strength.
In the case of a cohesionless soils the strength could be improved by providing confinement
ot by adding cohesion with a cementing or binding agent. In the case of a cohesive soil, the
strength could be increased by drying, making the soil moisture-resistant, altering the
clay-electrolyte concentration, increasing cohesion with a cementing agent, and adding
frictional properties. Compressibility-can be reduced by consolidation, by filling the voids
with an appropriate material, cementing the grains with a rigid material or by altering the
{intér-particle electrical) forces. Swelling and shrinking can he controlled by adding cement-
ing agents, by altering the double-layer thickness and property, and by preventingmoisture
changes. Permeability can be ieduced by filling the voids with an impstvious material or
by ereating n dispersed structurs of the soil. On the other hand, permeability can be
increased by removing fines or ereating an aggregate grain structure. Different methods of
stabilization are ir use. Based on their function or effect on soil they may be classified as
follows : ’ -

177



178 GROUND IMPROYEMENT TECHNIQUES

{i) Mechanical stabilization : improving soil gradation or arrangement.
(ri} Cementing ; binding the particles together without their alteration. R
(i1} Physico-chemical alteration : changing the clay minerals or the clay-water system.

(iv) Ageregants and Dispersants : alteration of electrical forces batween soil particles
in a modest way. -

(v} Void filling : plugging in voids,
(vi) Consolidation, '

Metheds which are pertinent to the above function () to {iv) are discussed in this

Chapter. Methods pertaining to function () and (vi) are discussed, in parbicular, in’ .

Chapters 6 and 4 respectively, although other methods also deal indirectly these aspects,

Every stabilization ‘process will be satisfactory when it provides the l‘equired
qualities and fulfils the following criteria: R

(1) be compatible with the soil material,
(i) be permanent;
(Zit) be eastly handled and processed, and
(iv) cheap and safé.

7.3. MECHANICAL STABILIZATION

As discussed earlier mechanical stabilization covers two methods of changing soil-

properties, viz., (i) the rearrangement of soil particles, and (i) the improvement of soil -

gradation. There are several examples of particle rearrangement, i.e., the blending of the
layers of a stratified soil; the remoulding of an undisturbed soil, and of most importance,
the densification of soil. Methods of densification of soils are dealt in Chapters 2, 4 and 5.
The remaining portion of this section will cover the aspects pertaining to improvement of
soil gradation.

The use of correctly proportioned material is of particularimportance in the construe-
tion of low cost roads. The principle of grading soil may be applied to the improvement of
subgrade soils. The main application of the control of the grading of soils and low grade
aggregates is to the construction of bases and sub-bases, )

7.3.1. MECHANICAL STABILITY OF MATERIALS

In general weak aggregates are preferred for mechanical stabilization because they
will break down under compaction to give a grain-size distribution more closely approaching
that required for maximum dry density. The aggregates should be correctly proportioned
before laying and should have sufficient mechanical strength so as to maintain the same
grain-size distribution during compaction and subsequent use by traffic. Any material that
is resistant to weathering shall be suitable for use as aggregate in a mechanically stabilized
road. All kinds of natural rock, gravel, sand, artificial materials (such as slag, burnt shale,
ete.) have been used in road construction with success.

MECHANICAL, CEMENTING AND CHEMICAL, STABILIZATIGN 179

In order to attain adequate mechanical stability it is necessary to have a well
proportioned toarse material containing some clay binder. In the case of coarse materials
it is assumed that the particle-size distribution giving the greatest density hasthe greatest
internal friction. Fuller and Thompson {1907) showed that a granular mass has a relatively
high dry density when its particle size distribution follows a certain law, which for practicat
purposes may be written as .

The aperturé size of that sieve .
The size of the largest particle

Percentage passing any sieve =100

Tt is observed that to obtain adequate cohesion, greater proportion of material less
than 0,075 mni is necessary. Fuller curves have been widely used. '

It has been found in practice that the plasticity index of material should be limited
to a maximum of 6% for bases and should be hetween 4 and §% for surfacings. The liguid
limit should not exceed 26% for base material and 35% for surfacings. Higher liquid limits
and plasticity indices ave desirable for surfacing and quite undesirable for-base courses.

Adeguate compaction is necessary when construction with soil or low-grade ag-
gregate mixtures. Experience has shown that good compaction of a base can be obtained if
it is used by traffic for some months before a surfacing is applied. The type of compaction

.equipment and control methods are diseussed in Chapter 2.

7.3.2. PROPORTIONING THE MATERIALS

Natural materials ave deficient in one or move of the particle-size fractions required.
Thus a mechanically stable material can be produced only mixing two or more of the
materials in appropriate proportions, Among the methods available, the methad proposed
by Rothfuche (1035) has been in use, asitis reasonably quick and simple and can be applied
to mixtures of any number of components, It consists essentially of the following stages
(HMSO0, 1974): -

(i) The cumulative curve of the required aggregate particle-size distribution is
plotted, using the Uisual linear ordinates for the percentage passing but choosing & scale of

. sieve size such that the particle-size distributien plots as & straight line. This is readily

done by drawing an inclined straight line and marking on it the sizes corresponding to the
various percentages passing. ‘ :

{if} The pérticlé-size distribution eurves of the aggregates to be mixed are plotted on
this seale. It will generally be found that they are not straight lines.

(#ii) With the aid of a transparent straight edge, the straight lines that most nearly
approximate to the particle-size distribution curves of the single aggregates are drawn.
This is done by selecting for each curve a straight line such that the areas enclosed between,
it and the curve ars a minimum and are balanced about the straight line.

{iv) The apposite ends of these straight lines are joined together, and the proportions
for mixing can be read off from the points where these joining lines cross the straight line
representing the required mixture.

Laboratory tests, such as particle-size analysis, plasticity and compaction tests, are
performed on the material or mixture of materials.



180 GROUND IMPROVEMENT TECHNIQUES

7.3.3. ADDI'ION OR REMOVAL OF SOIL PARTICLES

The engineering behaviour of a soil also depenids on the particlesize distribution and .

the composition of the particles. It is possible to significantly change the property of a given
soil by adding some selected soil or by removing some selected fraction of the soil. Generally,
the cost of addition-removal technique of stabilization can be very low. The construetion
procedure, cost, andresults obtained from the addition-removal stabilization depend mostly
on the type of problem and nature of soil at the field condition. Thus it is not practically

feasible to set certain principles and procedures for this method. Tn otder to enlighten this -

method of a[gproagh three types of addition-removal technique are discussed (Lambe, 1962).

‘Addition of Binder to Gravel for Road Construction. The gradation for soil-

aggregate materials have to be selected to give the densest mikture by supplying just the

assortment of paiticles to minimise the amount of voids. The binder, a fine material, is,

intended to give cohesion to the mixiure. The addition of fines, many & times, improves even
an unaceeptable material as a useful material. Addition of fines to road basés and subgrad_é's
should be done in a cautious way. Because by adding fines one should not change a
free-draining, non-frost-susceptiblé material into a poor-draining, frost-susceptible soil.

Soil stabilization by the addition of fines has proved a very cheap and powerful techriique..

Addition of Material fo Reduce Permeability, The properfies of dlay size
materials may vary widely with the composition of the material and with the nature of the
exchangeable ion on the material. In general; as discussed earlier, the properties of a soil
can be altered by adding fines.

In order to reduce the permeability of a given soil, it is the common practice to add
sodium montmorillonite . (bentonite). For example, it is stated (Lambe, 1962) that the
permeability of a silty sand was reduced from a value of 10~ cm per sec toless than 10 em

* per sec by addition of 10% of bentonite. - :

1t is also possible to reduce the permeability of a given seil by addition of a sunitable

locatly available fine-grained soil. In general, being less sensitive and better graded, natural ’

clays can be blended with pervious soils to result in a more nearly permanent blanket than
can bentonite, : : : :

Removal of Fines from Gravel. Two of the most impbrtant uses of gravel are for
pavement base courses and for filter courses. In order to use gravel for these purposes, the
presence of fines should be less. An approximate upper limit of particle sizes finer than 0.02 mm
for a non-frost-susceptible gravel is 3%. For-a filter material, the maximum permissible
amount of fines depends on the gradation of the neighbouring soil, The easiest way of
remaval of fires from gravel is by washing. Although the method appears to be simple it
needs a large quantity of water. This technique is adopted more often for base-course
materials, ’ '

7.4. PORTLAND CEMENT (GEMENTING) STABILIZATION
Binding of soil particles V&)gether without their alteration is referred to as soil

stabilization by cementing. Portland cement and bitumen addition eause stabilization of
soil by cementing. ’
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) Portland cement is one of the most successfully used soil stabilization. Cement and
soil blended material is referred to.as soil-cement. The mechanism involvéd in the process
of stabilization of soil hy cement is ot fully known. It is generally accepted that cement
reacts with the siliceous soil to cement the particles together. In a soil-cement more of coase-
grained particles are cemented and the proportion of fine-grained soil cementation is small.
The physical properties of soil-cement depend on the nature of soil treated, the type and
amount of cement utilised, the placement and cure conditions adopted. Soil-cement has
been employed for many applica¢ions and in particular for the bases of roads and airfields,

7.4.1. NATURE OF SOIL

All inorganie soils which can be pulverised can be stabilized using cement. Soils
should be low in crganic matter for suecessful stabilization since this constituent tends to
reduce the strength of soil-cement. About 2% of arganie matter is considered to be the safe
upper limit. o

Soils with higher specific surface require more cement for stabilization. Presence of

clay in soil causes problems in pulverisation, mixing and compacting the mixture. Further

it is difficult to stabilize soils with clays of expanding type. -

Exchangsable ions ini a soil influence the responsé of sotl treatment, Calcium is the
most desirable ion for ease of coment stabilization. Lime or calcium chloride is sometimes
added to clays being stabilized with cement, _

Apart from organic matter, the chemical composition of the soil is of importance only
il appreciable quantities of deleterious salts, such as a sulphates, are present. The harmful
offect of these compounds is thought to be due not to areaction affecting the setting of the
cement, but to a subsequent disruption of the soil-cament structure caused by crystal-
lization of highly hydrated salts in the pores.

Soils with the following limits ean be economically stabilized (HRB, 1943) :
Plasticity limits
Liquid limits < 40%

Particle size distribution limits
Maximum size 76 mm
Passing 4.5 mm LS. sieve > B50%
Passing No. 40 LS. sieve . . > 16%
Passing 76 uIS sieve - < BO% " Plastieity index < 18%.
. Tn general the best results are obtained with well-graded soils having less than 50%
of its particle finer than 0.074 mm and a plasticity index less than 20%.

7.4.2, AMOUNT OF CEMENT

Soil-cement has been made with cement content varying from b to 20% for satisfac-
tory stabilization, the following amcunts of eement are usually required (Lambe, 1962):

For gravels, a cement level of 5 to 10% by weight
For sands, a cement level of 7 to 12% by weight
For silts, a cement level of 12 to 15% by weight
Tor clays, a cement level of 12 to 20% by weight

‘when the cement is hydvating satisfactorily in a mixture, anincrease in strengthis obtained
with inereasing cement content. Figure 7.1 illustrates the more the cement added to a soil
stronger the resulting soil-cément. The cement content required is usually detsrmined by
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Fig. 7.1, Comparison of compressive strength obtained with normal {Type I)
coment and high-early-strength (Type 1IT) cement (After Felt, 1956), .

measuring the compressive strength of specimens made with different pfoportio of
cement. Table 7.1 sh‘ows the inerease in compressive strength obtained by raisinnst}?

cgmen-t con:ntent; of various soil-cement mixtures using soils whose particle-size anal e
given in Fig. 7.2. 1t can be chserved that, a given increase in the coment content \g'stll: :ll;e
more clayey sml:_s {e.g., soil 1), produced a smaller increase in compressive streng[:lh thas
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. withsandy soils (e.g., soil 4 It is alsoobserved that the effect of pressure of coarse aggregate

“(e.g., soil 9) has to give a low eompressive strength for Jean mixes, but a relatively high
compressive strength for rich mixes. Further, high-early-strength cement is (usually) more
effective than normal cément Fig. 7.1).

Table 7.1, Effect of Cement Content on Soii-cemen_t Strength

(Adopted from HMSO0, 1974)

Sandy Clay

Clayey Sand

Clean Sand
(uniformly

Moisture
Content %

Dry Density
(eN {1a°)

Compressive
Strength N/ o
(7 days)

Cement
Content %

| &ravel {poorly
graded) - ‘

7.4.3, MIXING

More uniform soil-cement water mixture, provides strong and durable soil-cement.
The intimacy of the mixture is not directly proportional to the mixing energy. As a matter
of fact, increase in continued mixing causes 8 decrease in the degree of mixing and may
lead to segregation of components. Thus continued mixing should be only up to the optimal
level. Further, mixing after coment hydration has begun can have deleterious effects. 1 is
observed that mixtures madein the laboratory have higher strengths and greater durability
than similar mixtures made in the field. Soil-cement mads by mix-in-place method and

yotary tiller have shown about 50% and 70% of the strength of a laboratery mixture.

7.4.4. MOISTURE CONTENT

The moisture content plays two roles in seil-cement : () it influences the compaction
characteristics, as with natural soil, and G2) it furnishes water for coment hydration. Of
these two, the effect of moisture content on the quality of soil-cement lavgely arises from
its influence on the compaction. The best moisture content for compaection is governed by
the soil type and method of compaction. The moisture required for the hydration of cement
is adequately provided by the moisture necessary for maximum compaction. The concept
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of: water-celment 1*§tio as used in concrete work is of [ittle value in soil-cement stabilization.
Figuie 7.3 illustrates the remarkable effect of moulding water on durability and strength
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Fig. 7.3. Effect of moisture content on 28-day compressive strength {After Felt, 1955).

7.4.5. COMPACTION CONDITIONS

‘ In order to obtain satisfactory soil-cement, adequate compaction is essential. A
ty'p:cai‘ compressive strength/dry density curve is shown in Fig. 7.4, which relates a sat;dy .
clay.mlxed with 10% of cement. As in natural soil it has been observed that for specimens
having the same cement content and given the same amount of compaction, but having’

approximately the optimum moisture content. Published literature suggest, sands should:

usu.aliy ‘be compacted slightly dry, and clays slightly wet, of that moulding-water content’
which gives maximum density. ' )
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7.4,6. AGE AND CURING

As with concrete, the compressive strength of a soil-vement inereases with age. In
practice, soil-cement is cured after compaction under conditions that prevent drying of the
surface. The condition under which soil-cement is cured influences the resulting product.
‘Like concrete, a damp environment is most desivable for curing, Soil-cement cures rapidly
with increase in temperature although it will harden at all temperatures.

7.4.7. ADMIXTURES FOR SOIL-CEMENT o
In order to accelerate the set and to improve the properties of soil-cement, lime or
caleium chloridetis added, Addition of soms of the chemicals shown remarkable improve-
ment in the strength of soil-cement. These chemieals, by incréasing the effectiveness of_
cament as a stabilizer, permit (Lambe, 1962) :
(i) A reduction in the amount of cement required to treat a soil responsive to cement.
(i1} Stabilization of some of the soils (e.g., certaln organic soils) which are not
responsive to cemsnt above,
Cortain alkalie metal compounds, especially sodium carbonate, suits most of the
. soils. The type of additive which could be effective should be found by trial. Use of some
chemicals along with cement have important advantages such as (i) reducing the additive
quantity needed to performa given job, thus simplifying the handling and mixing, and
(13) reducing the total stabilizer cost.

7.4.8. CONSTRUCTION oF _SOIL-CEMENT ]
Construction of soil-csment usually involves the following operations : ({) Shaping
the soil to be treated, (i) Pulverizing the soil, (iif) Adding water and cement, {iv) Mixing,
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{(v) Compacting, (1} Finishing, and {pif) Curing. Mix-in-place method, Travelling plant

method, and Stationary plant method (discussed in Section 7.7) are suitable to produce

soil-cement mixtures in the field. :

The optinum sequence for adding water and cement and mixing depends on the soil
and site conditions. Granular soils are easy to handle compared to plastic soils. Handling
of plastic soils can be reduced by adding lime (1 to 3%). The field control of soil-cement
stabilization is done by experienced person based on the site visual inspection. Moisture
content and dvy density have to be checked as per standards.

Construction of soil-cement in frost areas should be done with utmost cars. Frost
susceptible soils treated with cement are not necessarily made non-frost-susceptible
{Lambe, 1962),

Cement is the most successful soil stabilizer and excellent results are guaranteed if
used properly.

7.5, BITUMINOUS (CEMENTING) STABILIZATION

Bituminous soil stabilization is ah effective method which i1s being widely used.
Bituminous materials are : bilumen, asphalt and tar, Bifumens are nonaqueous systems
of hydrocarbons which are completely soluble in carbondisulphide.-Asphalis are materials
in which the primary compoenents are natural or refined petroleum bitumens or combina-
tions thereof. Tars are bituminous condensates produced by the destructive distiliation of
organic materials such as coal, oil, lignite, peat and wood,

Bituminous material stabilizes the soil either by binding the particles together or
protecting the soil from the deleterious effects of water (i.e., waterproofing) or both these
effects may occur together. The first mechanism takes place in cohesionless soils and the
second one in cohesive soils, o : o

Among the bituminous materials, most of bitumen stabilization has been with
asphalt, Therefore, soil stabilised by asphalt may be referred to as soil-asphalf. Asphalts
are produced by three processes : (i) Vacuum distillation producing straight-run asphalt,
(i) High-temperature pyrolysis of refinery heavies, producing eracked asphalt, and (#5) High-
temperature air blowing straight-run asphalt, producing blown asphalt.

