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CHAPTER =-1I

GENERAL

1.1 INTRODUCTION

The techniques of stabilization of excavations by clay
suspensions have developed rapidly during the last 15 years. However,
the mechanism by which the clay slurry stabilizes s&ch excavations
is not éompletely understood. The stability of circular excavations
cén be explained adequately by the hydrostatic pressure of the
slurry and arching in the soil., With the application to rectangu-
lar excavations, in particular continuous trencheS,vthe hydro-
static pressure of the slurry wés found insufficient in certéin
cases, tb'stabiiize the trenches according to classical earth
pressure theory. ConsSequently other stabilizing mechanisms gere

proposed to account for this discrepancy1.

Slurries are suspensions which are thix:.tropic. They have
the property of becoming fluid on agitation and of settling to a .
gel when left undisturbed. Thimotropic suspensions éan be made
from a variety of materigls but the_cheapest and the one used very

frequently universally is bentonite,

Bentonite slurry is a colloidal suspension formed by mixing
powdered natural bentonite, and watsr, at an appropriate vatio. The
bentonite and water must be agitated vigorously to ensure complete
hydration of the bentonite particles.

1.2 TUSES AND ADVANTAGRS OF SLURRY TRENCH TECHNIQUE17

This technique prevents any disturbance to the surround-

ing soil during work, thus gveiding the sort of damgge to nearby
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structureswhich often results with the normal techniques of basement
excsvation. The diaphragm forms part of the final work providing
peripheralvbasement retaining walls.

The system offefs the gdventege of noise reduction and
freedom from vibrations. The construction of disphrsgms in populated
ares has to bé such s to give the lesst annoyance to locel inha=
bitants thréugh unnecessafy noise and minimum hazard to adjacent
structures by eliminating soil disturbance.'Plate 1+1 shows an
example of us» of diaphragms in a built up area with no likelihood

of danger to adjacent structures.

Slurry trench diaphragms solve the problem of construct-
inyg underground bagsement walls for deep excavations adjacent to
exsisting shagllow foundations. The slurry fills the excavation as
work progfesses and the costs of dewatering, sheeting or shoring
are eliminated. Most of the excavated material may be reused for
backfilling the trench after blending it with appropriate propor=
tion of bentonite and suitable soils. This eliminates costs of
dumping the excavated maferial from the work sité and the necessity'.

\

of borrowing special backfilling material.

Thé most remarkable adﬁaﬁtage and use of slurry trench
diaphragms is undoubtediy the impermeable cuf off created at rela-
tively cheap cost. The Wanapum Dam cut off 12 (to be referred to
later) reduced the coefficient of permeability from 1,000,000 ftsyr
to only 0.1 ft/year in addition to offering possibility of working
in difficult soils without the need for dewatering and danger of
~caving. The total cost which amounted roughly to § 7 / £t of
‘the cut off wall was much less than estimated cost for any compara-

ble Seepage barrier.



PLATE 1.1 USE OF DIAPHRAGM FOR
UNIERPASSES
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In Australia, at the Grahamstown Dam, due to the great

depth to the impervious formation along the central 2,000 metres

of the embankmént nd impervious core was provided during initial
construction of the dam, »s the cost of providing such a core

would have been exce531vely hlgh1L « Subsurfece investigation reveal-
ed that a vertical cut off would need to extend 30metres below

the crest (maximum height of dam = 15,2 m) of the embankment, with

a cutoff area of 43,500 square metres.
Comparison of glternatives for cutoffs were as follows:=

TABLE 1.1  COMPARISON OF ALTERNATIVE METHODS TO PROVIDE CUTOFF
AT GRAHAMSTOWN DAM, AUSTRALIA

reduction % and Remarks.

T LT U P U P UV [

Method _ | Expected flow i Cost in 4 2 /m2
}
) l

UpStream blanket 50 §Nil But dewatering was

| necessary. i
‘Sheet  Piling 70 - 90 ?35 - 60
;Mixed in place piles 9% =~ 75 ) 525 = 50
3Membrane grouting % 9 =~ 75 %20 - 30
- Alluvial grouting % 0 - 9 150~200,Holes had to be

é closely spaced.
|Slurry Trench 90 - 75 3
| (Buropean Method) 5

!Slurry Trench , 0 = '
‘(USA Me thod) ; N =7 20 .

Based on economy and achievement of impermeability the -
" bentonite slurry trench method was adopted. At the time of const-
ruction, the permeability was reduced to the order of 107 to 10-6

cm/sac.
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According to a survey conducted by L.B. Foster Company
of Chicago, Illinois, it wgs revegled that more than half of

all conStruction deaths which occurred in the United States in

the first healf of 1974, were the result of excavation failure

and accidents involving trench cave-ins16

« Though there are no
records to indicate what the total fatalities resulting from
trench accidents might be world wide, neithervis there’reason
to believe that they occur with any less frequency elsewhere.
The slurry trench technique is oﬁe of th=s most economical
methods which can be. used as a remedy to this hazard. Iloise
and disturbance réduction, and where applicable, water tight
cutoffs for dams, are additional achievements of the method.
This expiains why this technique has been,in the past 15 years,

wldely adopted in various engineering projec ts,

1.3 DEVELOPMENT OF THR SLURRY TRENCH TECHNIOUE

The first experimental diaphragms in rectangular trenches
were carried out in 1950 in Italy. The method was to enable cohst-
ructing in=situ éontinuous reinforced-concrete~structurésto
unlimited cepths, The structures had to be impermeable and able
to carry vertical loads and cepable of withstanding bending
moments and shearing forces. The construction of such diaphragms
h-d to be feasible in difficult,soils, such as those with large
boulders and it had to be possible to seal off the diaphragm in
the underlying bedrock17. |

The slurry trench procedure was used under a permanent

dam structure for the first time at Wanapum Dam in Columbia River,

Washington State, U.S.4. in 195815 « The foundetion materials at
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the © site consisted of an erratic deposits of sands, gravels,
and cocbbles with some openwork gravel, extending to a depth of

more than 80 ft (Fig. 1.1). The coefficient of permeability of tha
various layers ranged roughly between 100,000 and 3,000,000 ft/year
and the average permecbility was estimated roughly at 1,000,000
ft/year. OStudies indicated that costs of installing a satisfactory
sheet pile cutoff or of opening and dewatering a trench for g rolled .
earth cutoff through the pervious foundation soils would have been
very high. A 10 ft wide foundation seepage barrier was constructed
to a maximum depth of 80 ft by the slurry trench procedurs. The
excavation, made with a dragline, was k?pt cbntinuously‘full

of bentonite rud slurry, which prevented the walls from caving

so that nc sheeting or shoring had to be used. The excavated
material (which consistad of a mixture of sand and gravel with
bentonite slurry) was stock piled in windrows udjucent to the
trench, and blended by m~ans of dragline. and dozers with a
quantity of 15 to 20% of natgral silﬁ. This mixture was then
dumped from one end of the trench displacing thé bentonite slurry

until th» backfilling was completed.

Construction was carried out with aminimum trouble.
Although hecavy equipment worked wvery close to the edge of the
trench, no cavings of the trench walls occurred, even though the
trench was kept open for lengths of és much as 1000 £t Tbefore
backfilling commenced. Air pressure tests made in borehbles dri-
1lled in the slurry cut off, indice#ted that the material had a
coefficient of permeability of less than 0.1 ft/year.

There has been a continous improvement in the technique

since then, at the same time the field of application has
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steadily widened.

Two methods of construc tion of slurry trenches afe
in practice = the Buropean and American methods. In the former
method, a rigid concrete diaphragm or wall is installed in sec-
tion or panels by bentonite slurry'trench process as shown in
 Figure 1.2 . This method can be used for cutoff and retaining
wallé for dams, river works, canals,jlocks, traffic underpasses,

basements to buildings and other "lond bearing structures.

The American method is mostly used for construction
of cutoffs for dems. The trench is excavated continuously in the

prasence of bentonite slurry without panelling (Fig. 1.3).

Apart from developments and improvements of the slurry
trench method from the construction point of view research work

on the composition and propertizs of bentonite slurries have been

cgrried as outlined in Chapter Two.

Besides tha Wanapum Dam, the slurry trench method

has been used at the following places to provide impermeable

cutoffsé’é.
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TABLE 1.2 PLACES WHERE SLURRY TRENCH TECHNIQUE HAS BEEN

UTILIZED
Maximum Depth
Sl. Place of cut off m
No.
1 Kenewick 1levecs, McNary Dam Projact,U.S.A. 6.7
2 Mangla Closurc Dam, Pakistan 6.7
| 3  Duncan Lake Dam, Canada 1843 |
L  West Point Dam, U.S.A. 30.5 (Grout=
| ’ ing in sound rock
below trerich)
. 5 Saylorville Dam, U.S.i. 1843
. 6 Brokopond Project, Suriname River,
South Africa ' Yeb
7  Wells Dam, U.S.A. | 2l ol
Yards Creek Lower Reservoir, U.S.A 12.2
g Camponche Dam, Cslifornia, U,S.A; 13;7
10 Bracis, Italy - 10.0
11 Pietraporzio, Italy 18.0
12 Quero, Italy ' -19.0
13 Mariaal Lige , Italy 42.0
14. Isola Serafini, Italy é
i, Power House - _ 33.0 (
ii. Levees 20.0 ‘
iii. Dam ’ 20,0
15« Plerre Benite, France 28.0
16. Tanughat, India 16.0
17. Obra Dam, I.dia | -
18,

Ukai Dam, India 20.0
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1.4 SCOPE OF DISSERTATION

It is intended to compile and study the compbsition
and properties of bentonite slurry from research work carried
out by different engineers and scientists. The stability pheno-
menon of slurry trenches, its diffgrent factors and the effect
of composition and properties of bentonite slurry have also been
studied. This is outlined in Chapter Two.

‘An experimental work has also been carried out intended
to find out the affect of replacing different proportions of bento=-
nite by biack cotton soil in four different slurry concentrations.
Whereas bentonite is readily available in certain locations only,
black cotton soil occurs virfually‘in all places at large. As found
out in the experimentai results, replacement of bentonite by black
cotton soil in the slurry concentrations studied (1 to 4%) ,does
in fact resultS8in improvement of stabilizing capability in addition
to the economicai gain. Though thevresults obtained are interest-
ing 4 yet it is the authorts dimpression that further research work
on the subjec t is necessary to help in understanding the problem
fully and to enableyt least partially, in filling the gap that:
exists in understanding fully the phenomenon of stabilizing of I
slurry trenches by bentonite slurries. This gap exists due to the
nomerous varilables involved and ample time is needed to study the
effect of each and its variations. The work was mostly confined to
dry sand thréugh a few tests on saturated sand wers also performed.

The following is the range of varglabless

Slurry Concentrations 1% to 4%

Replacement 3 i
blhck covton soit o Y O 25% , 50%, 75% and 100% for each
concentration.

Flow tests were also performed to study slurry characteristics.
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NOTATION

Half width of tranch

Cohesive force in soil

Unit cohesion in soil (undrained test)
Shearing resistance of slurry saturated zone
Passivé resistance of slurry to pesistence, diplecssent
void ratio

Specific Gravity of soil particles.
Gravitational acceleration

Depth of Slurry in Trench
Height of water table gbove trench bottom
Depth of water table below top of trench
Critical pressure gradient

Permeability of soil to water

Half thickness of slurry saturated zone
Porosity of soil

Active Barth pressure

Hydrostatic pressure of slurry

Total passive resistance of slurry
Negative gel pressure
Unit pressure

Unit surcharge

-Resultant earth force

Radius of an equivalent pore passage
Slurry concentration
Pore fluid pressure

Mean velocity
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Weight of fgilure wedge

Inclingtion of failure wadge to horizontal

Developed angle of friction
Angle of frictional resistance

Bulk density of soil
Submerged density of soil
Density of slurry

Density of water

Viscosity of water

Plastic viscosity of slurry

True yield stress

" Bingham yield stress

Maximum gel strength

Structural shear strength of slurry in trench.
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CHAPTER II
REVIFW OF PROPERTIES AND RESEARCH WORK DONE ON AND SLURRY
TRENCH  TECHNIQUE |

This chapter will degl with the following aspects

(i) Composition and Properties of Slurry Constituents.
(ii) Stability phenomenon of slurry trenches,

2.1 COMPOSITION AND PROPERTIRS OF SLURRY CONSTITUENTS

2.1.1. Composition

A& slurry fluid may consist of
(1) Clay

(ii)  Bentonite powder

(iii) water

(iv)  Suspended cuttings

(v) Additives which may include sodium and or barium
Sulphate.

The larger solid part of the fluid is bentonite powder,
and its concentration is one on which stability and other proper-
ties of the slurry depend. Too low concentreation cauSes'caving
and too dense concentration increases the plastic viscosity
and the density and may float the excavating bucket of draglihe
or clnm~shell. For the range of concentration studied, the lower
the bentonite concentration (upto a certain limit) the less the
plastic viscosity and the more the slurry saturated zone. T is
zone, as shown later, is the main contribution to the stabilizing

effect .of in dry sand trasnches.
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Thus depending on economy of availability of materials,

construction convenience and the slurry propérties required, diff-
erent proportions of the bentonite powder oah be replaced by
chosen soil type. Likewise, the concentration, as well as additiwve
proportion can be varied. The effects of these variations are
discussed in para 2.2 which deals with experimental work carried

out by different researchers.

