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ABSTRACT

The present study is concerned with the performance of
vertical' drains and preloading installed in soft clay soil
at a selected location of Baﬁgiadesh.The performance study‘was
limited to the improvement of shear strength and settlement

behaviour of the soft soil. Sand drains of 200mm diameter were

installed in square patterns at a spacing. of 1.77 m to a.

depth of 7.62 m . The project was undertéken by +the Public

Vorks Department of Bangladesh in Sunamgonj district with an

aim to improve the existing soil conditions at the site for
the proposed District Judge Court and Disfrict Collectorate

Building Construction Projects.

'The top soil at the site, up to é depth of approximately.
6 m, 1is composed of very soft to soft clay . The soil
was found to be unéuitable for the-*construction of shallow
foundations and accordingly the soil 1mprovement scheme
was undertaken . The method of soil improvement comnsisted
of removal of top 2 m of soft soil , installation of
vertical drains, laying of 0.75m of sand cushion and the
application of 2. 75m of soll preloading Standard penetration
and undrained shear strength tests were carried out for the
soil at differentl depths prior to qnd after 'two
months -6f apblication 6f' prgload. The wultimate bearing
capacity as calculated from the results of 'Standard

Penertation test and using Terzaghi's (1948) formula showed

(1ii>
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an increase in the rangé of 0 to 135 percent. The lincrease_
in. strengthqis found to decrease with depth. It was also
observed that ét a distance of approximately 0.75 times the
spacing of the sand drains , the increase 1n shear strength
was negligible'The calculated settlement at 50% consoclidation
based on the consolidatioﬁ test results and Terzaghi!sl(1943)

method showed an overestimation: in comparison - ta actual

results.
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1  INTRODUCTION

1.1 General

Iﬁ the laét fow decadeé there has‘been a growing .demaﬁd
for construction on sites underlain by thick strata of soft
solls. In such circumstances, soil improvement 1s required
to prevent beéring capaclity failures anglor to avoid :
excessive total and differential settlements. One of the mnnj
methods to achieve these aims is to preload the site 1in
coﬁbination'ﬁith tﬁe installation of vertical drains in which

- the s0il undergoes the process of consolidation.

During one dimensional conéolidation. ‘the pore water is
squeezed Duf mainly in the direction of applied 1load. When
vertical drains are installed, pore water also escapes 1in the
lateral direction towards the drains and flows freely along

the drains 'vertically to a drainage blanket pPlaced ‘Dn
the soil surface or to other highly permeable layers deeper
dqun the soil. Thus , the 1installation of vertical drains in
a homugeneoﬁs, clay layer will reduce the length of flow

paths, thereby reduciﬁg the time of consolidation.

There are mathematical formulations to evaluate the
performance of a soil layer particularly in relation to Sﬁear
-strength and settleﬁént. when subjected té the pProcess of
qonsnlidation. Due to the over simplified assumptians about
the characteristics used in the derivation of a theory, thel

predicted’ and observed values may sometimes be differ.




Hence it 1s, always, worthwhile to study the performance of a
project in order to examine the relation between predicted and

observed parameters.

The Public Vorks Departhent of Bangladesh has undertaken
a project to improve the subsoil conditions at the sites of
District Judge Court and District collectorate Court buildings
rin Sunamgon] District. The top s0ll at the site was soft
clayey soil and found tﬁlbe.unsuitable for constructioﬁ of any
fshallow foundations . As such a soil improvement project
using vertical drains and preloading was undertaken. It
expécted that the analysis of the soil data of the site will
yield'certain vaiuablg,1nfurmat10n-regard1ng the performance
of so0il 1improvement scheme. And hence it decided to carry

a systematic study;

'Subsoil  1investigation data of the two sites were
collected. The top s0i1l upto a depth 0of 6 m were found to
coﬁpfise of very soft to soft playey soil and organic
mhterials. The soillimprbvement project was designéd using
200mm diameter sand drains up to a depth of 7.62 m. The dafa
were collectedrfor Gettlement'and strength of the sdil layer

under consideration ( at 50 % degree of comsolidation.) in

order to meet the outlined subsequently,




1.2 ObjJjective of Study

The maiﬁ objectives of the present study are :-—
(I> To analyse the data in order to compare 'tye actua;
results of settlements with the prgdicted results .

(II> To observe the performance in relation to shear

strength of soil.

1.3 Methodology of Study

The methodology of study consists of :-

(I> The cdllection of SPT, shear strength, conéolidation.
load test and other related soil data prior-to Fnd
after the installation of vertical draiams.

(II> The réview, of existing literature on ﬁertical
drains and preloading . l

(III> The analysis of data for the ‘comparisoﬁ of

predicted and field results of settlements.

(IV) The analysis of d&ta for tge shear streﬁgth of

3611 Prior to and after the improvement.

1.4 Organization of Study

The study is preeénted in five chapters, the first of
which is an introduction. Chapter-1I1I pPresents review of
.Televant literature. Chapter-II1 describes the statement of
the problem. Chapter-IV presents the analysis of results and
discdssions - Finally , Chapter—V discusses the conclusion of

the present work and recommendation for future work.




2 REVIEW OF LITERATURE

2.1 General
There are several methods currently being used , all over

the world for the improvement of soft soils. Of them,

- frequently used methods are: (i)Vertical drains with preloading

(11) Stone 'columms. (1ii) DPynamic. compaction (1v) Thermal
theatment (v) Electro-Osmosis (vi) ijection apd grouting and
(vii) Admixture stabiliiation. For the detailed description of
the methods reference can be made of Mitchell and.Katti (1981)
ahd Lee, Uhite-and Ingles (1983).1In Bangladesh the most common
method being vertical drains with preloading. The present
study is mainly concerned with 'the review of existing

literature on the theory and practice of vertical drains.

2,2 Vertical Drains

Vertical drains have been employed for almost bhalf a

cePtury to promote rapid consolidation of relatively thick
deposits. of goft fine-grained soils . The first installation
appears to have been in California, U.S.A. in 1934 ¢ PROTER,
1936)* using 500 mm and larger diameter sand - draimns.
Initially these drains were 1ﬁsta11ed mainly by means 6f
closed-ended mandrels which caused a coslderable fhickness

of smear around the drains. The spear’ problem was overcome

in the Netherlands during 1950s with the development of

jetted sand drains . This method had 1its own pfoblems.

notably the additional cost of large Jjetting pumps and

% Cited by Singh(1986)

AT




the difficulties of disposing of large quantities .Df 'water
The principal alternative to large diameter sand drains
were the much smaller band-shaped cardboard wicks first
employed by KJELLMAF (1948) in Sweden. These early band drains
proved-‘tu be susceptidble to rotting, particularly in acidic
groundwaters and the use of these drains was not common unt#l
the last decade . In the 1970s, the rising costs of
providing large quantities of suitable sand for sand drains
and the great techmnical advgnces in the manufacture of man
made fabrics led to the develoﬁment and the use of 1ncreaéing
nunﬁers of band drains produced from polyethylenes, PVC,

polypropylenes, etc. In the fnllowing sections the various

available vertical drains are briefly described.

2,3 Types of Vertical Drains
The most widely used vertical drains are the traditional
sand drain, the prefabricated sand drain or sandwick and band

drains.

2.3.1 Sand Drains
These are formed by 1infilling sand into a hole
in the ground. The holes may be formed in a number of ways.

Large diameter sand drains may also tend to act as

strengthening colummns in soft soils and modify the selttlement
behaviour of the structure. Because of a number of probléms.

these types of vertical drains are rarely used now a days.




2.3.2 Sandwicks
These drains are prepared in a filterAstocking and
placed in a pre—drilled hole or into a2 mandrel (HUGHES and
CHALMERS, 1972)*, Polpropylene woven and melt-bonded fabrics

are now used as materials for filter stocking. The filter

stockings allow the sandwicks to be extremely flexible
and tenacious which makes these particularly attractive

Ll

in a number of situations.

2.3.3 Plastic Band Drains

A prefabricated flat band drain cﬁnsists of a
central core, whose fuﬁctinn is to act as a free draining
channel, Sufrounded by a thin filter sléeve. which prevents
the s011l Eurrouﬁding the drain from entering the ﬁentrhl_core
but allows free entry to tﬁe core of excess pore pressure, as
well as providing 'channels.lfor the discharge of water.
The core also provides étrength during 1n5ta11a£10n- and

resistance to crusing from the soil pressure.Band drains are

genérally Placed by displacement methods.

Types.of plastic band drains- Currently there are
'a large number of band drains available and a cursory
examination suggests that there is much similarity between
the majority of them, A list of various types of préfabricated

drains is presented in Table 2.1.