As the straight-run asphalt.has low softening temperature and low melt viscosity, it
is commonly used in soil stabilization. Asphalt can not be directly added to the soil because
it is foo viscous. Its fluidity can be increased. by () heating, (if) emulsifying in water
(emulsicns), or (i) cut back with some solvent like gasoline (cutbacks}, Both emulsions and
cutbacks are used in soil stabilization. Although soil-asphalt has varied applications, it is
mostly used in bases for highway and airfield pavements. o :

7.5.1, NATURE OF SOIL

All inorganic soils with which asphalt {emulsion or cutback} can be mixed can be
- stabilized, Soils satisfying the following requirements yield the best results (Lambe,
1962) : - o :
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(i) Maximum particle size less than one-third the compacted thickness of the treated
soil layer. . ,
(i) Greater thari 50% finer than 4.76 mm size.
(i13) Thirty five to 100% finer than 0.42 mm size.
(fv) Greater than 10%, but less than 50% finer than Q.074 mm size.
) Liquid limit less than 40%. :
{vi) Plasticity index less than 18%. )
Organic matter of acid origin is detrimental to soil-asphaEt, ‘Asphalt .stall)ilization
cannot be effective in fine-grained soils with high ps and dissolved gs_alts.llt is difficult to
handle plastic clays bgcauée of mixing prob}gm. ) .

7.5.2. AMOUNT OF ASPHALT . . ) .

- An increase in asphalt content gives better results. In fine-grained soils addition of
asphalt does not increase the strength but tremendously improves the waterpreofing
property and therehy yielding a better stabilized soil. Asphalt also sh.ould. be added
optimally otherwise results in a gooey mixture which cannot be properly compacted.

7.5.3. MIXING .
A thorough incorporation of the additive with the soil yields a better stabilized soil.
Figure 7.5 shows the effect of mixing on the strength of 'soil-asphalt.
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7.5.4. COMPACTION CONDITIONS

The density of a mixture of soil and asphalt is governed by the volatiles content an

amount and type of compaction. In general lower the volatiles content, the higher the :
strength. Further, samples which were cured and then immersed in Water showed a
maximum strength ab a moulding volatiles content near or slightly above that for maximum :
compacted density and the water pickup and thus strength loss, is least at this nmoulding

volatiles content (Lambe, 1962). In plastie soils the volatiles content which gives maximum
cured strength and that which gives optimum density can be quite differeit and the
difference can vary with type of compaction.

7.5.5. CURE CONDITIONS

The following behaviour have been reported to be true (Lambe, 1962) : (f) the ‘loh'ger
the pericd of cure and warmer the temperature of cure, the greater the volatiles lost ; (%) the
longer the period of immersion, the greater the water pickup. The strength of a seil-asphalt

.is inversely proportional to the volatiles content at the time of test. This valuable property
is clearly reflected in Fig. 7.6 in which a general strength- volatlles content relationship was
obtained regardless of the formulation employed. :

o0

o Stralght run '
5500 \ o cracked d}”""“" E
4800 F jnuaChemicat modifiers g
4200 i Anli-stripping additive to culba:k_
“ix Amite stabillzed emulsions
3s00 7] Soap suh:llz:d emuisions 1
2900
- \Chcmi:al modihcrn

~
=
<

T1400

Simple :u(backs

R l
Amine -stabilized

1050

COMPRESSIYE STRENGTH , kN i"nz

700 tmultions
560 pAntisripping
Laddiritive to
230 [euttack
350
280
210 : t
' Soap stabilized
i tmuisions
149 !
’ I
i
P
» |
0 2 4 8 19 12 3

YOLAYILES CORTERT,PERCENT BY WEIGHY

Fig. 7.6. Rewet strength of asphalt, stgbiiized soil Vs volatiles content ;
Generalized correlation {(After Michaels and Puzinanskas, 1956},

© MECHANICAL, GEMENTING AND CHEMICAL STABILIZATION 189"

- 7.5.6. CONSTRUCTION OF SOIL-ASPHALT

The conventional sequence of construction operation is as follows {Lambe, 1962} :
@ Pulvet isation of the soil to be treated, (i) Addition of water for proper mlxmg, (fit) Adding

- and mixing of the bitumen, (iv) Aeration to the proper volatiles content for compaction,
: (u) Compactlon, (o) Finishing, (i) Aerating and curing, and (vifi) Application of surface

cover. The important items to ensure proper stabilization which need control are mixing,

. compacting, drying and applying the surface protection. The mixing plants used for

soil-cement can be used for soil-asphalt also. The necessary field condrol tests are moisture
cantent determination before and during processing, bitumen content determination after
mixing and density determination after compaction.. .

The optu-num mdisture content for stability is usually below that for comp’ac'f:'ion -As
good ‘mixing is generally cotisidered to be moét easily obtained at fairly high mmsture

- conterits, it is often found necessary, except with sands, to allow a period for the mix to dyy

between the mixing process and compaction. In practice, freated sands are placed at about .
3 to 5% volatiles content whereas cohesive soils are placed at about the optimum volatiles

. content for compaction. Compared to cutbacks or tars, emulsmns p1 ovide more latitude in
the stab]hzatlon of fine-grained soﬂs C o

L

7.6. CHEMICAL STABILIZATION |

Chemical stabilization consists of bondmg the soil particles with a comenting agent
(the primary additive is a chemical) that is produced by a chemical reaction within the soil,
The reaction doss not necessarily include the soil particles; although the :honding does
involve intefmolecular force. of the soil. The use of chemical as secondary additive to
increase the effectiveriess of cement “and of bitumen (aspha]t) have heén dealt in the
previous sections, The primary additives genemlly in wide use are lime, salt, lignin and
polymers. Aggregants and dispersants are also in use undel cer tain condltxons

7.6.1, LIME

Lime has been used as a soil stabilizer for roads from olden days. Lime is produced
from natural limestone. The type of lime formed is based upon the parent material and
ploductlon process. There are {ive basic types of lime : . :

ngh ‘calcium quickllme Ca0 )

‘ Dolom:te quicklime ) . Qa0 + MgO .
Hydrated high-caleium lime - -Ca(OH),"- - -
"Neovmal hydrated dolomite lime © . Ca{OH); + MgO
Pressure-hydrated dolomite lime Ca(OH), + Mg(OH); -

Hydrated lime (also called slaked lime) is the most commonly used Ihme for soil
stabilization. Lime is also used in combination with other admixtures, viz., ﬁyash cement
bitumen for sail stabilization.

Two ty'pes of chemical reactions take place when lime is added to'wet soil: The first
one occurring almost immediately is a colloidal-type of reaction involving any of the



190- - . GROUND IMPROVEMENT TECHNIQUES

following : (f) ion exchange of calcium for the ion- naturally carried by the soil, ) a

dépression- of the double layer on the soil colloids because of the increase in eation

concentration in the pore water, and (fii) an expansion of the double layer of the soi_l collo.ids
fiom the high pH of the lime..The second reaction takes considerable time in a cementing
action. The cementing action, also calied pozzolanic action, is not comp!etei_y untiersto?d,
but is thought to be a reaction between the caleium from the lime with the available reactive,
alumina or silica from the soil (Lambe, 1962). - .

- Soil plasticity, density and strength are changed by the addition of lime to soil. Lime™ !

generally increases the plasticity index of low plasticity soils a.nfl decreases' the-plasticity
index of highly plastic soils. Beecause of reduction in the plasticity of plastic soils, d\zle‘- to
addition of lime, the soil becomes more friable and easy for handling in.ths field. Addition
of lime causes a reduction in the maximum compacted density and an increase i the
optimum moulding water content. In geperal, lime inereases the strength of almost all types
of soil..

Construction pracedure of lime-stabilized soil bases are similar to those employer'i for
soil-cement with a difference that more time is allowed for placement operations for lime..
This relaxation is possible as the lime-soil cementation reaction is-a relatively slow one,
Adequate care should be taken to prevent carbonation of the lime. The'l}ormal cc‘mstructlcfn
sequence for lime-stabilized bases is as follows : () Scarify the base, (if} Pulverise the soil,

(iif) Spread the lime, (iv) Mix the lime and'seil, (v) Add water if necessary to bring tooptimum -

moisture content, {v8) Compact the mixtuve, (i) Shape the stabilized base, (viif} Cure-keep moist
and traffic-fres for at least 5 days, and (x) Add wearing surface.

17.6.2, CALCIUM AND SODIUM CHLORIDES .
Both caleinm and sodium chlorides as soil stabilizers react in some what similarly.

Salt has been used in recent years as additive in the construction of granular stabilized

road wearing and base courses, The effect of salt on seils is from {i) causing col_ioidal
reactions, and (i) altering the characteristies of soil water. Although calcium and sodium

chlorides act as soil floceulants, they are not as effective as other chemicals such as ferric :

chloride. o ' _
" ‘Most of the beneficial actions of salt in soil are mainly due to the changes salt rmakes

in the characteristics of the water in the soil pores. These changes reducle the losfs of -
moisture from the soil and ave explained by the fact that the salts (especially caleium

chloride) are deliguescent and hydrescopic and lower the vapour pressure of water. Trost

heave in soil is reduced due to addition of salt by lowering the {reezing point of water. As
most of the benefits of salt are due to the presence of the-salt in the soil pore fluid, any loss
of salt concentration may reduce the strength of the stabilized soil, Thus the perform:cu'me :
of salt-stabilised soil depends on the amount of ground-water movement. Salt aél.dltmn :
shows a slight iricréfise of maximum compacted density and a slight veduction in the :

optimum moulding water content.

7.6.3. LIGNIN

Lignin is available bath in the powder form and in the form of sulphite liquid: Li_g'ni.n :
in both the forms has been in use as an additive to the soil for many years. Lignin is
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water-soluble, hence its stabilizing effects dre not permanent. In an attempt to improve the
action of lignin, the chrome-lignin process was developed and studied by Smith (1952). An
insoluble gel is formed when sodium bichromate or potassium bichromate is added to the
sulphate waste. The effect of lignin on the soil properties is based on the form of lignin and
the type of soil treated. Lignin acts as an acid if not neutralised. It is also reported that
lignin also reduces from heave. ’ ’ ) '

7.6.4. WATERPROOFERS

Fine-grained soils show considerable strength when they are dvy and lose the
strength when consumes more water, ‘Waterproofers, i.e., chemicals which prevent or
reduce the deleterious attack of water on soils, have proved to be highly useful in stabiliza-
tion technigues. Waterproofers finction as follows (Lambe, 1962) : one end of the water-
proofer molecule becomes preferentially adsorbed to, and then reacts with'the soil surface ;
the other end of the molecule, being hydrophobic, repels water and this makes the soil
mineral nonwettabla by-water. Waterproofers which are recognised as soil stabilizers ave
alkyl chlorosilanes, siliconates, amines, and quaternary ammonium salts. Waterproofers
do. not inerease the strength of soils but rather help them to retain the natural strength in

- the presence of water.

7.6.5. NATURAL AND SYNTHETIC POLYMERS

Polymers are long-chained molecules formed by the linking, i.¢., polymerizing of
certain organic chemicals called monomers. Natural polymeric materials (like resins) and
synthetic polymeric materials (like polyvinyl aleohol (PVA)) have been used as soil stabi-
lizers. There ave two ways of chemical incorporation, In the first method, the monomer
along with a catalyst (to cause polymerisation) is added which reacts between the soil and
monomer. In the second method, performed polymer is added to the soil in the form of a
solid, a solution, or an emulsion, causing reactions between the polymer and the soil. Lambe

(1962) has presented a few of the resins (both natural and synthetic),; which have been used

for soil stabilization, along with their applicability and the same is given below :
(A) Natural Resins ' '

() Vinsol Resin. Imparts almest no strength to soil, but appears to waterproof the
fine-grained soils, - : ]
(i) Rosin, When added to a soil and then reacted with certain metal salts forms
‘insoluble gels which aid stabilization. : . .
(7i) Resin Stabilizer 321. A rosin derivative ; reduces the rate and amount of water

adsorption and furnishes sodium fons for ion exchange. :

(i) Stabinol, A rosin derivative mixed with portland cement ; waterpraofs the coarser
soils, o )

{v) NSP-121 and NSP-252. Materials made by National Southern Produets Co.;
have given some water repellency to certain soils.

(vi) NVX. A product of the Hercules Powder Co., has given some water 1'epéHency to
certain soils.
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(vii) Shellac. Set obtained by evaporation of asolutionof ane_ster: of shellac with maleic
acid or by evaporation of solvent from a solution of shellac in aleohol, Sand treated

with shellac can have high strength, but practically all this strength is destroyed’

by water immersion. .

(viii) Natural Resin from Tropical Areas, Number of resins have been investigated
for water-proofing. Manila Copal resin and Wallaba resin showed slight effective-
ness.

(B) Synthetic Resins
i) Anjline-furﬁu‘a.l. Waterproéfs and imparts strength to soil.

(i) Polyvinyl alcohol (PVA), Forms tough, flexible films when. evaporated from

aqueous solutions, Films are water-soluble, and to date attempts té make them

insoluble have been unsuccessful.

{iif) Polyvinyl Acetate. Gtives very high strength to sand, practically all-of which is -

destroyed by water immersion. . ‘ . .
{iv) Resorcinol:formaldehyde. Gives some strength to sand, but much of'it is lost
by water immersion.

(v) Others. Urea-furfural and phenol-furfural resins § Phenol-formaldehyde com-
" binations ; Urea-formaldehyde resins ; Caleium sulfamate-formaldehyde resins ;
Ethocel ; Methoylol ureas and melamine.

Among the vast number of synthetic polymers; calcium acrylate is of interest to soil
engineers as it is the forerunner to stabilization with water-sensitive polymers. :
7.6.6. AGGREGANTS AND DISPERSANTS )

Aggregants and Dispersants are materials that, at low treatment levels, make
relatively modest changes in the properties of fine- grained soils. The function of aggregants
and dispersants’is alteration of electrical forces between soil particles. Like portland
cement, aggregants and dispersants do not cement adjacent particles. This structure
altering character affect many soil properties such as plasticity, permeability and strength.
Although aggregants and dispersants have been widely used in differont industries, it is
not frequently made use of in soil stabilization. These chemicals have high potentials for
use in situations where only a modest improvement in soil behaviour is needed. Since these
chemicals are relatively cheap, ave effective at low treatment levels, and can be relatively
easily incorporated, they can permit comparatively low cost soil stabilization (Lambe, 1962).

Aggregants, These ave the materials which are capable of increasing the net
electrical attraction between fine-grained sail particles tending to aggregation or floccula-
" tion of the soil mass. Aggregants are of two types, vz, in organic salts such as caleium

-chloride or ferric chloride and polymeric materials such as Krilium. In general the salts are
cheaper than the pelymeric materials. . . -

When salts ave dissolved in the pore water of a soil, they generate cations and anions
which can participate in one or more of the following reactions (Lambe, 1962) -

() Exchange with soil ions
{ii) Because adsorbed on the particles
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(#Ei) FU}‘hish fons that can link particles {e.g., K* can fit within the lattices of two
adjacent clay sheets upon drying to bond the sheets permanently together),

(iv) Increase the ion concentration, thereby reducing the electric vepulsion between
particles. ’

Using the above reactions, polymeric materials can alse link the adjacent soil
particles since the ends of the long chain polymeric molecules can become attached to soil
particles. As the action of an aggregant is due to move than one of the possible mechanisms,
it is difficult to assess the contribution of each.

If attraction between soil particles is increased, aggregants cause them to stick and
form larger particles. The sticking particles tend to arrange themselves in a random loose
array. This random arrangement of particles with a loose structure make the aggregants
to increase soil permeability. By the aggreghnt treatment an increase in permeability in
the range of two to twenty fold can be obtained. By altering the permeability characteristics
of a soil, aggregants can influence the frost-heave behaviour of the seil.

) Aggr_egénté improve soil strength by reducing the electrie repulsion between soil
particles. For example, a leached quick clay can regain strehgth by the intreduction of salt
(an aggregant) into the pores of the clay.

_ -Dispersants. These are the materials which are capable of reducing the cohesion
between fine-grained soil particles and tend to cause them to disperse by increasing theé
electric repulsion between adjacent soil particles. A wide variety of materials are available
to use as dispersants and the most common ones are the phosphates, sulphonates and

'~ versanates. Practically there is no difference in the sffectiveness of the various dispersants.

Dispersants reacting with soils adopt the following three mechanisms (Lambe, 1962)

(i) Sequestration, The polyanionte part of the dispersant removes and insclubilizes
any monovalent exchangeable jons,

(ii). Ton exchange. The dispersant furnishes monovalent ions for exchange reaction
with the soil.

(fi{} Anion adsorption. The dispersant furnishes polyanienic groups for adsorption
by the soil particles.

Of the above three mechanisms, the anion adsorption is the most important.

Di‘spel‘sants decrease the particle size, that is, break down aggregates and increase
the fluidity of a soil-water system. In a dispersed seil system, adjacent particies do not tend

. to ecohere to form aggregates, but repel each other so they ean be easily moved relative to

sach other. Thus by mechanical work, they can be forced inte a.mass of high density.

) Denser sediments and sediments with particles in a more nearly parallel array, (that
is a more tortuous path for flow of water), dispersants cause reduction in soil permeability.

- The permeability reduction is of the order of one-fifth to one-fiftieth of the criginal value.

]‘)is;-)ersants can be added to the soil by physically mixing or by injecting. Because of
reduction in permeability due to dispersants, there will be a tendeney for frost susceptibility

 also.
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7.6.7, MISCELLANEQUS CHEMICAL STABILIZERS

There are several chemicals which ave used for soil stabilization merely based on the
abundant availability or basedon some theoretical principles. Among these materials ave
(Lambe, 1862) : {§) Tung oil, (i) Linseed oil, (i#) Cotton seed oil, {v) Castor oil, (1) Rubber
latex, (i) Plasticized sulphur, (vif) Molasses, {(viit} Mineral oil, (ix) Sodium carbonate,
{x) Calcium carbonate, (xi) Paraffin, (xii) Hydrofluorie acid, (viii) Ionic detergents. These
chemicals are nowadays very sparingly used. Two other chemicals, viz., sodium silieate and.
phosphoric acid have some special properties and they are discussed below.