Backfill Material®

The - backfill for the trench should have sufficient
fines to fill the voids of the coarser material. In-order to
1limit consolidation, the percentage of fines (minus No. 200
sieve size) should not be excessive. About‘10 to 25% of fines

along with the entrapped bentonite should be sufficient.

The recommended gradation limits for backfill materials

are as below ¢

Scre=n size or Number % passing by weight.
(U.S.4, Standard)

3" (76 mm) 80 =100 |
340 (19 mn) 40 = 100 |
Nouk (4.75 mm ) 30 = 70 |
No. 30 ( 500 ) 20 = 50
No.200 ( 75 #) | 10 = 25

2.1.2 Density

A study of available literature (Table 2.1) on field techni-
ques of the slurry trench method reflects that the muds used in
praectice had densities of Dbetween 1.06 and 1.12 T/m3 , and the

actual values in any particular job depended more on the carrying
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capacity of the mud in relation to the particls size of the mater-
ial being excavated than on the value related to the unit weight
nacessary to‘give support. On account of the inherent yield stren-
gth, "the slurry manifests a higher density in the trench by keéb-
ing the cuttings in suspension. This increagse in the density of
the original suspension is one of the major factors in the stabi-
lizang effect of the slurry and simultancously economises the use
of bentonite clay9. The degree of this sanding , i.e., the size
of particles of muck " remgining in the suspension, can be eont-
rolled in & wide range by changing the properties of suspension
supplied to the trench. Generally spesking, sanding of the sus-

pension depends on the following factors11: -

i. Structural shear strength (TO) of the suspension
used.‘
ii. Method of emcavation, and fhe type of equipment used
iii. Grain size distribution of the soil being excavated.
iv.  The methods of hendling the suspension(likelihood
of separating it from muck etc ).
The cuttings ar2 held in suspension by the small
yield Xstrength of th2 slurry. By balancing.the submerg>d weight
agalnst the surface drag,c.RDWELL has suggested that the diame-

ter, D,' of a particle supported by a slurry is given by the

aquation
6T
D = ‘-——-9-;..__—..‘ 000(201)
(Y =78
where,
D = Bquivalent diameter of particls in cm.

Y = Density of solid particle in gm/cm3
Ys = Density of slurry gm/cm3
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I

T Structural shear strength of slurry in d.ynes/’cm2

o)
. . . 2
Accaleration due to grevity in cmy/s=c

i

g
Figures illustrating increase of slurry density in trench by
suspension of cuttings ar=z shown on Table 2.1

TABLE 2.1 SLURRY DENSITY INCRE.SE WITH SUSPENSION OF CUTTINGS

w———

r—f’roject Originai Density sctual density of 3
{ of slurry slurry observad in |
E T /m3 trench T/m3

Wanapum 1.07 to 1.08 1.28

Pierre Benite 1.025 1.2 to 1.25

1 Ukai ' 1.04 1.08

Though soms slurry rh:ological properties, like yield
Stress, do change with time, PTASKOWSKI'S observations of the
density of mud suspension in an experimental trench, revegled
that the density, Yg of the slurry did not ' change with
passage of time. The trench, 1L4.7 metres deep, was kept filled
with slurry for a period of over 9 months. The observations are
reproduced on table 2.2.
TABLE 2.2 VARIATION OF SLURRY DRNSITY WITH TIME

Passage of time in days Slurry density in T/ma
16 1.310
149 1.297
2y7 1.291
261 1.291

Slurry density is very sensitive to fluctuations in

ground water level. For higher ground water level denser slurries

‘
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would be required for stability. If mH is the height of water
table above the trench (filled with slurry to a height H) bottom,
- then the required density of the slurry for stability increases
with m as shown in figure 2.1. The reason 1is undoubtedly that
the w2t Soil material below the water table level (together with
the water) is hesvier than the same dry soil material alone. The
water fills up &ll the pores hitherto eccupied by weightless
air and the total thrust of the trengh weight side is more.

A cutoff under construction at Piecre Benite in France had
slips when an unexpected flood occurrad. In situations where
fluctuations of water tableare likely to occur, either a high
factor of safety in the selsc tion of the slurry density has to
be allowad or addition of suitable weighting material to over-
come collapse of the trenchvcan be substituted.

2.1.3. Thixot?OPY6

This is the property to undergo isothermal gel=to~
sol=-to=-gel transformation upon agitation and subsequent rest;
Th2 structural strangth 6f clayey meterials which is lost in
remoulding is in tim= slowly removersd. The necessary time
depends on moisturs content, and particularly on the salts in
solution in soil water. The gel=sol transforﬁation can be repea=-
ted 1indefinitely without fatigue. Sodium bentonite in suspen=
sion has the most pronounced thixotropic properties and consis-
tency for certain ranges of concentration. These propertics are
meinly due to the large amount of water adsorbed and retained
in its structure. The strength of the thi;otropic gel formed

is dependent on the setting time, the concentration of bentonite
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in the suspension and the chemical composition of the suspend-
ing fluid. Figure 2.2 shows the effect of time on the shear
strength of bantonite suspensions.

2.1.4 Flow Properties

Importent flow properties for thixotropic muds are-

i. Yield stress and plastic viscosity

ii. B®ffect of clay concentr.tion

iii. Gelation properties

iv.e Yield gradient and limiting penetration

v. Bffect of additives-

vi. 4ietivity Number,

The flow properties of bantonite may be attributed to
its structure5- Its structure is such tnat addition of water
or polar liquids to dry solid bentonite causes interlemellar
swelling. The mineral posszsseS i1on=exchange properties, and
when the exchangeabls base is sodium, bentonite swells in water
to give thioxotropic suspensions showing anomalous flow propigties
at relatively low concentrations.

The characteristics swelling ability of bentonite is
associsted with the presence of like electrical chafges on
the critical surfece, creating a repulsion between surfaces which
are in close proximity . When the magnitude of this repulsion
exceads th» attractive forces between atoms in neighbouring
crystals, swelling takes place until a fresh equilibrium is ssta-
blished . The swelling takes place in ore direction only, normal

to the major dimensions of the crystals.

Bentonite suspension in water contsining less than 1%



21

1.30

1.l20F

Vs

i 10

'.O ; ] 1 l & i i ——
0.70 0.80 0.90 .00

m — ——

IG_2-1 EFFECT OF RELATIVE WATER TABLE ON REQD DENSITY
OF THE SLURRY.

1000F

900

800}

700}

600

500

400

300

SHEAR STRENGTH DYN/C m?

200
4°,wt
100
FULBENT 570

I I 1 L L 1 L

O 2 4 6 8 1D 12 |4
TiMEL  h

FIG 2.2 THIXOTROPIC GELATION OF BENTONITE SUSPENSIONS_

IN WATER_




-22’—

solids are generally free flowing fluids showing no unusual flow

properties. When the clay concentration is raised to 1 to 15%
flow properties become anomaious gnd if a  solid content of

50% is reached, stiff putty-like masses are formed. 4 liquid
limit of 350-500 is observed,

Due to the anomaly in the flow property, bentonite sus-
pensions cannot be characterized by one parameter describing
viscosity, as can be done with Newtonian fluids such as water.
Bentonite must be describzd by two perameters, the plastic vis-
cosity Npp, and the yield stress Te e Both of these factors
increase almost exponentially with clay concentration in the
suspension in the runge 5 to 25 % solids. This anomality of
flow exhibited by bentonits is of Bingham bodiecs. The flow
curve no longer pssses through the origin as it does pe for
a naewtonian fluid, but mekes an intercept Te with the shear
Stress axis as shown in Figure 2.3. Figure 2.4 ‘illustrates the
effoct of bantonite concantrsticon on the rheologicel properties

of suspensions.

7

according to BINGHAM, clay slurries start to flow
when a certa in shear stress Te (true shear stress)is reached .

Thereafter tha flow rate is directly proportional to the excess

sheaar stress (T = Tf) . The rate of shear strain ats (sec-1)
at any point in the material is given by

dZs 1

——— = — (T“ Tf) o'-ot(202)

dt nPL

where “PL is the plastic viscosity of the material.
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Clay slurri-s have the flow curv:s of the form shown

in Figure 2.5. When the shear stress TR reaches a certain
value Tp,, sneer failur> occurs near the wéll of th2 capillary
(if flow is through capillaries) and the slurry moves forward
oS a plug. .48 the prassure gradient increaSes, the diameter of
the solid plug bacomes prograssively smaller until the whole of
the meterial in the capillary flows in e nmanner like a viscous
liquid, und the rate of flow then increas-s lineerly with the

pressure gradisnt. If the intercept on th~ shaar stress axis is

:R1’ then from Figure 2.6 (a) ,
T 2 '
R1 - 2 11 - . o-l(2.3>
AP
Where i1 = pressure gr:diant ZZ at which flow commencszs

and is ci&lled the yield gradient.

Flow of bantonite grout through glass ceopill:ry and sand
were compared by datermining the equivaloant size of capillary
corresponding to a particﬁlar sand bed. This was done by compariﬁg
Darcy's law for the flow of fluids through a porous body with
Poiseuillats equation for capillary flow. This provided means of
estimating the yield and flow propertizs of & grout in any sand
from mesasuremsnts made on the grout in a capillary viscometer,
or a single sand bed of known water psermeability.

Bffect of .dditives on Flow Propertiszs

(Floculation and Peptization)
Bentonite dispersions are sensitive to the nature of
electrolyte in which they are suspended. .ddition of sodium

canloride to a2 suspension of pure sodium bzntonite in water causes

Q
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at first a slight thinning, then a progressive thicknening. If
the clay concentration is low it eventually coagulates and water
saparatas at th2 top of the suspension.Progressively greater
sensitivity towards flocullation is noted as the valency of the

cation, added to the suspensicn, is increased.

&~ similar effect can be noticed when bentonite is added
to salt solutions. Swelling does not take place so.readily,
particularly in calcium chloride or other solutions containing
high valency cations, bentonite will completely fail to swell in

strong solutions of many salts.

Whereas addition of sodium chloride causes thickening,
addition of sodium : salts of polyvalent anions or sbdium poly
phosphate caus2s - a thinning of bentoﬁite suspensions. The curves
of figurs 2.7 show th= eff~ct of suspensions trzated with flo-
culahts (e.g. sodium chloride) and peptizers (e.g. sodium
polyphosphate) . While the viscosity is barely chanéed, the
yield point is markedly influehced. addition of flocullents
to the suspension causes a reduction. in the thickness of the
electrical double lazyer existing at the surface of the particles,
simultaneously reducing the repulsion between them, and allowing
the increased davelopment of links betwesn positive edges and
negative surf:ces, thereby raising the yield point of ths sus-
pension. 4 further increcse in the salt concentration decreasss
repulsion to the point where particles are able to move closely
together causing collapse and coagulation of the dispersion.

On the other hand the polyvalent anion of the paptizing agent

is sorbed on the edges of the crystals, reducing and even
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perhaps reversing positive charge, eliminating ths forces giving
mechenical structure to the suspension, and the yield point is
rezched without coagulation occurring . Thus the flocculating
tendency of polyvalent cations may be offset by addition of pepti-
zing agents giving & simple mz2ans of controlling the yield value
under a variety of environmental conditions. The addition of pep=
tizing agents to bentonite prior to contact with flocculsating ions

markedly increases their resistance to deterioration.

Relation between rheological characteristics of grouts

13

and their capacity to poermeate  soils

Mechgnics of Permeation

The movement of fluid through the pores space of a soil
is resisted by drag at thz interface between the grains and
the fluid. For true or Newtonian fluids , the drag is proportional
to viscosity and shear rate -~ the shear rate being determined
by meanéf}low velocity and the geometrical characteristics of the

pore space.

Colloidal suspensions such as clays and cement pastes
are semi-stable dispersions of particles and are non-newtonian
fluids. They -are more complex fluids then newtonian, and the re=-
Sistance to movement is generally related to the rate of shear
and the accompanying shear stress. Where shear stross is exhibited,

there may remain a significent opposing drag even for a vanishing=

ly small flow rates.

Experiments conducted showed that colloidal fluids with

varying bentonite concentrations had their shear rate diminish with
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time from the instance of mixing. A 5% suspension had an initial

shear rate of about 1000 sec”!

end movement czasSed after L4y
seconds- yhen the radius of perméation was 5 cm. Th2 shear strength
then wzs 10 dynes / cm2. Wwith bantonite concentration of 7% ,
movement stopped after 15 seconds with radius of permeation of
2.5 cme The limiting penetration corresponded to a grout with

an average shear strength of 25 dynes/ cme.

It is thus evidenced that shear strength of bentonite
fluid builds up with time and that the higher the shzar strength
the lower the shear rate. This is in agreement with G.K. JONES
resulté of figure 2.4, Higher éoncentrations of bentonite glso
give rise to higher shear strength in a compargtively short time.
This is an indication that ths distance of pemmsation may be
approximately taken as invers-ly proportionazl to the bentonite
concantration (and hence the shear strength of the fluid) and the
time elapse after mixing7. The type of fluid to be wused for a
particulsr soil may be decided on' this guidasnce by considering
the permeation required, the stabilizing force of the Fluid,

and the time of injection after mixing.

