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ABSTRACT

The present study was carried out te study the bearing
Capacityvbf single ahd ﬁultiple under-reamed piles in the weak
soils covéring a iérge portioﬁ of the Sh:ihagar Valley, The
study included full.scale tests on 8 nos, 4% meter deep plles
alongwith other field tesl and an attempt has been made to be
able .to ﬁompuﬁe the bearing c;bacity'of these piles by simple field
tests like the.Dyhamic cone penetraﬁion tests, Thé study has
fevealed that the beafihg capacities computed ffom.shear charac-
teristics of aniisturbed samples, comparakle vélues‘as found from
actual load tests are obtained, But, the existing relations,
based on %PT values,vestiméte very high values. For this,ASUitaf
ble factors, that could be applied over the estimated values, have
been worked out. 'v

While.comﬁuting the bearing capacity of under-reamed piles,
it has_beén geherally observed that the bearing part is much
over-estimated. This could be due to the release of stresses in
the zone aruundifhg'bulbs due to cutting away.df thé scil, This
may be particulgrlyitrﬁé when ﬁnderareaming is done in silty soils
under water., ’ |

| Pa;ticulér referencé has been made to'thévpreéent practice.
where a tighter'settieﬁént'ériteria_in most codes for routine
interpretation of lcad test on piles is preseribed, On the basis
of the present tests, it is found that the safe load tables,given
in the Cole (I5:2911-Part 1, 1964) which is under revision,shuuld

be based on 25 mm, and not 12 mm. settlement criteria,
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The study has aléo revealed;that by reducing the spacing
'ofiudder-reamed piles from 2 times to l% Times the under-reamed
diameter, there is a reduction of about 7‘percent in the bearing
capacity, However, the contribution in bearing by the pile cap
was found to be fairly large, almost equal to its individual

bearing,

“,.
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CHAPTER - I

1. INTRODUCTION

Under-reamed piles were first used in early 40'g in Texas
where expansive snils of poor enginesring properties were found
in abundance. It was Jennings et.al (1949) who used under-reamed

nile on a fairly large scale in South Africa. Collins (1953) was
the first te suggest a reasonable theory behind the use of under-
reamed pille. The buildings founded on normal foundations cracked
due to differential ground movements caused by alternate swelling
and shrinkage of the soll due to chances in its moisture content,
For safeguafding foundations against these merments effectively,
the best remedy was to anchor the structure at the depth where

volumetric change of the s0il due to change in seasonal and other

variations was negligible. Under-reamed piles provided the remedy.

In India, under-reamed pilcs were first introduced in 1955
(Dinesh Mohan and Jain) for expansive soil areas. Use of these
plles was subsequently suggested for filled up grounds and other
peor s0ils overlying fimm strata (IS:2911 Pt.1,1964), However,
no systematic study has so far been carried cut for assessing the

bearing capacity of under-reamed piles in weak soils.,

Foundations generally adopted in such soils are raft or
piles. In raft foundations, settlements can be very large. Ths
problem becomes all the more acute when water table is close to
ground level and it bedomes difficult to provide a basement,

Pile foundations generally suit well as there is wide
choice in their type and very often better strata is available at

some depth. For conventicnal foundations deep excavation may be



required but by adeting‘pileS, no such excavation ic needed.
Also sinking of floocrs near the walls cah be avouided as no back
filling is involved in this case.

In locse seil deposits, driven piles 2re generally to be
preferred as they compact the soil fairly well and thus increase
the bearing, These can be either precast concrete piles or
driven cast-in-situ concrote piles. Timber niles can be used in
nlaces where good timber is locally avallable and water table

remains close to ground level,

The proklem 1s more acule in soft clay and silt denocits,
For the present study,thercfore, Srinagar valley was selected,
The strata in the valley ie weak for considerable depth and water
table is close to ground level., Full scale tests were planned
..-and carried out on piles of beth uniform diémeter and with one,
two.énd threé.bulbs. S0il exploraticn included field tests
(Standard penetration tests, Dynamic cone venetration tests, Sta-
tic cone penetratiun tests and Plate Joad tests), and laboratory

nvestigations on undisturbed samples collected from Boreholes

e

with piston samplers.

I8
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CHAPTER - 2

2. REVIEW OF LITERAIURE

Theory, in so far as it is‘tied to the facts from which
it evolved, belongs to the past:facts under observation constitute
the precent, which is never any better than our means of observing
it, Finally, the abstractions of analysis and synthesis, and

retheorising, are our hopeful projection into the .future; and sc

the cycle nroceeds.

2.1 Present Theocry of Under-reamed Piles in Expansive Soils

2.1.1 Uplift forces

Collins (1953) forwarded a preliminary theory for the
design of under-reamed piles. It was based on a study carried
cut on piles embedded to a denth of 30 ft. (9.25 m) which had

failed in tension, According to this theory, full friction cn

m

the pile stem 1s considered acting upwards during heaving, anc
this resulted in providing very hcavy reinforcement in the piless
‘Subsequent work carried out by the Central Buildihg Research Ins-
titute indicated that in black cotton soils of India sub-continent,
only neminal reinforcement (3/4 percent of pile x-section) was
generally sufficient, This was narticularly because of short
length of niles (3% met er) needed here and that full fricticn
never mobilises during heaving (C.B.K.I. Building Digest 37 now
revised to 56), The work of Collins has also besn questioned by

Donaldson (1963), pointing out that cverseas research workers had

found that in practice there was marked reduction in the fricticnal
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forces developed on piles. Baiseff and Burke (1965) alsc state
that provision of tensile reinforcement accarding tc Collins
makes the use of unﬁer;reamed niles not only ¢xpengive but impra-
cticable especially where deep piles are required. Donaldscn
(1967) has carried out some further experiments for predicting
the uplift\forces on anchor piles,. He found that if encugh mois~
ture was available, then full adhesion was Utiliéed in the devel-

opment of uplift forces,

Model load tests by Neumann and Peleg (1955) hay@ indica-

1

hat the load carrying capacity increased if two bulbs were

Ted t
provided, Mintskoviskii (1964} also states that all the bulbs

are effective. Dinesh Mohan, Jain and Sharma (1967) have reported
on the basis of hoth laboratory and field investigations that by
providing cone bulb, the bearing is increased upto 100 percent and
by providing two bulbg, there is a further increase of 50%.