#Cited by Singh(1986)




Table 2.1 Prefabricated Vertical Drains

Type , ’ Remarks

Cardboard drain " Full displacement of

small volume

Fabric covered plastic Fuil'displacementrnf
drain Smalilvoldme

Plastic drain without Full displacement of
Jacket ' small volgme
Chracteristics of prefabricated drains - 'Probably

¢

the most relevent features for the design and performance of
Iprefabriqated band shapgd drains are their hydraulic
properties, e.g.'the discharge capacity of the drain cross-
section and the .filfer permeadbility. The filter permeability
'shnuld not be leés than the surrouhding énil mass 1n which
these drains are placed, The mechanical chracteristics of the
band shaped drqins, like the temsile stréngth of the core and
filter, and the buckling strength of the core are also
important 1in view of +the stresses to which drains aré
subjected during 1nsta11atioﬁ. due to large displacements and

because of large vertical settlements.




Pote£t1n1 advantages of'lprefabricated drains —-In
ﬁoth uniform and non uniform solls, fhe use of prefabri@ated;
drains has ﬁany advantages, suqh as, (a) the 1increased rate
of gain in shear strength of the clay enables the load to be
applied lmoré rapidly ' than would otherwise have been
possible, often allowing a better utilization of construction
plant. Furthermore , in case of embankmeﬁts. steeper side
slopés and the avoidance of the use of berms may be possible
when such vertical drains are employed. Thus, the total volume
of earth fill required ﬁay ‘be reduced and the rate of
cons£ruct10n increased, The consequent savings in cost may
. be appreciably more than the outlay on thé drain 1nsta11§tion.
(b) the increased rate of cqnsdlidation'of clay results in a
reduction of the time »requi;ed_ for primary_ sgtﬁlement to
take place . Consequently, structures can be built or
embankments can be pgt 1nt§ commission far earlier than would
otherwise have been possible, or the -subsequent maintenance
costs can be greatl& reduced; (c) Han& soft clay strata
éantaiﬁ thin bands; or partings, of silt or sand. Instability
--of embankmenfs or tanks ﬁuilt on such strata is sometimes
due to the ﬁorizontal spreﬁdlof exceés Pore pressure along
these bands or partings (TERZAGHI;1943).frefabr1cated vertical
draine can relieve thesa excéss paore pressures, and thus,

avoid the occurrence of instability,




Advantage over sand' drains —‘Becnusa of smaller
volume of +the 1installed drains compared to the volume
of treatedlaoil. the degree of . disturbance associated with
the'installatiﬁn of érefabricafed drains are-appre¢1ab1y lower
than that occurs in case of conventional displacemeht sand
drains. Due to this facts, fhe pre—fabricated drains are
appropriate for applications in sensative clays and soils
having high anisotropy 6f the perme&bility coefficient
Another important advantage over sand drains 1is ° the

simplicity of 1installation procedure, low cusf. and high
installation speed.

Z.4 Consolidation by Vertical Drains

The main aim of consolidatiuﬁ by vertical drainsl is +to
reduce the comnsolidation time by shortening. the drainage path.
Many theories have been developed and a 1ot of development

has been achieved in this area,

2.4.1 Development of Vertical Drain Theurieé — The
devélopment of vertical drain theories by various authors and
solutions are summarized herein . RENDULIC (1935)= developed
radial flow consﬁlidation theory as an extention of TERZAGHI's
one dimensional verticgl flow consolidation theory. KJELLHAH
- (1937) developed the solution of radial flow consolidation
based on equal strain theury. He also- introduced pominal
dlameter of band-shaped drains. BARRON (1948) presented a

complete solution  of wsand drain theories, taking into

# Cited by Singh(1966) -9~




.

consideration tﬁe effects of smear and drain well
resistance. He 1ntroduced - two types of solutions, the
"Equal strain™ and "Free strain®. SCHIFFNAN ( 1958 )>*
introduced the effect of linear construction loading

N

,aﬂd varying permeability of thelsnil d;ring consﬁlidation.
RICHART (1959) developed BARRON's theoritical solutions into
 pract1ca1 design chart. HANSBO (1961) developed a so}ution
for radial fiow conéolidation based on his theory on the .
exséumptiun that at small hydraulic gradient of flow, Dércy's.
law is not valid. YOSHIKUNI anq ﬁAKAHODOV(1974) presented a
rigoroﬁs solution of Aconsolidation procesal including the
effect of drain resistance. HANSBO (1979,1981) presented
simple formulae based on equal strain theory, taﬁing into

consideration the effect of well- resistance hnd smear.

2.4.2 Barron's Thedry - BARRON (1948) presented the first
exhaustive treatment of the problem of the consolidation of
‘a soil cylinder contaiﬁing ~a central drain. His theory
was based . on ‘all of  the simplifying assumptions of
Terzaghi's one dimengional consolidatién theory. Besides these,
be made the following additional assumptions:

(a) All vertical 1loads are initially carried by
excess pore pressure u .,

(b) All compressive strains within the soil mass
occurs in vertiéai directions.

(c) The zone of influence of each well is a circle.

(d) Ldad distribution is uniform over the area.

$ Cited by Singh(1986) ~10-
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Shear strains developed in the foundation by
differential settlements will have no effect on.
the consolidation process. |
Initial excess pore pressure, Uo 1is uniforﬁ
throughout the soill mass at t = 0.

The external radius, r= 15 . impervious or
becéuse of symmetry no flow occurs across
this boundary, i.e. du/dr=0 when r = r,.

Excess pore pressure at upper boundary of the
s0ll mass (z=0) is zero when +t>0 in case of
drainage at top.

The 1lower horizontal boundary of so0ll mass
(Z=H) is impervious or because of symmetrv no
flow occurs- across this boundarv, 1:e. du/dr=0

at Z=H.

The basic differeﬁtial equation in polar coordinates

which applies to vertical flow Problem is expressed as:

in which

Where:

G

g

¥

L4

1 du du= du . : -
- —— 4 ——= ) = — , 2. 1)
rdr - at= at : :
kKm.
Iw

coefficient of volume chaﬁge .

coefficient of horizontal permeability .

unit weight of water.

radius, a coordinant in thé cylindrical system.
excess pore wafer pressure,

timg of consolidation.

_11-..




BARRON' s theufy solves the problem of consolidation
around vertical drains under the following boundary
conditions which represent +two. boundaries of real field

sltuations.

(a) Free ‘vertical strain - The -assumption is
that the vertical stress on a surface.remains constant during
the cunsolidafibn Process ?nd _the resulting surface
displacements are, thus, ﬁon uniform. The solution of Eq. 2.1
for the given case of free strain, in terms of excess ﬁore
preésure at any point due to combined radial and vertical

~consolidation at a given time t in the contained soil cylinder

having ideal drain well is given by BARRON (1948) as:

>

. Ur.Uz _ .

Ur,z = ~————— : ' 2.2>

Uo '

Vhere, Ur = excess pore water pressure due to radial
flow.

Uz = excess pore water pressure due to vertical
flow.

Ur,z = excess pore water pressure due to combined

radial and veftical flow. ‘

Uo = initial uniform excess pore pressure,

_12...
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(b> Equal vertical strain —~ The sssumption is

that the vertical surface displacement is constant throughout
the'drainea area and the resuiting vertical stress at .the
surface is thus non uniform. In case of equal strain, the
solution for Eq 2.1 1is given by BARRON(1948) as:

r

Uo fa TaZ YW= —8Tn

Ur = «———=——[ rg=lm ~— —~ ——we—r—_] exp ———— (2.3
ra<F{(n) - IW ' 2 Fin)
n= 3n= -1 .
F(n)= ———= 1n¢(n) — ————— 2.4
n=-1 4n= .

i

Vhere : ra radius of equivalent so0il cylinder.

e = radius of drain.

Tn = dimensionless time factor for horizontal flow

de = diameter of equivélent 8011 cylinder.
n = ratio of diameter of equi;alent 6011l cyliﬁder
to diameter of well. |
F(n) = drain spacing factor.
In +this casé + the average degree of consolidation witﬁ
respect to radial flow becomes:
U =1 - exp (-STh)/F(n) » 2.9

in which Un is the average degree of consolidétion with

respect to radial flow. Thus, the time of consolidation is

estimated from:

_13_
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da= 1
t = 1n - F() ' (2.6)
8Cn 1~ Un ' :

F(n) is given by Eq. 2.4 and d. is the diameter of equivalent

so0il cylinder (Fig. 2.1)

Effect of smear and well resistance — The abave
gifen'formﬂlas are valid under the ideal conditions i.e. the
drain has 1nf1h1te permeability and Vthat 1fs installation
does not change the characteristics of the surrounding clay
which govern +the consolidation Vprocess. In realityl. the
installation of the drain causes a disturbance of the
surréunding clay mass which leads, depending” on sensitivity
and macrofabric, to mnré or less pronounced changes 1in
its flow and stiffness characteristics. Also, thé commonly
édupted hypothesis of an 1nfin1£e rermeablility of the drain
well becomes unacceptable, because 1n réality head loss will
occur due to +the resistance .of well to flow, Thisreffect
‘becomes more pronounced in case df prefabricated band drains

which usally have a relatively small cross—-section.