: light spray of water, Sometimes a bituminous priming coat may be used as a curing agent
“by applying it soon after compaction. Before the application of a surfacing, the stabilized
* soil should be sprayed with a priming coat. The priming coat which provides a key for the
| surfacing, should be appropriate to the type of surfacing material.

: The mixz-in-place method can be effectively used depending on the type of plant used
: inrthe mixing process, The conventional types of plant used ave the rotary hee, the seaman’
¢ pulvimixer, and single pass stabilizer (HMSO, 1974},

The advantages of the mix-in-placamethod (applicable to the use of agricultural plant
- and large single pass machines) are (HMSO, 1974): (i} the plant is simple, cheap and easily
. transported, (i) the number of machines required can be adjusted to the size of the job, (i)
¢ the whole processed section is ready for compaction at the same time, (jv) a large average
- output may be maintained, and (¥) in a wet climate the loss of water by evaporation may
© be advantageous, it is the only way of getting rid of excess moisture.

The disadvantages of this methdd are (FIMSO, 1974) : (i) it is not easy to obtain a
: uniform thickness of trestment, because of the difficulty of setting the machines to a given
¢ depth, (i) the mixing is not as uniform as with travelling or stationary mixers, (i) heavy
rain is liable to spoil a whole section, and (i) in a dry climate the water lost by evaporation
- is diffieult to replace.

Alkalic silicates, especially sodium silicate, belongs to a group of inexpensive and
versatile compounds. They are used in soil stabilization both as additives to conventional
stabilizers {¢.g., cement) and as primary stabilizers. Silicates devive their benefits because
of their comentitious corponents. The most widely used form of silicate stabilization is by
injection (discussed in Chapter 6). . . ‘

Phosporic acid has proved as a potent stabilizer, The solidification is attained only
by the phosphoric acid. However the reaction ean be improved by the addition of fluorine
compounds as cure accelerators or inorganic salts as waterproofers. Soils containing strong

basic components do not respond to phosphoric acid treatment.

7.7. CONSTRUCTION METHODS . 1..9, TRAVELLING PLANT METHOD

: In this methad, the procedure for application of the stabilizer is the same as that of
. mix-in-place method. In the case of coment, the pulverised soil is heaped into a windrow by
: a specially converted motor-grader or a sizer and the cement is spread on top. Oceasionally
. the cement is spread before windrowing which is unusual. In the case of fluid stabilizers,
: the soil is windrowed and the stabilizer added by the travelling mixer which, as in cement
. stabilization, moves along the line of the windrow. Two of the conventional mixers which
- are the Barber-Greens Mixer and the Gardener Type Mixer (HMSO, 1974).

The advantages of Travelling Plant Method are (HMSQ, 1974) : (i) accurate propor-
. tioning of added water, (i) uniform mixing, (/i) short mixing time, (fv) a uniform subgrade
" surface can be obtained, and the depth of treatment can be controlled, and. (v} it has the
: highest output for a given expenditure of plant and labour.

: The disadvantages are (HMS0, 1974): (/) high initial cost of plant, (#) the consequent
" need for the plant to worls continucusly at full capacity, and @i#) work may be stopped for
2 a minor breakdown on one piece of plant.

The construction methods and types of equipment which are in use for construction
of stabilized roads are discussed below. These methods may also be used for treatment of
foundation soils wherever applicable. Different compaction msthods are djscussed in :
Chapter 2. :

7.7.1. MIX-IN PLACE METHOD

In this method of construction a “train” of machines-is ruh over the soil to be :
processed. In order to break up the soil, which is the first process, rippers, cultivators or
rotary tillers ave used and to loosen the soil to a uniform-depth, ploughs or scarifiers are |
used. Water is then added to the loose soii from a sprayer to bring it to a suitable moisture |
conbent for processing. The necessary stabilizer is then-added, either by spray wagon, in :
the case of a fluid stabilizer, or by hand or preferably from a bulk spreader in the case of
stabilizer which is in the form of a powder. The mixing of stabilizer into the soil is done by
further passes of the votary tillers or of special soil mixers. Shaping of the lcose mixed
material is followed by compaction by a suitable roller. No forms are used to define the edge :
of road construction. Tt is more economical to construct the stabilized roads slightly wider |
than the planned width of the road so as to eut back to the derived width when the stabilized
construction is completed. Further, the excess stabilized width can be used as foundation
for kerbs. '

Many stabilizing agents require a period of curing after mixing, before they become
fully effective. For necessary curing to attain the surface is covered with a layer of moist
soil or straw ov alternatively, the surface may be kept damp by frequent application ofa

793, STATIONARY PLANT METHOD

In the Stationary Mixing plant there are two main types (HMSO, 1974), viz,
¢ eontinutous mixers and batch mixers. '

- The continuous mixer works under the same principle as that of travelling mixer. In
* this mixer, an elevating loader supplies material ta a hopper with a measuring gate, hence
" abelt conveyor discharges it.to a pug-mill, where water or a {luid stabilizer may be added
. through spray nozzles, and mixed into the soil. The mixed materials, is then discharged
~ inte lorries. Tmmobilized travelling plant may easily be arranged to serve as a central
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mixing plant. Depending on the output requirement the size of the central mixing-plantis
decided. . .

Batch mixers may be conerete mixers, double-paddié mixers, ete., which are used for -
small jobs such as for mixing coarse-grained soils with stabilizers. For many of the jobs
ordinary tilting-drum concrete mixers have been used, However, the best results aré -
obtained by using double-paddle mixers, pug-mills or roller pair types machines in which
soil lumps are easily broken up. The time reguited for mixing depends on the type of mixe
and the type of soil. It is possible to discharge the mixed materials vertically from the mixze
into lorries and it can then bie transported directly to the site, tipped, spread and compacte
in the normal manner. S

The advantages of the Stationary Plant Method are (HMSO, 1974): () accurate
proportioning of the mixer, (i) easy control of depth of Ereatment, {iii) concrete mixers can’
be used, (v) no additional haulage if soil has to be taken from & borrow-pit, {U) small losses’
of moisture during mixing and transport of material, and (vi) the method 15 suitable for us '
with form work, foiinstance when vibrators are required to compact uniforin sands or when'
the stabilized layer is to form a sub-base to machine-laid conerete. - T

The disad%fantag’eé are (HMSO, 1974) : (i) expensive if soil in site is pi‘océs'sed, an
(i) material must be compacted as delivered, and not as a complete section. -

7.7.4. FIELD CONTROL
In order to obtain an efficient result from the above 'discﬁssed construction methods,

ibis necessary to check the following items {HMS0, 1974): () degree of pulvérisation, ) moisture.
content, (iif) dry density/moisture eontent relationship, Gu) cross-sectional area of windrow,
() depth of treatment or spreading, (i) quality of mixed material, (vif) dry density of
compacted layer, and (uiii) stabilizer content. "Al} these ifems are to be checked except () which
is needed for mix-in-place method only, and (vf) which is neaded fortravelling plant method
only. Methods of test for stabilised soils are provided by Indian Standards (IS : 4332,
Parts I to X). : B R :

‘- Degree of Pulverization. The soil should be pulverized such that 80% of the
pulverized material shall pass 4.5 mm sieve. This does not apply te coarse aggregates. The
checking is done by sieving representative samples during the pulverisation process.

Moisture Content. In stabilized cdnstructioii, moisture content determination is
the control test most frequently required. Samples are taken for every 100 to 150 of the
pulverised soil along the centre-line of the site. Affer determining the water contents,
tentative estimates may be made for the requirement of additional water, if any,so that
watering can start as soon as the stabilizer is partly mixed with the soil, After mixing of
soil and stabilizer, once again samples ave taken at the same locations for further checking.
This decides the exact and the final amount of water requirement. Check tests are made
at the same locations towards the end of mixing of any water added. Further during
compaction, the moisture content is again checked to determine the possibility of any drying
of the surface. Stages at which moisture content determinations are desirable durin
mix-in-place in construction is presented in Table 7.2 (MSO0, 1974). The procedure o
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checking moisture content is similar in travelling plantmethod, In stationiary planﬁ‘mefﬁo;i
it is sufficient to control the motisture content of the incoming soil and the mixed material
produced at hoorly intervals from a given machine. The field dstermination of moisture
content is discussed in Chapter 2. Also reference may be made to Indian Standard (S :
4332, Part I1-1987) for determination of moisture content of stabilized soil mixtures.

1 Tablé 7.2, Moisture Content f)eterminatioﬁ at Varic)-us
Stages in Mix-in-Place Construction
{Adopted from HMSO, 1974)

No. Stage of Work Object
1. |Pulverisation of soil To check whether soil is within 2% of the specified
' | moisture content :
2. | Beginning of day’s work To obtain approximate estimate of water require-
. ments
3. | Atthecompletion of mixing of soil and stebi- {#) Todetermine the exact amount of water
lizer required
(b) To estimate the rate of evaporation
4. | Atthe completion of mixing any extra water Check tests
added after step 3 :
5. | Duringcompaction Check tests to ensure surface has not dried.

Dry Density/Moisture Content Relationship. This test depends on the soil type
and it is essential to check for dry density and moisture content from time to time during
the constriction to make allowance for any variation from the results of the preliminary
tests in the laboratory (IS : 4382, Part TI1-1967). -

Cross-Sectionnl Area of Wiridvrow, For the travelling plant working on a windrow,
it is essential to measure the cross-sectional area of the windrow to ensure that the
proportioning of stabilizer is correct and that the correct thickness will be laid.

Depth of Treatment of Spreading. In the mix-in-place construction, the depth of
treatment must be controlled from the baginning of the processing, and the pulverising and
mixing equipment must be carefully adjusted. If stationary plant is used, the thickness of
treated material can be controfled by spreading it with a bulldozer, the blade being
supported on yunners. The thickness of a compacted layer can be checked while checking
for dry density.

Quality of Mixed Material, As the design of a specific work is based on the quality
of the stabilized material produced in the laboratory it is essential to check the field plant.
Field specimens are made similar to that of the lahoratory specimen and appropriate tests
are made based on the stabilizer used. For example, a coment-stabilized specimen would
be tested for compressive strength after 7days, anda bituminous-stabilized specimen would
be tested for capillary absorption, SBamples are usually taken at intervals of 30 to 160 m
along theroad. In order to check uniform quality, samples should be taken also along the
cross-sections of the road.
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Density of the Compacied Layer, Dry density of the stabilized soil is determined
for every 30 to 160 m and sand replacement methed is usually adopted, It is necéssary' to
check the dry density after each day’s construetion so as (o enable adjustments in the
compacting procedure to be made. Dry density should not be less than that specified by
0.80 kN/m®, : '

) Stahilizer Content. In all the methods it is necessary to check the stabilizer content.
Running control of this factor enables an excess or a deficiency of the stabilizer to ba
corrected as soon as possible. As an established field laboratory is needed for accurate check
of stabilizer content, it is only set up in medium to large jobs. However, for small jobs it is
often useful to take representative samples fob testing at a material testing laboratory.
Indian. Standard has recommended procedures for determining cement, lime and
bituminous contents [IS : 4332, Part VII (1973), Part VIII (1969), and Part IX (1970)1.

CHAPTER 8
Geosyntheltics

8.1, INTRODUCTION

Geosynthetics are artificial fabries used in conjunction with soil or rock as an integral
part of a man-made project. The two major groups in geosynthetics are geotextiles and
geomembranes. While geotextile is a permsable fabric, ggomembrane is an impermeable
one. Stressing permeability, or the lack of it, as the distinguishing feature, helps to separate
the different roles of these two groups of materials. As more products with slight difference
has been manufactured and used for different field applications, they are identified by
different terms as listed below (John, 1987):

Geospacers impermeable spacers used within fin drains

Geowebs : an American term for cellular geotextiles

Geogrids : geotextile related products with large rectangular apertures
(more correctly called geotextile grids) or non-rectangular

) apertures {mote correctly called geotextile nets)
Geosyntheties geotextiles, geomembranes and geotextile related products,
‘ but excluding those based on natural fibres

Geofabrics : planar flat sheet geotextiles and geotextile related products,
excluding geotextile mats

Geoproducts geosyntheties, geotextile related products made from natural
fibres, geospacers, and metallic soil reinforcement

Geocomposites composites consisting of two or move geoproducts.

Geosynthetics have a wide civil engineering field application. The main functions
which are inuse ave: () separation, (i} fluid transmission, {iit) reinforcement, (fv) filtration,
and (v) containment and barrier. =

Geosynthetics have been applied on geotechnical and construction engineering for
the past 16 to 20 years. Geosynthetics is no longer a new born technolegy, but is now
entering a more mature stage with constantly expanding applications even outside of the
traditional construction field.

8.2, GEOSYNTHETIC TYPES

There are a latge number of different geosynthetics produced, but for the purposes
of classification they can be sub-divided generally into the following groups, viz., Wovens,

199



200 GROUND IMPROVEMENT TECHNIQUES

Non-Wovens, Knitted, Biogradable, Nete and Grids, Three dimenstonal Mats, Composites,
and Membranes. :

8.2.1. RAW MATERJALS

The raw materials used in the manufacture of geosynthetics are tHermoplastics,
However, a feiv specialist geosynthetics may also incorporate either steel wire or natural
biodegradable fibres. Examples of biodegradable materials used within geosynthetics are
jute, wood shavings, and paper strips. Following is the brief description of the raw
materials.

Polyamide. There are two most important types of polyamide (PA). The first one is
an aliphatic polyamide obtained by polymerisation of the petroleum derivative s-caprolac-
tam. Aliphatic polyamides are composed of chains which-do not contain ring-shaped rigid
structures, The other type is also an aliphatic polyamide. It is obtained by the polymerisa-
tion of a salt of adipic acid and hexamethylenediamine and both of them are petroleum
products. They are manufactured in the form of thread or tape which are cut into granules.

Polyester. Polyester (PETP) is made by polymerizing ethylene glycol with dimethyl
terephthalate or with terephthalic acid. All these three materials are derivatives of
petroleum. Polysteris produced discontinuously in two reactors, in series or in a continuous
process using more reactors in series.

Polyethylene. Polyethylene (PE) ¢an be produced in a highly erystalline form, which
is an extremely important characteristies in fibre-forming polymer. Three main groups of
polyethylene are available, viz.,

LDPE — low density polyethylene (density 920—930 kgfm?)
LLDPE — linear low density polyethylene (density 925—945 kg/m?)
HDPE — high density polyethylene (density 940—860 kg/m®).

LDPE was the first polyethylene developed followed by HDPE. LDPE is produced at
very high pressures whereas HDPE processes are initiated by special catalysts at relatively
low pressures and temperatures. HDPE is more rigid, stronger, tougher and has a better
chemical resistance than the low density types, However, LDPE is used in applications
where its flexibility and water vapour barsier properties can be utilized.

LLDPE is a third group of polyethylenes made also by a low pressure process. Itis
manufactured by co-polymerizing ethylene with a small amount of ajpha-clefins which
lowers the density by forming short chain side branches on the linear polymer chain.

HDPE is preferred for the production of PE filaments and tapes for use in geotextiles
whereas LDPE and LLDPT, are used more for the production of film. Polythelene is
available in granular or powder form.’

Polypropylene. Polypropylene (PP) is a crystalline thermoplastic produced by |

polymerizing propylene monomers in the presence of a stereo-specific catalyst system.

Polypropylens is the highest (900—010 kg/m®) plastie produced to date. Homopolymers and
copelymers are the two types of polypropylene, Homopolymers are used for fibre and yarn :

applications. Polypropylene is mainly available in granular form.

GEOSYNTHETICS

Polyvinylchloride. Polyvinylchloride (PVC) is mainly used in geomembranes and
as & thermoplastic coating material. The basie raw material utilized for the production of
PVC is vinylchloride, PVC is a rigid polymeric material but can be converted, when
plasticizers are added, into highly flexible products. PVCis availablein free-flowing powder
form.

Ethylenecopolymer Bitumen. Ethylenecopolymer bitumen (ECB) membranes
have been used in civil engineering works as sealing materials. For ECB production, the
raw materials utilized are ethylene and butyl acrylate (together forming 60 to 60%) and a
special bitumen of 40 to 50%. Stricter specifications are requived when they are used as a
seal in connection with resistance to hydvocarbons, acids and alkalies.

Chlorinated Polyethylene. Sealing membranes based on chlorinated poly-
ethylene (CPE), are generally manufacturéd from CPE, the main component, mixed with
PVCor sometimes PE, The properties of CPE depend on the quality of the PE and the degree
of chlorination.. CPE membranes are available in rolls of a maximum width of 2 m and'a
thickness in the range of 0.6 to 1.5 mm with a roll length of about 20 m.

Apavt from the raw materials explained above there are other polymers also available
with less market value,

8,2.2. WOVENS

There are a large number of geosyntheties produced which can be sub-divided into
several different categories based upon their method of mamafacture and is shown in Fig. 8.1
on next page. They may be basically belong to natural fabrics or synthetic fabries. Under
synthetic fibres they may be broadly classified as conventional geotextiles, geotextile
related products and geomembranes. :

Wovens were the first to be developed from synthetic fibres. The type acccunts for
about 25% of the geotextiles market in terms of volume. As their name implies, they are
manufactured adopting techniques similar to weave clothing textiles. This type has the
characteristic appearance of two sets of parallel threads or yarns, The yarn running along
the length is known as a warp and the one perpendicular to it is called a waft (Fig. 8.2 on
next page). '

The majority of low to medium strength woven geosynthetics are manufactured from
polypropylene which can be in the form of - extruded tape, slit film, monofilament, or
multifilament. Often a combination of yarn types is used in warp and waft directions to
optimise performance/cost. Higher permeability are obtained with monofilament and
multifilament than flat tape construction enly.