Poulus has shown that settlement of piles is reduced considerably

with increase in number of bulbs

Number »f bulks Fercentage decrease in settlement
1 %
2 38
3 ‘ 42
4 49

5 56
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2,2 Bearing Capacity of Foundations

The first step in the analysis of the adequacy of a
foundatisn is to ensure that the maximum foundation loadiing assu-
med will not cause a shear failure of the under-lying soil there-
by causing punching of the foundation into the soil, This is

characterisad by very large and unpredictable settlements,

As loads are applied to a foundation, settlements cccur,
\ typical load test result of footing settlement is observed.
The observed settlement corresponds to a load or pressure and
the settlement ig generally continuous with a slope increasingly
steepeninq'uﬁtil the ultimate is reached.(Terzaghi and Peck 1967).
As an instance, en a saturaﬁed clay, a quick, undrained, loading

inct from the slow

e
cr

conditicn most likely to cause faillure is dis
- long observation loading., Tynical pressure settlement curves of
load tests on dense or stiff and, loose or soft soils are shown
in Fig., 1.

From practical considerations, though failure conditions
are not so important but, every foundation must be investigated
with regard to a minimum factor of safety againsf ultimate bear-
ing capacity failure and such safe loading that any deformations

and scttlements are within permissible limits (Skempton 1951),

2.3 Pile Bearing GCanacity

T'he bearing capacity of a single pile is taken as the sum
of point resistance and skin friction, both of which depend on

the pronertiecs of the s0il and the method of installing the pile.
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As regards the point resistance, the basic bearing capa-

edty enbiation .can be suitably adopted ihto the fomm:

olf:: CNCp+YDqu

The nile bearing capacity factorsg Ncp and qu are semi&empiriCa-
lly @stablished to ageount for ﬁhe.limiting values of depth
factors; the in%iuenco of the shape @f the base and the compress-
ibility of the 8oils (Meverhof 1951% The values of Ncp and Ngp
arc shown in Figs 2, These are said’to apply dnly 1f the pile
base is embedded in the load bearing stratum near the base atleast

to a depth which i1s about

D= 4\{'N® B
where N@ = tan® (45 + o/?2)
If the g0il properties vary near the base, use of average values
is sucgzsted in accordance with the probable failure zone, of the
order of one pile diameter 2bovs to four beluw the base.

1t will be noticed that the value of Ncp = 9 for deep
nlates is generally acceptedd Exneriments on large kored piled
in London clay have shown that a lower vaidb than 9 is called
fofé Howgver, Professor Skempton (1966) has concluded that the

value of N., may remain 9 and a factor 'a' be applied where

a = 0.8 for B £ 3 ft,
and a = 0,75 for B )} 3 ft,
For sensitive clays, however, Ladanyi (1967) concludes that the

Ncp value of 9, valid for non-sensitive clays, should decrease to

about 6 to 7 for clays of moderate sensitivity, and to about 4
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for highly sensitive clays.

As regards deep foundafions in sands, study carried out
by Vesic (1985) has forced revision of earlier thecretical conce-
'pts,Fig. 3(c), This is particularly due to the insignificant
dimension of the point in compariscen with the derthi The value
of Negy are fairly well ectablished but there remains wide scatter

in values of Nq It emphasizes need for prototype observation

p.
of facts using improved technicue, considering influence of com-

nressibility and deformation particularly in case of C, ® soils,
8 Qowunta,
2.3.1 Point]and Skin Friction for Piles
In piles there is joint cuntribution of skin friction and
puint bearing, and the former often constitutes the principal
~contributicn,
(a) Point resictance

It has already been peil

nted out that the factor Ney =9
is not general., Meyerhof (1964) in his discussion has summarised
that his cwn rigid ﬁlastic analysis had indicated Ngy = 9.3,
simplified recommendations could be made and thé Ncp values
should be corrected by a reduction factor varying from about 0.5
to 1.0,

Sowers (1961) on basis of model tests has rerourted
) 5Wn§g
Nen = 58, Not many field measurements are available to check the
deep Ncp for soft clays. Kerisel (196%) reported values even
higher than 9, Dinesh kichan et,al {1961) have reported values for

expansive clays wherein comparing with vane shear strengths of
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14 to 18 t/m?*; the resulting Ngy values are 8.2, 5.7, 7.8 and 7.2

AR importdnt fact that is revealed from the more recent
works (Ves ic 1065) {¢ that the puint resistance increased auagi-
proportionately with depth only at relatively shailow dept hs,
while at grester depths; generally exceeding about 10 t< 20 foun-
dation diameters, this resistance reached asymptotically almosﬁ
gongtant final values; Thug; the main broblem in determining the

oint resistance shifted to one of osuabllshinq fhe stregs field

e

due to overburdeh stregses that can be considered effectives
Vesic achieves the desired comnaratibility betwaen observed and
theoretical bei*lﬂg velues by oostu1a ing that the stress field
around a deep foundation resembles that observed in a silo »r,
generally in a2 mass ofvsuil above a yielding horizontal suprort
i,e. arching as shown in Fig. 4 (Vesic 1965). The critical depth
beyond which no further increase in bearing capacity-is obtained
in a3 hemogeneous scil, is shorter in a looge materizl than in a

dehse GNe,.