13
2.1.5 7Yield Gradient and Limiting Penetration

The last article discussas the factors governing the

movement of a fluid through the pore spaces of a soil. Thus if a
suspension which has 2 definite strength is to penctrete & soil
formation under constent pressures, the opposihg dreg due to the
corresponding shear stress acting at the growing area of th: surface
‘uutted by suspension ultimately becomes equal to the whole of the

epplied pressure so that none is available to maintain the viscous
flow.
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The numerical value of the opposing drag can be estimeated
by using a modal in which the vold passages between granule$ are
. 13

regarded &s replaced by cylindricel tubas. Raffle and Greenwood

deduce that an extra pressura gradient of 2 Tr must be applied
r
at all parts of the advancing fluid to overcome the shyear stren-

gth during penetration, whare Te is the Bingham yield stress for
thz fluid and 'rt dis ths effec tive radius of an averzge pore
passage. As a first approximation, they assess the value of

trt from the corresponding Kozeny equation.

dp 8 M. v Y, &V
PR - w - w ey ..0(20)4-)
dx ren K,
whare, ) . 3
. dp/dx = pressure gradient in dynes/cm
ﬂw = Viscosity of water in poise
v = Density of water in gm/cm3
Kw = Permeability of soil to water in cm/sec.
n = porosity of soil formation
v = mean flow velocity per unit area in soil in cm/sac.
g = gravitational acceleration in cm/sec2.
For an average temperature of 20°C s when nw = 0.071 poise,
2 8.2 K -
roo= W x 1077 Sg. cm. e (2.5)
. n

Thus for soils of known permeabiliti-zs and porosity, the
correspending values of trt can be obtained and henc: estimate the
limiting value of the pressurs gradient 2Tf / r for known values
of the Binghamfs yield stress Tf .
In case of permecation from the éides of an excavated
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trench, the slurry cannot pemetrate farther than a distance given

oy pgr

X = ‘ v00(206)
L
2Tf : | ,
(The gravitational constant g will appeer if Te is in dynes/en
and p is in gm/cm2).

2.1.6 Blectrical Properties

M.C. Veder18 carried out an experiment to determine the
carrent conducting propertics of the area of contact between the
bentonite mud and cohesionless material and the effzact on the
interfece lining. The experiment was carried out in a tenk shown

in sketch of figure 2.8. The tank was fillazd with cohnsionless

material and a trench was excavated under bentonite mud at
constant lavel. i brass plate electrode was inserted into the ben-
tonite mud and brass T2  electrodes into tﬁe sand away from the
bentonite 1lining. The electrodas were connected by a 0.8 mm
copper wire and the natural existing current was meas ured.
Then a dirsct current was introduced into the circuit and was re-
gularly changed every L.5 hours.

The results indicated =
i. The natural existing currsnt helped in the form:tion

of the linipg whose thickness recched 2.1 cm: The wakl

collapsed when tthe level’of the mud was lowered by | 10cm.
ii. When no curcent was introduced but the natural current,

the thickness of the lining was 1.5 cm as normal and

the verticel fuce éollapsed when the lavel of the mud

was lowered by 6 cn.
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iii. Tntroduction of an opposing current gradually weekened
the 1ining, especially in ths area close to the elect-
rodes. This czused the face of the cohesionless materizl
to colleps~ although the lavel of the bentonite mud had
not bzzn lowered. Howsver, it led to formation of sclid

lining of bentonite on thz centrel electrode,

The investigetion indicatas thet the formation of bentonite
lining on the verticel fice of the cohesionless material can be
altered by introducing between the two faces a direct electric
current. Formation of ths lining and stability will be more fa-
vourable if tha polérity of the introduced current is the same
nS that already existing. Opposite polarity weskens the lining
ond stability of ths verticel fece of the soil. This offers a
nethod of strengthening stability of slurry trenéhes if of cours=,

found within economi.s of scale.

2.2 STABILITY PHENOMENON OF SLURRY TRENCHES

The stebility phenomenon of slurry trenchas has bzsaen stu-
died by diffsront enginczers. M.C. Veder, and W.K. Elson have carried
out exparimental work independently on th2 subject while Nash
and Jones, Mongenstern end Elson have made theoretical approaches.
Th2 theoretical approaches ara all practicully the seéme, and are
bzsed on equating thz total disturbing and stabilizing forces on

o sliding wedge - at the trench face for two dimensional equilibrium.

2.2.1 Bxperimental Work by Vedar and RBlson.

2,200 M0, Veder

This experiment has briefly been explained on para 2.1.5
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the results of which indicated existence of a distinct polarity

between the two Phases of bentonite and cohesionless material.

This polarity (which gives rise to existence of an electro- .
motive force between the two phases) has a great influence on

the formation of a filter cake on tha wall of the excavation.
Bentonite particles gre deposited at the interface by electro=-
phoresis = a process in which colloids suspended in'a medium migrate
under the influence of an electric field to cathode or anode,
according to the sign of their charge. As will be explained later,

the filter cake thus formed has some influence on the stability

.

2.2.1.2. W.K. Blson'

Tests were carried out on small trenches ﬁo find out the

factors which consribute to stability of the trenches.

The test trench was constructed in & sectional pressed
tank with vglves for draining the ﬁank . One end of the tank was
sezled with a bulkhzad fitted with perspex windows to enable
complete inspec tion of the trench .

Pressure gauges with swnsitivity of 0.01 1b/sq.in(0.00067
kg/cmz) were used to measure the pvessure at the bottom of the
trench which is the criticel oné for failure. Dial micrometer
gauges cealibrated in 0.001 inch (0.025 mm) p.r division measured
the changes in levels of the sand and slurry surfaces.

The tank was filled with send in 7.5 cm layers placed
under water. Tach shovelful of sand was.placed in a regular
pattern to reduce the effect of segregation té a minimum. A
minimum depth of 15 cms of water was maintained above the sand.

Sach layer of sand was tamp=d.
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After filling the tank with slurry the partition between
th: sand and the slurry was removed slowly to allow sufficient-
tim2 for the slurry to p2netrate into the sand and stabilize 4
the face of the trench. The surfece of th2 slurry was covered
with polythenes sheat to reduce eveporation. The slurry was then

allowed to gel for a period of 4 hours.

Before testing, the slurry level was adjusted so that
it was flush with the sand. The water lavel in th= sand was raised
at dincrements of one inch, depending on the stebility of the sys-
tem. At e2ach increment, resdings of the slurry,sand and water
levels and pressure in tha trench were taken at 15 minutes
intervals. The water level was raised by a further increment when
the readings reached a sensitly constaht value, Failure was
taken aé the water leovel at which a steady creep occurred which
caus~d » wedge of soil to slip into the trench . If water
prassure alone was insufficient to cause failure, a surchhrge

was applied to thz surface of the sand. Aftar failure, ths shape

of the failure zone, at the surface wgs measured and sand samples
waere tekan for determining the bulk density. Th2 flow and the
thixotropic propertirs of the slurry were determined with a

rotational viscomater.

The angle of shearing rasistance ¢' was determined by
carrying out a seri-s of drainad triaxial tests on saturated
samples of sand «t the various void ratios. The mean angle of
shearing resistance and permeabiiity were detefmined.

The rasults were analysed using the measured slip surface

and compared with the results obteined from Coulombts wedge thzory.
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These rasults are reproduced in para 2.2.4.1 after discussing

the fectors which affect stability of trenches on para 2.2.2 below.

2.2,2 Factors Which affect Stabilization of Trenches

2.2.2.1 Trench Dimensions
Width

This is a function of the head on ths cutoff and the gra=-
dation of the  backfill materisls and adjacent foundation materi-
als, It will also depand on the type of trenching equipment used,
as draglines,clnmshélls,‘ back hoes or trenching machines. For
deep trenches the dragline is the most suitable tool, while a
trenching machine is the most economical and suitable equipment
for eicavating narrow, shéllow trenches upto 2m width. The effect
of the trench width, 2a, on ths trench stability is indicatad in
equation 2.28 on para 2.2.3 .

Depth

This is usually that regquired to give g positive cutoff
and extands to the same depth as the pervious zone. 4s depth inc=
reases, the depth of excavation and cleaning the bottom increase and
a grouted cutoff may be combinead With tha2 slurry trench to give the
most economical cutoff bsyond th» limiting depth of the slurry
trench operations. The limiting depth depends on the equipment used,
generally 27m for dragline and 30 m for clmﬁ—shell. In the |
stability point of vizw the trench depth increases the hydrosta~ |
tic force of the skurry, the shearing resistance zone, and the
activating force composed of the soil and water (if saturated).
Bquation 2.28 summarizes these effects.

2.2.,2.2 Density of Slurny?

The ability of slurry to support the adjacent sand mass
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which, may be saturated; is atbributed partly to the higher den-

6

sity of the slurry than thet of watar “ . The glurry exerts suffi=

cient pressure on tha walls of the trench to support them in their
vertical position: The mud may be considsred non-penetraéting fluid
and support of the excavation 18 achieved by the action of the
hydrostatic pressure of ths slurry on the impermeable face of the
excavation. As discuss~d in para 2.1.2 y the slurry dénsity is
increased by th» suspended cuttings and that hardly any change

of the achieved slurry density in th~ trench takes place with
time., ‘

The density of thé slurry must be properly controlled.If
the density is too low, the slurry will not prevent caving of the
trench walls. If the slurry is too d=nse, the gragline bucket or
clun = shell used for excavating will tend to float- high density
will also increase the tendency of the backfill material to segregg-
ate. The upper and lowar density before placing éf&, in general
1.44 and 1.04 T/m3 respectively. The final vilue after setting is

higher duz to the cuttings from the cexcagvated material.

2.2,2.3 Slurry Properties (othsr than density)

Duite a number of factors contributing to trench stability
come up as a result of the slurry propertizs discussed in paras
2.1.3, (thixotropy), 2.1.4 (flow properties), 2.1.5 (yileld gradient)
and 2.1.6 (electrical propertizs).

(a) Formation of Filter Cake

This has bzsen discussed in Vederts experimental work, and
methods of strengthening and accelercting it by elactrodes to

create an electro-motive force. The impervious filter cake formed
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at the trench side forms a t'membranet' on which ths hydrostatic
pressure of th2 slurry can acte. Laboratory measurements of the
permegbility of filter cakes from bentonite muds give values 6f
2.3 x 1077 em/s2c, with a porosity of 88%.

The mud slurry will continue to exert hydrostatic pressure
ageinst the filter cake if it is stable with respec t to time. Mud
suspensions have stability, a property which enables thasm to pre-
serve their original rheoclogical characteristics. Lack of stabi-
lity is ravealed by separation of the constituents, the solid
particlés falling to the bottom and leaving a variable depth of
clear water above them. Bentonite suspensions, being thixotropic
in nature, exhibit excellent stability so far as separation of
constituents is concerned and there is no sedimentation of sus-

p2nded particles.

The filter cake formed functions as g vertical memberane
exhibiting a resistance to deformation. This bentonite cake(along
with fhe resistance of the slurry saturated zone) is able to with-
stand tha pressure of a wadge of - retained soil when the level
of the slurry in tkr tranch is lowered. Triaxial tests carried
out by Veder on cylindrical samples of sand, on which a cake of
bentonite had formed indiceted that the resistance to deformation
of the filter cake was equivslent to an incfease in ambient pre-

ssure of 74 gm/cmg.

(b) Shearing Resistance

Depending on fluidity of the slurry, it will permeate the
trench sides of coarse granular cohesionless soils to form a slurry

saturated zone. This zone forms to an appreciable thickness before



..'385

the formation of the filter cake. The slurry saturated zone will
have a shearing resistance on account of  cohesive strength of
" the slurry which improves the physical propertie$ of the zone by

gz2llingin soil pores under qulescant conditions7’9’17.

On account of the heterogeneity of natural soil forma--
tions, it is difficult to estimate the depth of penctration of
slurry into trench sides. At the sams time, the extent of impro-
vement in th? physical properties of slurry saturated zone is ano-
thar factor which cannot be precisely evalﬁated. Howaver, if the
properties of the trench soil and the slurry are known to a fair
degree of accuracy , the following‘approach can be usad to estimate

approximately the shearing resistance of the slurry ssturated zone.