2.4.3 Hansbo's Theory — HANSBO (1979, 19815 presented fﬁr
equal strain conditions, a closed form solution which allows
for a ready compution of the effects of well resistance and
smear on. drainlperformances. He made the same assumptions as
made earlier by BARRON (1948) which was used in defiving his
solutions for drains wells. The solution for average degree of

radial consolidation is given by HANSBO (1979) as:

_15_




U = 1 ~ exp ————— . 2.7

which is similar to earlier solution given by Eq. 2.5 , the
factor F(n) being Fc(n). The expression for F(n) i1s given

by Eq. 2.4 . The time for radial consolidation i1s given as :

daZFc (m) 1
t = 1n o @.8)
8Ch, lfUh )
(1> Effect ofluell fesistance ~ Because of smaller

diameter, in case band drains,the effect of well résiétance is
more significant. The effect of well resistance is considered
by imposing the condition déz = dQ: on the continuity of flow
through the drain. The factor F(n) now takes the form F.,(m)

and may be expressed as

Fu(n) = 1n(n) - 0.75 + z( 21 —z ) Sk 2.9
. Qe
Where: Fu (n)>= factor for the efféct of well resistance.
Qo = discharge 6apacity of the drain . _
dQs = quantity of water entering the drain well,
dQ= = quantity of water leaving the drain well.
khl = coefficient of horiibntal perﬁeability.

(2) Effect of Smear —. The effect of soil remoulding
caused by drain may be includéd in the analysis of radial
consolidation, assuming that én annulus of smeared clay with
an internal diameter ds exists around the drain. Within this
annulus the éoil is strongly remoulded and 1its coefficient of

permeability k» 1s lower than kn° which characterises the
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undisturbed clay. This circumstance 1imposes an additional
cdntinuity condition of the flow at the boundary between the
smeared and undisturbed zone, which causes a further modifica-

tion of the factor F(n) and takes the form as (HANSBO, 1979):

kh " .
Fe(n) = —--- 1n(s) - la(s) 2.1
K- ‘ .
Vhere: k- = coefficient of horizontal permeébility in
' smeared zone.

& = gmear ratio.
(3> Combined effcct of smear énd well fesistance -
Considering both the effects of well resistance and smear,

. F<(n) finaly takes the form (HANSBO ,1979) as:

. n kn 7 kn
Fc(n) = 1ln — ——- 1n(s) — 3/4 + Z21 -~ Z) — 2.1
s kn' G
Vhere: Z = conslidered depth of soil. :
1 = length of the drain.

2.5 Theory of Consolidation
2.5.1 One Dimensional_Cbﬁsolidation
TERZAGHI (1943) established the well-krown
theory of one dimensional consolidation.This theory takes into
account only primary - consolidatioﬁ due to vertical. drainage.
‘Thg basic differential equation for one diﬁensional cunsa—

lidation is given by :

du/dt = Cv du=/dz= 7 , - (2.12)
in which: Cv = krnmn /YW
where: Cv = coefficlent of céﬁsolidation in vertical
| direction.

kv = coefficient of vertical permeability.
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The approximate solution for degree of consolidation,

Uv, in case of constant 1initial excess pore pressure Uo is

given by:
e 2 . : ‘ ,
Uy = 1 - X —-= exp (-MTv) ' (2.135
o M ' .

Uv = average degree of consolidation due to vertical

flow.
M = 2m1)/2
m = an integer.

Tv = dimensionless time _factdr 'fur' vertical flowr
= Cvtzlﬂz
H = depth of clay layer.
It has been found that Eq. 2.13 ﬁay be represented
withlhigh preciéinn by the folloﬁing empirical 'expressions

(TAYLOR, 1948 ) as:

Vhen Uv < 60 % , Uv = 2( Tv/x )°.5 | (2.14a)
¥hen Uv > 60 %2 , Uv = 1 — (8/n=) exp (wné/4Tv) (2.14»
2.5.2 Two and Three dimensional Consolidation — In

three dimensional consolidation the drainage occurs in radial
planes as weli as in the conventional vertical direction. The
differential equation of consolidation can be expressed as:’
du/dt =Cv(d=u/dx= + d=u/dy= + d=u/dz=) . (2.1
For pﬁu dimensional consolidation, the différential.
equation can be written as:

s

du/dt = Cv(du=/dx= + d=u/dz=) (2.16)
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In polar coordinates the above equation will take a
form o |

du/dt = Cvh{(d®u/dr* + du/rdr) ' 2.17
Vhere, C.r equals the coefficient of consolidation due te

combined radial and vertical flow.

CARRILO (1942)‘.reSQIVed Eq. 2.17 into two parts,
nenely radial and vertical drainage. The average deﬁree of -
consolidation due to the combiﬁed drainage is then expressed
as : | |

U =1-<qQ ; U2l - U - £2.18)
in which U is the average degree oi' consolidationl dde to
radial and vertical flow; For further details of the topic

reference caﬁ be made to RIXNER et al (1986).

2,6 Stress distributinn in a Soil Mass

Considerations of deformations of,underlyiﬁg compressible
mﬂterialsewill require determination of the distribution of
stresses within and under the load ofrthe.structure. ¥umerous
- researchers have proposed approximate methods of calculation
of stress distribution, but due to complex -nature of solil
and boundary conditions none of them represept the actual

conditions encountered in the field.
2.7 Pore Pressure Prediction

Two stages are involved 1in predicting excess " pore .

pressures generated by an undrained loading on a saturated
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clay. First, the‘ralntionship batwaén the change 1in totul
‘stress and excess pore pressure must be established. Second,
the changelin total stress 1ﬁduced by the applied load must
be determined. Some of the methods for compufing excess pore
pressure from total stress changes aré briefly discussed the
following sectioné. |
In one dimensionallcase. tﬁe pore pressure (u) is equal
to the change in vertical total stresé.
u = px ‘ C (2.19) -
in which Pz is therstress increment in vertical direction.rz .
For a soll considgred to be an elastic material'subjectéd
to a three dimensional change 1n:stress. u is equél ‘to the
chanse in oétahedral normal stress and can be express as :
U=1/3 € pec + Py + px ) ST .20
in which Px, Py are the stress 1hcrements rih # and y
directions |
- SKENPTON and.HEHKEL suggested a semi*empirical method +to
estimate pore water pressure as :

U=BPx APz~ Px > ‘ o 2.21)

U= Voo + aroee - e
in which. |
. A and B = SKENPTOR's pore pressure coefficlents.
V oce = Change in octahedral stress; |
T'o;L = Change in octahedfal shear srtesé.
a = HENKEL's barametér.
In both SKE!PTOﬁ and HENKEL's methods, the soil is considered\

to be inelastic and tends to experience volume changes when
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pure shear is applied. SKEMPTOR's method 1is strictly valid
only for tfi&x;al.stresses. HENKEL'S method is more general. '
It considers that the excess pofe pressure has two bomponents,
one due to change in volumetric stress and the other due
to 'change in deviatoric Btress._lThe- deviatoric CDmponent
is related to ‘the changé in octahedral shear stress. When
SKEHfTDH's parameter'A_is determined in a triaxial test, the
relationshiﬁ‘between A and HEﬁIEL'S parameter a ( BISHOP and
HENKEL, 1962 ) is :
a= (3 -1)/@)°.8 | S @.22)
- Thus, the prediction of excess pore pressure 1s
influenced to an important degree by the method used to

calculate total stress change i.e. stress distribution.

. 2.8 Settlement Analyéis
Because of the complex nature of soil and the 1nf1uen6e

of stratification, none of the methods deyeloped so far
can aécurately predict settlements. A +theoretical analysié
©Of -the settlement process is indiépensable becaﬁse'the results
permit the engineer at leasf to recogﬁize the magnitude and
the distribution of settlement wunder the structure. The
component _of éettlement consists- of immediate v Primary
consolidation, and‘éecondary settlements; -

Method of Settlement Analysis

In the past , numerous methods -have been uéed to
caléulafe the immediate and final settlements . Some of

these are described subsequently 1in brief.
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One dimensional metﬁud — This method was developed by
TERZAGHI ( 1943 > and 1involves the numerical summation of
differeﬁt vertical stralins beneathl the foundation assuming
. only one dimensional vertical deformatiﬁn. The soll compressi-
bility properties can be determined from oedometer tests. Foar
normally consolidated clay, the +total settlement, ST can be
expressed as :

»

H Gec ~ Po + Ap

St =L [ ——— log (. —————o ) dH 1 (2.23)

For overconsolidated clay, the settlement can be calculated
considering two distinct cases as follows.