Thus, it appears 1mn0rtant to recoqnlze Lhax"b scause the
load transgfer is exoecled near the pile, thc verL1c3¢ oressurO
must not be equal to the overburden pressure as 'vz'"(Nishida
1963). Thus o fundamental fallacy lice in the fact while comput-
ing the bearing capacity of piers and piles that overburden stre-
ss ig considered varying linearly with depth.

(b) Skin friction

In homogeneous scils, the skin friction (§g) is often

The principal component ang is taken equal to « times the
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undrained strength of soil Tyg. Values cf o« have been deter-
mined experimentally. The skin friction in sands also follows
the same trend as in point resistance 1,e. reaching asymptotica-
1ly almost constant final values with 1ncrease of pile length
after an ecarly quasi;proporticnal increase with depth upto about
10-20 diameters, Morcover, displacements needed to reach the
ultimate friction are independent of the diameter{ whereas those
required to develop the ultimate base resistance are roughly
oronortional to size., Alsc, during the progress of 2 typical
load test not only do the pronortions of overall skin resistance
to point resistance gradually decrease because of the factor
mentioned above, but alsc the distribution ¢f skin friction zlong

the nile length changes appreciably.

Considering saturated clays in which the adhesion coeff-
icient B has been traditionally defined by the overall ratio

of the ultimate lateral resistance (under rapid loading) tc the

&,

o

product of the lateral surface "Ag' with the undrained strength
'Tg'. For purposes of design Tg msy be taken as in-situ undra-
ined strength which would be available to the designer. Value
of B will also be affected by (1) the type of contact surface,
(2) the construction effects and {3) variations of strains along
the pile.

Considering the nature of construction material and
consequent skin frigtion, a table of values is furnished by
Potyondy (1961), Values range from about 0,5 for smooth steel

on clay, to about 1.0 for rough concrete. The study also reveals
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that the general (C @5 s0ils may vyield significantiy different
resultsi lieyerhof (1963) baged oﬁ model tests has reported values
0,6 to 0,8 for steel, 0,7 to 0,9 for weod, and U8 to 1:0 for
coneret ey However; it should not be expected that peak adhesion
value may develop simultaneously over the entire length of pile

(Cooke and Whitaker 1961).

eyerhof (1951) suggested B = 0,5 in sensifiVQ clays;
shertly after driving of concreté; timber or steel piles, and
e = 1 for insensitive clays. The 'T¢' is calculated for earth
pressure coefficlent K= 1 with an upper limit of 1 ka/cm? .
Mohan and Chandra (1961) reported for cast-in-situ bored piles in
expansive clays that the average £ = 0,5, Kérisel (1965) reco-

mmended curve for the long term B wvalue is given in Fig. 5.

We find that theré are four factors which have a major
effect on the accuracy of the computed results. These are (1)
the material properties of the soil, (2) the elastic-plastic tip
movement, (3) the tip punching force, and (4) the normal stress
on the pile soil interface: tfhe major problem lies in the evalua-
tion of the fourth factor:; Nishida (1961) has furnished deriva-
tions of stresses around a compaction pile, Nair (1967) treats
an essentially similar problem ¢f stress transmission and conse-
quent elastic settlement caused by a friction pile, For the case
of piles, in saturated clays, the stresses-transmitted to the soil
by the static loading in question will create pore pressures that
result in additional time dependant consolidation settlement.

Poulos and Davis (1968) investigated the settlement behaviour of
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a single axially loaded incompressiktle pile in an ideal elastic
soil mass. They, however, concluded that the major nortion of
the total final settlament of a single pile in an ideal soil
occurs as immediate settlement and that only a small portion

occurs as time dependant congolidation settlement,
2.3,2 Load Tests cn Piles

Selection of a method and interpretation of load test
data is important when there is need of predicting settlements
on the basis of load tests narticularly in clays where pore
pressure development is likely. However, none of the test and
interpretation procedure published have specifically distingui-
shed between different types c¢f soils or piles. For saturated
clays which are subject to compression in shear, to obtain a
conservative estimate of the failure load a fairly rapid, undra-
ined lcading ig preferred.

In the traditional method (Maintained load test) (ML)
each load increment is maintainad constant until the rate of
settlement is so small that the pile scll interaction almost

reaches equilibrium. Such a test often runs for a few days.

Building Research Station in U,K, introduced the so
called constant rate of penetration (C.R.P.) method, Results
are furnished (Whitaker and Cooke 1961) to prove that the ulti-
mate loads defined by successive loading-unloading cycles of
C.R,P. tests establish an envelope that truely defines the lcad-
penetration diagram of the pile into the s0il, Dinegh Mohan and

Jain (1967) confirm the satisfactory correlation between ML
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and C.K:P. ultimate loads in expansive elays. However, it is
better to Tun a combined ML-CRP test for a clear indication of
settlements; upto design load ML is preferable and for a rapid

failure GRP test is followed,

For developing a practical method of running an adequate
test quickly, Dinesh Mohan and Jain (1967) propcsed the so call-
ad 'Equilibrium method' in which both the settlements and ulti-
mate of the ML test are closely reproduced. It consists in
applying a given load increment, maintainiﬁg it for about éive
minutes, and then allowing it to reduce itself due to the yield-
ing of the ground, The next higher load is then applied and
the process is repeated.For higher loads it is reguired to maintain
the initial lonad for a period of 10-15 minutes before it is
allowed to diminish. The 1load at which equilibrium is attained
is always lower than the maximum and it provides a better

average than that obtained in a maintained load test.