Thickness of Saturated Zone‘

From equation (2.6) para 2.1.5, it is shown that the
limiting depth of penetration of a slurry, having a yield strength

of Te is given by
Pgr

2 ¥
f

where p and T gre as defined earlier. Thus for‘given values of the
shear strength T soil permeability Kw ' and-preésure diffe=
>rentia1, the corr-sponding valuas of limiting depth of psnetration
can ba calculet:d. The affective radi&s of an averags pore préssure
trv is calculated by equation (2:5) from the known viscosity of
water of 0:01 poisa at 20°C. Table 2.3 shows calculated values af
limiting depths of pen~tration for the valuas of the variables

shown.
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Limifiﬁéwdepﬁﬁ of penetration in cm
gines/cm2 p = 0.25 kg/cm2 p = 0.5 kg/cm2
K1 | K0 K02 K, o1 | Keto ] KA1
cm/sac cm/sec ) cm/sec cm/sac cm/sec cm/sec <$
80 26 8.1 2.6 52 16.2 5.2
60 % 1 10,9 | 3.5 70 21.8 ¢ 7.0
40 | 52 | 16.2 5.2 104 | 32.4 | 10.4
- 20 E 104 32.5 10.4 208 65 .0 20.8
10 208 65 .0 20.8 416 130.0 41.9
. Table 2.3 clearly shows that =
(1) For the same soil and pressure differsntial the depth of
penetration is inversely proporticnal to the shear strength
of thz slurry. —
(ii) For th: same slurry end pressure differasntial the depth
of penetration decreases with the réduction in the soil
perm=ability.
(1i1) For the same slurry and soil, tha depth of penetration
is directly prdportional to the pressure differantial.
Thus in order to increase the depth of penetration=-
i, Slurry of low shear strength must be used
ii. Porous soil must be us-d
1ii, A high pressure differential must be maintained.
It is not always possible to maintain all th:se require-
ments in the field and compromise'has to be achieved after

taking other stsbilizing factors into consideration.
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The increase in th» shearing resistance of the slurry

saturated zone can be evaluatad by triaxial tests on slurry
seturated specimens simulating the field conditions, and then to
study the effect of gelation of slurry in soillpores;

According to  ®lson, for known gél-strength (Tm) of
the slurry, thickness of th2 slurry saturzted zone (24) , and the
affective radius of soil pors (r), the shearing resistance of the
slurry saturatzd zoné, Ca y can be determined by the following |

procedure.

Consider a tube of rad- 'f:;- Tm /\ 2
. ) p ; . ! r
ius r, and length x, = _ *m \/

fi

full of gelled slurry. — 7 _—

Then at thz commasncement of x '
plug flow, the equation _ l

Fig. 2.9 ,

for equilibrium of forces from
Fig. 2.9 is:=-
™ r2 p =27Tr T, X

wlhere, p is thes prassure necessary to displace the slurry.

2~ X ~
Thus p = — R (v in gn/en?) | ea(2.7)
T

or in terms of the critical pressure gradient i,
T
2 Ty
by

i ee0(2.8)

c =
Fguation (2.8) represents the maximum prassure gradient that can
ba resisted by a capillary filled with a gelled slurry, neglecting
the effect of creep.

Assuming that the pressure of the slurry in the voids of
the soil does not affect the angle of shearing resistance ¢' ,
then the increase in shear strength, Ca , is given by

C, = =u tan g | eee(2.9)
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i .
where tut 1S the negative pore prassure and ¢ 1s the angle

of inteérnal friction in terms of effective  stresses,substituting
from aquation (2.7)

& '
Ca —_—t . tan ¢

whore t&t  1s tn2 wminimum distence to thz permeable boundary of
th» mass of soil saturatsd with slurry (Fig. 2.10)

TFilter Slurr

Saturated zone Failure Plane
cake "““--~L . ~ f/’~ )
,/////;ressure diagram

|
[ Z—" with no filter cake
|

4

|
\
D
~A
N

X
Pressure dia=y, |
gram with-”’3<‘ (o
filter cake }

-

2 &

Fig. 2.10 =~ Pore Prassure Diagrem in Slurry Saturated Zone

Considar a verticsl zone of soil of thicknéss 2 & , saturated
with slurry. If the failurz plane passes through it at an angle 8
to the horizontal, thon the pore pressure diagram in the failure
plen2 can bz plotted as in Figure 2.10. The shearing resistance

of the zone along tha rupture surface is givan by

C, = (Ar2a of Pore pressure diagrsm) x tan g'
{'2 v & 22 ] \
= 1 . x tan o
r 2 cos 8
2 ",‘m 2)2 1
= e o tan ¢ .. (2.10)
r cos 8 -
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(Tm in gm/cma)

= magnitude of negative pore pressure.

v (24108)

If a filter ceke has formad on one boundary, assuming it has a

very large Strength compared with th: original slurry, then,

2 -
P ¢ 2
c, = mo, vtan ¢ vv.(2,10D)
r cos 8

This increased shaer resistance of the slurry saturated zone will
at® glong the direction of the rupture surface.

(c) Passive Resistance of the Slurry 8

- Morgensteérn suggasts that the problem of the stability
of slurry trenches should be r=garded &s one in which the bank
material tends to fall in ¢nd extrudes into the slurry, but the
finite strength of th2 benbtomite mud aids the resistance to

this movemant.

lc?:*;
. ¢
Xy
3 Tyy
T T + W A g dx
,{ Xy 39X
L § |
Koy — o 4% 4
Ay J X Py
/
?X}l Y (dx.dy.1)

T oo
9 d
Tyt Txy*jf 0‘y + 5_y.y dy
t ay l
gx ‘

Fig. 2.11 =Bquilibrium of a Two Dimensional Blement

Considering an infinitesimal element in the clay slurry (Fig.2.11),

the equations of equilibrium bzcome :=
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3oy . 2 Ty -0
3X
3y
, 000(2-11)
acn ‘3 T
Y 4+ _.ﬂ - Y =0
0y dX S J

where Y  1is th2 density of the slurry. Plastic flow of the slurry

will occur when the stresses satisfy the yield criterion.

. 2 2 2 |
(o5, oy )T kg = b e (2412)

where T, is ths shear strength of the bentonite slurry treated

as a purely cohesive material.

Subjec t to the appropriate boundary conditions, the
stressas are -statically determinéte, and using equations (2.11)
and (2.12), Morgenstern has shown that for & trench width t2ar,

the horizontal stress is

- 'y T v
o T Vg ¥ *Ts & S vee(2.13)
a 2
The total psssive resistance of ths slurry'is
' H
Pp = J oy dy
: 0
H H H
2 2a S

where H is th2 height of thes slurry filled trench. The first temm
on the right hand side of equation (2.14) corresponds to the
hydrostatic force 2xerted by th> slurry and the other terms represent

the passive resistence of the slurry on account of shear strength

Ty - Thus the passivg rasistanca, Ep, is given by
R I ( 5
JP - - Si— L 2.1
° 2a 2 ?
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1t is difficult to conceive as to whet magnitudes the
shear strength (TS) can davelop in a practical slurry trench
under conditions of considerable disturbance caused by passSage
of tools up and down . By assuming average values of Yoy Tgr Ty
L ¢' and ¢ 4 T.C. Gupta3 has calculated the magnitudes of the
passive resistence Ep, hydrostatic force Pg, and the magnitude
of the other forces contributing to stability of trenches. These
valu~s are shown in para 2.2.4.2 Table 2.4 Likewise Elsonts
results on Table 2.5 offer & good comparison of these forces.

(d) ®lectro - Osmotic Forces

The term electro-osmosis is used to describe the electro-
kinetic phsnomenon of a liquid moving through a porous medium
ralative to a fixed solid under the influence of an electfic field.
As shown by Veder, the bentonite suspension iS'electro= negative
relative to the soil and there.exists an electric potential

~FatweeT—the—two—-phases! mherefore the electro=-csmotic forces

coma into play due to movemant of the slurry towards soil.

The equation of the motion of the fluid can be given in

the formqh
B €y
ve = uoo(2o16)
LTNL -
where,
V, = The fluid velocity
B = Blectrical potential
¢ = Dielsctric constant of the fluid
¢ = Blectro-kinetic potential (or zeta potential)
1 = Fluid viscosity
I, = Distance betwesen the a2lactrodes.

Tha gpplication of this equation to svaluate the effect
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of elactro=osmotic forcas on the trench face is rather difficult
.b?cause it is not possible to determine € and ¢ to any reliable
accuracy. At the same time the magnitude of the electric poten=
tial ®, existing betwsen the two phases (the slurry and the
soil) is small and variable being influenced by the ionic concen=
tration in ground water and the water usad for making the slurry.
Any venturz to evaluate electro=osmotic forces is, therefors, not
very meaningful. Their presence may be taken as a positive factor
iﬁ th2 mechanism of stabilizgtion, whare the quantitativé effect
can be ignored. This assumption is doﬁfifm;d. by a model experi-
ment which was carried out by Nash and J‘ones10 in 1963. In this,

potential difference between saturated sand and bentonite mud

was reduced to zero but no decrease in stability could be detected.

From the foregoing paras, the factors affecting stability
of slurry trenches can be summarised to
a) Hydrostatic pressurce exerted in the trench sidss

-1 2
PS T2 Ys H

b) Tha passive resistance of the slurry

-2
T H T v.H ~
B = S +.__.._._..._S_...._.

P 2a 2

¢) The resistance to deformation of the filter cake and

d) The shearing resistance of slurry saturated zone
.2
2 £

r cos 8

C, =

The gquantitative contribution of these fastors to

stability is shown in Tables 2.4 = (Elsonts experim3ntal results)
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and 2.5 (analysis of a particular full scalz field slurry trench)

in para 2.2.%4.

2.2.3 Stability Analysis of Slurry Trenches

Th> theoretical procedurz outlined below is based on
2a

0
+ The stability of long,

Elsonts approach as given by T.C.Gupta
vertical trenchzs in different typ=2s of soils has been discussed.
The common m2thod of estimating the disturbing and stabilizing
forces, and equating them for a translating equilibrium of the
comlombts failure wedge has b2~n adopted. No attempt is made to
satisfy the moment equations as the estimation of forces isitself
approximate and thz points of their application are not precisely
known. Th2 main advgntages of the method are its simplicity of

application to field problems and ease of calsulations.

2.2.3.17 Disturbing and Stabilizing Forces

The disturbing forces which cause a slide in the vertical
fare of a long continuous trench are

a. The weight W of the sliding wedge, moist or saturated.

b. Surcharge unit load g, if any, on the sliding wedge.

The stabilizing forces which resist the slide are-

a. Daveloped frictional forces in the soil ﬁaéé at the
failure plane. ,

b. Developed cohesive forcas in the soil mass along the

failure plane.

C. Hydrostatic pressure of the mud slurry.
d. Passive resistance of the slurry
a, Shzaring resistance of the slurry saturated zone

Resistance to d=formation of the filter cake

| =y

Klectro=osmotic forees
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Out of thase resisting forces, the effect of the first
five can be numerically evaluated, while the effect of the last
two -cannot bs evaluated reliably. However, their contfibution
towards thz overall stability of the trench side is comparatively
small, and therefors, their effect in numerical calculations can
be ignorad. Their effect can be taken to mean existence of some
positive factors vhich improve the calculated value of the factor
of safety.

2.2.3.2 Trenches in Clay °

This case will be met with in cities where eoncrete
diaphragms are required to b= construc ted for basements of build-
ings, traffic under passages etc. On account of the fineness of
the soil pores , no penetration of slurry into tha trench sides
is likely to take place. Under undrained conditions, th2 angle
of frictional rasistance (51) will b2 practically zero so that
no frictional resistance is developed at the failurs plane. The
only resisting forcas will be the cohesion in clay, the hydro-

static pressure of the slurry and its passive resistence.

The total passive resistence of the slurry is given by

P =P + E

p S p
which from para 2.2.2 is given by
2
1 , v . H T H
P = = Y H 4 _S s
P Qs 2a 2

Consider th~n equilibrium of g soil wedge under the forces
W,Cy R and Pp, as shown in Figure 2.12(a). The wedge is at the
varg2 o sliding. Under undrained conditions,

| o)
¢ = 0 , henca ﬂI): 0 , so that ecr = Ly
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The force polygon is shown inFigure 2.12(b).

Th2n, with tha defined notation ,

1 2
W = =
5 Y H
1 2
Ps = 3 YS H
T H2« s H
2a 2

From Figure 2.12(b), resolving horizontally and vertically and
eliminating R, we obtain,

W'=-P
¢ = P . (2.17)

|F2
If F 1is the factor of safety , the developed cohosion |

C

¢ =2 = Ell- 7..(2.18)

From Equations (2.17) and (2.18) we obtain

2H - Cy
Fo= W P
P
2 H Cu
b 2
1 2 1 TH Ty, H
B . — -
- 2a 2
— u
- ) 000(2019)
H
H(Y -YS) T Tg ( ; + T

Fquation (2.19) shows that the factor of safety depends on the
sh>ar strength and densitics of both the soil and tha slurry,

and th> trench dimensions.
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2.2.3.3. Trenches in Dry Cohesionless Sand10

In this case, the frictional resistance on ac¢count

of th2 normal component of tha dry weight of the soll wedge is
mobilized at the failure plane, and th» resulting fector of safe=-
ty, after combining tho stabilizing affect of hydrostatic pressure
of the slurry, is quite large even if th= effect of all other
factors is ignored. For thas» eonditionsy the force polygon gets
simplified as shown in figure 2.13(b), where ¢D is the develo=
p=d angle of friction.