(a) Case. 1 : Vhen ( Po + ap ) < Pc

H Cc Po + ap :
St = L [ ~——— log ( ——————= ) gH ] - ' (2.24)
o 1+es , Pc '

(b) Case 2 : When ¢ Po + Ap > > Pc

H Cr Pc Cc ' Pﬁ + ap :
Sr = I~ 1log ( ~— ) + ——muv log ( ————— > 1dH <(2.25)
Vhere ; 1 Cc = compression index

Cr = recompression 1index

es = initial void ratio

Pc = maximm past pressure

Ap = increase in stress in vertical direction.

dH = thickness of soil layer.
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Elastic method - THe elastic mefhndl is based on the
.approach described by DAVIS and POULOS (1968), Thisl method
- involves the use of elastic theary to calculate the immediate
and final eettlements. For homogeneous so0ll, the immediate

Settlemeﬁt, Si is :

' QBI1I S :
84 = ~--—- ‘ (2.26)
' Eu
in which: q = intensity of surcharge loading.
I = influence value of loadihk for immediate
settlément.

B = width of foundation.

Bu = undrained elastic modulus of soil.

9
i

[
For non homogeneous stratum, Si is given as :

51 = i— I Pz -V ( Px + Py >]1 dH 2.27)
Eu ’
Uhgre:
Px, Py, Pz = stress 1ncréments in x,y,z direction
respectively “
V ' = undrained poiséon's ratio ¢ 0.5 )

It i1s common practice to deférmine Eu over a range of
deviator stress equal to half the ultimate stress (Bu = Eso>,
but it is praobably a worthwile refinement to determiné
~ Eu o%er the range of stress relevent to the particular
pfoblem, since the  experimental stress-strain relationship
may not be linear even for stresses less than 50% of the:
ultimate stress . Also , the value of Eu will decrease

significantly even with the slightest . disturbance in the
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case of normlly consolidated clays (SKEMPTON et al, 1955).

The value of Eu used in Eq.-2.25 also be suitably chosen as
the average value with respect to variafions with depth.

In three dimensional approach involving several strata
of different types, the total final settlement may be

obtained by summation of -strains in +the individual strata

- as 1

Sr = 1/B° ¢ Pz — V'Px - V™ Py ) dH | (2.28)
VYhere E°, ¥ are the elastic modulus and Poisson's ratio,
- respectively, for drained con&itinn.

If, however, the élay‘stratum 1 reasonably homogenenus,
and appropriate average values of E° and ‘v can be assigned
.'to the clay.fur the whole depth, S+ may be calculated from
elastic displacement theory as :

Sr = q B 1/E~ | (2.29)
Vhere I is the influence factor given by elastic displacement

theory.

Skemptﬁn—BJerrum method - In an attempt to take more
satisfactory account of the three dimenéinnal nature of
settlement, SKENPTOF and BJERRUX (1955) developed a method
in which the immediate settlément is taken 1into account. The
final settlement is calculated  based on the theory of
elasticity as : ' r

Sv = 51 + Sc.: 7 _ 2.30)

in which




q B A-v=) 1

S1 = 2.3
Eu
Sc = p | m dH (2.32>
H = A+ edl-A) ' 2.33)
| Px dH ‘
e = —e————— for ¢ 0 < e > 1) 2.34)
| Pz dH :

in the above expression, p 1s a correction factor and A
is the SKENPTON's pore pressure parameter. BjERRbH 1972
bas proposed an expression, as given in Eq. 2;35 to calculate
ﬁrimﬂry Settleﬁent. Sc, by. considering the initial state of

overconsolidation.

H H Cc Po+ap :
Sc = poc Em (Pc — PaddH + pepl ——— log (———— )Y (2.3%)

o , o litea Pc
Vhere: ju..= the pore pressure correction factor for
) overconsoliated state for Ar = 0.3 to 0.5

MHcs= the pore pressure correction factor for

nomally consolidated state for Ar = 0.5 to 1.0

2,9 Theoretical Considerations For Design of Drains
In the design of drains , the following factors are

génerally taken into consideration.

Equivalent Diameter of a Band-shaped drain —— The vertical
drains were assumed to haver circular cross-section. A band
shaped drain, therefore, bas to be converted into a ~circular
cylindrical drain producing the same effect on the

consolidation process as the band shaped drain. "According
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Fis. 2.3

—VERTICAL DRAIN

de= [I3S

{a) SQUARE PATTERN

de = (.05S
(b) TRIANGULAR PATTERN

Rellainnsh'rp of Drain Spacing to Drain Influence
Zone (a) Square Pattern (b} Triangular Pattern.
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to original 1dea 1in this mtter by KJELLMAN (1948) and

’

verification by finite element analysis (HANSBO, 1979), it

. was found that the band shaped and circular drains will lead

to parctically the same consolidation process provided
their circdmferences are same. Accdrdingly.‘ther equivalent
diameter dw of a band shaped drain with -width "a" and
thickness "b* is considered, Fig.2.2 ,and can be exﬁress by :

dw = 2(atb)/n ' (2.36)

Drain pattern —— Vertical drains are installed either in
-square or triangular pattern. In principle the triangular
drain spacing is the most economical < BARRON, '1948;

KJELLMAN, 1948 ) and the degree of deviation from traely

square or triangular patterns . will have a such more
- appreciable effect on the'results. For instance, calcuting

the cqnsolidation time for a square pattern, as opposeq to a

triangular, results in an increase of consolidation time by
about 20 % < FELLENIUS, 1981 >* . On the other hand,  for

equal"consolidation times, the 6alcu1ated number of dralns

‘per unit area ie the same in both patterns. The square and

, triangular patterns are shown in Fig 2.3 .

Dischage Capacify of Differeat Drains —— In case of
prefabricated drains the discharge 6apac1ty will be a
function _af lateral earth pressure against the drain
sleeve. Thus. the filter will be partly squeezed 1into the

channel system of the core by the pressure of the surrounding

# Cited by Singh(1986)
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soil nﬁd this will dnubtléssly reduced the channel volume
and consequehtlj the dischérge capacity. Also the .fines on
the pore water may not be retained by filter and may -therefore
cause a grgdqal decrease of discharge capacity or even
clogging. Thié problem of reduced discharge cﬁpacity is

known as well resistance.

brainage Blanket —— The primary function of providing
drainage blanket over the area wﬁere the drains are to be
installed ié to provide a  free draining outlet for the
water discharged from ‘the drains as ‘shown in Fig. 3.7.
This also can provide a suitable wnrking .platfdrm for heavy
equipments wﬁichr may otherwise be unable to Fain accerr to

the area.

Soil Drainage Prameters —— The accuracy of any design
method is obviously 1limited .bi the accuracy with -whichl
the soil drainage pafaﬁetéré can be assessed. It is evident
rthé% the correct methods of site 1nvestigations carried
out under strict supervision will enable a more abprqpriate
.design .to be undertaken . The important soil drainage
parameters are Cv , G~ , Kv . Both lab;ratory and iﬁsitu
tests should be carried out to obtain relevant so;i

parameters.




2.10 Use of Vertical Drains in Baﬁﬁladesh

Althougp the application of soil improvement technique
in Bangladesh with vertical drains and preloading, stgrted
only a few ye&fs ago, tﬁe:-recent development of vertical
drains has increased its use significantly.

In_l Bangladesh, vertical drains - were successfully
1nstailed to soﬁerprojects to treat soft clayeyey soil to a
depth down to several metres by the Public Works Department.
~application of soil improvement by using vertical drains and
pPreloading weré successfuily completed by +the Foundation

lConsultants Ltd. (1986) to several projects in Bangladesh.
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3 STATEMENT OF THE PROBLEM

3.1 Introduction.

The Public Vorks Department <« P.V.D.) of Bangladesh
ungertakén the cbnstruction project of District Headquarter
complex buildings of Sunamgonj. ‘'in 1986 . Subsurface
1nvestigatioh was carried out at the project site. The .
investigation reveals that the subsurface soils are too
weak to support a economic spread foundation at shallow
depth. And accordingly, a programme was undertaken to improve
:the soll conditions Dby usiﬁg ‘the method vertical of dfains
and prelcading. '

In the following sections the project site, the sub
éqrface 1nvéstigation pProgramm 1nclud1ng' the related
loboratory soll tests,; and the method used fnrlthe,soil

improvement purpose are briefly outlined.