It is, however, generally agreed that most of the sett-
lement of individual piles is very rapid. In any long duration
prediction, the major effects derive from execution effects and
many other unknown pile-soil interactions and it becomes extre-
mely difficult to explain the phenomena. from consolidation
theory or from rheclogical behavinur of soil after driving.
Sometimes loading and unlbading after each cycle helps in better
interpretation of ultimate and allowable loads (Szechy 1961) and
as indirect means of disﬁinguishing between friction and point

bearing contributions (Van Weele 1957, Jain and Kumar 1963,
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Dinegh Mohan and Jain 1967),
5,3.3 Other In-situ Tests

For the design of deep foundations, in-situ testing
has always been preforred, The methods wilch have gained
popularity are Deen sounding or Static cone penetration tests,

Standard penetration test and Dynamic ccne penetration tests,

(a) Static cone penctration tests

A portable sounding apparatus with which reliable ina
formation could be acquired within a short timé, about the
congistency of the different layers of the gub-soil has been
described as early as 1936 by Barentsen., The idea can be said
to have gained phencmena when Skempton. and Bishop (1930) used
cone tests for the measurement of undrained strength of clays
in the laboratory. It was later on that there has been consi-
derable development of the equipment and it was pcssible to
measure cone resistance and skin friction geparately by intro-
ducing a sleeve around the rods pushing the cone-Fig. 6.
Begemann (1953) used a friction jacket following the cone for

the measurement of unit skin friction alongwith cone resistance,

Static cone penetration tests have since been used
widely for estimating bearing capgcity of piles. The ultimate
pile point resistance is often same as the penctrometer point
resistance (Kerisel 1961, de Beer 1963, Vesic 1965), However,

same depth/diameter ratio within the stratum should be mainta-

ined. A certain minimum thickness (10 to 20 diameters) of
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uniform §0il is required in order to obtain a penetration re-
sistance which is truely representaéive of a particular s{ratum.
Thus, the penctrometer point resistance is much more zig-zag
than that would be obtained for a pile point, Vander Veen
(1957) suggests that the average may be obtained over a distan-
ce from one diameter below the actual point -to 3,75 diameters
above it, However, this would not be applicable to bored piles
particularly in weak soils where there may.be more chances of
pile movement due to settlement of the strata helow the pile
tip as indicated by Vesic (1963) 'in Fig, 4(¢). In such situa-
tions it is more likely that the strata which is affected most
lies one diameter above and 2 diameters belcw the point, Based
on 3 large number of field tests, Dinesh Mohan,”Jain and Kumar
(1963) recommended the use of static penetration tests in
evaluating the bearing capacity of piles and suggested that the

safe load on a pile may be worked out from the relation

_gclave)Ag 1 L
% T R e e X,

1

average pnenetration resistance over the

Where g, (av.)
length of the pile

qc = average penctration resistance around
the pile toe

esurface area of the pile shaft

LA
w
i

Ap = sectional area of the pile toe.

Fy = factor of safety for the frictional resis-
tance

1]
N
!

= factor of safety for the point resistance.
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The values of factors of safety Fl and F9 are su@gested to bg

2 and 2.5 respectively,
(b) Standard penetration tests

Use of Standard penstration tests (SPL) in cvaluating
the allowable bearing pressure of footings occupies an important
place in foundation engineering (Terzaghi and Peck 1967)¢ Terza-
ahi ‘and Peck (1948, 1967) have given an aoproximate means of
establishing the unconfined compressive strength of clays from

the SPT values-Table 1.

TABLE 1

Consistency Very soft Soft Medium Stiff Very stiff Hard

SpT 2 1-4 4.8  8-15 15-30 30
au less than 2.,5-% 5210 10-20 20-40 over
(L./ma) 2.5 o 40

This corresponds to a practically linear relation of
uncdnfined compressive strength (kg/cem?) = §%1._ Peck and keed
(1954) have sﬁggested_on the basis of an extensive study of
Chicago clays a conservative boundary qu = SPT/6 although an
average curve aporoximates S$°T/4, iiellow et.al (1959) obtained
for an unsaturated silty clay of Sao Paulo a statigtical corre-
lation qy = 0.061 SPT + 1.3 (kg/cem®). Golder (1961) refers to
a good correlation with a clay of liquid limit = 33%, the corre-
sponding data may be represented by the relation, o = 5217:-2

t 0.4 k¢/am®. Ireland (1953) refers to correlations in clay

ranging between SPT = 6 gy and SPT = 5 q,. Recently (Mello 1967)
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has shown that with increase in sensitivity of clay from 1 to
10, the SPT values corresponding to a given undisturbed oy

value would drop to as little as 15 percent,
(c) Dvnamic cone nenetration test

This test is carried cut similar tc a standard penetra-
tion test by driving a 60° cone having a base diameter of 6.5

cms, The size of cone has been gtandardised by conducting =

.

large number of tests in the field with varving sizes of cones,

and a cone of 2,5 in. diameter hag been recommended (Dinesh
Mohan, Agarwala and Tolia, 1970)., The number of blows per 30
cm of penetration of the cone (N¢) provides the penetration
resistance.s Wnen the cone is driven to some depth, there can
be friction on the driving rods effecting the number of klows.
Thig friction can be eliminated by circulating bentonite slurry.
Driving of the cone and pushing in of the slurry is simultaneou-
sly carried out, In cohesive soils; however, friction does not
come intvu play for considerable depth as the diameter of driving
rods is only lg inch against 2% inches of the cone.