1
W= 3 Y B tan (90~ 6)

1 2
PS :.5 Ys H
Thus | Y tan ( 90 - 8) '
! L = 000(2.20)
PS YS

Also from the force polygon, under conditions of equilibrium,

r _ - !
= tan i90 (6 DD) J 000(2a21)

"dig

S

From equations (2.20) and (2.21)

Y tan 6

s tan (8 -~ pD) 5
Since oy is maximum when 6 = (45 + ~g ) for the most e¢ritical

1 N
plan y tan (4 + é% )
YS ¢D
tan (45 - > )
or by trignometry
Y - Yg
tan QD = v-———::—‘:::_____.. s (2022)
‘ 2 1Y . Ys

!
' e tan o
If we aefine the factor of safety as F =

tan ¢D
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where ¢' is the effactive angle of internal friction for the

sand, then, . ; 2 (Y.Ys)1/2..tan ﬁ'

_ v..(2.23)
Y -AYS

Thus for dry cohesionless sands, the factor of safety is inde-
pendent of depth.

2.2.3.4 Trenches in Saturated Cohesionless sands?

This is the casz of perhaps more. general occurraence in
river valley projectg.

As shown in figure 2.4 4 a wedge of soil inclined at
an angle 8 to th2 horizontal is assumed to be on th> verge of
sliding. The water level in the soil is mH and the sand is assumed
to be saturated upto the top by capillary or otherwise. TheAeffect
of capillary forczs on thes shear strength of soil has been neglaected,
being small and on safer side. The wedge 1s separated from the |
slurry by a thin impermeable membrane.

In figure 2.14, T denot:s the tangential force acting along

the base of the sliding wedge, N , denotes the reaction normal to

0]

D

base, and Pa denotes the horizontal force required to stop
the wedge from sliding. |

If the wedge‘is in horizontal equilibrium

Pa + T cos ® =N sin 8 . (2.2Y)
If it is in vertical equilibrium,

W=T sin 8 + N cos © ... (2.25)

The tangential force T.is given by

T=N tang = (N - u tan ¢' v (2.26)
where N'  is the effective force normal to the slip plane and u
denotes the net neutral force on thz slip surface, figured.1l(b).

From equations (2,24),(2.25) and (2.26),

/O085R A3
CENTRAL LISRATY UNFRSITY OF ROORKEE
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W (sin 8 =~ cos & tan ¢') 4+ U tan ¢'

P - -.|(2027)
a cos 8 + sin 6 tan o' :
1 2
Now W= cote ( 5 YH +4 H)
u = 2L Y (mH‘)2 cosec 8 ~ P
== ; é .
2y 4
r cos 8

The total passive resistance offered by the slurry is given by

Pp:PS+Ep
Ty, H
1 2 2 s
—{SYSH +(TSH &+ .........2__..._.)

If for stability Pa = Pp s then

2

* H

s H

..YSH2+ +1r1‘s :I

_23. 2

- . , Iy, 1, 22

cot € (éYH-+qIn (5in® = cos & tan g )+(§Ywm H cosece-PG)
= . tan p'
cos ® + sin 6 tan o'
«..(2.28)

The two terms on the left hand side , P, and Ep
respactively, have bean discussed. The first term on the right
hand side represents the active earth pressure of the sliding
wedge of the soil (including the effect of saturation) and the
second term represents the stabilizing =ffect of the slurry

saturated zone in horizontal direcCtion.

2.2.4 Quantitative Bffect of Factors Affecting Stability of

Slurry Trenches

The quantitative contribution of the factors affecting

stability of teenches discussed in the foregoing pages will be
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demonstrated by two methods = one involving the results of

W.K. Blsont's experimental work outlined in para 2.2.1.2 and
the  second from calculations based on the application of the
stability analysis theory discussed in para 2.2.3 on a field

3

trench .

2.2.4¢1 Tlson's Results

' = 33.1° H = 36.6"
mH = 3.2 Y = 0.0745 1lbs/ind
Yw = 0.0362 1b/in3 y @ = 0
v, = 0.037 1bs/ind e = 0.545,
v, = 0.1 1bf/£8° wg = 0.4 1bs /£t2
a =2 * = 0.0019",

g = v

The calculations are summarised in Table 2.4.

2.2.4.2 Stability of Full Scale Field Trench

T.C. Gupta3 has carried out calculations of the mag-
nitudes of stabilizing foreces and their percantage of the dis-
turbing force for the Pierre Benite Trench. These calculations

are reproduced on Table 2.5.
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TABLE 2.5 STABILITY OF PIERRE BENITE TRENCH

Data Permeability of soil 1.0 to 0,1 cmy/sec.

e e o e

Slurry concentration 4% Bentonite (Fb =2-5)
i. Initial = 1.025 T/m>

Slurry Density Ys
ii. In trench=1.2 to 1.25 T/m

3

Bulk Saturated demsity of £111 Y = 1.85 T/m>
Assumptions:@' = 300, G = 2.6
Tso = O.Og.gm/cm2 T S 0.75 gm/cm2
2
Ts =Ty = Q.75 gm/ cm

Trench Dimensions L = 9 to 25 metres , H = 3.5 metre

2a = 0.6 metre mH = 3.5 metre

s » l‘ '
Naturs of force Magnitude % Og Dlsturblng
orce. 5
T/m .
Total disturbing | 7.85 100 |
Stabilizing forces | ,
i. Hydrostatic (P) 6477 86.2
ii. Passive rasistance of |
slurry (Ep) 0.18 2.3
iii. Shearing resistance of
slurry saturatzd zone in _
horizontal direction 0.67 8.5
Totel stabilizing forces ) /.62 97.0

Tables2.y and 2.5 1indicate at a glance the quantitative

contribution of the mgjor thres stabilizing forcesof hydrostatic
force, the passive resistance of the slurry and the shearing
resistance of tha slurry saturcted zone, The unaccountzd forces
in Table 2.4 can be considered as the 3% (of the disturbing force)
shortage in Tabls 2.5.
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CHAPTER III

EXPERIMENTAL SETUP , PROCEDURE AND  RESULTS

The setup of this experiment was a simplified version of

Elsonts experiment discussed in para 2.2.1.2..

3.1 APPARATUS |

This consisted of a mixer for the slurry, stirrer, a
prismatic centainer fitted with a capillary tubé fof flow test,
and a box ‘in which the loading tests were carried. Loading device,
containers like basins , and buckets, measuring cylinders, weigh-
ing appargtus, a stop watch and sieving gpparatus formed the

supplementary apparatus.

3.1.1. Mixer
This is a cylindrical container, about 0.75 litre in

capacity in which a stirrer driven by an electric motor could

bs inserted.

3.1.2 Loading Test Box

This measured 38.6 x 26.0 x 20 -cm internally and was
divided into two halves by a 20 x 20 cm plate sliding through
grooves in the walls and floor of the box. The box walls and floor
as well as the partition plate were madé from perspex plates to
facilitate viewing of the sand and slurry inside. The box walls and
floor plates were joined by chloroform and adequately stiffened by
steel angles. The joints were made watertight by smearing grease
along them. A wooden plank was placed under the bottom of the
box to prevent sagging or bending of the floor plate. A perspex

plate was also provided to be placed on the sand surface to distribute
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the load uniformly on the sand surface. A sketch of the box is

shown in Figure 3.1(a) and its photograph in plate 3.1.

3.1.3 Flow Test Model

This is also a perspex prismatic box 10 x 10 cm in cross
section and 44 cm in height. It was fitted with a capillary tube of
0.195 cm.internal radius and 61.3 cm long (Another tube of the same
radius and 63.2 cm ‘long was substitutedvlater)..A scale was
fitted beside the walls of the box to record slurry levels above the
capillary tube. A sketch of it is shown in Figure 3.1(b) and a
photograph in plate 3.2.

3.2 MATERIALS

Commercial bentonite, black cotton soil, fine sand and
water were used. The commercial bentonite had the problem of segre-
gation for pure bentonite slurries of lesser concentration than
u% . Virtually all the slurries between 1 and 4% concentration with

replacement of bentonite by black cotton soil displayed the segre-

gation problem.

- The black cotton soil was ground and sieved through 75 #

(0.075mm) sieve size.

3.3 PROCEDURE
3.3.1. Mixing

Slurries of 1% to 4% concentration were made. For each
concentration, bentonite was replaced by black cotton Ssoil in
stages of 25% of the bentonite portion by weight. This resulted
in 20 different slurry concentrations.

The slurry concentration, SC, was expressed as =
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Weight of solid portion(Bent;nite/bentonite plus black cotton
SC = soil

Weight of solid portion plus weight of water

e e(3.1)
In order to have sufficient slurry quantity the amount of water
for cach slurry was taken as 10 kg (10,000 cc). The requisite
amounts “of water and Ybentonite/black cotton soil for each slurry
concentration were calculated from equation (3.1) above and the
quantities obtained by weighing and measuring. Small portions of
the constituents of each slurry concentration were mixed in the
mixer, each portion being mixed for one minute. All the portions
were dischgrged into a bucket for further agitation with the stir-

ing rod.

3.3.2 Slurry Density

The slurry density was obtained by dividing the total
weight by the total volume taken, taking the specific gravity
of solid Dbentonite and black cotton soil as 2.55. A sample calcu~

lation of this is shown on para 3.5.

3.3.3 Flow Test

Portion of the slurry from the bucket was tested for flow
propertics in the flow test model. The model wgs filled with slurry
.and the capillary tube was opened to allow the slurry to run freely.
The tube was then closed, and the level of the slurry was noted.
Quantities of slurry were collected in a measuring cylinder for a
known period of time. (Plate 3.2). The final slurry level wasS noted
The slurry was kept in agitation throughout to prevent segregation.

The level for no flow was noted. Flow results and calculations are

o



_62—

shown in Table 3.1. Graphs of Rate of Shear strain Versus shear

stress gre shown in Figure 3.2(a),(b),(c) and (d).

3.3.4 Loading Test

A loading test was carried out for each slurry concentra-
tion. With the partition plate in position, one half of the loading -
test box was filled with dry fine sand (gradation curve shown in
Fig. 3.3) . The top of the sand was levelled off and the loading
plate was placed on the sand surface. Slurry was then poured into

the other half of the box and agitated. The partition plate was

then slowly removed. After pulling up a small portion of the plate
the slurry was allowed to saturate the sand. The slurry which
flowed into the sand was replenished to the level of the sand.
Further withdrawal of the plate was continued until all of it was
removed. If there was no failurs, the loading plate was loaded Hill

failurs occurred.

Two methods of loading were used ., The first involved
placing known loads on the loading plate until failure was achieved.
Plate 3.3 shows this operation. For reasons explained later, this

mthod of loading was found unsuitable and unsafe.

The other method was the a@option of the triaxial loading
machine. The cell unit was removed leaving the raising floor on
" which the wooden plank could be placed. The loading teét box was
placed on the wooden plank and sand poured into the box as explained
above. A small cylindrical wooden piece, and frictionless balls
were used to make contact between the loading plate gnd the cali-

brated proving ring of the machine, Slurry was poured into the other
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half =s before, the machine was levelled for loading and the
partition plate was removed a®B explained before, This set up is
shown in plate 3.4. The slurry was allowed to penetrate the sand
for 15 minutes. The depth of the slurry saturated zone was measur-
ed. The floor of the machine was raised by turning the handlé
manually and slowly as shown in Plate 3.4 . This rgised the wooden
plank and the box and compressed the sand against the loading
plate, This compression was thus communicated to the proving
ring and the load could be reccorded. The sand was loaded to
failure and the fgilure load was noted. The weights of the load-
ing plate, and the wooden cylindrical piece were add:d to the
recorded failure load. The loading test results on dry sand and

calculations are shown on Table 3.3.

The same loading procedure was repeated for saturated

sand. These results are shown on Table 3.l.

3.3.5 Sand Density

As the sand was fine its density could be easily deter-
mined by a 25 ml specific gravity bottle. A physical balance was

used for weighing.

3.3.6 Sand Sieving

This was done in order to obtain the effective radius
of pore passage. The sieving results are tgbulated on Table 3.2.

and the grain sizc¢ distribution curve is shown on Figure 3.3.

3.4 RESULTS AND CALCULATIONS

All the observed results and cglculations are summarized

in para 3.5 Flow test results and calculations are shown on



PLATE 3.4  LOADING BY TRIAXTAL
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Table 3.1, and plotte

these the
1ysis 1S dnalt.with
the results and calculation

dry sand loading are

sand on table 3. o Flgure 3kt

ure

black co tton Soil.

3.5 g_fgLCULATIOI;E

3.5.1 FLlow Test Computations
Length of tube L = 61,30 cm.
Radius R = 0.195 Cl.
Ap= difference in slurry levels in ci.
o = rate of flow in cc/second.
. . Ah ph ,
Hydraulic gradlent { = ¢ = -
AL = 00164 h.
61.30
. . dE 40 40 -
Rate of shear strain = 5_—'6 = M'n' R3 e st T____ 174"3Q (SGC 1)
7(0.195) 3
Shear stress i = : R B ra R X 5
RE L F = T et 8 x 981 dyne’
2 1 > BL > > 081 dynes/
0.19% 5 5
= — — x 981 dynes cm
5 61.30 %1 dynes/
0.195 &b Y '
= 2 5 gm/cm2
2x 61.3

i

The density of the slurry, Vg

naterials, taking the dry spe

4 on Figures 3.2(a)
plastic viscosity My,

on pa!‘a 305 02,

summarised on Table 3439 and ©

surcharge and the percentage replaceme

(b) ,(¢) and (d) ., From
has been determined. Sieve ana=

and para 3e53 deals with

s of stabilitye A1l the results for

n saturated

shows the'relation pbetween the fail~

nt of bentonite by

0.0016 Yg OB gn/cm®

, is calculated from the mixture

cific gravity (GS) of clay as 2.55 .