3.2 Project Site

Bunamgon]j 1is loéated about 250 kms -north‘ east of Dhaka
city. A plan of the construction Site is shown 1in Fig. 3.1 .
5.3 Soil profile : o |

Foundatién Consultants (1987) reported that geologically
the project site liles oﬁ a syncline of folded hills of
Sylbet district. The surface rock of the locality 1is
composed of reddish to browﬁish gray silt and clay with
sand, which 1s older than the adjacent alldviums. Probably the
surface rock is of Dupl Tila fdrmatipn . Altifuﬁe of the

project area rises to 15m to 18m.
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3.4 Ground water table

The ground water table varies with the season, during
the ralny season it lies,about 250mm below the ground surface,
while during dry sééson it goes down to 2.0m below the ground
surface . An 'average value of 1.5 m below the ground surface

may be considered for the groundwater table.

3.5 Sub—soil.Condition

Foundation Conéultants (1987) and Geotechnical Engineers
and Consultants ﬁ 1986 ) performed , in favour of P.V¥.D. the
so0ll investigations both in the field and in the - laboratory,
to evalutate the ﬁechanical + Physical and engineering
propertiesrof. the sub so0il with a view to fecommend‘the safe

and economical'foundation'design for the proposed structure.’

(a) Boring —— To collect necessary information 10 numbers
of exploratory borings were done at the slte, as shown on the
location plan, Fig. 3.1 . The bore holes were drilled -down to

a depth of 15m from ground level using 100mm diameter casing.

(b Standard"Penetr&tion Test —— The Stﬁndard penetration
tests were performed at every 1.5 m interval in all the bore
holes. The tests were executed by using a split Spoon samplers
of 35 mm internal and 50‘mm- outer diameter, and a 63.5 kg

hammer falling freely from a constant height of 750 mm on
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to the drill rod. The H-values ‘are . shown on the bore chnrta.'

Fig.3.2 shows typical bore hole log with N-values,

(o) Collection of Disturbed Soil Samples -— Disturbed soil
samples were collected at different depths. These soil
samples were duly classified 1in order to reconstruct a depth
wise atrdtification chart of ©bore-holes and to evalute the
over all subsoil condition of the investigated site. The
disturbed s0il samples were preserved in tight polytheﬁe

bags and were taken to the laboratory for detailed analysis.

{d) Collection of Undisturbed Soil Samples —— Disturbance
to the s0il alter its physical and mechanical prﬁperties
‘and hence it 1s'necessafy to collect undisturbed soil samnples
to perform laboratory tests in order to obtain soil
parameters , which eventually lead to the evaluatﬂan ‘of
bearing capacity and settlement characteristics of the
subsoll . layers. a8 ﬁumbers of undisturbed soll samples were
collected from the bore holes with the help of 75 mm diameter
Shelby tubes. The depth of collection of samples have been
shown on the bore chérts in Figs. 3.2 . Immediately after
" the extraction of the uﬁdisturbed soil samples, the.twn
ends of the Shelby +tubes ﬁere sealed with wax and were .

taken to the laboratory.

B
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Laboratory Tests — Different laboratory .tésts were
-.performed "on both disturbed and undiétﬁrbed 501l samples
collected from the site +to evaluate +the properties for
foundation design.
The following tests were performed:
1. Grain size analysis
2, Specific gravity tests
3. Atterberg limit tests
4. Molsture content
5. Unconfined coﬁpressinn tests
6., Consolidation tests |
7. Density tests
8. Direct shear tests
-Grain size analyqis s atterberg 1imit 'and"specific
gravity tests were cafried out to ascertain the detalled
‘composition of the soil. These tests also help in classifying
the so0il properly for geotechnical 1nterpretation. Details
of prnperties of soils are summerized 1n Tables 3.1 and 3.2 ..
Typical grain size distribution curves are shown in Fig.3.3.
Unconfined compression, density and direct shear tests
pravide data on the shear stréngth characteristics of the sub—
s0il, from which bearing capacity of the underlying soil can
be estimated . Details of the engineering properties of soils
are summerized 1in Table 3.3 . The typical unconfiped
compression test, consolidation test and direct shear test

results are presented in Figs. 3.4, 3.5 and 3.6
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Table 3.1 : Properties of Soil ( Before improvement )

Grain Size Analysis | Atterberg Limits | Specific

Bore | Sample | Depth |
¥o. : No. : (m) : Sand | 811t | Clay :—;..L.I P.L.I P.1. : Gravity
i [ % 1% 03 | l )
i | i - | -1 | == - =
I D1 1.4-1.8 36 56 8 24 17 7 2.63
: U2 4.0-4.4 9 67 24 38 24 14 2.66
' : D6 9.0-9.5 19 64 17 32 .21 11 2.65
| D10 12.3-12.5 52 S TS - - - -
: 1 2.4-2.9 - 11 74 15 30 20 10 2.64
: D4 5.9-6. 4 7 80 13 31 22 9 2,62
° : D7 - 10.5-11,0 29 62 ° 27 19 8 2.63
: D9 13.6-14.0 34 60 6 - - - -
: n 2.1-2.6 10 64 26 40 25 15 2.67
: D3 4.4-4.9 7 71 22 37 25 12 2.66
] : D8 12,0-12.5 19 65 16 35 24 11 2.64
: D10 15.1-15.5 62 38 0 - - - -
: D1 1.4-1.8 6 67 27 39 23 16 2.65
: U1 3.7-8.1 8 . 68 24 42 28 14 2.68
* : 03 9.8-10.2 9 70 21 36 25 11 2.6;—_
: D9 13.6~14.0 16 65 19 - ~ - - -
: D1 1.4-1.8 5 70 25 4 28 16 2.68
: U1 2.4-2.9 7 67 26 47 32 15 2.67
> : D5 7.5-7.9 12 66 22 40 27 13 2.65
: D8 12.5-12,5 15 67 18 - - - -
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Table 3.1 : Properties of soll ( Before improvement )

Gample | Depth Grain Size Anﬁlysis

Bore 1 ! | ‘Atterberg Limits | Specific
¥o. : ¥o. : (w : Sand | Si1t | Clay : L.L.1 P.L.1 P.1. : 6r$v1ty
} i P b % 0L %l | T
I | l ! 1— b } ) I
I D1 1.4-1.8 11 . 65 24 38 22 12 2.63
: U 4.0-4.4 6 67 - 27 8 31 17 2.69
° : U3 8.5-9.0 13 70 17 31 21 10 2.6;—
: D10 15.0-15.5 19 69 - 12 - - - -
: D2 2.9-3.4 6 ' 69 25 42 25 17 2.6;-
: vz 5.55.9 8 66 26 47 20 18  2.68
" : D7 10.5-11.0 11 70. 19 36 23 13 2.65
: D9 13.6-14.0 34 60 6 - - - -
: vl 0.9-1.4 9 68 23 30 27 12 2.66
: D6, 9.0-9.5 16 64 20 33 23 10 2,65
° : D8 12.0-12.5 24 58 18 30 21 9 2.62
: P10  15.0-15.5 38 62 0 - - - -
: U1 2.4-2.9 0 65 26 41 27 14 2.66
: U3 5.2-5.6 6 70 24 38 26 12 2.64
’ : D6 9.0-9.5 8 73 19 0 21 9 2.62
: D10 , 15.0-15.5 60 38 2 - - - -
\ o1 1.4-1.8 4 74 22 37 24 13 2.65
: v2 . 3.7-4.1 7 73 20 33 23 10 2.63
B : 5 7.5-7.9 14. 68 18 28 20 8 - 2.62
: D8 12.0-12.5 - 56 40 4 - - - -
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Table 3.2 : Unit Veight and Vater Content of Soil ( Bafore Iwprovament )

Bore | Sample | Depth | Water | Bulk Unit | Dry Unit | Saturated Unit
Hole ! Yo. ! o ! Conjent ! velght, ! Velgyt | Velght_
I U1 1.0-1.5 19-20 17 15
1 : 2 1.0-4.4 . 24-25 18 - 14 18
| 3 4.5-5.0 37-38 17 12
\ 2.0-2.5 20-22 17 14
2 102 | 4.0-4.5 . 26-27 . 18 14 18
:'03 7.0-7.5 53-54 14 9 B
L 0 2.0-2.5 24-25 17 14
3 : U2 4.0-4.5 32-34 16 12 18
: U3 5.0-5.5 ~  48-50 15 10
| o1 O 3.7-4 2224 18 o
a : 2 5.2-5.6 44-47 16 1 18
: U3 9.8-10.2 20-23 19 15
: 3} 2.1-2.6 28-30 16 a3
5 : U2 4.0-4.5 58-60 15 9 17 o
: U3 5.2-5.6 53-55 16 10




Tabla 3.2 : Unit Veight and Vater Content of soil ( Before juwpravement )