The test provides a continuous record of soil resistance
which generally tallies with N values in most soils as shown
in Fig.7 and Fig. 8 (Dinesh Mohan, Sengupta and Jain, 1967).
Figure 7 shows the relation between Dynamic cone resistance and
N-value in gandy soils and Fig, 8 in silty clays. It will be
scen that there ic M excellent straight line relation in sandy
s0il whereas in silty clays there is some scatter., Details of

the method are given in Appendix - A,



2,4 Desgign of File Foundations : .

The design ¢f 3 pile foundation, and the estimation of
its probable behaviour in supporting building loads involves
quite a few oroblems. There are many rule of thumb efficiency
formulae. These formulae do not take into account the nature
of s0il strata, tynes of niles used etc. The most - imnortant
factor that concerns piles in silt or soft clay is the examina-
tion of ultimate bearing capacity of the entire grouo (Terzaghi
and Peck 1967) considering the piles and the confined mass of
soil capable of sinking as overall 'calsson' or pier, Efficien-
cy factor is higher for (a) smaller piles, (b) greater spacings,
and (¢) smaller number of niles in the group. Settlement ratio
‘defined as the ratio between settlement of pile group and settl-
ement of single nile at failure is found tec increase with length
and number of niles in the group. The settlement ratio value

1s generally found to vary between 3 to 5.
2.4,)1 Stress Change Around 2 File

Whereas considerable data i1s available regarding stress
changes around a driven nile, not enough work appears to have
been done on bored piles specially in weak scils under water,
Chadeison (1961) compared for bored piles the use of drilling
mud»as against a driven casing, and concluded that the bearing
capacity of the pile in the first case was somewhat better than
in the second. Howe§er, in weak soils under water, this would

considerably depend on the nature of strata, cased or uncased
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boring and the fluid filling the bore during boring operations,
Since the introduction of multi-under-reamed piles (Dinesh
Mohan, Jain and Sharma, 1967), for using such piles in soft
deposits, a detailed study is needed as there is likelihood of
considerable stress relief around the bulbs and normal assumpt-
iong (Jain, 1966) may not aoply in éll CASES,

Some of the advantages of multi-under-rcaming sugges-
ted are -

(a) Saving in operationa cost due to reduced lengths,

(b) Use of lighter equipment and less concrete,

(c) Groups of piles could generally ke renlaced by single
piles.

(d) It ensured a more uniform settlement of the structure
since the influence zone increased considerably because
the dispersion of the load began from a higher level.

(¢) Due to a substantial increase in the friction component,
the actual settlement under a structural load was less
than that of piles with only one large bulb or group of
piles and this increase in friction component also
decreased the elastic comoression of the pile stem,

In Fig. 9, is shown an idealised case of an incompressi-
ble pile in elastic-plastic scil, Curves A and A' show the
generalised behaviour of single‘and multiplé under-reamed niles
resnectively, and B, B' and C, C' represent the contrihution of
skin friction and end bearing. Due to substantial increase in
the skin friction component in the multiple under-reamed pile,

the settlement at the assigned working load is less than that
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of a single under-reamed pile, The criteria of incressed fric-
tion is explained by Fig. 10 where friction in 3 double and tri-
nle under-reamed piles i¢ shown along a cylinder circumcribing
the bulbs, For working out the frictional resistance, full
shearing strength cf the soil is accounted for and not half of

of it as in case of a pile of uniform diameter,
2,4,2 Allowable Settlements

Very Ofien tighter settlement criteria in most Codes
for routine interpretation of load test on piles is prescribed,
Sometimes, for the same structure a settlement many times more
would be permitted 1f a different foundation was adopted., How-
ever, the recent Building Code for India (1970) prescribes a
reasonable criteria for assessing safe load on piles by saying
that; "if a settlement other than 12 mm is permissible in a
glven cas¢, depending on the nature and type of the structure,
the actual total se¢ttlement permissible shall be used for asse-
ssing the safe load instead of 12 mm", In this regard the
present nractice (Bjerrum 1963) to ascertain allowable settles
ment is shown in Fig, 11. This may, however, be taken as a
guide only as therc are a number of important factors to be
considered jointly before any reasonable assessment of allowakle

settlement can be made.,
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CHAPTER - 3

DESCRIPTION OF TESTING SITE AND FIELD INVESTIGATIONS

3il Geological Formation of Kashmir and Srinagar Valley .

The physical gengraphy of the Kashmir area (Wadia 1957)
indicates violent changes during its formation and what was once
a region of quiet marine gedimentation was converted into a
great theatre of volcanicity which slowly subsided. From Jhelum
to Ravi, it now constitutes a remarkably consistant and charac
teristic belt of altered limestone overlain by a thick shale
with coal scams at the base, Its width varies from a few yards
to about 4 miles. A diagrammatic section across the Kashmir

Himalaya is shown in Fig} 12.

| There are not many large lakes in Kashmir region except
the Wular lake at river Jhelum. The Srinagar Valley has many
small lakes besides the river Jhelum which flows in the midst of
the city, The valley is fairly flat and the ground generally
consists of soft silty soil to a depth of 4 to 10 meters which

progressively increases in strength beyond about 6 meters,

3.2 Lccation cf the Test Site

The site is éituated in Badami Bagh area in Srinagar,
It is a fairly flat ground. A plot of land about 30 m x 30 m
was selected for the study. lhe area is known tc have weak soils
to considerable denth and has bee@ a problem to engineers since

long.