8.2,3. NON-WOVENS

Non-woven geosynthetics can be manufactured from either short staple fibre or
continuous filament yarn, The fibres can be bonded together by adapting thermal, chemieal
or mechanical (needle punched) techniques or a combination of techniques. Whether at
staple fibre or a continuous fibre is used has very little influence on the properties of the
non-woven geosyntheties. '



202 GROUND IMPROVEMENT TECHNIQUES GECSYNTHETICS ) . 203

[ cecMEMBRANES |
l unen] |BARR]ER’

J

a3
2o »
g 2
£ £
(7]
k]

l

webs

(2] —
8
Bz Co

: 3 | ' '
% é % - Fig. 8.2, Woven fabric with selvedge (Adopted from Zanten, 1986).
@ bl L . . i . E .
; : " bonded non-wovens have a typical thickness in the range of 2 to § mm and also tend to be
5 —3] if comparatively heavy because a larger quantity of polymer filaments is neaded in order to
5 L5 T pravide a sufficient mumber of entangled filamént eross-overs for adequate bonding. Figure 8.3
£l Iz — kX illustrates a thermally bonded non-woven geosynthetics.

E .

Fig. 8.1 Geosyntﬁetics classification groups (Modified from John, 1987). ’

o 2]
2 53
wt o
x
- 7 o
A z -'.E
d [T -
o > -'3
w 2 ¥ .
] = i E
- - -
4} - ] L
£ b i
o F ]
3 _ 29 /9%
& 2 !
o
[} E E 5
& g g ig 3
£ z — is 3 OHOFLAMENT
: E / £ )
] z =
2 8 I
bl p— [ —
3 ! g Tl \ 5t
. B 3y £ =
: iE i :
& z g2 iy HETEROFILAMENT
2 L2 o 1F
e %)
¥ g, ]
o L]
34} T
Y
)

MECHANICAL
BOMDED

POLYETHYLEHE SHEATH POLYPROFYLERE CORE

The thermally bonded non-wovens contains a wide range of opening sizes than is
found in a woven geosynthetics and are relatively thin with a typical thickness of about 0.5
to 1 mim, Chemically bonded non-wovens are comparatively thick usually in the order of 3 m
thick. Chemical bondingis the least common method for forming noni-wovens, Mechanically

Fig. 8.3, Highly magnified view of a melded geotextile (Adopted from John, 1987).

Non-wovens are not load resisting geosynthetics since their tens'iia/strength is
limited. Non-wovens derive their benefit by the mechanical inter-locking énd or the
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chaemieal bonding with the polymer type used. The significant difference between wovens
and non-wovens is that the polymer filainents are aligned in the directions of the warp and
waft in the weaving process of the wovens. The result'of this alignment is that the polymer
type directly effects the stress-strain relationship and as a result higher tensile strength
with lower extension are obtained, It is reported that for high strength, low extension and
low creep geosyntheties for soil reinforcement, the polyester is the optimum choice (Rawes,
1989). ' : o

8.2.4. KNITTED

Knitted geosynthetics are manufactured using another process which is adopted from
the clothing textile industry, namely that of knitting, In this process interlocking a series
of loops of yarn together is made. There are different types of knit used.within the clothing
textile industry. An example of a knitted fabric is illustrated in Fig. 8.4. Only a very few
knitted types are produced. All of the knitted geosynthetics are formed by using the knitting
technique in conjunction with some other method of geosynthetic manufacture, such as

Sudeiesy

i (0

)RR

Fig. 8.4. Wrap knitted fabric (Adopted from Zanten, 1986).

8.2.5. BIOGRADABLE

The main intension of every geosynthetic application is- long life apart from the
function it is intended to play. In certain soil reinforcement applications; geosynthetics have
to serve for more than 100 years. But biogradable geosynthetics ave deliberately manufac-
tured to have a relatively short life. This is generally used for prevention of soil erosion
purposes until vegstation can become properly established on the ground surface. Natural
fibres which can be in the form of paper strips, jute nets; wood wool muilch or coir fibre are
being used. :

8.2.6. NETS AND GRIDS

Geosynthetic nets consist of two sets of roughly round polymer strands that cross at

a constant angle to give a very open material with large diamond or rectangle shaped
apertures. Nets with apertures up to 75 mm can be made. However, the typical size of the
strands and the apertures is 2 mm and 7 mmrespectively. Usually the strands are partially
melted and rolled to produce thermal honds where they cross, Nets are sometimes lightly
stretehed during manufacture to increase the elastic modulus. The strength of nets vaties
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from. 2 to 10 kN/m. This form of geosynthetics is mainly used for low strength soil
reinforcement or for core material in a fin drain geosynthetic composite.

Grids arve polymer lattices made from extruded sheets. The raw materials are
polypropylene or high density polyethyiene. The polymer sheets are first perfarated, the
form, size and distribution of holes being determined by the end product. The perforated
shests are then stretehed in one direction while it is gently heated. The action of stretching
the sheet align's the polymer's long chain molecules in the direction of stretch, giving the
grid a high tensile stiffness in this divection. A uniaxial lattice, that is a grid stretched in

.one direction, is thus produced (Fig. 8.5). The term uniaxial arises.from the alignment of

the streteched polymer ribs and the greatest strength properties in one direetion.
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| uMAXIAL GRID

Fig. 8.5. Uniaxial and biaxial érids (Adopted from Jehn, 1987).

An alternative form of grid may be produced by clamping the uniaxiallattice on the
stretched side and applying a second stretching on the transverse direction. This gives a
biaxial grid with a square aperture shape {Fig. 8.5). The biaxial grid is used for gabions
while the uniaxial one is used for reinforcing soil structures.

8.2.7. THREE-DIMENSIONAL MATS

These mats have large openings, similar to that found in some of the finer geosyn-
thetics nets. The distinguishing feature between mats, nets and grids is that the mats have
a distinet thres-dimensional structure, whereas the form of the nets and grids is nearer to
that of a two-dimensional planar structure. : ’

‘Three-dimensional mats are produced by extruding for example monofilaments on
to a rotating profile roller followed by cooling. As a result the threads fuse together.at
crossings. The structure contains typically less than 109 volume of the polymer filament,
Mats can he produced from any extrudable polymers, but the generally used one is
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- polyamide. The mats are available in size of 6 m width with 5 to 25 mm thick. These
three-dimensional mats are often uséd in the manufacture of composites for drainage,

8.2.8. COMPOSITES

This is an area which has particularly developed in recent years. Composites can be
produced from twe or more of the geosynthetics deseribed in the previous sections, Also, it
is possible to form composites from one or more of the geosynthetics used together with
geomembrane or geospacer. Evidently the composites have better properties to meet the
needs of a specific applicdtion. For example, a combination of woven and non-woven
geosynthetics are used for soil reinforeement or as separator depending on which one is

- used as a prime constituent. If non-woven is the backing material and woven is a prime
constituent, then the woven is manufactuved directly on top and then stitched to the
non-woven. This can produce a composite with an aligned warp, useful for sotl reinforcement
applications. Ifnon-woven is a prime constituent, then the woven sheet acts as a thin strong
backing sheet to which the non-woven can be needled to produce a thick dense material.

This form of composite is useful as a separater-in diffieult and dynamic load conditions.

Other forms of composites are': nion-woven sheet and waffled core composites, non-woven

and mat composites, non-woven sheet and net composites and woven sheet and net core
composites. : : -

8.2.9. MEMBRANLS

Membrane gedsynthgﬁc_:‘g are generally referred to as geomembranes which are thin
two-dimensional sheets of materials with a very low permeability. These are flexible
materials and can be strengthened with a fabric or film. Geomembranes are only subject
to a small amount of seepage as a result of permeation. For all practical purposes they may
be considered to be impermeable to both gases and fluids. Thus they are suitable for forming
waterproof or gasproof barriers hetween adjacent bodies of soil or soil and fiuid.

-Geormnembranes are manufactured from synthetic (Ehermoplastic} materiais such as
HDPE, LDPE, PVC, CPE, ete, or bitumen products such as ECB. Generally they are either
produced as extruded sheet polymer or as a composite. o

There is a distinction between membranes manufactured in the factory or fabricated
on the site. In on-site fabrication of thermoplastic membrane a warm or cold viscous
material is applied directly on to the surface which is to be sealed. The membranes may be
reinforced by spraying the viscous material on to a membrane or fabric backing. The
following techniques are commonly used in the factory manufacture of thermoplastic
geomembranés (Zanten, 1986) ;

(©) non-reinforced geomembranes, extruded or rolled from a polymer or by spreading
the polymer on a sheet of paper which is removed at the end of the process.

{if} reinforced membranes, fabric 51' membrane is impregnated'oi- covered fwith the
bitumen-polymer mixture ; rolling may also be used to produce the final product.

(i) ;‘éinfm‘ced laminated geomembranes, a geomembrane is combined with a fabric
or mémbrane by rolling of coating.
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Viscous manufacturing techniques can produce materials With thickfiess mim
The width is usually not more than 2 m with a thickness of 0.5 to 2.5 . mm:Membranes
reinforced with bitumen may be of 4 to 5 m wide with thickness of 1.5 to 6 mm. . ...,

Reinforced bituminous membranes are built up from different elements, 'e'?ch-with
its own spebific funcéion, either in the productionl process or in-use. The basis of _the
yeinforced membrane is a subtrate of polyamide fabric or polyester membrane, soaked:in &
bituminous mixture. Based on the production process em;.)loyed, a glass membrane and;l’or
a polyester film either as a substrate or as a filler can be included. The polyester film also
acts as a barrier to the penetration of plants and roots through thta membrane. Usually a
thick layer of bituminous mixture is coated on either side of the reinforced membrane.

8.3 PROPERTIES OF GEOSYNTHETICS

The properties which are to be satisfied by a-geosynthetics depenf} on the function it
has to fulfil: Geosynthetics can have a variety of functions such as reinforcement, ﬁl!;er,
drainage, separation layer, ete. For example, for reinforcement purposes the mechanical
properties such as modulus of elastieity and strength h‘ave to be_emphamze‘d. On the ?t}_ler
hand for {ilters the emphasis is on hydraulic properties such as hydraulic conductivity.
Apart from these, the durability and resistancs against mechanical wear and tear have to
be guaranteed. Considering all the aspects the properties of geugynthet;cs can be grouped
under the following categories :

(i) material and fibre properties

(i} geometrical aspects

(##{) mechanical properties

{{v) hydraulic properties -

{v) durability or cheniical properties
" These properties are discussed hriefly subsequently.

8.3.1. MATERIAL AND FIBRE PROPERTIES

A description of various raw materials which are usec} for geosynthetics manufa.ct}n'-
ing is presented in Section 8.2.1, Standard methods of testing are needed for determining
the material and fibre properties and geosynthetics as a whole. A large number .of t:ast
methods have been standardised in a few countries, InIndia a complete test stapdat‘dlsation
for geosynthetics is not yet available. ‘

Temperature and water content of the materials of geosynthet?cs are t.he? two aspects
which affect the various properties of gecsynthetics, Because of this, con?htlomng,: u'f tl'fe
material over a certain period in air at a certain temperature and relative humidity is
preseribed in various test standards. 7

"The fibre uséd in the manufacture of geosynthetics are built up from linear macro-
molecules, whose properties ave based on the bonding forees hetween the atoms. Further
the fibre properties also depend on the structure inwhich the macror‘nolecu]e_s are arranged.
As the basic materials are palymers, they behave like a visco-elastic material,
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8.3.2, GEOMETRICAL ASPECTS

Different types of geosynthetics ave described in Section 8.2. The choiee of particular
type and construction depends on the properties requived. Other aspects to be considered
for the selection are : field boundary conditions and methods of execution. Width and length,
thickness, mass-per unit area, and the available prefabrication techniques all play a role
in the definite choice of geosynthetics and construction (Zanten, 1986).

In principle the length of geosynthetics is unlimited but it is limited by the transport
facilities involved.and the ease of handling on site. Depending on the mass per unit avea
the length varies from 50 to 200 m. For wovens and non-wovens the width is 5 to 5.6 m,
Thickness of a geotextile is defined as the distance between the upper and lower surface of
the material, measured under a specified pressure. The thickness of most geotextiles lies
between 0.2 to 10 mm. The thickness of a’ geomembrane is-of more importance than
geotextiles for the following reasons (Zanten, 1986) : () te ensure sufficient impermeability
to liquids and gases, (i) to ensure that the geomembrane can adequately resist mechanical
fordes, especially in the construction phase, {fiZ) to ensure reliable techniques for welding
the membrane shests together, (iv) to allow the possibilify of embossing the geomembrans,
whereby the friction between membrane and ground on which it is applied is increased.
Variation in thickness of geomembranes may have extreme effects on stress-strainrelation-
ships. Increase in thickness at spots in the membrane also lead to coneentration of tension.
Increases in membrane thickness is not of concern in reinforced membranes. '

In general the mass per unit area of non-wovens and wovens are of the range 100to
1000 g/m? and 100 to 2000 g/im? respectively, Lighter grades in the range of 100 to 200 gim?
are most commonly used. -

There is a difference it length between straightened yarns and the yarns in the wavy
form in the fabric. This difference in length is referred to as crimp, a parameter which is
significant for the structure of the fabric and alse for the pore shape and size. Crimp affects

‘the mechanical properties of the fabric.

8.3.3. MECHANICAL PROPERTIES

In the general sense mechanical properties are the)ioad—defor_mation characteristics
of geosynthetics. In turn the mechanical properties of geosynthetics depend on the mechani-
cal property of the. fibre material, fibre structure, the yarn structure-and the structure of
the geosynthetics. The effective performance of geosynthetics in civil engineering applica-
tions in general and as soil reinforeement in particular depends exclusively on the tensile
stress-strain characteristics of the soil-geosyntheties interface friction behaviour. In addi-
tion to tensile tests in which the geosynthetics is subjected to loads andfor displacements,
tests have to be conducted in which the load is applied perpendicular to the geosynthetics
a8 oceurs in many practical cases, The relevant properties are burst and puncture strength.
For example, a burst could occur due to a gas or liquid pressure actingona membrane. The

.interface friction, fatigue 1{esi5ta1_1ce, creep resistance, tear-strength, abrasion resistance
and seam strength are the other important mechanical properties. For details of tests
procedures reference may be made to Zanten {1988). A reference may also be made to
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Christopher (1989) for necessary test standard to defermine a particular property of a
geosynthetics, For easy reference the geotextile properties and testing methods selection
(Christopher, 1989) is presented in Table 8.1.

) Rale of properties and characteristies as related to function of geosynthetics is
illustrated in Fig. 8.6, (Gicot and Perfetti, 1982).

I AOLES ! [_ FUNCTIONS PROPERTIES ] [ CHARAC TERISTICS J

COMPRESSAILITY

THICKNESS

POROSITY

TRANSMISSIVIFY

HYDRALLIC

Tt PERMEABILITY
: PERMITYIVITY

£LOG
:] ‘RESISTANCH FILTRATICN mAMErERI
SEPARATION )
- TEHSION
MECAANICAL
RESISTANCE TEARIKG
PIERCING
REINFORCEMENT
[ eieune |
ROUGHNESS
FRICTEON

Fig. 8.6. Role of properties/characteristics as related to function
(After Gicot and Perfetti, 1982).

-Table 8.1. Geosynthetics Properties and Testing Methods
for Geosynthetics Selection (Affer Christopher, 1989},

Property Test Method
L General Propertics
(from manufacturers)
-‘Type and Construction N/A
Polymer N/A
\Veli ght ASTM proposed (FHWA Manual)
Thickness ASTM proposed (FHWA Manual)
Roll Length " Measure
Roll Widths Measure
Roll Weight Measure
Roll Diameter Measure
Specific Gravity & Density FHWA Manual
Absorption FHWA Manual
-Surface Characteristics N/A
Geatextile Isotropy N/A

(Table Contd.)
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Table 8,1 (Contd.) B
Property Test Method :}
1%, Index Properties : - ‘
Mecohanical Strength-Uniaxial Loading
(@) Tensile Strength

{1) Grab Strength
(2) Strip Tensile Streagth

(3) Wide Width Strength

() Poisson’s Ratio

| tc) Stress-Strain Characteristies
{d) Dynemic Loading

{¢) Creep Resistance

(f} FrictionfAdhesion

{g) Seam Strength

(h) Tear Strength

Mechanieal Strength—Rupture Resisiance
()} Burst Strength

(&) Puncture Resistance

(¢) Penetration Resistance
(d) Fabric Cutting Resistance
{e) Flexibility (Stiffness)

Endwrance Properties

(e} Abrasion Resistance

(1) Ultraviolet (UV) Radiation Stability
{¢) Chemical and Biological Resistance

(d) Wet and Dry Stability
{e) Temperature Stability

Hydraulie
{tz) Opening Characteristics
(1) Apparent Opening Bize (ADS)
(2) Porimetry (pore size distribution)
(3) Percent Open Ares (POA}
.(4) Porosity (n)

ASTM D-4632

ASTM D-1682—Sections 18 and 20 using a CRE
of 12-inch/min.

ASTM D-4595 (FHWA Manual)

No Test .