‘-'56 -

e.g. For 1% pure bentonite, slurry,

Weight Taken Volume
Water 10,000 gm 10,000 cc
Bentonite 101 gmn W 101
VE =z = 39,6 ce
Gs 2.55

| Total weight=10,101.00gm | Total volume=10,039.60 cc

|
|
|

Total weight 10,101.00
YS T ———— = T ———————t gm'/cm3
Total volume 10,039.60

= 1.005 gm/cm3
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FLOW TEST RESULIS AND CALCULATIONS

TABLE 3.1 =
. inal | Time olune] Mean | Volume | dB_sdt'| T
igigiai1'§;velléginzsec. Z? cc | headsh pe§ ce i=1$;{3Q :0.§O16Y8Ah
' ! £ (h,+h,) h=— i
(cm) (cm) ] 2-; f gn/ cm?
(c%) :
ki 2 3 L 5 L6 7 8
1% Pure Bentonite Slurry Y = 1.005 gm/cm3
31.00 26.70 34.30 350 28.85 10.20 1750 0.0464
26.70 21.20 16.90 L5 23.95  9.50 1630 0.0384
21.20 18,90 18.90 170 20,05  9.00 1540 0.0322
18.90 16.30  24.90 210  17.60 8.4 1450  0.0282
16.30 13.80  31.10 240  15.05  7.70 1320 0.0242
13.80 10.40 34.10 230 12.10  6.75 1157 0.019Y4
10.40  7.80  L40.70 220 9.10  5.40 925 0.0146
7.80  5.10 510 210 645 410 702 0.010y
5.10  3.20 56.00 160 L.15  2.86 490 0.0067
Head for no flow = 0.00 cm , T 2

1% Slurry with 25% Replacement

rR1 =0 gv/cnm

of Bentonite by black

cotton soil

34.70
31.20
27 .10
23.20
19.50
16.20
12.90
10.10
7.70
5.30
3.70

.005 gn/cm
31.20  35.90
27.10 3140
23.20  32.90
19.50  33.30
16,20 31.00
12,90 34.30
10,10 33.10
7.70  37.00
5430 4. 20
3.70 43.30
2.40 46.80

290
380
325
300
260
26l
222
206
190
137
100

32.95  11.20
29.15  12.10

25.15 9.80
21.35 9.00
17 .85 8.40
15 .55 7.70
11.50 6.70
8.90 5.57
6.50 4.30
5.50 3.16
3.05 2ol

Head for no flow = 0.00cm, TR1 = 0 gn/cm

2

1920
2075
1680
1540
1440
1320
1150
955
737
541
367

0.0530
0.0468
0.040Y
0.03y2
0.0286
0.0250
0.0185
0.0143
0.0104
0.0072
0.0049
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] 2 3 l 5 6 7 8

1% Slurry with 50% . Replacement of bentonite by Black cotton soil
Y, = 1.005 gn/em -
31,70 29.10  19.60 205  30.40  10.43 1790  0.0490
29.10 26.10  25.00 252  27.60 10,10 1730  0.0Lu
£6.10 23.30 23.00 223 24.70 9.70 1660 0.0397
23.30 20.40 25.50 233 21.85 9.15 1570 0.03%2
20,40 17.00 31.30 270 18.70 g.6% 1480  0,0300
17.00 13.80  33.50 264 15.10 7.90 133 0.0248
13.80 11.30  29.40 201 12.55 6.85 1172 0.0202
11,30 8.70  36.50 215  10.50  5.90 1010  0.0169
8.70  6.30 39.10 187 7450 4.78 810 0.0120
6.30  4.50  43.90 157 5 .40 3.58 615 0.0087

Head for no flow = 0.00 cm , TR1 = 0 gm/cml

o @ e M e W W WM W o M s W @ W S W M W B R M W e M > W & s w

1% Slurry with 75% replacement of Bentonite by black cotton soil
5 g = 1,005 gn/em3
35.50 31.70 25,50 302 33.60 11.90 2040  0.0540
31.70 27.70 30.90 329 29.70 11.65 2000 0.0477
27.70 23.60  32.90 325  25.65 9.90 1690  0.04%2
23.60 20.20  30.50 275  21.90 9.00 1540 0,032
20.20 16.30 37.70 31y 18.25 8436 13 0.029%
"16.30 13.00 34.50 262 4. 65 7.60 1300 0.0236
13.00  9.90  35.90 245  11.45 6.65 1140  0.018)
9.90  7.40 36.50 210 8.65 575 985  0.0139
7.40  5.30  35.60 162 6.35 455 780  0.0102
5.30  3.60 38.10 135 o li5 3.5 606  0.0072

3.60  2.40 41.50 105 3.00 2.53 434 0.0048
Head for no flow = 0.00 cm y Tp, = 0 gu fem2
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1 > 3 N 5 6 7 8

1% Slurry with 100% black cotton soil, Y, = 1.005 gu/cu’

37.10 32,80 . 29.30 237 3495  8.10 1390  0.0560
32.80 29.00 28,00 307  30.90  10.98 1880  0.0496
29.00 25.10  30.80 315 27,05  10.22 1755  0.0435
25.10 21.30  33.50 315 23.20 9.0 1610  0.0373
21.30 17.80 32,00 275  19.55  8.60 1472 0.031
17.80 1490 30,10 240 16.35  7.97 1365  0.0263
14,90 12.00  31.90 235  13.45 7.3 1262 0.0216
1200 9.30  35.20 230 10.65  6e5k% 1120 0.0171

9.30  6.90  36.00 194  7.95 5.0 925  0.0128
6.90 5.20 33.10 142 6.05 4430 736 0,0097
5.20  3.70  38.50 125 R 3.5 556  0.0072

3.70 2.50 L6.50 95 2.10 2.04 350 0.0034
Head for no flow = 0.00 cm, T,, = O gm/cm™

2% slurry (100% Bentonite) Y 1.013 gn/cm3
36.00 32.60 23.80 270 34.30 M3 1945 0.0555
32.60 28.50 30.40 305 30.55 9.98 1710 0.0491

28.50 24.80 28.80 290 26.60 10.08 1730 0.0430
24.80 21.30 29.50 280 23.05 9.50 1630 0.0370
21.°0 18.00 30.50 270 19.65 8.86 1520 0.0318
18.00 15.10 29.50 230 16.55 7.80 1338 0.0268
15.10  12.80 26,50 180 13.95 6.80 1165 0.0226
12.80 10.50 30.90 185 11.65 6.00 1030 0.0189
10,50  8.50 32.10 165 9.50 5.15 883  0.015y
8.50  6.70  34.80 147 7 <60 ho21 725  0.0123
6.70  5.30  34.90 118 6400 2.96 507  0.0097
5.30 4.20 33.40 90 4.75 2+69 460 0.0077

4.20  3.20 39.00 78 3.70 2400 353 0.0060
Head for.no flow = 0.00 cm , TR1 =0 gm/c2

- e @ W W W » wm W w w = -
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1 2 3 hA 5 6 7 8

2% Slurry with 25% Replacement of Bentonite by Black Cotton Soil
Ys = 1.013 gn/cm3 o o

36,30 33.20 21.70 250 3475 11.50 1970 0.0561
33.20 29.50 27.00 293 3135 10.84 1860  0.0506
29.50 25.10 3470 355 27430 10.18 1740 0.0491

25.10 21.50 30.00 286 23.30 9554 1630 0.0378

21,50 18.10  31.00 275  19.80  8.90 1523  0.0320
18,10 14470 33.10 265 16,40  8.00 1370  0.0265
15,70 11,90 33.15 233 13.30  7.05 1210  0.0216
11.90 9.0 36.10 214  10.55  5.92 1015 0.0171

9.20 7.20 33.70 163 8.20 484 827 0.0133

7.20  5.50  34.00 133 6.35  3.91 670  0.0103
5.50 .00  37.50 114 L.75  3.0b 520  0.0077

4.00 2.90 45.70 - 100 - 3.5 - 2.19 376 0.0056
Head for no flow = 0.00 cn , TR1 = 0 gm/cm

2% Slurry with 50% replacement of Bentonite by black cotton soil
Y, o 1.013 go/en -
37.70 34.10  25.60 295  35.90  11.50 1970  0.0580
34.10 30.30  27.70 305 32,20  11.00 1885  0.0520
30.30 26.30  31.50 326  28.30  10.30 1770  0.0458
26.30 23.30 26.10 250 2L.75 9.60 1645 0.0400 .
23.20 20.20  26.50 242  21.70 9.10 1560  0.0352
20.20 17.10 29.00 250 18.65 8.60 1472 0.0302
17.10 14.20 30.10 237 15 .65 7.90 1352 0.0256
14.20 11.50  31.50 2.0  12.85 7.00 1200  0.0208
11.50 9.20 33.00 1% 10.35 5.90 1010 0.0168
9.20 7.20 34.20 168 8.20 4.90 840 0.0133
7.20  5.50  33.60 135 6.35 4.00 685  0.0103
4.10  3.10  35.80 83 3.60 2.30 394  0.0058
Head for no flow = 0.00 cm Tpq = 0 e/ cm®
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1 2 3 y 5 6 "7 8

2% Slurry with 75% Replacement of Bentonitempy black cotton sq&i

Y, = 1.013 gn/en
37.30 33.50 28420 328 3540 11,63 2000 0.0573

33.50 29.40  29.50 32y 315 11,00 1885 0.0510
29.40 25.30  33.50 34, 27.35  10.27 1760  0.0443
25,30 21.70  31.50 297  23.50 9.42 1612  0.0380
21.70 18.60  27.60 245  20.15 8.90 1525  0.0326
18.60 16.00 26,10 219  17.30 8.40 1440  0.0280
16,00 13,10  31.30 240 1455 7.66 1312  0.0236
13.10 10.30  32.90 220  11.70 6.69 1142  0.0189
10.30 7.80 35.30 196 9.05 555 950  0.0146

7.80  6.20 30,90 140 7.00 450 770 0.0113

6.20 440 40.60 142 530 3.8 596  0.0086

L. 40 3.00 41.10 110 3450 2.68 460 0.0057
Head for no flow = 00 cm  Tp, =0 gn/ cne

2%, Slurry with 100% black cotton soil Y = 1.013 gu/em’

37.80 33.80  25.30 300  35.80  11.87 2035  0.0580
33.80 29.90  28.70 320 31.85  11.12 1910 0.0516
29.90 26.10  29.50 304  28.00  10.30 1765  0.0453
26.10 21.60  38.30 365  24.35 9.53 1630  0.039%
21.60 18.60  28.40 250  20.10  8.80 1510  0.0326
18.60 15.50 31.00 250 17 .05 8.07 1382  0.0276
15.50 12.60  30.00 230  14.05 7.66 1312 0.0228
12.60 10.00  31.00 200~ 11.30 6.5 1103  0.0183

10.00 7.60  36.10 197 8.80 5.5 958  0.0142
7.60 5.50  35.50 158  6.55 L5 767 0.0106
5.50 L0 36.60 125 L4..80 3.42 585  0.0078

4.10 2.60 50,40 115 3.35 2.28 390 - 0.005%

Head for no flow = 0.00 cm , Tﬁ1 - 0 gn/em2
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1 2 3 L 5 6 7 8

3% Slurry Pure Bentonite , Yo = 1.018 gn/ cm3
35.90 32.00  27.90 319 .33.95 11,65 2000  0.0552
32,00 27.90 30,10 335 29.95  11.10 1900  0.0487
27.90 24.00  31.10 312 26.96  10.00 1713 0.0439
2400 20.60  31.30 279  22.30 8.91 1530  0.0363
20.60 17.30  33.50 262 18.95  7.81 1340 0.0309
17,30 14,50  34.20 230  15.90  B.71 1150  0.0260
1450 11.80  39.30 225 13.15 5.72 980  0.0214
11.80  9.50  38.00 185  10.6§ 486 834  0.0173
© 9.50 7.80  37.00 150  8.65 405 695 0.01%41
7.80  6.20  39.60 130  7.00 3.8 - 561  0.0114

6.20 4.70 47.00 118 5.4 2:.91 430 0.0089
Head for no flow = 0.00 em 4, T

3% Slurry with 25% Replacement of Bentonite by black cotton soil

Yg = 1.018. gw/en3
37.80 34.20  25.50 295 . 36.00 11.58 1990  0.0585
34.20 30.20  28.60 315 32.20 11,00 1888  0.0525

30,20 26.40  29.90 310 28.30  10.37 1778  0.0460
26.40 21.40 ¥1.40 405 23.90 9.80 1678 0.0389
21.10 18.20  28.10 250  19.80  '8.90 1526  0.0322
18.20 15.30 29.50 235 16.75 7.96 1363  0.0273
15.30 12.70 31.00 215 14.00 - . 6.9 1188 0.0228
12.70 10.40 30.80 185 11.55 6400 1030 0.0188
100 8.10 3260 169 9.0 5.19 8%  0.0153
8.40  6.30  41.00 170 7.35 415 711 0.0120