3.3 Selection of the File Test Site

For the selection of cite, a sefies of dynamic cone
penetration tests were carried out to a depth of 9 meters in the
area, 1lhe exact location of the site was made when the penetra-
tion resistance was found to be fairly uniform over the required
area to a depth of about 6 meters. The location of the three
dynemic cone penetration tests which indicate fairly uniform
strata are shown in Fig, 13 and the penetration resistance of

the ground is shown in Fig., 14.

These tests were followed by a 30 cm diameter bore hole
made with 3 spiral earth auger. When the bore hele was about a
met er deep ground water started seeping into the bore hole,
When'augering reached 2 meter level, il was decided to pump out
water and see if boring could be continued in dry. Immediately
after pumping, large amount of water started seeping into the
bore hole. The sides of the bore hole also started caving in as
the water was pumped out, The bore was therefore allowed to get .
filled up with water, The bering was again continued to 3k m
depth where under-reaming was done. The amount of soil taken
out and widening of blades indicated that a correct shape of
bulb was formed, 'fhe use of bentcnite slurry was therefore
congidered unnecessary, IThe site was finally selected for thé

pile tests,

3.4 Field Investigationsg

The preliminary investigations were followed by an
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exhaustive field study. This included undisturbed soil sampl-
ing angd laboratory investigation, Standard penetration tests
through bore holes, Static cone penetration tests, Dynamic cone

pengtration tests and Plate lboad Testse

3.4.1 Undisturbed Soil Sampling and Laboratory Investigations

Four nog, 25 cms diameter bofe holes were made upto a
depth a little over 5% meter, [Ihe location of the bore holes
is shown in Fig, 13, Samples of both 7% cm (3") and 3,75 cm
(1%") diamet er were obtained by using piston sampler in the
former case and thin tubes for the latters All the samples were
extracted out of the tubes at the site, They Were progerly
sealed by waxing and sent to the laboratory in boxes fitted
with resilient material on the inside. The samples when rece-
ived at the laboratory in Hoorkee were in excellent condition,
Routine laboratory tests were conducted on soil samples and the
engineering properties were found. These are given in Table 2.
It will be observed that the strata consists of mostly medium
plastic clay (CI group) with fairly uhiform moisture content
and unit weight, The plasticity index (PI) varies from 7 to
16, the lower value being for the fine clayey silt (ML group).
The values of C and ® varv considerakly though all the samples
almost passed 200 sieve and this variation could be due to the

actual clay content of the soil.
3,4.2 Standard Penetration Tests

SPT tests were carried out at two locations as shown in

Fig. 13. The penetration resistance is shown in Fig. 15. Tests
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were carried out in bore hole made with 10 om diameter sniral
auger. No casing or stabilisation with bentonite slurry was
required as the sides of the bore holes did not cave in. The
maximum depth of the bore holes was 10 meters. Normally a bore
hole of this depth below water table does not stand unsupported.
However, in this case, by the repeated operations of lowering
and taking out the auger a thick slurry was formed and this

helned in retaining the sides of the bore hole,
The results of the tests ghow that the top strata upto

about 5 m was a loose deposit giving the number of blows of 2

to 4 only,
3.4.3 Dynamic Cone Penetration Testsg

The tests were carried out as per 15:4968 (Part II) -
1968, Method of Subsurface Sounding for soils, at five locations
as shown in Fig, 13, The penetration data is shown in Figl 14
and 15. These tests present a more continuous record of stren-
gth variations in the strata,

From the penetration records it is evident that the top
one méter at the site show§ the effect of dessication thereby
improving penetration resistance. Beyond this level below water
table, poor strata is met upto about 3 meters depth. After tﬁis
depth, slightly increasing trend in penetration resistance is
observed. This is due to the increasing strength of the strata.
It could also be partly due to the increasing friction with

depth on the driving rods.
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It may be noted that in upper strata, where.fri&tion on
the driving rods is negligiblé, SPT and dynamic gohe values are

in good agreement,

Details for conducting Dynami¢ cone penetration tests

are given in Appendix A,
3.,4.84 Statlc Cone Penetration Tests

‘The tests were carried out at 2 locations as shown in
Fig, 13, The penetration test data is shown in Figs 16, The
cone penetration resistance indicates a deposit of almost unia
form strength to a depth of about 7 meters showing cnly a slight
increase at 3 meters, Four static penetration tests were also
conducted at the site about 100 meters away from the piles, The
penctration resistance alongwith skin friction‘bn the mantel.is
shown in Fig, 17. It will be seen t hat the cone resistance is
almost uniform indicating low value upto about 10 meters show
ing only a slight increase beyond 7 ﬁeters. The gkin friction
values show a continuous increase which becomes more prominent
vbeyond 7 meter depthy The test resultg corroborate the dynamic
cone penetration teét resuits to certain extent. However; the
static penetration ﬁests should be considered more reliable than
SPT tests as regards the cone penctration resistance. This is
because there is little chance of side friction coming into play
because Of'the sleeve following the cone, There is no effect of

bore hole size, method of boringete.
3.4 .4 ?late Load Test

Plate load test was carried out at one location as ghown

’
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in Fig. 13, The load settlement curve is shown in Figq, 18(a).
This curve is plotted on log-log scale in Fig, 18(b), The test
was carried out at one meter depth (at water table), without
any surcharge; on a plate of 30 cm x 30 cm with the help of a
hydraulic jack. The results indicate a stratum of very poor
bearing which is indicated by penetration tests as well. A
local shear failure is indicated, ultimate bearing capacity