Boré | Sample | Depth | Vater { Bulk Unit | Dry Unit | Saturated Unit
Hole { No. i | Content | Veight | Veight | Veight
| I (m ! % I kB/w t xE/p® | kN/o®
| -) ] = . i |
I n 4,0-4.5 24- 25 17 14
6 : U2 7.0-7.5 - 55-58 15 10 18
: U3 8.5-9.0°  23-26 18 T B
: L 2.1-2.6 27-29 17 13
7 : U2 5.5-6.0 24-27 18 14 18
: U3 8.5-9.0 40-46 17 . 12
: U1 1.2-1.5 29-31 16 12
8 : u2 4.0-4.5 54-56 15 10 18 B
5 10.1-10.5 - 21-23 19 15 |
: U1 2.1-2.5 28-29 16 13
9 : U2  4.0-4.4. 23-25 17 14 18
: U3 5.5-6.0 ;;:62 14 9
:_01 2.1-2,6  25-28 17 13
10 1 vz 4.0-4.5 28 17 14 18
|

u3 5.5-6.0 45-56 15 ) 11




Table : 3.3 : Engineefing Properties of Soil ( Before improvement )

Bore'l Sample Direct Shear Test

Depth ' | Consclidation | Uncon. Comp. Test
l I e ~1-=
(m) | Yoild- | Comp. | Uncon. ! Strain at.

| !
i I
No. | No. i 1 Cohesian
I { | Ratio ! Index | Comp. | Fatlure i
I | i €s | Ce | Strengthl |
I ! ] I I XN/o* | % I KN/ o>
I 1 I -] -1 I I
0 1.0-1.5 0.78 0.18 29 7 ‘ 14
I —_
1 1 u2 4.0-4.5  0.84 0.20 24 ' 9 12
) =
| U3 7.0-7.5 0.98 0.26 26 13 - 10,
l —_—
10 .2.0-2.5 0.80  0.19 21 12 .13
| .
2 102 4.0-4.5 0.88 0.21 24 15 , 17
. I e
| U3 7.0-7.5 1.30 0.35 10 - 7 7
1 n 2.0-2.5 0.77 0.17 22 14 10
!
3 vz 4.0-4.5 0.89 0.20 16 _ 10 7
J :
1 U3 5.0-5.5 1.15 0.30 14 8 5
f ' :
I 01 3.7-4.1 0.80 - 0.20 33 12 14
!
4 1 U2 5.2-5.6 1.40  0.40 22 8 9
1 . —_
| U3 9.8-10.2 0.69 0.14 83 7 , 36
! ‘ —_—
1 U1 - 2.1-2,6 0.90 0.22 14 16 9
I - : ,
5 1 U2 4.0-4.4 1.48 0.45 12 7 o 6
| . : .
| U3 5.2-5.6 1.36 0.36 16 : 7 -7
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Table : 3.3 : Engineering Properties of Soll ( Before improvement )

Direct Shear Test

Bore ! Sample | Depth 1 Consolidation | Uncon. Comp. Test |
Ko. : ¥o. : (m) :";uid : Comp. : Uncom. :—;;rain at : Cohesion
| l I Ratio | Index | Comp. | Failure |
| | 1" ea | ce | Strengthl |
i I I I | XR/p® | % | KN/ m?
I ' I [ —————=—] ! —1
10 4.0-4.5 0.76  0.17 19 14 12
6 : U2 7.0-7.5 1.39  0.34 29 7 _ 11 o
: u3 8.5-9.0 0.68  0.13 74 10 41
: U1 2.1-2.6 . 0.76  0.18 21 17 o 7
.7 : v2 5.56.0 0.82 0.19 36 12 o 21
: U3 8.59.0 1.25  0.32 39 10 | 13
: 1 1.2-1.5 0.90  0.22 12 15 7
8 : U2 4.0-4.5 1.44  0.38 14 8 5
: U3 10.1-10.5 0.70  0.15 97 -9 T i
. : Ul 2.1-2.6 0.92  0.22 21 18 14
9 : U2 £.0-4.4 0.86  0.20 29 15 .19
: U3 5.56.0 1.48. 0.46 13 6 7
: 1 2.1-2.6 0.81 0.19 15 16 | 11
10 : u2 4.0-4.5 0.92  0.23 37 14 16
: U3  5.56.0 1.42 0.42 22 8 -9
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3.6 Bearing Capacity of Soil

The top soil up to 7.5m depth comprises of very soft to
soff clay silt and soft layer of organic mEterials. The
average bearing éapacity af the site was found in the range
of 16 - 156 kN/m»= ( F.5 = 3 )' upto ‘a depth of 4.5 m. The
settlement analisis shows a‘ vertical setflement in thé
order of 320mm. The éite seemed to be unsuitable .for a
spread fuuhdation at shallow depth unless any proper
treatment of the soll at the ‘site is done. And las such,
Vthe vertical} drains and preloading method beiné commmon in

Bangladesh was decided for the purpose.

3.7 Installation of Vertical drains
3.7.1 Prepration of Ground for Drain Installation —— The
‘preparation was carried out 1in two stages, ( 1 ) remonval

of top soil and (2) construction of drainage blanket.

(1> Removal of top soil —- In order to ‘break the
arbhing effect of fhe top soil, earth upto a depth of ab0u£ 2m
of ihe entire area of the proposed building was scoopéd out.

¢ 2 ) Construction of drainage blanket — About' 0.75m
thick granular ( F.M = 2.5 ) drailnage blanket was constructed
Dvér _the excavated area where the drains were to be
installed . The drainage blanket served two purposes — to
provide a sujitable platform for +the equipment used for the
drain installation and to serve as a free draining oﬁtlet for

the water to be discharged from the drains.

...50_..
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3;7.2 Spacing, Pattern, Diameter and-Depth of ,Drains —
Accnrdins to the design as preséntéd in Appendix A,sand drains
were installed in square pattern_at 1.77 m centres. The layout
of the vertical drains are shown in Figp 3.7. The 200 mm
diameter sand drains were installed to a depth of 7.62 m

which was the full depth of soft clay at the site.

3.7.3 Installation of Drains -- The vertical drains
were installed with the help of a machine , making 200mm
diameter bore—holes wupto 7.62 m depth » driving casing

Pipe, back filling the bore—holes with coarse sand ( F.¥=2.5 )
rand compacting sand by - monkey,

3.7.4 Rate and Time of Placement of Drains —— The
rate of drain 1nétailation was 15 drains in average per " day.

It took more than 6 months to finish the installatiun'work.

3.8 Préloading

The essentigi idea behind the concept of precbmpression
of soft cohesive snil- consists of Subjééting the fuﬁnd&tion
to a load, the 1nten51tyrand:géometry of which is suitable to
anticip&te ~partially or entirely the settlements of the
foundation .The project site was a low land area. AS mentioned
earlier, earth upto a depth of 2 m was scooped out from the
existiné ground level at the site of the prbposed. building,
Fig. 3.8 . The vertical drains wére then installed. The
scooped area was then refilled with sand (F.M.=2.5) to a
thickness of 0.75m. The site was then filled with local sand

to a height of 2.75m.
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RESULTS AND DISCUSSIONS

4,1 Introduction

Subsurface soil explorations were carried out in  two
phases to. collect the pertinent so01l engineering data of
the site. The first phase of the 1nve8tigétion was done at the
preliminary stage of the projec£ in order to obtaln the
1nformafiun about existing soil condition. . This includes
ten number of boreholes at the two sites at different
locations as shown previously 1in Figs. 3.1 and“3.2 . The
The second phase of the investigation was done making thirteen
boreholes at the two sites two months after the 1mprﬁvement
treatment was initiated.