6.30  L.40  50.60 155 5.35 3.06 525  0.0087

L0 2.70 7150 132 3.55 1.85 318 0.0058
Head for no flow = 0.00 cm , TR1 =0 gn / cml
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1 2 3 . 5 6 7 8

Ys = 1,018 gm/em3
36.60 32.50  29.40 335 34.55 11,40 1955 0.0561
32.50 28.50  30.30 330 30,50 10,90 1870  0.0496
28.50 24.40 32,80 325  26.45 9. 1 1700  0.0430
24.40 20,50 34610 320 22.45 9.40 1670 0.0366
20.50 16.70  34.80 295  18.60 8.50 1Lk 0.0303
16,70 13.40  36.80 270 15.05  7.34 1255 0.0245
13.40 10.70 3490 220 12.05 6.30 1080 0.0196
10.70  8.20  37.70 200 9.5 5430 0 909  0.015)
820 6420  39.60 167 7420 .21 723 0.0117
6.20 450 4480 1y 5.35 3% 538 0.0087
4.50 3,00 54.30 120 3.75 2.21 379 0.0061
‘Head for no flow = 0.00 cm , TR1 =0 gn/ cm2

-----------------------------------

3% Slurry with 75 replacement of bentonite by black cotton soil

Y, = 1.018 g/end

38.10 33.90  30.50 365 36,00  11.96 2050  0.0585
33.90 29.10  35.10 385  31.50  10.98 1890  0.0513
29,10 24.70  35.20 35 26.90  10.10 1730 0.0438
24.70  20.90 33.50 310 22.80 9.25 1585 0.0371
20.90 17.30  33.70 228 19.10 8.55 1465 0.0310

17.30 13.80  36.10 283  15.55 7.85 1345  0.0253
13.80 10,70 35.0 2% 12,25 6,90 1182 0.0200
10.70  8.20 36,00 205 945 5.70 . 978  0.015Y4
8.20 5.9  39.70 180  7.05  4.56 783  0.0115
5.9 400 L8O 150  4.95 3.3y 572 0.0081

400 2,90 3.9 85 34§ 2.4, W19 0.0056

Head for no flow = 0.00 cm TR1 =0 gn/ cm2
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1 2 3 l 5 6. 7 8

3% Slurry with Pure Black Cotton Soil Y, = 1.018 gu/cn3

35.70  32.10 25.00  28L 33.90 11.35 1945 0.0551
32010 27.90  30.60 330 30.00  10.80 1850  0.0489
27.90 2420 29.80 295  26.05 9.90 1698  0.0425
.20 20.50 32,00 295  22.3% 9.22 1580  0.036Y
20,50 16.90  34.00 290  18.70  8.55 1465  0.830%
16.90 13.40 3430 274 15415 8,00 1370 0.0247
1350 10.50 =~ 33.00 23  11.9% 6,96 1193 0.019%5
10.50  8.10  32.80 190 9.30 5.80 995  0.0151
8.10  6.00  33.90 162 7.05 478 820  0.0115
6.00 L4.50  32.80 120 5.25 3.66 626  0.0086
Head for no flow = 0.00 cm 9 TR1

W eh M W W M M @ @ W W W R M W ap e Sw W W e R WM S W N W AN M W W W W

it

@]
|
~
Q
=)

38.30 34.80  29.00 288 36.55  9.93 1700  0.0600
34.80 31.30  31.70 284  33.05  8.96 1540  0.05L1
31.30 28.10 33.90 266  29.70 7.85 1345  0.0486
28.10 25.30  33.70 203 26.70 663 1136 0.0L38
25.30 21.30  ¥6.10 329  23.30  5.86 1080  0.0382
21.30 18.60  43.90 225 . 19.95  5.13 880  0.0327
18.60 15.60  55.50 238  17.10  14.30 73  0.0280
15,60 13.00  61.30 215 14.30 3.4 590 0.0234
13.00 10,70 70.10 190  11.85  2.71 45  0.019%
10.70  8.90 72.40 153 9.80 . 2.12 36 0.0161

Head for no flow = 1.30 cm , T r B i § 4b

R = 5 1 =
L
Rx 1.3 x 1.024 0.00212 y > 2 4
- = . z cm
2 X 61.30 &
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1 2 3 k 5 6 7.8
4% slurry with 25% Replacement of bentonite by black cotton soil

Yg = 1.024 g/ em3
37.70  33.20 32.10 378 35 .45 11.80 2020 0.0581

33.20 28.60 35.20 370 30.90 10.50 1800 0.0506
28.60 24.60  35.30 225  26.60 9.20 1578  0.043%
24,60 21.10  35.30 284  22.85 8.05 1380  0.037y
21.10 18.20  33.70 240  19.65 7.11 1220  0.0322
18.20 15.20  38.20 235  16.70 6.15  10§3  0.0274
15.20 12,70 39.80 204  13.95 5.11 878  0.0228
12,70 10.20  %6.70 205  11.45 ho40 755  0.0188
10.20 7.80  56.80 197 9.00 3.8 596  0.0148

7.80 5,90  61.40 158  6.85  2.59 45 0.0112

Head for no flow = 0.60 cmy, T = 0.195 X 0.60 : 5
R1 5 % 61.30 x1.024 gry/enm

L = 0.000975 gu/cm?
4% Slurry with 50% Replocements Yg = 4,02)gm/cmd

37.80 33.20 35,00 398  35.50  11.75 2020  0.0560
33,20 29.00 32,10 341 31.10 10.60 1820  0.0L90

29.00 24,20 40JI0 3%  26.60  9.70 1663  0.0420
24,20 20.20 36,00 319 22.20  8.85 1520  0.0361
20.20 16.60  37.00 287  18.40  7.75 1330 0.0291
16.60 13.20  40.50 266  14.90 6.55 1122 0.0236
13.20 10.20 4410 240 11.70 5.43 930 0.0185
10.20 7.40 ¥9.40 21y 8.80 L3y 743 0.0139

7.50 5.0 49,00 159 6.0  3.25 557  0.0101
5:40  3.80  55.00 125 4.60 2.28 3N 0.0073

3.80  3.00 15,00 70 3.0 156 267 0.005)
Head for no flow = 0.00 cm TR1 = 0 gm/cm2

-~ W M m m e W m m % e s e om e e W M W@ Em e @ e W e e W ae wm - ..
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1 2 3 4 5 .« 6. 7 8

o s o st drar vt 3 o e et a0t

L% Slurry with 75v% Replacement of bentonite by black cotton soil

Yq = 1.024 gn/emd

38.40 34.00 32,30 355 36.20 11.00 1885  0.0571
34,00 29.70 32,60 3uhk  31.85 10.50 1800  0.050L

29.70 25460 33.50 330 27465 9.85 1686 0.0436
25.60 21,10 39,30 365  23.39 9.30 1592  0.0369
21.10 17.60  34.50 280  19.35 8.15 1400  0.0306
17.60 1420 39.00 275 15.90 7,05 1210  0.0251
14.20 11.50 39.60 220 12.85 5455 %2 0.0203
11.50 * 9430 36.20 171 1040 472 810  0.0164

9.30  7.50 43.00 160 8440 3,72 637 0.0133
7.50  6.00 4b.70 110 6475 2.40 411+« 0.0107
Head for no flow = 0.00 cm , ?R1 =0 gn /cma

L% Slurry with pure black cotton soil, Yy = 1.024 gm/Cm3

38.60 34.20 33.30 370 36.40 11.20 1920 0.0575
34.20 29.80 33.90 355 32.00 10.50 1800  0.0505

29.80 25.50 36.50 357 27 465 9.76 1675  0.0436
25.50 21.40  37.00 333  23.5 9.00 1542  0.0370
21.40 17.00 42.70 350 19.20 8.20 1405 * 0.0303
17.00 13.50 B.20 280 15.25 7430 ‘i257 0.0241
13.50 10.40  40.50 250 1.9 6.16 1057  0.0189
10.40  7.80 4.170 207 9410 4,96 850  0.014k
7.80 5.60 46.20 180 | 6.70 3.90 668 0.0106
5.60 4.00  49.00 135 4L.80 - 2.76 473 0.0076

4.00 2.60  55.80 105 3.30 1.88 322 0.0052

Head for no flow = 0,00 cm. Tpy =0 gw/ca

---------------------------------
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3.5.2 Sieve Analysis of 5gnd

TABLE 3.2 SIEVE ANALYSIS RESULTS FOR THE SAND
Weight of Sand Taken 990.0 gm.

3 "
A ParticlefWeight | Weight| Weight| % Cunula= Cumula=~
S. 8leve | o o bf of sieve] of tive % ftive %
Nop No. D empty Jand sand |[retainedretained- ' . .
sieve |sand retainei finer
retained
(mm) (gm) (gm) (gm)

12.36  2.360 511.0  518.0 7.0 0.76  0.76  99.24
21.00  1.000 455.0 1458.0 3.0  0.33  1.09  98.91

3 8504 0.850 385.0 386.0 1.0 011 1.20 98 .80
L 600K 0.600 4L8.0 149.0 1.0 0.11 1.31 98 .69
5 Lo0k 0.420 367.0 373.0 6.0 0.65 1.96 98 0L

6 3004 0.300 439.0 512.8 73.8 7.95 8.41 91.59
7 225K 0.225 320.0  1000.6 680.6  68.74 77.15  22.85
8 1504 | 0.150 408.0 uao.oA 12.0 1.30  78.45  31.55
9 75 K 0.075 376.0 . 559.6 183.6 185 96.99 3.01

10 Pagy - 398 .0 420.0 22.0
(passing

754)

3.5.3 Stability Results and Calculations

Stabilizing effect of slurry saturated zone

From equation 2.28 the stabilizing effect of the slurry

saturated zone, P, is given by

cote(g YHg+ qH)(sine~cotetanp')+(%Ywm3Hzcosecetanp'-PG)tanﬂ'

P S+Ep =
cosS 8 + sin 8 tan ¢!

where the varigbles are as defined earlier.
27 £°
Pg = Ssmr (Equation 2.10 (a))

r cos 8
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r being the effective pore radius of the sand = 5

1 2
Also Py + = 5 YSH.
2
TS H Ty H
, 234 2

and substituting above

] T H2
YSH2 + s
2a

4+ H
Ts

1=

o 1
cote(%YH2+qH)(sine-cotesinp')+(§Ywm2H2

cosecetanp!-PG)tanp!

cos 8 + sin 8 tan g

T, ; the structural shear strength of the slurry in the trench
is sufficiently small to be neglecth%s thus,

1
- 2
2 YSH

cote(%YH2+qH)(sine-cotesinﬁr)+(%Yﬁmaﬂacosecetanﬁv- G)tanp'

cos 8 + sin 8 tan ¢!

(] u n ‘ |
Taking ¢t for the sand as 300, 8 = 15+ — = 60°, For the

loading tests carried out all the variébles except PG are

known (For dry sand m = 0) . For each loading test, PG is

W

calculated gs follows -

Sample Calculation for PG

For 4% Pure bentonite slurry,

YS = 1.024 gm/cm3

H = 14.7 cm,
Failure load = 45.74 kg.
Area of Loading plate = 316 sg.cm.
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) 45 .7k 2 2
oTe g = h—jgﬂg- = 0.145 kgs/em™ = 145 gm/cm
2{ = 3 cm le = 1 550 cm

For dry sand m=0 , Y = 1,578 gm/cm3

. . % X 1.024 x (14.7)°

cote,ochﬂ 578X (10447) 24145 x1Y..7 j{sineo°-coseo°tan30°] o O-PG]tan 30°

—

cos 60° + sin 60° tan 30°

10. .
_ ? 0.5774(17o+2134)(0.866-0.5xo.577u)+(-PGxo.577u)

0.5 + 0.866%0,577)

= 770 = 0.5774 P,

_ 770 = 110.9 .
e B = = 1140 gn/em

v D,
From sieve analysis results (Fig. 3.3), r = _55 = 0,0055 cm.

2, x(1.502 2T X 2.2
.. M0 = - . = v .
T cos 6 ®.®055 x 0.5
. 1140 x 0,005 x 0.5 .
O . gm/cm<
2 X 2.25

= 0.696 gn/cm®

say = 0,7 gm/cm2

A1l the calculations and results for dry sand are
summarised on Table 3.3 . Results for loading on saturated sand
are shown on Table 3.4 , Fig. 3.4 shows a plotting of the loading

results for dry sand.
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TABLE 3.4 LOADING RESULTS FOR SATURATED SAND

! | T

Slurry|Slurry ;BentonitelBlack Depth

con= |density ‘% cotton | of

centr= . f slurry:

ation |E™cm3 | Sotl P Remarks

Y. | . |
A S 1 - cm
T pl 3 an LA ’ G
No load . Failure occurred
100 0 15.0 as soon as partition was
1 1,005 ' removed
25 75 14.0 No load , Failure occurred
before partition was comple=
tely removed i.e. failure at
partial removal of partition

2 1,013 100 0 . 145 . No load.Failure at partial
removal of partition.