ASTM D-4595 (FHTWA Manual)

No standard

FHWA Manuai :

Medified Corps of Engineers BM 1110-2-1806,
using Ottawa 20-30 sand

See 11 {a) Tensile Strength above ; use {1), (2) or (3)
depending on requirements

ASTM D-4533

Multen Burst-ASTM 1)-37886, (Fed. Std. 181 A,
Methed B122)

Modified ASTM D-4833

No standard (Dimensional Stability)

No standard

Modified ASTM D-1388-Option A using 2-in. x 12-in,
sample (FHWA Manual Fed, Std. 191 A,
Method 5206)

ASTM D-4886
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Table 8.1 (Contd.)

Property Test Method

{B) Permeability (%) and Permitivity
{c) Boil Retention Ability
{r) Clogging Resistance

ASTM D-4491 (FHWA Manual)
Empirical Relations to Opening Characteristics
No standard—See Soil-Fabric Tests

(e) In-Plane Fiow Capacity (Transmissivity) ASTM D-4718

1T Performance Properties For Soil-Geotextile Systems

Stress-Strain Characteristics Tension Test in Seil-MeGown, et. al., (1982), Triaxial

Test Method-Holtz, et. al., (1982) California Bearing
" Ratio on Soil Fabric System-Christopher (1983)

Tension Test in Shear Box-FHWA Manual

Creep Tests Extension Test in Soil-McGown, et. al. (1982}
Triaxial Test Method-Haltz, et. al, (1982)
Extension Test in Shear Box-Christopher (1983)

Friction/Adhesion Direct Shear Method-Modified, Corps of Engineers
Procedure EM 1110-2-1908 ; Bell-2-1806 ; FHWA
Manual Pull-Out Method-Holtz (1877

Dynamic and Cyclic No standard procedure

Loading Resistance

Soil-Fabric Permeameter Gradient Ratio-(FFTWA
Msnuai)

Slurry methed-CALTRANS-Hovar (1982)
Application Medel, e.g., Virginia HTRC Siit Fence

Soil Retention and Filtration Properties

Method (FHWA Manual)

ASTM D-4355

No standard for geotextiles (For textiles ; Fed. 5t
191 A, Methods 5760, 5762, 2015, 2016 and 2053)

No standard
No standard

ASTM D-475 (FHWA Manual)

Use AOS for 095 035 050 015 and Oﬁ
FHWA Manual

No standard

{(T'able Contd.

8.3.4, HYDRAULIC PROPERTIES

Geosyntheties are used as filters in bank protection works, downstream culverts and
in bed protection works along canals. In these situations the filter is laid directly on the
subsoil and guarantee the soil tightness of the structure. Further, to avoid unnecessary
buildingup of excess pore water pressures under the protection the geosynthetics must also
be sufficiently water permeable, Geosynthetics used in road construction are installed in
the substructure or as a layer separating the substiucture from the subsoil, Geosynthetios
are also used in land drainage, in this respeet providing'a water permeable layer or a water

drainage. In all these fields geosynthetics must satisfy certain requirements for water
permeability and soil tightness. Thus to satisfy the filtration and drainage reguirements,
geosynthetics need to fulfil two important conditions, viz.,

() It should provide adequate hydraulic canductivity to allow the free flow of water out

of the surrounding seil into the drain,

(i) It should prevent particle movement from the parent soil into the drainage media.

These conditions signify that the geosynthetics must have a required opening size as wellas a
tight fabric structure. The hydraulie properties of geosynthetics are controlled by : (i) fabric
opening characteristics, (i) water permesbility, and (i1} clogging resistance.
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Fabrie opening characteristics include apparent opening size,

tion, percent open ared, and porosity
on the opening characteristics of the
geosynthetics accurately, theses
values. The apparent opening size
geosynthetics, The pore size distri
technique to several other

total of individual open arcas in a given fabric specimen to the
specimen. Porosity is related ta the ability
as the ratio of volume of voids to total volume.
geosynthetics must be substantially greater than that ;
of the protected seil. High fabric permeability also infer that partial clogging will not reduce :
fabric permesbility. Perme ability and transmissivity are the two parametars which govern :
the hydraulic conductivity. Transmissivity of a geosynthetics is defined as the volumetric .
flow rate psr unit thickness under laminar flow conditions, :

In general permeabili'ty of a

fabric.

particles into the voids of
flow conditions, fabric clogging or
corresp'ondiﬁg increase in hydraulic
responsible for fabric clogging is not
ning hydraulic properties are given

8.3.6. DURABILITY

In addition to the physico-mechanical properties the chemical nature of the polymer
frora which the geosyntheties is manufactured is also of great importance prineipally in

" connection with the desired durabi
they are relatively insensit

environmental effects. Evidently this
construetion materials. Nonetheless eac
be considered in the design and application, Table 8.2 illustrates the resistance of variou
1986). Many of the synthetic polymers are sensitive to oxidatio
because of oxidation, the mechanical properties such as strength, elasticity and strair
nd the geosyntheties ultimately becomes brittle anc

geosynthetics {Zanten,

absorption capacity deteriorate a
cracks. Special additives are avail

geotextiles and geomembranes diffe
to evaluate the chemieal stability of geosynthetics.

Currently no method exists

As a matter of fact it is very difficult to predict durability through direct testin

However, it is possible to assess du

relative comparison of the products.
ave other two factors which affect the

hould be used in combination with measured permeability |
(AOS) is a measure of the largest effective openingina |
hution of fabric id determined by extending the ADS
bead sizes. The percent open area is defined as the ratio of the f

Clogging is defined as the movement by mechanical action or hydraulic flow of seil’
a Fabric and retention therein, Under study state and reversing’

ive to the action of a great number of chemicals and to the
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opening size distribu-
. The ability of a fabric to conduct flow is dependent, :
geosynthetics, In order to assess the performance of :

total area of the fabric :

of water to flow through the fabric and defitied

in the in-place direction of the

blinding causes a decrease in water flow rate and’
head loss through the geosynthetics. The mechanisms
fully understood yet. The pertinent tests for determi-
in.detail by Rao et. al, (1990) and Zanten (1988).

lity. Polymers have a significant characteristics that

is an added advantage compated to conventiona
h plastic has a number of weaknesses which should

able to counteract these processes. Polymers used ir
» considerably in their intrinsic resistance to oxidation

index testing which helps to provide!

rability through
Violet (UV) resistanc

Abrasion resistance and Ulira
durability of geosynthetics.

GEOSYNTHETICS

213

N .Abrasion‘ Resistance. Geosynthetics may be subjected to abrasion in many ways.

an;asllc}m uotzldtt:}:cur asfa result of friction produced by various types of movement of rock
soil against the surface of the fabric such as wave actio i

¢ : ; c n or riprap, sand scour sediment

in a stream, or the aggregate cover in fabric reinforcement applicati;ns such as roadways

and railways and may also aceur due to installati
‘ ation d X :
available to evaluate the degree of abrasion. ' (Hodge, 1657 Standard fests are

Table 8.2. The Resistance of Various Geotextiles
(After Zanten, 1986)

Polymer _ _ PA . PETP PP PE Soft PVC
Loading duration Short . Long | Shert | Long | Short | Long Short | Long | Short | Long
Resistant against: , ‘ =T
Dilute acids ° ' + 0
++ +
Concentrated acids 0 - 0 - :: +++ :: ++ 0 °
Dilute alkali + + ++ 0 ++ ++ ++ ; i
Concentratéd acids 0 - 0 - ++ e ++ :: Y o
S?It (Hrme) ++ ++ ++ + PO B ++ ++ ++ :
g;l (rr;meral) +5 ++ ++ ++ + 0 + 0 : *Of
yco + 0 ++ 0 ++
" a +
Mlcm- organisims ++ + ++ ++ ++ +: :: :—i N o
UVL}ght + 0 + 0 o - 0 : ’
UV Light (stabilized) ++ + ++ + ++ + ++ + Ny .
Heat dry (up to 100°C) ++ + ++ ++ | #F £ 5 N o
Steam (up to 100°C) +t + 0 - 0 - +€l+ ° o °
Moisture absorption ++ ++ ++ ++ + ++ + :+ ‘ . R
Detergents ++ ++ ++ ++ + ++ ++ t+ +++ ;
Tendency to cresp =+ + ++ + + ) £ 0 + +0+
Degree of resistant : — = not resistant ; 0 » moderate ; + = passable ; +# = good. This assessment of

resistance is valid under normal conditions and temparatures ;
1. During execution ‘
2. During usage

3. Depending on type of softener at high relative humidities.

X UItll.'a \‘fiolc.t Resistance. In order to minimise UV degradation, geosyntheties in
meost applications is embedded in soil, During the manufacturing process, additives such

as qarb(lm 1l'r)lacl{ or UV stabiliser are added to increase their UV resistance, However,

egeos?mt 1et1_csj may be e}%posed tc_) sunlight in applications like reinforced soil walls anci

t}rl:;sg\r; (iﬂn-t!:l and fc}urmg storing before installation, Thus it is essential to evaluate
resistance. o theti : : i i

the TV res geosynthetics. Standard tests ave available to determine the UV

The relative importance of the properties of geosynthetics as a function of the type

of structure is presented in Fig. 8.7 (Gicot and Perfetti, 1982).
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Fig. 8.7. Importance of properties as a function of type
of structure (After Gicot and Perfetti, 1982).

8.4, APPLICATIONS OF GEOSYNTHETICS

1t has been discussed earlier the {ive basic functions of a geosynthetics, viz,, separa-
tion, fluid transmission, reinforcement, filtration and containment and barrier. These basic
functions are accomplished invaricus field applications which are subsequently presented.
Figure 8.8 illustrates the relative importance of the basic geosynthetic functions in various
applications. A few applications of geosynthetics inTndia for various civil enginecting works
have been reviewed by Veeraraghavan (1987) and Rao and Raju (1980).

8.4,1. SEPARATION
Inprinciplea geosynthetics, whenused as aseparator, must prevent the inter-mixing
of particles from two soil layers with different praperties. This prevents contamination

which may impair the intended behaviour of granular soil layers. The field application of

geosynthetics as separators commonly adopted are : unpaved roads, paved roads, railways

and protection of geomembranes.

Unpaved Roads. Use of geasynthetics for unpaved roads ave a well-established and:

a most cormmon one. Although the prime function of a geosynthetics in unpaved road
construction is separation, the secondary functions of reinforcement and filtration remain
essential. Providing a geasynthetics sheet between a granular sub-base and a weak
subgrade helps to stabilize an unpaved road ina number of ways as shown in Fig. 8.2, The
geosynthetics while maintaining separation (John, 1987):
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Fig. 88 Re]alt'we importance of the basic geosyntheties functions
in vanm.ls applications (Medified from Jchn, 1987).

Frictional
restiaint
Sub base

restraint

Geotextile

Fig. 8.9, Geotextile stabilization of an unpaved roadl(Adopted from John, 1887)

(#) Provides local reinforcement.
(u) Restyains Fhe aggregate from downward and lateral movement in the ruts
{t‘u) Restlrain.s the subgrade soils from upward and lateral movement between thfla rt
(iv) Acts as a support membrane. - i
(v) Provides sufficient friction to limit lateral sliding of the aggregate.
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Most of the actions explained above belong to reinforcement category, showing the
essential nature of the secondary role, In the absence of a geosyntheties, mixing up of the
granular sub-base of soft mud from the underlying soil would rapidly reduce its strength
to that of the soft mud alene. Thus a geosynthetics shest placed beneath the granular
sub-base can greatly reduce maintenance, enable better compaction during construction
and reduce the thickness of aggregate layer.

Probiematic subgrade soils are highly compressible soils such as peat and saturated
soft to medium stiff clays. In peats the problem is mainly settlement and in clays develop-
ment of high pore water pressure due to vehicle movement.

Paved Roads. Butting type of deflections of the surface is unacceptable in the case
of paved roads. In this case, geosynthetics can be provided at three different loeations ina
permanent road, viz., at the ‘nterface between the aggregate sub-base and the subgrade
soil, within the pavement structure, or with a surface overlay. In the first application the
geosynthetics acts in a similar way as that in the unpaved road and ¢an yield the following
benefits (John, 1987): ’

{i) Prevents pavement sub-base aggregate from penetrating the subgrade scil

(i) Prevents fine soil particles from the subgrade soil entering the sub-base aggregate:

(iii) Reduces the need for excavation of soft fine subgi'ade soils
({v) Speeds placement of the sub-base aggregate during construction
(1) Reduces rutting of the sub-base aggregate while it is being used as a haul road

{vi) Evens out settlement of the sub-base aggregate over any pockets of soft material®

that may have been overlooked.

In the second application, a high geosyntheties elastic stiffness is required to brin
in some reinforeing effect, For this application, the most effsctive location for the geasyn
theties is within the base course or between the base course and the weaving course at a
depth of not less than 40 mm (John, 1987). The presence of the geosynthetics improves th

tensile strength and gives the road a greater resistance to cracking and helps to provide a®

longer fatigue life.

In the third application, the geosynthetics is placed on the surface of an existing:

pavement prior to laying an asphaltic overlay. Presence of the geosynthetics restrict
propagation of reflection cracks (Fig. 8.10) and thereby increasing the life of the overla
{John, 198T).

Geotextile

Asphaftic overlay

Fxisting joint or crack
Coacrete slab

75803
D‘A o‘ﬂo’\

(a)AFTER GVERLAY (BLAFTER TRAFFIC (6} WITH A GEQTEXTILE
PLACEMENT FLOW AFTER TRAFFIC FLOW

Fig. 8.10. Control of reflection eracking with a geotextile {(Adapted {{'om John, 1987).

GEOSYNIHETICS ' 217

Railways. Applicationof geosynthetics inrailways for four basiccases areillustrated
in Fig. 8.11 (a tog). Ballast resting on a clay subgrade causes erosion pumping failure due

40mm dia biilast

',é;—_‘*:b
about 3)0 SO GO00! SaC &mn%ooboon%cgg

& Supoot
SRS NIRRT

about 7 " > Jabout 100 mm
e . -§ about 100me
Crosstail Cressfall about 140 25
Filter sand
Geomembrane «
{2). TO PREVEHT A PUMPING FALURE (b).TO PREVEHT A BEARING-CAPACITY
FAILURE

1
Reutively thin gestextile
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. Retatively Lhick geatextile
e Pk o
o2R2TREY WHESTAT B
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HE”T BLANHKET REPLACEMENT

. Medium X Thick nonwoven geatextile slepe'1 in 50
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00gfm’ in drain) depth 308mm
(f).USE OF GEQTEXYILE FILTER YO REDUCE TOTAL LGEOTEXTRE SEFARATOR AND DRAIN FILTER N A
THICKHESS RAILWAY BALLAST APPLICATION
Suppart over polentiat Thiek :

Tensile support
over g void

Geomembrang

punclure 20 geotextile
Surchirge
load \.u

{h).GEQTEXTILE SUPPORT To A GEDME!JERANE

Fig. 8.11, Applications of geotextiles as separator {Adopted from John, 1987
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to the dynamic load. Another type of pumping failure may be caused by the contamination
of the hallast by the dirty ballast pumping failure. These two pumping failures could be
prevented by providing a sand blanket [Fig. 8.11 {@)]. A third mode of track support failure
is a bearing capacity failure of the subgrade. Cenerally this occurs in cohesive soils because
of increase of pore water pressure. A bearing capacity failure could be averted by providing
a geosynthetics film sandwiched in the middle of the sand filter layer [Fig. 8.11 (O)].

Tigures 8.11 {¢) to {¢) show three alternative ways of incorporating geosynthetics
within the track-bed so that they may act as a filter. For such use the geosyntheties should
have higher puncture resistance and strength and'also should be capable of dissipating the
excess porewater pressure. Otherwise the excess development of pore water may cause
liquefaction failure,

In another situation use of a geosynthetics in conjunction with fine granular
materials could reduce the thickness of filter layer [Fig. 8.11 (). For example, this can oceur
where the track runs alongside a retaining wall with shaltow foundations.

Geosynthetics are alzo used invailway track surface water drainage systems. Insuch
situations, the application of geosyntheties is similar to that in highway drains [Fig. 8.11 (g)].
In this case a heavier grade geosynthetics has to be used,

Protection of Geomembranes, Geomembranes ate used in connection with con-
taining open areas of water, such as in canal ot dam linings, or alternatively containing
pollutants; such as around industrial waste storages. Geomembranes have to resist tensile
forces, puncture and wear from objects. It is now the established practice to use geotextiles
to protect geomembranes from the hazards. Geotextiles often used for this purpose ave
usually thick, mechanically-bonded non-wovens. Figure 8.11 (b) illustrates the functions of
a geotextile as a sepator in the protection of a geomembrane.

8.4.2. FILTRATION AND FLUID TRANSMISSION

Geosynthetics can be used in filtration and drainage system in a similar way as that
of soil filters and drains. Geosynthetics have been used in various field situation with
success. Some of the field conditions wherein geosynthetics have been used for filtration
and drainage are illustrated in Fig, 8,12 (oerner, 1885). In each case, the gepsynthetics is
being used as a filter {for cross plane flow), a drain (for in place flow), or both. The two
functions are distinguished as given below :

Geosynthetic filtration oceurs in fabrics where water flow brings some of the finer
particles of the soil being protected into the structure of the geosyntheties itself. This soil
modification above the fabric and void modification within the fabric attain equilibrium.
Clear water passes through only after the attainment of equiltbrium.

Geosynthetic drainage occurs either cross plane, when the above described process
have reached the equilibrium, or in plane, when water is transmitted within the geosyn-
thetic structurs itsslf.