The so0ll results prior to treatment, as shown in Figs. 4.1
and 4.2 , Show that the top layers: at both the sites afe
composed of. very soft to soft clayey silt. which are
'nurmally unsuitabler without any +treatment, for a shallow
foundation . Accordingly, the so0il 1improvement scheme was
undertqken by using sand drains of 7.62 m depfh and 0.2Zm
diameter at a spacing 6f 1.77 m, The arrangements of sand
drains are shown 1in Fig. 3.7 . In the. following sections
-the Soillconditiuns . ﬁrior' to and after 1mpraovement, are
déscribed and'the results obtained , due to the treatment are
discussed, |
4.2 Standard Penetration Resistance

The Standard Penetration Resistance Tests were  perf0rmed
at every 1.5 m interval in all the bore hules._The\SPT values
varies from 1 to 16 upto a depth of 9 m before the improvement

of soil. After improvement by éerticalldrainsAﬂnd preloading
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of 60 xN/n? ; the SPT values ware found. to wvary in
between 3 and 18 . The 'reéults. of the Standard Penetration
Resistance tests are éummeriied in Tables 4.i anﬁ_4.2 and also
presented in Fig. 4.3 . The rate of - increase of SPT values
varies from 150% to a negligible . The comparison of SfT
values prior to and affer improvement is shown in Fig.'4.4 .
The rate is higher at +the shallower depths and for séftér
consisﬁency of soil. The reason may be thaf at shallower depth
the 1nten51tj of imposed load 1is higher. Similarly, for solls
baving softer consistency the stiffness 1s lower and resulting
in a large deformation bence higher stiffness and SPT values. |
4.3 Bearing Capacity of Soil

Before the 1nsta11ationl dfl-the vertical drains ., the
ultimate bearing cachity -as calculated using the SPT values
'and Terzaghi's (1948) formula was found in +the range of 48
EN/m* +to 864 kN/m® upto a depth of 9.0 m. After the
1nstallat10h of wvertical dralns and preluadiﬂg (60 kN/m=)>,
the ultimate bearingl capacity at the site was found in  the
range of '21l6 KN/ to 600 KN/m® up to depth of 9.0 m at 50%
consolidation. Between 3.0 m to 6.0m the bearing capacity
increases rapidly because _of presende thick 'élayey' silt
layer. The results uf the bearing capacities befofe and
after the 1installation of vertical drains are shown 1in
Tables. 4.3 and 4.4. A comparison of  bearing capacities
are presented in Table 4.5 and shown Fig 4.5.5imllar reasoniﬁg

may be made for the increase of SPT in Art., 4.2 .
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Table 4.1 : Fleld &EFT Values { Before 1mpru€’amnt }

Depth (m) | 1.5 1 3.01 451 6.01 7.51 9.0 1 10.51.12.0 1 13.5 | 15.0
| | —————1} I i | - | |- t e
BH¥o. 1 | 3 2 2 2 4 100 9 10 11 22
| . i
B Ho. 2 | 2 2 2 3 3 12 13 13 15 20
| , ,
BE Ho. 3 | 2 2 1 3 7 12 12 16 23 24
| . . '
BH Ho. 4 | 2 2 3 10 12 16 16 16 14 17
-
BENo. 5 | 1 1 3. 3 5 12 14 10° 13 14
_ | ’ -
BH No. 6 | 1 2 2 6 8 15 15 16 17 17
| : ' :
BH §o. 7 1| 1 2 3 4 9 11 14 15 15 18
| - —_—
BH FHo. 8 | 1 1 4 5 6 8 10 15 14 22
: [ . — -
BH §o. 9 } 1 2 3 3 7 9 10 15 17 23
I
BH Fo. 101 1 3 3 7 13 14 22 - - -
N.B. |
D.C.'s Court = BH Wos. 3, 4, 5, 6, 7 & 8
D.J.'s Court = BH Nos. 1, 2, 9 & 10
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Table - 4.2a : F-Values ( After improvement )

Depth (m) t 3.0 I 4.5 1 6.0 | 7.5 9.0 10.5
: BH 6 : 6 ! 7 ! 9 ! 9 12 T 14
Group 2 : BH 7 : 4 6 .8 9 . 1n 13
: BH 8 : 3 4 4 6 7 7
: BH 4 : 5 6 7 10 11 13
Group 4 | !
-1 BES | 5 6 10 11 12 15
: BH 2 : 5 3 11 17 18 18
Group 6 | |
| BR 3 1 7 9 10 7 8 11
: BH 1 : 6 4 5 8 9 12
Group B : BH 2 : 7 5 5 9 10, 114 )
:'BH 3 : 5 5 6 8 10 ‘11
: BH 5 : 5 5 6 8 9 li
Group 9 | |
| BH 6 | 3 5 5 7 8 12
Group 10 : BH 4 : 6 5 7 8 10 13
Table 4.2b : ¥ Values ( After improvement )
| | Field Values
Depth (m) | 3.0 | 4.5 | 6.0 1 7.5 9.0 10.5
Group 2 : 4 6 7 8 10 11
Group -4 : 5 6 B 10 11 15
Group 6 : 5 6 190 12 13 14
Group 8 : 6 5 5 8 .10 12
Group 9 : 4 5 5 7 § v
Group 10 : 6 5 7 8 19 13
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Table : 4.3 : Ultimate Bearing Capacity in kN/m* : ( Before improvement )

Depth (m) | 1.5 | 3.0 o 4.5

i I i | —=—1 1 1= i I
From Diff.1 N | qu | Direct - i ¥ 1 qgu !l Direct I ¥ | gqu t Direct
Nethods 1 Valuel | Shear Test {Valuel | Shear Test |Valuel | Shear Test
BH 1 : 120 ! 108I 63 : 96 I 96 ! 69 -: 96 ! 108l 60 .
BH 2 : 96 78 63 : 96 84 78 : 120 102 102
BH 3 : 96 84 - 51 : 727 90 39 : 96 66 33
BH 4 : 96 - - : 120 - - : 312 138 84
BH 5 : 48 - - : 96 87 48 : 144 51 36
BH 6 : 72 - - : 56 - - I:_192 81 75
;h 7 : 72 - - :_;;0 84 51 | : 168 - B -
BH 8 : 48 45 . 33 :—I;o - - *_: 216 . 690 36
BH 9 1z - - | 120 08 78 : 144 123 87
BH 10 : 96 - - : 144 171 60 : 240 156 90
Depth (m) | 6.0 | 7.5 9.0

- ! - | l § , - |
From Diff.1 K | qu | Direct I ¥ | gqu 1 Direct ¥ | qu ! Direct
Methods I Valuel | Shear Test |Valuel | Shear Test |Valuel - | Shear Test
BH 1 : 144 I - ! ; : 336 ! - ! - ! !
BH 2 | 18 - T Vaee s 63
BH 3 : 240 63 - : 456 - -
BH 4 : 528 . 96 78 : 672 -~ -
BH 5 1 192 69 48 : 408 - -
BH 6 : 336 - - : 552 129 81
BR 7 :<312 . 159 138 : 480 - -
BH 8. :“264 - - : 336 - -
BH 9 : 240 57 78 :—;;4 - -
BH 10 : 480 96 60 : 648 - -




Table- 4.4 : Ultimate Bearing Capacity in kN/m* ( After installation of
vertical drains )

Depth (m) | 3.0 [ 4.5 | 6.0
{ { - | I 1 H
From Diff.| ) | { N and gu | N | N and qu | N | N and qu
Nethods I Values | Values | Values { Values | Values | Values
t 1 i - { 1 |-
Group 2 1 240 179 312 268 360 313
i
Group 4 | 264 224 360 268 480 403
I ——r——
Group 6 | 288 268 408 268 052 492
1 - -
Group 8 | 264 268 240 224 312 224
t
Group 9 P 216 179 264 224 336 268
=1 .
Group 10- 1 264 268 288 224 360 313
Depth (m) | 7.5 l 9.0 | © 10.5
! } i |- | (
Group 2 i 432 a7 504 447 528 492
1 ;
Group 4 | 552 492 624 537 672 : 626
|
Group 6 1 600 - 537 : 672 582 720 671
1 _
. Graup 8 | 432 358 528 447 576 837
[
Group 9 I 408 357 904 403 576 537
[
Group 10 | 432 357 952




Table- 4.5 : Comparison of Ultimate Bearing Capacity from SPT Values in
x§/m= :

Before installation of drains After installation of drains

Depth(m)t 1.5 1 3.0t 4.51 6.0 1 7.51 9,04 3.0} 4,51 6.01 7.519.01 10.5

)
i
i
i
72 104 188 312 484 620 1 264 360 464 528 600 640
: i )
i
|
I

|
D.C.'s |
Court ¥ |
' [
D.J.'s | 96 114 150 252 4132 594 248 264 336 124 528 %92
Court #»t - :

BH Ho. 3, 4, 5, 6, 7, 8 and'Gfoup No. 2, 4, 6
BH ¥o. 1, 2, 9, 10 and Group No. 8, 9, 10

% D.C.'s Court
%% D.J.'s Court

[}

Table- 4.6 : Results of Plate Load Test Data ( After installation of drains »

Time | load on | Settlement at | Settlement at twice | Safe Bearing

Groﬁp I
I. ¢r) | Plate | Design Load # | the Design Load { Pressure in
1 | kH/m* | (mm) ! (mm) [ KE/m?
Group 2 : 6 ' 107 - ! 13.85 f 24.09 - 55
Group 4 : 4 - 107 10.0 o 18.11 : . 64
Group 6 : 5 107 471 12.93 ' 81 |
Group 8 : .20 107 3.18 _ 12,50 ' 70
. Group 9 V10 1er - 7.02  22.33 ' 60
Group 10 : 5 107 6. 02 : 20.43 60 -

% Design load = 53.5 KN¥/m=
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4.4 Beéring‘Capacity from Load Tests 7

Six numbers of plate load tests wefe done at the site two
months aftef‘instqllation of wvertical dra;ns and preloading.
The results of the load tests are summerized in Table 4.6
Typical load Settiement curve of a test is shown in Fig. 4.7
and 1£s data are pfesented in Table 4.7 . 1t ié found from the
Table 4.6, the settlement 1is less than l4mm at design load
(53.5 kN/m=) and 1s less than 25mm at twice the design load.