being about 1.3 kg/em?® only,

3.9 Pile Load Tests

For evaluating the bearing capacity of under-reamed
piles in weak soils and establishing its correlation with the
results of field tests on the scils, seven piles were cast énd
tested with respect to load, The details of the test piles are
shown in Table 3, An angle iron (75 x 75 x 6 mm) reinforcement

was used in all the piles,

In addition to above, 2 pilles were also made for obtains
ing the reaction for the triple under-reamed piles The layout
of the various piles is shown in Fig. 13, A typical set up for
the test is shown in Fig, 19. For uniform dia., single under-
reamed and double under-reamed piles, hold fast type anchors
were used and a set up is shown in Fig, 20. Set-up for pull-
out test is shown in Fig. 21.

A sketch of the under;reéming‘tool used ig shown in
Fig, 22 and constructional details of the piles are given in

appendix B.
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3,5.1 Load Test Procedure

Reaction was obtained through R.S. joists bolted down
to either anchor piles or hold fast type soil anchors., In come
cases additional dead loading with bags filled with sand was also

resorted to,

Load was applied by a hydraulic jack having a pressure
gauge assembly and a remote control pump, For smaller loads,

the jack with attached pump was used.

For loading, the method of equilibrium was adopted, In
this method, about 1/10 of the estimated load is first applied
by a hydraulic jack in a period of 3 to %5 mingtes. It is main-
tained for about 5 minutes and then allowed to reduce itself
due to the yielding of the ground, Within a few minutes, a
state of equilibrium is achieved. The next higher load is then
applied and the process is repeated., For higher loads, the
initial load is maintained for a period of 10-15 minutes before
it is allowed to diminish, The statc of equilibrium reaches
fairly quickly, At each stage of loading, a cycle of loading
and unloading was adopted to find out the elastic rebound of
the pile top.

Details of the load test procedure are given in Appen-

dix C.

3.5.2 Load Test Data

The diameter of stem and the depth of various piles

was kept the same, To evaluate the contribution of each bulb
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on the pile stem, a uniform diameter pile was also made along-
with piles with one, two and three bulbs Figs 10, In addition
to this, a group of fwo single under-reamed piles with ,the cap
resting on the ground was also testeds Later on, on the same

group a test was repeated after excavating below the pile caps

so that the cap did not contribute towards the bearing,

Load settlement curves for net and grcss settlements
for uniform diameter, single, double and triple under-reamed
piles are presented in Flg, 23 to Fig, ?6 respectively. The
pull-out resistance of uniform diameter pile is shown in Fig.?27,
The resistance provided by the group of two single under-reamed

piles is shown in Fig, ¢,
N—

Tests were carried out upto a settlement of about one
inch or more, In none of the tests, a clear break in the curve
was oktaineds Moreover, even at considerable settlements the
curves show an increasing trend, therefore for deciding the
ultimate, a settlement criteria is called fors As per 15:2911
(Part I), load bearing concrete piles, the safe bearing capacity
of plles is taken as least of the following:

1)  Two-third of the final load at which the total seftle—
ment attains a value of 12 mm., unless it is established thst a
total settlement different from 12 mm is permissible in a given
cagse on the besis of nature and type of th= struéture. In the
latter case the actual total settlement permissible shall be

used for assessing the safe load instead of 12 mm,

2) Two-third of the final load at which the net settlement



attaing 3 value of 6 mm,

3) 50 percent of the final load at which the total settle-

ment equals one-tenth of the pile diameter,

In the above criteria, tbtal settlement is the settle-
ment under the full applied load, and the net settlement is the
settlement that remains after the applied load is removed.

For large diameter pilecs (24" dia. and above) the safe
bearing capacity is worked out on the basis of 1" instead of

1/2" as statad in clause aboves

In uniform diameter piles, all the above criteria may
be applied. But, for an under-reamed pile, criteria No, 3 can-
not be apnlied straight aWay as it is not clear which diameter
should be considered. If the stem diameter is considered, it
will provide comparatively much lower value than if its bulb
diamet er were considared. Moreover, criteria should be differe-
nt for single, double and triple under-reamed piles. It seems
logical that as compared to a uniform dia. pile, ultimate bear-
ing capacity of under-reamed piles should be worked out on an
increasing percentage over stem diasmeter depending upon the num-
ber of bulbs. There being no fixed criteria available for decid-
ing the ultimate capacity of piles, the values have been worked
out by taking 10 percent of stem diameter for uniform diameter-
piles and 10 percent of the bulb diameter for the under-reamed
pilles. From the load settlement curves it would be seen that
all piles could not be tested to 10 percent of base diameter due

to difficulties of loading., From the uniform diameter pile test,
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it is indicated that the load settlement curves should flattén
out, Based on thig, the load settlement curves were extended

and loads against the required settlement (10% of base diemeter)
were extrapolated, The ultimate load bearing capacity obtained

are shown in Table 4,

TABLE 4

Ultimate Bearing Capacity of Piles

s1.1 | .ﬁ Ultimate

: | Total
NoeJType of pile | Type of test | sottlement | cagacity
I | | criteria ons
1 Uniform dia Compression 10% of base dia 11,2
‘ (30 mm)
2 Uniform dia Pull out 10% of base dia 7.0
(30 mm)
(curve flatters
earlier)
3 Single under- Compression) , 17.0
reamed | ; 10% of base dia
4 Double under- Compression) i.e, under- 2.5
reamed g
reamed dia
5 Triple under- Compression) 26,6
reamed ) (75 mm)
& Group of two  Compression Load test 3345
5.U. pile (cap resting  carried upto :
in ground) settlement of
14 mm only
7 Group of two  Compression 10% of pile 2745