The effectiveness of these functions are ascertained by alongterm geosynthetics flow
tests. One such a test, as reported by Koerner and Ko {1982), is presented in Fig, 8.13. In
this illustration, the final portion of the curve is a critical one. When slope myreaches zero,
it signifies that equilibrium has been established within the soil and the geosynthetics, On
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Fig. 8.12. Situations where geotextiles have been used for
filtration and drainage (After Koerner, 1985). ’
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Fig. 8.13. Qeneralized long-term flow response of soil-geotextile systems
{After Koerner and ¥o., 1982),

the other hand if the slope my continues to decrease, the geosyntheties or upstream soil is
probably clogging and ultimately result in a complete cutoff flow of water.
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Various drainage applications are illustrated in Fig. 8.14. For details of drainage

GROGUND IMPROVEMENT TECHNIQUES

applications reference may be made to Zanten (1986) and John, (1987). .
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Fig. 8.14. Various type of drain applications

{(Adopted from John, 1887)
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At low temperatures, very small ice erystals form in the soil water and viscosity alse
increases. Under the influence of these factors the capillary rise can be high. A capillary.
break can function in two different ways to limit frost heave : () Interrupting the capillary
rise by large air-filled voids, (/) Diverting capillary flows away from the freezing zone.
Figure 8.15 {«) illustrates two-mode gravel captllary break and Fig. 8.15 (b) shows alterna-
tive depths for anti-frost heave capillary breakes (John, 1987). :

e
Dratnige blanket disposin
Porous drain pipe of upusiury flow {mode il

Pron:é: geotentile - b - .
Hiller Captilary rise intesrupted by volds
in granular material (mede i}

Water table
{2 LTWO-MODE GRAYEL CAPILLARY BREAR

o e ozt

(Frast Lline Freat lia

Capillary by
break

Water
table

Waler
tablg

(b}ALTERNATIVE DEETHS FOR ANFI FROST HEAYE

CADILLARY BREAK -
Fig. 8.15, Capillary breaks (Adopted from John, 1887).

8.4.3. REINFORCEMENT

Phe strain/deformation in any direction could be controlled by intraducing the
reinforcement {geosynthetics) by way of frictional forces acting against deformation. The
three main areas where geosynthetics-soil reinforcement may be applied are : ({) Founda-
tions, (i) Slopes and embankments, and (i7) Retaining walls.

Synthetic polymers with high strength for use as soil reinforcement materials are
available. They are mainly made of polyester, polyamide, polyethylene or polypropylene.
The materials used for soil reinforcement’ generally have a high U.V. degradation and
corrosion resistance. The strain behaviour of these polymers ave time dependent, i.e., the
ereep of these praducts ave significant. The reinforesment material requirements depend
on the loading conditions and the lifetime of the structure. The design must include the
required reinforcement strength and strength required in relation to time.

Foundation for Footings. Reinforced seil foundation bed is a soil foundation
containing horizontally smbadded geosynthetics/thin fiat strips, ties or grids. Introduction
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of a layer of reinforced soil between a footing and weak subsoil can inerease the bearing

_capacity substantially, thus obviating the necessity of combined footing or a raft foundation,

Since geosynthetics are considered to be non-biogradable and are quite cost effective, they

are used in the form of geotextiles/geogrids and geocells.

Binquet and Lee (1975) have identified thiee possible modes of failures for the
reinforced soil for a footing, viz.,

(£) Shear failure of soil above the upper-most layer of the reinforcement : The mode of fatlure
is possible if depth to the topmost layer of reinforcement is sufficiently large [Fig. 8.16 {i0) ()]

b &
Al A
AN
AN
/L

{1} INTERACTION OF REIHFORCEMENYS
WITH FAILURE WEDGE

Cu

}.—-av—-l e setliement

(FFy FAIL UAE MODES

Fig, 8.16. Failure wedges and modes {After Binquet and
Lee, 1985, {a} to (¢) ; Koerner, 1985, {d)).

‘(ii) Reinforcement pull-out failure : This type of failure oceurs for reirforcement placed
at shallow depths beneath the footing with insufficient ancherage [Fig. 8.16 (i) (6)],
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(iif) Reinforcement tension failure : This type of failure oceurs in the case of long and
shallow reinforcement for which the frictional pull-out resistance is more than the tensile
strength [Fig. 8.16 (if) {)1.

Another mode of failure due to long term {creep) settlement under sustained surface
loads and subsequent stress relaxation [Fig. 8.16 (i) ()} has been identified by Keerner (1985).

Ideal pattern of reinforcement for footings should be in accordance with the directions
of prineiple tensile strain (Fig. 8.17}. In order to satisfy this condition, the reinforcement
should lie along the lines shown in Fig. 8.18 {u}, starting with horizontal reinforcement
below the footing and becoming progressively more vertical at some distance away on either
side. It is impractical to provide a continuous system of reinforcement. The practical
feasibility of providing veinforcement is iHustrated (Sridharan, 1990} in Fig. 8.18 (h) te {d).

e

Fig. 8.17. Zevoextension characteristies (After Bassett and Last, 1978).

o

]

IOEAL REJNFORCEMENT {¢} PRACTICAL REINFORCEMENT
w PATTERN PATTERN [REINFORCEMENT
PLACED BEFORE STRUCTURE)

b

{&) PRACTICAL REINFQRACEMERT--PATIERK {d} PRACTICAL REINFORCEMENTY
(REINFORCEMERY FLACED AFTER RATTERN
STRUCTURE }

Fig. 8.18, Pattern of reinforcement beneath footing (After Sridharan, 1990).

Foundations for Embankments, It is often difficult to obtain the desired factor of
safety when constructing an embankment over a weal/soft soil. In general four types of
failure modes can be identified for embankments built on soft soils (Risseeuw and Voskamp,
1984 ; Quast, 1983) : wiz., (i} internal stability, {#i) overall stability, {i¥) foundation stability,
and (v} bearing capacity failure. The failure modes are illustrated’in Fig. 8.19.
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BEARING CAPALITY FAILUAE

Fig. 8.19, Failure modes for embankments huilt on
soft soils (Adopted from Zanten, 1986).

Normally the .slope of the embankment is chosen in such a way that the internal

stability of the embankment is assured assuming that the bearing caPacity of thelsubsml
itself is sufficient to carry the load of the fill and prevent the fill pressing through into the
subsoil. Generally the bearing capacity of the subsoil will be adequate to carry the load of
the embankment. ‘

In case of inadequacy, the embankment has to be construeted in stages so as to
prevent loss of overall stability. Every stage of construction has to be taken up only after
“ascertaining the soil already in place has been improved to the sfxf;ent necessary. AIte.rna-
tively the subsoil may be consolidated, by adepting apprepriate 50}1 1mpr0ve.ment techmqm?i
before taking up the embankment construction. When the bear;'ng capacity of the f;ubsm
is sufficient, the three types of failure medes ¢an be analysed in order to d'etermme.;'the
strength requived in the fabrie. A schematic represgsmts_xtiun ?f the tl-}ree primary fallul:e
modes for a fill on a low-bearing capacity soil with a reinforeing fabric at the interface is
shown in Fig. 8.19 (Zanten, 1986). -

The shearing resistance between the reinforcing mat and subsoil limits the maximum
restoring force that can be obtained from the fabrie. If the force is more thanthe max;mm;;
shearing foree along the anchor length of the fabrie it will be pulled out of the soil and resu Vi
in the failure of the embankmsnt.

In order to obtain the full henefit of the geosynthetics tensile strength, itlis ilmportsfnt _
that the construction sequence is so planned such that tension on geosyntheties is.applied.

gently. There can be no tensile force mohilised in the geosynthetics unless it is subjected to
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strain. "I‘I"Ae geosynthetics sheet should not slack or folded beneath the enlban}(ment alter
construction. The following construetion sequence is recommended in order to avoid such
problems (John, 1987, Tig. 8.20) : (a) Place the geosyntheties, (b) Place fill at the embank-
ment edges, (¢) Fold over the geesyntheties ends, (d) Place more fill at the embankment

edges, (e) Place fill in the central region, (f) Raise the height of the embankment adges,
(g) Complete embankment construction.

Corhplete embankment construction (9

Raise the height of i

tmbankment tdges (I')

Place more fill at the

embonkment edges {d)

Fold over the geosynihetic
ends ()

=
< \Plu: he

Place fitl in the
central regionte)

~
A
o

et Place i1 at the
geocynthetisla) embankment edges (b)

Fig. 8.20.’ Recommended embankment construction sequence (After John, 1987),

Steep-faced Embankments. Onrestricted sites it can be advantageous to reinforce
the face of the embankments. This helps to reduce the area of land required and the volume

of fill. The presence of reinforcement at the face of the embankment allows the ise of less
expensive fill materials. ' o

Because of highstress concentration steep-faced embankments are not recommended
over soft deposits. Generally cohesionless fill within the embankment is favoured for the
reasans of high soil to reinforcement surface friction, absence of pore water pressures and
ease of compaction. In case of non-availability of cohesiontess fill, geotextile grids may be
employed with cohesive or partly cohesive soils, as the soil to reinforcement bond for a grid
does not rely solely upon the surface friction. In such cases the construction should be rigid
and adequate drainage provisions should be made.

In order to get the best performance of reinforced embankment slopes, careful
thought must be given to the surface finish. Without the aid of a facing, effective embank-
ment can not be constructed, The most widely used method of restraining the face material
is the wrap-around method {Fig. 8.21), Other facing system in use are sandbag facing
support system and Textomur facing system.

Fill material

Sheet gectextile

: B o 3
Fig. 8.21, Wrap around facing method (Adn}-)ted from Jehn, 19870,

) Reinforeed Soil Walls, Reinforced soil retaining walls made use of tensile reinfore-
ing e‘zlements in-a fill that is normally largely cochesionless. Under favourable conditions,
significant economic advantage can be derived. The advantages claimed by this technique



226 GROUND IMPROVEMENT TECHNIQUES
A soil mass and large base widths of structures, The three

are + flexibility of the reinforce
4 soil wall are : ()) The facing, () The reinforcement, and

main coniponents of a reinforee
{i#i) The select fill (Fig. 8.22).

Facing unit

Reintorcement

Fig. 8.22. Reinforcoment soil wall components.

The facing units are usually interlocking concrete panels, Joints provided in the
and the counter-balancing pull from the soil reinforcement, reduces the bending
at of reinforced concrete cantilever wall. As the bending
moment is low, there is a large saving inconerete which inereases with height. Further the:
joints provide a greater tolerance to differential settlements. Easy of assembly, stability
when partially complete and absence of major temporary works can also be advantageous
on congested or tidal silts. Reinforced soil wall demands a select fill hiecause it relies upon’
friction between the select fill and the reinforcoment. The cost of fill obviously depends on
its availability and whether the wall is above or below the existing ground surface. For
further details of reinforced walls, such as short-term walls, long-term walls and sl_mchored

walls, reference may be made to John (_1987).

panels
moment to a lower value than th
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st " “ . v :
mi;ni)ng zz;nfz?:&f;:'b!e c})lrlunknowrl variety of liquid utmost conservatism should be used
and In such 4 situa 1:)}1118 1.gh] density polyethylene (HDPE) is employed because of its
e micals, For ca'nals and other water storage works unreinfore d
L ride (P ) is used. In India low density polyethylens (LDPE) i ’

in the canal lining systems (Shobha, 1590) viene )i successully

Tabltf 8.3. Comunon Types of Polymers used
in Manufacturing Geomembranes
{After Giroud and Frobel, 1983)

Thermoplasti : i '
rmoplastic Polymers Polyvinyl chloride (PVC) ; Oil Resistance PVC (PVC-OR) ; Ther

moplastie Nitrile-PV| B :
(BT itrile-PVC (TN-PVC) ; Ethylenc Intepolymer Allay

v

C ]1. " i
stalline Thermoplastica Polyethylene (VLDPE, LDPE, LLDPE, MDPE, HDPE, referring to
Ty yethy s v ' 'ring

very low, low linear low, mediurmn and high densi i i
A d ; gh density} ; High density
Pnlyq]ﬂgn' e-Alloy (HDPE-A) ; Pely-propyiene ; Elasticized
Ther lasti i
moplastic Blastomers Chlorinated Polyethylene (CPE) ; Chlorinated Polyethylene-Allo:
g};E-lA) ); gglormated Polyethylens {CSPE, Commeon name ii
alon); i g > i
ey ermoplastic Ethylene Propylené Biene Monomer
Elastomar.
3 ;sobut,}flene l_iubber (IfR, common name is Butyl rubber) ; Ethylene
ropylene Diene Monomer (EFDM) ; Polychloroprene (CR, Com-
mon name as Neoprene} ; Epiehlorohydrin Rubber (CO).

Table 8.4. US(:: of Geomembranes in Various
Engineering Applications
(After Shobha, 1990)

8.4.4, CONTAINMENTS AND BARRIERS .

An unique type of geosynthetics is geomembranes.
flexible impermeable liners and barriers. The term liner is app
is used as an interface or a surface revetment, When the geomem
earth mass it is termed as barrier.

Geomembranes are employed in a wide range of civil engineering works, such as
potable water reservoirs, distribution canals, municipal and hazardous solid waste
landfills, liquid waste impoundment, cut-off walls, dam facing, final closure 1andfill covers,
spill containment systems, wherein the primary function is control of migration of fluids

(Giroud and Frobel, 1983). Common types of polymers which are used in the manufacture :
of geomembranes is listed in Table 8.3. Use of geomembranes in various engineering :

applications and given in Table 8.4.
uid containment. There is no unique

Geomembranes are used largely in the area of lig
design of lining system for the liquid eontainment facility. For storage of liguids such a
acids, bases, heavy metals, ete., the chemical resistance chart should be followed. Liquid:

Geomembranes are used as
lied when the geomembrane
brane is used inside an

Treatment Basins (liquid contain-

N G K ,
menf} lany private generators of foxic waste are required to design

:irsstm;ntl?aslin with geomembrane lining systems. In this spplica-
, chemical resistance and i il ini
e oot d impermeability of the lining are
Canals (liguid contai - > bui

q tainment) C?a]s'am built for transportatien of water for agricultural or
l\n ustrial usage. Geomembrane lining systems for irvigation water
reduces the water loss through seepage.

Disposal basins (solid contain-

Di i :
ment) isposal basin are for the permanent storage of wasts that can not

be tl:e'ated ad:equately or econiomically. These wastes ecould be
rgt{mmpal salid waste, industrial solid waste or chemical waste
edmembranes with drainage system are used at the bottom side

and to i ‘minimise’
landfﬂl;f of the basin to ‘minimise’ the flow of leachate frem the

Upstream face of dams (imperme-

G .
able barrier) eomembranes ave used on the upstream face for protection of

embankment from wind and wavs sction.

Curtain walls impermeable

- Geomemb i
barrier) ranes are used in a narrow trench to construct a cut-off

_that are combinations of different chemicals, the aggressive one shogid be considered. Fol

wall system,
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Table 8.5. Types of Wasic Stored in Landfills
(Modified from Koerner, 1985)

Three basic types r_}f wastes, viz.,
@) Selid Domestic—Typical house-hold refuse and general solid matter.
(ii) Solid Industrial-—Furnance residues, metals, wood, ashes.
" (##5) Chemical—0il sludge, powder compound by-products, organic and incrganie
materials are the lanfills which are to be stored using geomembranes.
Tn earlier days clay liners were used for soil containments. Because of some drawback
of clay liners, use of geomembranes for solid containment had been initiated, While storing

wastes below ground level adequate care has to be taken for leachate. Although some of the )

landfills are toxic, hazardous or radio active, most of them are harmless. Types of wastes,
gtored, in landfills are lsted with ranking of danger and quantity of waste stored in Table
8.5,

CGeomembranes as an impermeable barrier has been in use in various geotéchnical
engineering structures, e.£., in dams, embankments and cut-off walls. Generally a high
atrength geotextile is placed between the geomembrane and crushed stones, in dams and
foundations, for puncture protection of the geomembyanes. The selection of geomembranes
is made based on the following eriteria (Shobha, 1990} :

(i) Withstand §ufﬁcient setilement

(i{) Chemical resistant to the railing material contained

(iii) Satisfactory performance af various temperatures

(fv) Good quality of seams at low temperatures

(v} Cost competitive. ‘

(teomembranes have been used in cub-off trenches individually or in conjunction with |

other materials depending on individual project and geological details.

Potential applications.of geomembranes, can be summarised as undef (Zanten, 1986)

{a) Sealing against fluid percolation
. coast {from the sea)
— river banks

—- shipping canals and locks (a seepage-reducing slops or & screen)

e .
: . ' Quentily Quedity
WWW
Municipal . Moderate Least dangerous

Residual Building demolition 3 Largest Increasing order |
Treated or untreated waste, MNon-

treated, nmon toxic waste, Near

hazardous waste

Hazardous Small Dangerous

liadioactive Small Most dangerous
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— reservoirs, water storage (e.g., pools for recreational purposes or to contain water
for five-fighting)

— trenches below the groundwater level

—- sites Tor dumping sand for constructional purposes, terrain bunding

—_ irrigation canals i

— storage weirsand dams

- road sections below the groundwater level (viaducts, tunnels, cuttings).

. Ths tf;llnction of dthe geomembrane in these eases is to form a bairier hetween the
water and the surroundings, and to ensure that water transport through th 3
is reduced to a minimum (liner}, P ghtho goomembrane

(b} As buffers against poHlutants

—_ permeime‘nt or temporary storage of waste products, for instance domedtie, chemi-
cal or solid wastes, sludge from harbours, fly ash, gypsum, manure, polh.ited s0il

— ‘wastewater treatment plants -

— t{op cover

— basins for use in emergencies with, for example, storage tanks

— roads in areas used for extraction of groundwater for domestic use

— areas such as petrol stations, parking areas.

) In these cases the function of the geomembrane is to ereate a barrier between two
media and to prevent any mixing of these media.