From load tests data, the allowable bearing capacities
| were fouﬁd to Be 67 kN/m= at D.C.'s court bulldind site and 63
kN/m* at D.J.'s court building site. It appears that rthe
bearing capacity as calculated by‘using -Tgrzaghi's (1548)

- formula and SPT value gives an overestimated value.

4,5 Settlement of Soil ‘

To calculate the settlements, the-wholerdepth of the soff
s0il1 was divided into several layers as suggested byr SIMONS
and.!BHZiES ;1975). The so0il parameters corresponding to each
layers were obtained from Table 3.3. Thé predicted settlements
by using Tefzaghi's (1943) method are given in Table 4.8 . The
amount of predicted settlement ranges from 0.11 m to 0.23 m at
50% consolidation. The average ;otal settlement was estimated
as 0.17m. After two mbnths of +the installation of vertical
dfains. only 50%Z consolidation was completed as shown in
Fig. 4.6 and the amount of settiement of the' soil  layer ﬁas
gbserved to be 0.125 m . This shows an overestimation of

settlement while using Terzaghi's(1943) formula.

-7




4.7 Typical Plate Load Test Data (After improvement)

Table :
Design Load = 0.5 TOE/SFT ; Ultimate Load = 1.0 TON/SFT
Area of Plate = 1 ft2., Location : D.C.'s Court ; Group = 11
Date 'I Time | Dial Gaze | Transferred | Bettlement Gaze Reading | Average i
i | Reading { Load on Platel . ‘ |Settlement
) | kg/cm® | Tsf I Ml Mz 1 N ) mm
20.4.89 : 16-22 ! 5 ! 0.25 ! 640 I-—;QO ‘l 680 e 70
: 16-28 5 0.25 820 800 750 -
: 16-45 5 0.25 886 850 810 -
l: 17-00 5 0.25 1000 J000 1000 -
| : 17-30 5 0.25 1128 1200 1120 - -
: 18-00 . 5 0.25 1142 1225 1130 11.6;__
-: 18-02 10 10.50 1270 1370 1360 : 13.3;—_
,: 18—051 10 - 0.50 1300 1380 1378 _
: 18-15 10 . 0.50 1318 13;;— 1390 _ ~
: 18-30 10 0.50 1328 1400 1402 -“—,‘ -
: 18-45 10 0.50 1335 1410 1410 15.85 i
: 18-47 15 0.7% 1610 1700. 1685 16.65
:.19eoo | 15 . 0.75 1730 1820 1770 -
} 19-15 15 0.75 1810 1880 1830  18.80
: 19-30 20 1.00 1990 1996 1950 19.78
: 20-00 20 1.00 2210 2241 2226 -
:20;05 20 ‘ 1.00 2300 2305 2330 ‘—-_-
: 20-15 20 1.00 . 2315 2320 2340 -
: 20-45 20 1.00 2348 2392 2380 -
: -

22-00 20 ' 1.00 2404 2415 2410 24.09
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(

Table 4.8 : Predicted Settlement of Soil

Cc Potap
5T = TTve. T 198e TThg
Bore | Layer | Po | &p | Vold | Camp. | cc | Potap | Thickness | s
Hole | (m) | KN/x® | EN/»* | ratio | Index | | Co@ 1 @
: ! 1 I 1 e | cc .l 1tea i Po | |
| | | 1—- | ——————=1 | oo m |
| 0-1.5 13" 60. 0.768 0.18 0.10 5.62 1.5 0.11
Y iseo 4 60 0.84  0.20 0.11 2.36 4.5 ~0.18
2 : 0-6.5 40 60 0.84 0.20 0.11 2.50 6.5 0.28
: 0-5.3 29 60 0.83 0.19  0.10 3.07 5.3 0.26
- : 5.3-7.0 48 60 1.15 0.30 0.14 2.25 1.7 0.08’
| o 5.2 36 60  0.80 0.20 0.11 2.67 5.2 0.24
P 60 1.40 0.40  0.17 1.92 1.8 0.09
| o-a.0 28 60 0.90 0.22 0.12 3.14 4.0 0.24
% Thoro o 60 1.42  0.40  0.17 2.13 3.0 0.17
6 : 0-7.0 42 . 60 0.76  0.17  0.10 2.43 7.0 0.27
7 i 07 a1 60  0.79  0.19  0.11 2.46 6.7 0.29
5 | o506 26 60  0.90 0.22 0.12 3.31 3.6  0.22
9 |0 5.2 25 60 0.89  0.33 . 0.17 3.40 5.2 0.47
v 0 5.2 26 60 0.87 0.21  0.11 3.31 5.2 0.30
? o260 59 60 1.42  0.42  0.17 2.02 0.8 0.04

The average total settlement = 0.32 m
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

5.1 Conclusions

The objective of Ehe present study was tolinvestigate the
shear,strength and hence the bearing capacity.land settlement
characteristics of a soft soil layer ¢ WL - 10-59, LL = 24-48,
PI = 7-17 ), due to 1installation of ‘vefticai sand drains
( witﬁ n = 10 5 and pfeloading . The following conclusions
can be drawn from the study. -

(I> The 1increase in shear strength of soil ( at 50 %
consolidation of soil > decrease with depth. The
rate of 1£crease varies from 135 % at surface to
negligible at the bottom end level of sand drains.
The increase of shear stfength almost ceases at a
depth of 0.75 times the sﬁacing of sand drains from

the bottom of sand drains.

(11> The settlement of a soil layer as calculated using

Terzaghi's (1943) formula and consolidation test

data 1is conservative.




5.2 Recommendations for Future Study

The study 15 based on the data of an ongoing project of
s01l improvement using vertical drains and preloading. It is

worthwhile to carryout further study on the following aspects:
(I The behaviour of soft soil layer in relation of
shear strength and bearing capacity at different

degree of consolidation and preloading.

(I1> The deformation behaviour of soft soll layer due to

preload of different intensity.

(III>The variations of strength and deformation with

depth at different degree of consolidation.
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Appendix : A

Design For Vertical Drains
- For squre pattern, da = 1.13 S
Vhere: de

d.
8

diameter of the cylinder of influence of drain.
diameter of sand drains = 0.2 m
Spacing of vertical drains

¥e have , T. Cvt/H=

Vhre, Cv = 8.43x10-° m*/sec = 7.28x10-> m=/day
- ¢ From HBRI so0il report )

180 days, H = 7.62 m ( Assume ),

I

.
or,Tv = 7.28x10->xi80/7.622 = 0. 0226

From graph of consolidation due to vetical drain, U, = 17 %
Assume, U = 85 % '

or, U=1—- (1 ~-UvD>C1 - Un)
0.86 =1- 1~ 0,17 >( 1~ Un )
' U~ = 0.82 = 82 % '

For ideal case.'drain-spaCing'féétor.
CF@ = Ln ¢ dae/dwe > — 374
Time requ;red to achleve U,
t = (da® /8Cn > F(m) Lo £1/(1-Upn)]
ASSU#E. Ch/Cv = 1

By trial, spacing of vertical drains can be found:

Assume de | F(n> | t(months) | n = do/d.

m |- i o
——————————— | | [

1 0.86 0.83 5

1.5 1.26 2.77 7.5

2.0 1.55 6. 00 10

~ — - i
Therefore, de = 2.0 m , or, S =2.0/1.13 = 1.77 cf/c - #
..80._
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Appendix ! B

Calculation of Bearing Capacity

The relationship between the standard penetraﬁion

-esistance, the  consistency of soil, and the allowable bearing

apacity as indicated in the accompanying table ¢ Terzaghi and

eck, 1948 ) 1is very approximate.

| N (standard penetration { Allowable bearing

f soil A resistance ) 1 pressure™ (Square
1 { footing? in Tsf
ery soft | o - 2 0.00 — 0.30
——— l ______________________________________________
oft | 2 -4 0.30 — 0.60
l _________ e o e e T e T T R ST
edium | 4 - 8 0.60 — 1.20
’ e e e —————— e T T
Stiff - 8 ~ 15 1.20 — 2.40
|- e e e e i e o e ST T
ery stiff | - 15 — 30 2.40 — 4.80
___________ i ot ——— e e e e e e o e i e i e i e e Y T
ard 1 30 + 4,80 +
sUltimate bearing capacity 1is equal to three times the
llowable. ' ' ' .
corrected

or calculation of bearing capacity, the average
(width of foundatiomn?

—. Values are taken upto a depth of 2 m
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