3 1.018 100 0  14.5 No load. Failure accurred imm=
edigtely after complete removal
of partition.

Yo 1.024 100 0 4.5 No load but just stable.

“pr e L ad

3.6 PROBLEMS ENCOUNTERED

A few problems were encoumtered in this study. The slurry
made from the commercial bentonite and black cotton soil could not
be kept free of segregation. 0,1y the 3% and the 4% pure bentonite
slurries did not show much segregation. This segregation disrupted the
the uniformity of the slurry and subsequcntly the shear strength of
the slurry already created. In this respect it would be difficult

to achieve the expected maximum gel strength, T, y of the slurry,
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In order to avoid the segregation the slurry had to be kept
in agitation thrqughout and the shear strength utilized is that
under disturbed conditions.

Efforts to determine the shear strength of the slurry
with a shear vane apparatus failed mainly due to the small amount
of the shear strength as compared to the magnitude which could
be determined by the available apparatus.

Initially trials to obt:in failure load by placing
different loads on the¢ loading plate did not result either to
success or practicability. The loading method as shown on plate
3.3 was found to be very unsafe. The loads could slip which
was very likely at failure as the loading plate was tilted by
the flow of éand into the slurry, At onc occasion the loading
box was greatly damaged and time had to be allowed for repair
work. Fortunately no person or other apparatus was nearby
otherwise greater damage would have occurred. It was also
difficult to accurately fecord the failure load due}to diff-
iculty in gradual variation of the loading operation. At times
it was necessary to repeat the loading due either to unreliable
results or the nccessity of checking the failure load. This
method of loading was unsuitable for this checking as the
slurry could not be recovered after failure. The sand was flown
into the slurry by the sudden skidding of the weights and no
undisturbed slurry could be recovered. The axial loading unit
of the triaxial machinc, however, was a remedy to all these

pitfalls,
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CHAPTER IV

DISCUSSION OF RESULTS

1. Bentonite replacement by black cotton soil in'béntonite
slurries  increase. the fluidity of the slurry. This is
obvious from the flow test results in Table 3.1 which
show that for the same slurry concentration and mean head, moré
flo& per unit time, Q, dis obtained for the slurries where
bentonite has been replaced by black cotton soil. Likewise from
the loading test results, table 3.3, for same slurry concentra=

tion, the rate of permeation into the sand is more for the

slurrics where bentonite has been replaced by black cotton soil.
The incrcase in the fluidity of the slurry is due to the lower-
ing of the plastic viscosity , T, of the slurry (Figures 3.2(%),
(b), (c) and (d)). |

2. Decrease in plastic viscosity of the slurry with subse-
gquent increase of permeation rate into soil_means increase of
the slurry saturated zone., This will increase the magnitude of
the pore pressure, Pa (equation 2.10(a)), resulting in more
stabilizing force of the trench (equation (2.28)). This is con-
firmed by the results of table 3.3. which show that more

replacement of bentonite by black cotton soil means more slurry .

saturated zone and more surcharge that can be sustained.

3. For each slurry concentration, there is a particular pro-
portion of bentonite which can be replaced to give a peak sus-
tained surcharge. This proportion varies between 50% and 75%.

(Table 3.3 and Figure 3..4).
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)P For dry sand and for the slurry conc?ntration range
studied (1% to 4%) , the major stabilizing force is that due to
the shearing fesistance of the slurry saturated zone.‘,PG tan g
LS shown on table 3.3, the stabilizing force due té PG’ is
between 5 and 10 times the hydrostatic force.

In order to visualize the magnitude of this contribu-
tion in pkototype (field) trenches the following calculations

are necessary.

From equation (2.10(a)),

Assuming that for the model and prototype, the same sand,
and slurry are used, and that the inclingtion of the failure

wedge to the horizontal is the same, then,
PG (@.44 )'(za l.oo()-}w‘l)

Further, from equation (2.6) the depthy, 2 £ , penetrated by
the slurry is given by

pgr
24 =

cof
(0]

i.e. 2'( p ..0(14.02)
where p is the applied pressure differential

oL e (FHE - Y, o H) , for saturated sand, and

L o Y H
ie. L H for dry sand (m=0) eeo(fo28)
. 2
. o PGm‘Q'

o HS (from equations (L.1) and L.2a ) ees(Ye3)



- 91—

Thus if
Pop = Negative gel pressure in model
¢p = Negative gel pressure in prototype (field)
Hm = depth of slurry in model
Hp = depth of slurry in prototype.
Then, 5
e | T
T2
Gm Hm
H
. P 2
e @ PGP - ( I_'i;l"' ) PGm --.(L}-o)..{..)

From equation (2.28), if q_. is the unit surcharge in the

P
prototype then, 1
cok 8 (éY B2

o + qup)(sine - cos@ singt) 'VPGP tang!

2 ‘
p cos 8 + sin 6 tan p'

(Since m = 0 for dry sand)

’

1
- 2 12
Y = - -~ - - s e .
o Vg Hy =033 (G vES + g ) = 0.5773 Fgp (4.5)
for p' = 30° and & = 60°

From a known value of Hj , using the values of H , Y,Y, .-

and PGm from table 3.3, values of PGp can be calculated from

equation (4.Y4) and subsequently wvalues of the first term on the
right hand side of equation (4.5) Then
1
(1) Total disturbing force = 0. -~ ¥ B
g e 334 (2 > * Y Hp)

e
-~

(ii) Stabilizing forcds are

2
YSHp

gP = Fgp tan $1=0.5773R -

~ (a) Hydrostatic pressure =

N

(b) Horizontal companent of
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neglecting other forces which gre small in comparison. Calculations

based on a 10 meter deep trench are summarised in Table L.1

Table 4.1 shows that for the full scale trench, the
stabilizing force due to the slurry saturated zone is still
predominant. However, the neglecting of the stabilizing forces
due to the filter cake, the pressure resistence of the slurry and
the other small stabilizing forces will have the effect of making
PG tan ¢ appear slightly larger than it should actually be.
From table 2.k and 2.5 thesc neglected forces account for less
than 10=20% of the disturbing force. Even with this allowance
the contribution of the slurry saturated zone in the full scale
trench is still more than 60%. This would mean that the slurry
saturated zone -contribution appears to be more than threé times
that of the hydrostatic force, in th@\particplar conditions
assumed. |
5e For the few tests carried on saturated sand, stability
was only achieved for L% pure bentonite slurry. This seems to
indicate that denser slurries are required for stability of
trenches in saturated soils. Experiments carried out by RAJU and
SASTRY 12 on saturated sand shoﬁed that denser slurries (3% and
above) are required for stability of trenches in saturated sands.
The trench was 50 cm decp and the sand was saturated from the
bottom until ﬁ;lure occurred. The sand was saturated after the
filter cake and the slurry saturated zone hgd formed. All the
trenches failed when the water level in the sand was between 39
and 48 cm above bottom except for 7% purc bentonite slurry.

The sand us=d had D100f 0.3 mm. There was no surcharge. These
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results reveal less stabilizing effect of slurry saturated zone
than that in the present series. kThe L% pure bentonite test

was just stable). One factor would be that the Sénd used by Raju
and Sastry Dboing coarser (the one used here had D15 of 0.055 mm)
would, from equation(2.102), decrease the magnitude of the nega-
tive pore pressure PG y which is as shown is inversely propor=
tional to r and r = D?fle (or D10{2) . PG tap ¢' is the
contribution of the slurry saturated zone to stability. However,
the main aspect seems to be the nature of shear strength in the
slurry saturated zZone and thdmode df loading. The penetration of
slurry creates large capillary forces leading to a large apparent
cohesion in the dry sand. This apparent cohesion is lost on
saturation leading to loss of strength, even in caSes'where-the
slurry has been allowed to penetrate, as by Raju and Sastry,
under dry conditions. Actually in the ficld, below water table
the sand is already saturated at the time of excavation, and the
penetration itself is much less ﬁhan for dry sands. Thus, the
large stabilising force of slurry saturated zone, can only be

relied upon above the water table.

The eguilibrium achicved for the 4% pure bentonite Slurry
can be viewed from Rankinet's Earth pressure theory approach,
The activating force, Pa y 1s made up of
(a) Lateral pressvre due to submerged sand (of submerged density Y')
and (b) lateral pressure due to water (there was no surcharge)

K =

. 1
2 Wy By

2 a for gt = 30°, s

wi—

xsat = 1.96 gm/cm3
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_ 1 1 2_.1 2.1,.1.12"~ __
Py = g (19600 + Trp? = o 0.968% 2 (Y, =1.00gm/cn)
= 0.66 H
H was 14.5 cn.
P = 0.66 (14.5)2
ooa_' '5
= 140 gm/cm.
1
Hydrostatic pressure of the slurry = 5 YSH2

i

1
5 x 1.024 x(1n.5)2 gn/ cm

= 108 gm/cm.

All other stabilizing forces sum up to

(14,0~ 108) gm/cm = 32 gu/cn.

- The hydrostatic pressure of the slurry contributes a resistgnée,

77.3% of the disturbing forcec.

This indicates that the hydrostatic pressure of the slurry
provides thc mgjor contfibution to stabllity in saturated sands.
The permeation of the saturated sand by the slurry is not effected
unless o substonticl differential ﬁead between the slurry and the
water level in the sand is maintained (equation 2.6). This limits
the depth of the slurry saturated zone, further as remarked
earlier, capillary tensions cannot be sustained in saturated

sand.
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CHAPTER \'

CONCLUSIONS

Frornn the cbscrved results and the discussions of

Chapter IV, the following conclusions can be drawn.

1.

2

Lean bentonite slyrries have less plastic viscosity than
densednes. This vreduced Plastic viscosity increases
their fluidity and their ability to flow and permeate soil
pbréé;>Rep1acement of bentonite by black cotton soil also
reduces the plastic viscosity of the slurry and thus
increasesthe permeation rate, The reduction of plastic
viscosity with increase in percentage of black cotton

soil does not,decvéfl.Show a regular trend. This is

probably due to the limited accuracy of apparatus used.

In stability of slurry trenches the three main stabilizing
factors are the hydrostatic pressure of the slurry, the
shearing resistance of the slurry saturated zone and the
passive resistance of the slurry. In the lean slurries
studied, the structural shear strength of the slurry is
very small. This will also make the contribution of the .
passive resistanc:z of the slurry to stability small. Thus
in the slurries studied the first two were the main stabili-

zing factors.

In dry sand trenches and for the sand size used, the major
stabilizing force is that due to the shearing resistance
of the slurry saturated zone. The rate of penetration and

the depth cof the slurry saturated zone can be increased by
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replacing some proportion of bentonite by black cotton

For cach slurry concentration there is a particular pro-
portion of bentonite which can be replaced by black cotton

soil to achieve optimum stabilizing effect.

For saturated sands the rate of permeation of bentonite
slurry into the sand is greatly reduced . In this case,
unl:ss the permeation rate can be increased by creating a
sufficient pressure differential, the effect of the slurry
saturated zone is not significant.Stability will depend
mainly on the hydrostatic pressure of the slurry. The effect
of wusing bentonite s lurries with black cotton soil as
admixture for stobility of saturated sand trenches will thus
need maintaining a pressure differential to effect forma-
tion of a sizable slurry saturated zone. Even so due to
full saturation of pores the effect would be relatively

less, This nezds further exploratary work.

soil.
4o
5
Scope for Further Work
1.

The results of loading tests on dry sand indicated the
importance of the slurry saturated zone formed by permeation

of slurry into the sand to improve the physical properties

of the zone by gelling in soil pores under quiescent condi-

tions. Further study is necessary to investigate the extent
to which the shear strength of the zone 1s improved by the
slurry. Triaxial shear tests on specimens -sampled from the

zone would give qualitative results.
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The effect »f additives as sodium carbonate need alsc

to be thoroughly studied.

There are many variabl&icontrolling the stabilizing effect.

Some of these, like the structural shear strength of the

slurry, resistence to deformation of the filter cake and the
electro-osmotic forces, though small, have been neglected.A qua-
litative contribution of these factors necds investigation

and refined spparatus is needed. This will also enable

more control of the variables.

The results obtained are based on commercial bentonite,

which as discussed earlier had, among other things, the

problem of segregation., Usage of better quality bentonite

!
may hove some effect on the results.

The rrnge of slurry concentration studied is only from 1%

to 4% . A wider range, preferably upto 8% is suggested.

Most river valley projects involve s ites of saturated
sand deposits. The few tests carried on saturated sand
indicate that the properties of the slurry required for
stability (e.g. density, ©blgck cotton soil etc) are
Aifferent from those of slurries for stabilizing dry sand.
A thorough explorstory work is needed din this field which
in most cases is of more practical application to the

hydraulic cngineering profession.

As a concluding note, it is worth mentioning that

the experimental work has been planned and carricd out with the
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purpose of investigating the usefulness of black cotton soil

as an admixture to bentonite slurry in a quplitative way. This
aim has been fulfilled to a certain extent. The tests were
nainly conducted on dry sand and mor: work is necessary on other
types »f soi;s which occur in fields of engineering practice.
All the variables and factors likely to affect the study should,
where possible)bo evaluated as accurately as possible with

their quantitative and quglitative contribution fully determined.
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