CHAPTER 9
Miscellanfzous Methods

9.1, INTRODUCTION

Some of the ground improvement techniques which are either used in specific field
conditions or rare situations are discussed in this Chapter.

Among them the concept of soil reinforcement has raised the geneval interest and
imagination of civil engineering profession, In some areas of development the use of soil
reinforcement has been dramatie and elsewhere use has besn modest.

The another methed of concern is ground improvement by thermal stabilization. The
principles of thermal effects on soils have been well recognised. In principle both heating
and cooling can be employed for stabilization. But because of economy the cooling methods
have bet,ome very popular during recent years.

Some of the simple methods like slurry trenches, moisture barrier. s, pre-wetting and
void filling are discussed. Improving rock stab:lxty and quality for foundation purposes have
also been dealt in this Chapter.

Finally a summary of the available gmund improvement techniques and their
applicahility for the type of soil and type of structures are presented.

9.2, SOIL REINFORCEMENT

Basic principles of soil reinforcement are alveady existing in nature and are
demonstrated by animals, birds and plants. The seientific basis for the modern concept of
soi] veinforecement lies in the idealisation of the prablem of soil reinforcement in the form
of a weal soil reinforced by high-strength thin horizontal membranes (Westergaard, 1938).
The modern form of soil reinforcement was first applied by Vidal {1869). Based onthe Vidal's
concepl, the interaction between the soil and the reinforcing horizontal members is soley by
friction generated by gravity. Applying this concept, retaining walls were built in France
in 1986. Nowadays this technique is widely used in Europe and U.8.A. This technique is
yet to become popular in India, and the constraining factor being identifiedt as the non-
availability and cost of reinforcing materials.

Reinforced soil is somewhat analogous to reinforeed concrete. But divect comparison |

hetween the functions of reinforcement in the two cases is not valid. The mode of action of

reinforcement in soil is not one of carrying developed tensile stresses as in reinforced

conerete but of anisotrepic reduction of normal strain rate {(Jones, 1985).
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The supporting capacity of soft, compressible ground may be increased and the

_settlement may be reduced through use of tensile reinforcement in planes normal to the

direction of applied stress of compression reinforcement in the direction pavallel to the
applied stress. Tensile reinforcement used for soil reinforcement are wider in range which
are discussed subsequently. Commonly used compression reinforcement elements include
columns and walls formed in-situ using gravel, sand, soil-cement, soil-lime or admixtures.

In recent yeais thearetical developments associated with reinforced soil have been
extensive, However, and complete understanding of every aspect and use of the subject has
not yet been fully developed. Nonetheless, an understanding of the fundamental principles
was established by the early developers and users and these have been since confirmed or
further expanded. For details of theories, analysis and design of soil reinforcement the
reader may refer to Jones (1985). The type of materials and field applications pertaining
to ground improvement are discussed subsequently. Rigid procedures for design should be
avoided and adeguate engmeel ing judgement is needed when using earth reinforeing
techniques.

9.2.1. MATERIALS

There are three basic materials or material composites required in the construetion
of any reinforced soil structure. They are :

() soil or fill matrix
{fi} veinforcement or anchor system
(i) a facihg if necessary.

Gther materials which are required, in addition to the above, to cover assaciated
elements such as foundations, drainage connecting elements and capping units and to act
as barriers and fencing. There used to be adeguate inter-relationship between the materials
used. Based on design considerations and availability, the materials are selected.

Soil/FiH. The shear properties of soil can be improved as theoretically any soil could
be used to form earth reinforced structure. In long term conventional structures the soil
used is usually well-graded cohesionless fill or a good cohesive frictional fill although pure
cohesive s0ils have been used with success, The advantages of cohesionless fills are that
they are stable, free draining, not susceptible to frost and relatively non-corrosive to
reinforeing elements, The only disadvantage is its cost, In case of cohesive soils the main
advantage is availability but there may be long-term durability problem together with
distortion of the structure.

As a convenient compromise between the technical benefits from cohesionless fill and
the economic benefits from cohesive fill, cohesive-frictional fill may be preferred. Sometimes
the use of waste materials as fill for reinforced soil structures is attractive from an
environmental as well as economie view point, Mine wastes and pulverised fue] ash ave the
wastes usually employed.

Reinforcement. A variety of materials including steel, concrete, glass, fibre, wood,
rubber, aluminium and thermoplastics can be used as reinforcing material, Reinforcements
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may take the form of strips, grids, anchors and sheet material, chain, planks, rope,
vegetation and eombinations of thess or other material forms.

Strips are flexibls linear elements having their breadth greater than their thickness.
Strips are formed from aluminium, copper, polymers and glass fibre reinforced plastic
{GRP) and bambaos. The form of stainless galvanised or coated steel strips are either plain
or with projections such as ribs to increase the friction between the reinforcement and the
fill. Similar to strips, planks formed from timber, reinforced conerete or prestressed concrete
can be used. :

Grids and geogrids ave also used as reinforcement. Grids are formed from steel in

. the form of plain or galvanised weldmesh or from expanded metal. Grids formed using
polymers are referred to as gedgrids (explained in Chapter 8) and are normally in the form
of an expanded proprietary plastic product.

Shest reinforcement may be formed from metal such as galvanized steel sheet, fabric
(textile) or expanded metal not meeting the criteria for a grid.

Flexible linear elements having one or more pronounced protrusions or distortions
which act as abubments or anchors in the fill or soil. They may be made from materials like
steel, Tope, plastic {textile} or combinations of materials such as webbing and tyres, steel
and tyres, or steel and concrete. '

Composite reinforcements can be formed Ly combining different materials and
material forms such as sheets and strips, grids and strips ot strips and anchors, depending
on the field problem requirement. ’

The principal requirements of reinforcing aterials are strength, the stability (low
.tendency to creep), durability, case of handling, a high coefficient of friction, andfor
adherence with the soil, together with low cost and ready availability.

9.2,2, APPLICATIONS

Application areas for the use of earth reinforcements are very many. Jones (1985)
identifies several soil reinforesment fieid applications, viz., bridge works, dams, embank-
ments, foundations, highways, housing, industry, military, railways, rootpile systemns, pipe
works, waterway structures, and underground structurés, The applications relevant to

ground improvement are illustrated in Fig. 9.1 (Jones, 1985), For the illustrations shown
inFig. 9.1, the materials Table 9.1 could be used as soil reinforcements and their advant.élge :

and limitations are given in Table 8.1.

The applications illustrated by Jones (1985) should not be taken as being the anly
effective or rational solution to any problem. In practics, applications and techniques may -

often be combined and the introduction of new construction materials enable other applica

tions to be considered. As a matter of fact, the variety and wide range of the areas of

application for these techniques is unlimited.
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Fig. 9:1. Applications of soil reinforeement for ground
improvement {Adapted from Jones, 1985).
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Table 9.1. Some Applications of Soil Reinforcement
in Ground Improvement
(Adopted from Jones, 1986)

Application Materials Commnrents

Reinforcement webs and
columns installed in site.

1. Geogrid web or column founda- | Geogrid reinforcement
tions for embankments on
wenk subsoil {Fig. 9.1(e) & (b)]

9. Foundations in urben condi- | Spray concrete facing and stesl ; Used in place of anchor
tions. [Fig, 9.1 {c}] nail reinforcement systems.

3, Reinforced Earth slab over | Strip or or grid reinforcoment
cavities in subseil (Mg, 9.1 ()] | and selected fill, no facings
are required

4. TReinforced footings beneath | Strip or grid reinforcement and | Reinforcement used to ensure
structures [Fig, 9. 1 {e}] frictional fill or cohesive fric- } stability and reduce settle-

tional fill. ment,
5. Reinforced foundations Grid  reinforcement  and | Reinferced foundations are
heneath storage tanks granuler fill. used to reduce total and diffe-
[Fig. 9.1 (A1 rential settlement.

. 9.2.3. COLUMNS FORMED IN-SI'FU

Columns formed of gravel, sand, esment, lime or admixtures have been formed in-situ -

in weak soil formations which act as compression reinforcement and increase the bearing
eapacity. and reduce settlement.

‘ Stone Columns. A detailed description of the eonstruction of stone columns and
other salient features are discussed in Section 5.8.4 of Chapter 5. Stone columns have two

~funetions, viz, they act as vertical drains and as well as reinforcing elements. Greater
proportion of an uniformly applied foundation stress is taken by stone columns because of
their greater stiffness relative to the native soft ground. It is estimated that initially after
construction the foundation load is distributed approximately equally hetween the stone
columns and the native ground. After consolidation of the soft ground and the accompanying
toad redistribution, the columns may carry 80% of the load. Field tests and analyses have
indicated that the horizontal shear capacity of stone columns should be more than sufficient
to withstand the shear stresses induced under seismic loading conditions. An application
of stone columns is illustrated in Fig. 9.2. In this case an embankment was proposed on a
Joeation underlain by loose sandy silt which posed a stability problem. The solution to this
problem was obtained by constructing the embankment partially as reinforced earth wall,
supported on stone eslumns (Munoz and Mattoex, 1977).

Sand Columns, Sand Columns or Sand Compaction piles are discussed in Section
5.3.3 in Chapter 5. The required relative density can be obtained by varying the spacing
and the size of the compaction piles. For moderate depths up to .15 m, this method is
economical.
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Fig. 9.2, An example of the application of the stone column technique
combined with a reinforced earthwall to support a railroad embankment
along alakefront {Adopted from Munoz and Mattox, 1977).

Soil-cement or Soil-lime Columms. Several procedures are available for the
construction of soil-cement or soil-fime coluran or pile. A special hollow rod with rotating
vanes Is augered into the ground to the desired depth and the stabilizing admixture is
simultaneously introduced. By this process piles up to 600 mm diameter can be constructed.

Cement, in the order of 5 to 10% of the diy soil weight, is best for use in sandy seils,
In these materials compressive strengths more than 10 MN/m? can be achieved. Lime is
effective in both expansive plastie clays and in saturated clays. In these materials compres-
sive strengths of the order of 1 to 2 MN/m? can be cbtained. Although installation is
comparable to thase for installation of sand columns. If over-lapping columns are con-
structed, then a soil-cement or soil-lime wall will result. Broms and Bowman (1979} have
used soil-lime columns beneath light structures and road embankments to reduce settle-
ment resulting from consoclidation of thick deposits of soft glacial'clays. Unslaked or quick

lime was mixed with clay and columns up to 10 m long and 50 cm in diameter were

constructed. It has been veported that lims elay mixture has substantially increased the
strength of the natural clay and the eolumns transferred surface loads to deeper, stronger
strata. Brown and Bowman’s (1979) study has revealed that the increase in shear strength
from lime mixing was most-significant in fresh and brackish water-deposited glacial clays,
but in soft organic clays and salt water-deposited clays the strength increase was fow.

The soil-lime ¢columns have been widely used for varied applications, viz., to decrease
the negative skin friction on piles, to prevent the lateral displacement of soil around pile
foundations from creep, to increase the stability of clay slopes, to reduce the lateral earth
pressure on retaining structures and a replacement for sheet piles in deep excavations to
prevent bottom heave (Hunt, 1986),

Deep Chemical Mixing Method. This method has been in use in Japan since 1976
for treating very soft seabed alluvial soils for support of water front retaining structures
{ENR, 1983). In this method a plant, operating from a bavage, produces a slurry consisting
of conventional portland cement, a solidifying material and seawater, The chemical is a
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pozzolith material containing lignin and an air-entrained water-redueing admixture, which
is mixed in-situ with the soft seabed soils. .

In order to initiate the operation, éight 25 em diameter, 60 m Jong shafts are inserted
into a stable stratum by rotating excavating blades mounted near their pointed tips. The
shafts are then raised at a rate of 1 m/sec as slurry is injected into the soft soils through 28 mm
diameter pipes. The discharged slurry is well blended with the soil by the blades at the ends
of shaft. A pozzlan reaction is preduced, resulting in 4 rigid treated stratum after 28 days of
construckion. As the shafts are closely spaced and positioned in two rows of four each the
strengthened mass is approximately in the shape of a blow with adequate rigidity tosupport
construction,

9.3, THERMAL METHODS

Heating or cooling a soil éan cause marked changes in its properties, The principles
of temperature effects on soils have been studied extensively and have become fairly well
delineated. Although thermal stabilization appears to be very effective, it has several
inherent undesirable features which have totally limited its use. The cost is the main
disadvantage since cost-of heating or cooling to effect stabilization is no way competitive
with the cost of other techniques.

0.3.1. STABILIZATION BY HEATING

In general, the higher the heat input per mass of soil being treated, the greater the
effect. Even a small increase in temperature may cause a strength increase in fine-grained
soils by reducing the electric repulsion between the particles, a flow of pore water due to
thermal gradient and a reduction in moisture content hecause of inereased evaporation
rate. Henee, it is technically feasible to stabilize fine-grained soils by heating. The effect of

inerease in temperature and the corresponding possible chafge in soil properties are the '

following :

Temperatures ~ 100°C—Cause drying and significant increaso in the strength of
clays, along with decrease in their compressibility.

Temperatures~ 500°C—Cause permanent changes in the structure of clays resulting
in decrease of plasticity and moisture adsorption capacity. )

Temperatures ~ 1000°C—Cause fusion of the clay partieles into a solid substance
much like brick. '

It is reported that heat has changed an expansive clay into an essentially non-expan-
sive material, Burning of liquid or gas fuelsin boreholes or injection of hot air into 0.15 m
to 0.20 m diameter boreholes can produce 1.3 to 2.5 m diameter stabilized zones after
continuous treatment for about 10 days, Soviet engineers have used this technigue exhaus-
tively for strengthening partiatly saturated loessial soils. This technique was found to be
econorical than pile foundations in loessial coils. It should be noted that the injection of
hot gases is applicable only to nonsaturated soils, Beles and Stanculescu (1958) have used
thermal stabilization to increase the strength and to decrease the compressibility of
cohesive soils. This technique can be favourably used only when a site is located near a
large and inexpénsive hedt source.

SR M s i
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_ 9.3,2, STABILIZATION BY COOLING

A reduction of heat (.e.,, cooling} in a clayasy soil increases interparti;:le repulsion

;‘}e;stfltnig ilnd% small loss‘ in strength and moves the pore water because of the imposed
srmal gradient. Freezing of pore water in soil is the most effective method of thermé]:

stabilization. Ground freezing technique has gained popularity during recent years

" Watfn- ina soi} freezes at or below 0°C with the initiation of freezing, the soil strength
i CI:eas‘es rapidly with d.ec'reas_mg temperature as more soil is frozen and the strength of
ice increases. Frozen soil is far stronger and less pervious than unfrozen ground. It also

forms non-vibration-sensitive barri i
0 - arrier to seepage flow or soil deformati *hi i
cari stabilize a wide range of soil types. paee oil deformation. This fechnique

Ground freezing is accomplished by bringing a vefrigerent into the proximity of soil
pore water. ’I"h? po.re.waf:er may be stationary or moving at a rate less than 2 metres per
day. O'nce :f'ree'zmg is initiated the pore water around the refrigerant pipes begins to f'resf)zeI
and w1_th continued exposure the ice layer expands until it comes into contact with the i )
spreading cut from adjacent refrigerant pipes. Thus a continuous wall is formed o

A number of schemes are possible to provide refri i

A provide refrigerant to the soil. Different sch

a'lﬁ reviewed by Bhuster (1672) and the same is illustrated in Fig. 9.3. Two em:;sf: iznf::c?: ’

Zc_: e‘igers are th.e use of expandable.liquid refrigerants, like liquid nitrogen, liquid carbon
ioxide; or liquid propane, and the in-situ pumped-loop methed viz a secondary coolant,

Soiid sublimation
Boiling tiuid
Boiling fluig

Emporator forced
liquidfoas convection

HO PLANT RO PLANT J{ELIQUES’A‘CTIDR PRIMARY PLANT

A,

E;EIEDHDABLE EIXOI:JElgDABLE PLANT WITH CWITH IN 5iTU |PH Si.;?IYPI:Jb?':L
[H SITU CASCADED  EYAPORAT

REFRIGERANT REFRIGERANT SECOND STAGE or lc.g%:f:gomuﬂﬂ-‘

Fig. 9.3. Alternative refrigeration method for ground freezing (Adopted from Shuster, 1972

Of these two methods, the first one is relati i
[ c atively simple. Freeze pipes are installed at
Enﬁ ?‘e.tne f:entt'es, sufficiently vex}ted and the liquid refrigerant is injected and allowzd ilo
oil. Freezing takes place very rapidly but the frozen zone is often very irregular and energy -
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consunption by this process is very high, However, for a small project of short duration
freszing, this technique is quite useful.

The second technique is a much more popular one which uses a primary plant anda
pumped loop secondary cireulating coolant. This method is wellsuited tosingle installations
of fresze pipe elements intended to provide maintenance freezing over a long period of time.
The primary source of the refrigeration is one- or two-stage aminonia or freon refrigeration
plant. The coolant distribution system consists of a elosed-loop supply manifold connected
to a number of parallel-connected freeze pipes placed inthe ground and to arsturn manifold.
Diameter of ground fresze pipes is typically 100 to 200 mm with sealed lower ends. Feed
pipes of 25 to 75 mm diameter ave placed inside thelarger capped pipe. Coolant is cireutated
into the feed pipes and returns through the annular space between the two. The proximity
of the return eoolant to the soil is what produces the freezing. The conventional coolant is
brine, a mixture of sodium chloride and water with 10 to 23% sodium chloride, although
diesel oil, propane, and glycol-water mixtures have also been used.

Most of the design of ground freezing systems is done empirically on the basisof past
practice, Generally several weeks are required fora ground freezing system to be effective,
The time required for complete freezing depends on the type of coolant used, the tempera-
ture achieved, the size of freeze pipe and the spacing between pipes. :

The following comments and suggestions about ground freezing are quite useful for
an effective implimentation of the freezing technique (Koerner, 1985):

(i} The systems ave conceptually relatively simple and straight forward, but are quite
cumbersome to deploy in the field.

(i1) Once the [rozen wall has formed, the energy requived for its maintenance becomes

constant and significantly lower than that required to produce it in the first place.

(i) Sands and cohesionless silts {as well as clayey soils) can be frozen as long as the

groundwater in the vicinity is relatively stationary.

({v) When the seil to be treated is partially saturated, or even dry, it can be prewetted

before and wetted again during freezing.

(v) Drilling for insertion of freeze pipes into the soil must be accurate because even

a slight deviation will leave an unfrozen window of soil by the time the excavation
bottoms out. Stape indicators have been used for monitoring purposes.

{vi) It is necessary to check the ground temperature before excavation by using

thermocouples placed midway between freeze pipe.
(vii) The frozen zone¥wil] generally be quite irregular in shape, reflecting the
heterogeneous nature of the soil to begin with.
{wiii) While the frozen wall of soil is indeed strong, it is creep-sensitive under sustained
lateral loading.
(ix) Saturated soil expands during freezing and contracts during thawing. This can
be important in underpinning applications.
{x} A competant speciality contractor should perform the work. If the situation is
eritical, it is ho place for amateurs !
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9.4, OTHER SIMPLE METHODS

There are di‘fferent simple metheods of ground improvement which are in practice
adopted under varied field conditions, Such methods are given in the following section.

9.4.1. SLURRY TRENCH

) In_order to form a deep impervious membrane in a pervious formations, a trench filled
with a mixture of sand-gravel and semifluid plastic clay is formed. The trench is made using
a d%'agl ine, clamshell bucket or rotary paddle. The width of trench may vary from 1 to 4 m.
A viscous mixture of highly plastic clay and wdfer, termed slurry, is filled in holes to support
the excavation walls. The slury is usually made from commercial betonite similar to the
drilling mud used in oil wells. The permanent membrane is formed by a mixture of the same
shurry with sand and grave] that displaces the lighter slurry to form a veid-bound structure.
The coarse grained particles contact one another to forn: a reasonably rigid mass with

. enough slurry in the voids to provide imperviousness. The slurry material either stiffens

thixc_ltl‘opically or hardens with the aid of a cementing agent. It has been reported that
membranes deeper than 60 m have been constructed by this process (Sowers, 1979).

© 94,2, MOISTURE BARRIERS !

Expansive clays such as black cotton scils and partly saturated lightly cemented soils

such as loess can provide excellent foundation support for light structures provided they
are maintained relatively dry. Thus eritical zones under foundations should be protécted
from water. This is accomplished by providing moisture barriers which keep away water
ente}'ing the ecritical zones, Membranes such as polyethylene sheeting and asphalt treated
fabrlc.s are effective for this purpose. Sand or gravel blankets and trenches may also be
effective moisture barriers, provided they can be maintained at a low degree of saturation.
Unsaturated coarse !s&yers which have low hydraulic conductivity effectively prevent
significant water transfer across the layer.

9.4.3. PREWETTING

One technigue for stabilization of expansive soils that can be effective under light
structures such as residential houses is to flood the area prior to construction. As in natural
faxpan.sive soils extensive network of fissures and cracks present initially, ponding process
is easily facilitated. Because of prewetting the water content will be closer to be attained
after construction, henee volume changes will be small subsequently. It is the usual practice
to treat the surface with a layer of lime to a depth of 0.3 to 0.5 m after ponding. This
treatment-provides a working platform for construction and an impermeable moisture
barrier to retard subsequent dessication of the prewetted sail.

9.4.4. VOID FILLING

‘Void filling"is a simple technique which could be applied for granular soils. In
cohesionless soils the filling of voids reduces the permeability and reduces the water
penetration resulting in the maintenance of soil strength. A variety of materials are used
fo‘r void ﬁlling, viz., porfland cement, soluble silicate gels, organic monomer-polymers.
Fine-grained materials such as silt, fly ash and elay can also be used in void filling. Swelling
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materials with fine particles can lodge in the voids and later expand to fill the voids.
Emulsified asphalt or latex can be treated so that the emulsion breaks in the soil voids and
creates an impervious mass. Most of these materials are placed by injection.

9.5, IMPROVING ROCK STABILITY AND QUALITY

Foundations arurock usually are an economical and troublefree solutions as long as
the rock is reasonably shallow, relatively unweathered and sound, If rock conditions are
unfavourable careful evaluation have to be made in particular if struetures imposing heavy
loads such as tall buildings, towers, chimneys, power plants, bridges and conerete dams are
to be constructed on it. Type of foundation, shallow or deep; depends on the rock formation
{shallow or deep), the type of proposed structure, and the rock quality. Where vock is exposed
for examination, the engineer or geologist will have much more confidence in judging rack
quality than he will for the case of deep foundations where examination is either impossible,
not practical or limited in avea. Typical eritical problems one has to fave are : (i) heavy

column loads on unsound rock, (i) bridge foundations constructed in canyon walls, and @)

foundations for concrets, buttress or arch dams with high seepage pressure. In order to
overcome such problems, rock conditions must be evaluated care fully with respect to both
rupture and deformation as affected by rock gquality, rock surface irregularity and
groundwater conditions, The necessary treatments’ required for unfavourable rock-mass

are discussed subsequently, =

9.6.1. TREATMENT AND PURPOSE
There are five main categories of techniques for treating rock masses (Hunt, 1986) :
(i) Excavation and the removal of soft; weathered, or highly fractured or otherwise
undesirable materials to provide for support on rock of adequate quality, to
provide for a stable slope, or to remove permeable material from beneath darns,

(i1 Tnjection with grout to increase rock strength and improve support ch aracteristies
for foundations and tunnels and to decrease permeability and eleft-water pres-
sures, thereby reducing seepage and improving the stability of dam foundations,
tunnels, and other under-ground openings. )

(ii2) Rock bolts or cable anchors to reinforee slopes and underground exeavations and

) to improve uplift resistance for concrete dams.

(iv) Surface treatments with shoterete or gunite to reinforee loose masses of smallrock
Ylocks, to deter rock decomposition in slopes, ar to reinforce the exposed surfaces
in tunnels and other underground excavations.

() Drains to relieve cleft-water pressures, including subhorizontal drains, galleries,
and deep pumped or gravity wells for slopes or simple drain ‘holes for dam
foundations.

9.5,2, UPLIFT PRESSURE AND SEEPAGE CONTROL

The case of dam foundation seepage has two_majm' aspects : fAivst flow quantit); and
resorvoir loss and second uplift pressures. If the depth of fractured foundation rock is
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shallow it can b.e removed and a core trench or a cut
fract'ured rock is too deep, then a grout curtain co
provided. In earth dams the major concern usually is
the abutment and foundation reck.

-off wall may be constructed. If the
m':ected to a grout blanket may be
with flow and reservoir loss through

G . . .
pore o ;—;:sl‘.if:et:irfi;zu;}sl :n*e E;:apable of reducinguplift pressures beneath the dam and reducing
B eyossuyes | da _l%tments. _As complete cut-off is seldom achieved with a grout
I-elieve(ik Dminsva_yfs ?s;}able to install drain holes to ensure that pore pressures are
B o Dra cerf:;z;ngl‘ or ct?nl;:rete dams qepends onrack conditions but often ranges from
ooatim w contre . n earth dams, dramag.e holes may be drilled beneath the dam at
ete the intercepted water can be discharged inte the internal drainage systeti

9.5.3. ROCK REINFORCEMENT

be ine f:;lsc‘:gic;gls anI:leﬁbIa Anchors. Apart from grouting the rock-mass strength can
in open oxacment rock bolts and cable anchors. Rock bolts are used in slope stabilization

provide resistan lOITfl:S, mjt-urmds’ caverns and mines and in concrete dam foundations to
foundations are (':et ozbu%lft an?l sliding. The latter conditions may prevail where weak
chrossan ommih llln 63 e}'dEd with strong‘fay‘ers._ They are used to sustain high residual
areas where thgreoi:l ;foﬁ::n“?:lisefi?t;m in open or elosed excavations, Also applicable -
shallow rock. Cable anchors are mo:i‘;ly Esedg?srl'l ziggep; f:li;};::t‘izﬁi caee displacement of

. nealf-{lgckelzolts;‘re iiensile' 1}nits employ:cd to keep rock mass in compression. Itis installed
e 4p(L;J:n ;gl;;ll‘ to‘]omts? as practicable. Ordinary types of rock holis are illustrated
Tig.9. g, 1972). 'I‘jle_m;dmar‘y types consist of reds installed in drill holes by driving
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Fig. 9.4. Types of ordinary rack balts {Adopted from Lang, 1972).
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and wedging, by driving and expanding, or by grouting with mortar or resins. Bolt heads
are then attached to the rod and torqued against a metal plate to impose the compressive
force on the mass. Fully grouted rack bolts, Fig. 8.6 {Lang, 1972} provide more permanent
bolts than the ordinary types. Grouting with resins are becoming popular because of the
easy installation. ’ : :

Deatration tube extends
past oncherage. . i

Expansion anchorage Expansion anthorage

Graut
Deaeratlon tube

Hollow core

Grout jube

Cement cotar sea
. sy, BROHING PlATE
Bevel washers
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{8).GROUTED SOLID EXPANSION (b)Y, HGLLOW-CORE GROUTED
ANCHORAGE BOLT ROCK BOLT
"

Fig. 9.5, Fully grouted rock bolts {Adapted from Lang, 1972).

Shotercte, In order to reduce possibilities of weathering in weak rvacks and to
reinfores fractured rock masses shoterete is used. This consists of a wet-mix mortar with
aggregate as large as 2 cm which is projected by air jet directly onto the rock face. The rock
face is cleaned before application of shoterete. The force of the jet compacts the mortar in
place bonding it to the rock. As shoterete acts as reinforcement and not a support, it is often
used in place of rock bolts, If necessary the tensile strength of the concrete mix can he
increased significantly by adding 26 mm long wire fibres.

Rock Improvement. Foundations for heavy structures can be improved by compac-
tion grouting. The spacing adopted is.about 3 to 12 mon centres and the depth is ranging
from 10 to 30 m depending on the rock quality. If the grout consumption is mors, a secondary
grid is adopted with spacing 2 m or less. It is very difficult to treate clay-filled fractures.
"The published data (Lancaster-Jones, 1969) reveal that sound, tightly jointed reck can not
be significantly improved. However, in sound to moderately sound rock with open joints the
best results are obtained. Further by this process even poor quality rock can be improved
significantly.

9.5.4, ROCK DETERIORATION PREVENTION

It is of concern to consider the possible deterioration of reck with time beneath a
foundation. Rocks that are highly soluble (such as lime stone ; sandstone that is cemented
with gypsum, caleite, or 6ther carbonates joreven dikes of ealeite in metamorphicor igneous
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1'00}(5) ave susceptibli:: to attack by moving water. Grout curtains are employ;ed to prevent
or impede dete_nm_-atxon of soluble materials. Cavity growth and roof collapse beecause of
water-table i?\vermg caused by groundwater withdrawl is also of concern which is alsa
prevented or impeded by grouting.

Mfmy shales are subjéeted to rapid Wea{:hering upon exposure. Thus exposure to
weather1ng_§hould be minimised by making-excavations in smaller sections. Foliated
metamorphic rocks (gneisses and schists) may be deteriorated due to contaminated
groundwater resulting from leaking sewage pipe.

9.6. GROUND IMPROVEMENT—A SUMMARY

The discussion so far made from Chapter I to Chapter 9 regarding ground improve-
ment may broadly fall under three categories, viz., removal ofundesivable materials, control
of groundwater, strengthening the geological materials and reclaimed materials. The
objectives of ground improvement techniques are to change unfavourable conditions into
those more suitable for the support of structures in shaliow foundations, or to reduce a
downdrag forces on deep foundations or to reduce pavement thickness requirements or to
reduce vibration effects of vibrating machinaries, or to reduce seepage loss and to protect
dams against uplift pressure, ete.

_ The methods for foundation soil stabilization according to the basis of the soil
zmp_rovement is"Hlustrated in Table 9.1 (Mitchell, 1978). This comparison table includes
various factors such as prineiple of the technigus, most suitable soil condition, effective
treatment depth and area, materials and equipment requirement, properties of treated
material and advantages and limitations of the techniques.

The relationships between structure type, permissible settlement, bearing pressure,

a.nd tl‘!.B probability of suceessful and economical use of foundation seil stabilization are
given in Table 9.2 (West, 1975).

) Based on geologic conditions and ground strengthening te.chniques have been
reviewed by Hunt (1988) and presented in Table 8.3.

The comparison tables of Mitehell (1976) and Hunt (1986) clearly guide to decide a
suita‘ble technigue for a particular soil under a specific ground condition to attain the
required proparty. Most of the methods are better suited to improvement of some soil types
than others, This is illustrated in Fig: 9.6 (Mitchell, 19768) which relates each stabilization
method to the range of soil grain sizes for which it is most applicable.

) Aithough the discussion of various improvement techniques is directed primarily at
their use for improvement of foundation soils, it should be realised that some of them arve
well suited to expedite or facilitate construction as well.
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(For Efficient use of Sallow Foundations)

Table 9.3. Applicability of Foundation Soil Improvement for Different Structure and Soil Types
(After West, 1975)
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Table 9.4, Ground-Strengthening Techniques Summarized
(After Hunt, 1986)

Conditions

Technique

Application

Low grades

Compacted Sand fiil

Minimize structura settlements*®

Miscellaneous fill

Shallow Excavate-backfill Minimize structure settlement

Desp Dynamic compaction Reduce structure settlement**
Sand columns Reduce structure settlement

Organics .

Shallow Excavate-backfill Minimize structure settlement
Geotextiles Support low embankments

Deep SBurcharge Reduce structure settlement
Geatextiles Support low embankments
Sand columns Reduce structure settlsment

Buried Surcharge Reduce structure settlement

’ Dynamic compaction Reduce structure settlement
Compaction greuting Arrest existing structurs settlement
Sand columns Reduce structure settlement
Soft clays .

Shallow Excavate-backfill Minimize structure settlement
Geotextiles Suppert low embankments

Deep Surcharge Reduce structure settiement’
Geotextiles Support low emsbankrnents
Sand columns Reduce structure settlement
Lime columns Reduce stricture setflement

Buried Surcharge Reduce structure settlement
Dynamiccompaction Reduce structure settlement
Compaction grouting Arrest existing structure settlement
Sand columns Reduce structure settlement
Lime columns Reduee structure settlement

Clays, surface

Gravel admixtura
Lime admixture
Freezing

Base, Subbase, low-quality pavement
Stabilize roadway base and subbase
Temporary arrest of settiement

Loose silts
Shallow

Deep

Buried

Excavate-backfill
Salts admixture
Surface compaction
Burcharge

Stone columns
Electro-osmosis
Vacuum wellpoints

Minimize structure settlement
Dust palliative

Increase support capacity***
Reduce structure settlement
Increase support capacity

Increasa slope strength temporarily
Improve excavation bottom stability

(Table Contd.)
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Stone columns

Table 9.4 (Contd.)
Loose sands
Shallow Surface compaction Increase support capacity
Cement admixture Base, subbase, low-quality pavement
Bitumen admixture Base, subbase, low-quality pavement
Deep Vibroftotation/Terra probe Increase support capacity
Dynamic eompaction Increass support capacity
Stone columns Inerease support capacity
Welipoints Increase stable cut-stope inclination
Freezing Temporary stability for excavation
Buried Penetration grouting Arrest existing structure settlement
Freezing Temporary stability for excavation
Collapsible soils
Shallow Excavate-backfilk Minimize structure settlement
Deep Hydracompaction Reduce structure settiement
Dynamic compaction Increase support capacity
Lime stabilization Arrest building settlement
Liquefiable soils | Dynamic compaction Incrense density

Pore-pressure relief

Expansive soils

Lime admixtures

Reduce activity in compacted fill

Rock masses
Fractured

Compaction grouting
Penetration grouting
Bolts and cable anchors

Sheterete or gunite
Subherizontal drains

Inecreased strength

Increase strength

Stabilize slopes and concrete dam
foundations

Reinforce slapes

Stabilize slopes

*Minimize structure settlement signifies that settlsment will be negligible under moderate foun-

dation leads if the technique is applied properly.

**+*Reduce structural settlement signifies that after application for the technique signifieant settle-
ment which must be anticipated in the design of the structure may still ocour.

*#**Increasa support capacity signifies that preper application of the technique will result in an
inctease in bearing capacity and a decrease in compressibiifity on an overall basis,
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Rapid urban and industrial growth demands more land for further development. In order to
meet this demand land reclamation and utilization of unsuitable and environmentally affected
lands have been taken up. These, hitherto useless lands for construction have been
converted to be useful ones by adopling ane or more ground improvement techniques.

The field of ground improvement techniques has been recognized as an important and
rapidly expanding one. The rate of growth of these techniques and the overwhelming
information available urged the author for compilation of information in the subject in a book
form.

Inthe book a general treatment of the subject is made with due emphasis on practical aspects
with limited theoretical treatment wherever necessary. A large number of case hlstones have
been discussed and most modern techniques have been included.

This book is not very exhaustive and aimed at the practising engineers and post graduate
students who want alternative approaches for a problem and also want to be sure that they
are awdre of the recent developments,

This book is of immense use for Structural and Foundation Engineers, Contractors and
Construction Engineers, Architects, State and Ceniral Design Offices and as texibook for
Post Graduate Students of different disciplines of Civil Engineering. it is also a useful
Reference book for General. Technical and University Libraries.
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