S.U. pile

(Soil from
below the pile
cap removed)

base dia.i,e.,
under-reamed
dia(7% mm)

The group of two single under-reamed piles

was tested in the first instance with its cap resting in the

ground.,

In this case, cohparatively high bearing capacity is
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indicated. However, without separation of the effect of pile
cap, the previously shown criteria cannot be applied for the
bearing capacity of the group, After carrying out this test,
upto about 33.5 tons load, the test was discontinued and the
contact between the pile cap and the ground was eliminated by
removing the soil from below the pile cap. Of course, the
results will not be exactly applicable in fhe.initial stages of
loading, however, behaviour towards the ulii“.'i'm'a‘te will not be
materially affected and the curve shown in Fig, 28 may be con-
sidered fairly indicative of the group behaviour{ Bearing
capacity extrapolated from the settlement criterié (10% of the

bulb dia.) works out to abo'*s 27.5 tons.
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CHAPTER 4

RESULTS OF BEARING CAPACITY TESI'S ON PILES

4,1 General

Bearing capacity of the piles obtained from actual load
tects as shown in Table 4 have been compared against those obta-
ined from soil nroperties from laboratory tests and field tests-
viz. Static cone penetration and Standard penetration tests.,
Begsides this an empirical approach is also made towards calcula-

ting bearing capacity of these piles.

4.2 Bearing Capacity from Soil Properties

4,2.1 Criteria I - Shear Consideration

Calculations are made on the criteria that the bearing
1s provided by the toe in the case of uniform diameter piles or
the bearing provided by the projected area of an under-ream bulb,
while the friction is considered oﬁ a s0il column enclosed
between the two extreme bulbs and the pile shaft beyond the
uppermost bulb, While calculating the bearing at the toe, the
overburden at that level is also taken into consideration. The
- ultimate bearing capacitv Qu 1is given by the formula (Jain and

Sharma) -

CfO
t

= (A, Np Cp + v HNg Ap) + « T ag

Area of the pile base (projected area of the bulb
in case of an under-reamed pile

1i

where Ap

Bearing capacity factor taken as 5. In cohesive soils,
often Ny = 9 had been recommended. Later Skempton
-(1966) gave a reduction factor of 0.8. However,

.=
o
i
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- Terzaghi has suggested a reduction in shearing strength
by two third in weak soils where local shear failure is
likely., Thus, the value of the factor may be taken as
9 x 0.8 x 2/3 = 4,8 say 5, This value of Ny is further
confirmed by the work carried out by Vesic (1965).

Average shearing strength as obtained by averaging out
the cohesion obtained by triaxial tests and shearing
strength obtained by the unconfined compression strength
tests,

_é')

v = Average soil density over the pile length (submerged
density for pile under water)

H = Total depth of pile from ground level to toe.

Ny = Bearing capacity factor. This will depend on the angle
"~ of internal friction ® of the soil as given in Table 5
(after Vesic 1965).

« = Reduction factor which may be taken as 0.5, In case of
double and multi-under-reamed piles, shearing takes place
along the surface of a cylinder of diameter equal to the
under-reamed diameter, and for this vortion (between
the centre lines of the first and last under-reamed) the
value of « 1is taken as 1,

o~
It

Average cohgsion as obtained by triaxial tests along
the pile length,
Ag = Surface area of pile shaft. In case of under-reamed

piles, the portion upto the top of bulb is considered.
In case of double and triple under-reamed pile, the
diameter of the portion between the first and the last
under-ream should be taken equal to the under-ream
diameter.,
The ultimate bearing capacity values calculated from the

above expression are given in column 2 of table 6, Example for

double under-reamed pile 1s given below:

‘Double Under-Reamed Pile

Qu = (‘ﬁp Nb Cp+ Y HNq Ap) + C;\.S

For the above pile

T x 75°
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TABLE 5

Bearing Capacity Factor Hg in the Case of
Local or Punching Snear Failure

Angle of intgrnal friction ! Bearing'caﬁacity factor

Deg?ees - 1
0 | 1,0
5 1.2
10 ' 1.6
15 o 2.2
0 3.3
25 5.3
30 : 9.5
35 | 18,7
40 42.5
43 | 115,0

50 | 422.0
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Cy = 0.3 kg/cm?, ~ = 1,92 ams/cc (upto 1 M dept h)
and= 0.92 an/cc (below water table)

H= (14 2.9) = 3,90 M. Ny = 1.6 (6= 10°)

« = 0,5 (For shaft friction)

and = 1,0 (For cylindrical portion circumscriking the
' under-ream)
C= 0,38 ka/cm?, Ag =T x 0 x 2% sq cm,
(for shaft friction)
and = 71 x 75 x 112.5 (for cylindrical portion circumscrib-
ing the under-reams)
Q.= (6600 + 3400) + (4480 + 10030) = 24510 kg

lee. 24,5 T,

4.2.2 Crit:ria II: Bearing Concideration

| If every bulb is considercd towards bearing individually,
the skin friction is congidered over the shaft portion extencing
above ths top most bulb'onl;. Fer point bearing, the projecte:d
area of the lowermost hulb is taken. In double and trigle under-
reamed piles, in addition to above, “he projected area'in-the
form of annular rings for ths: remaining bulbs is also considered.
Overburden is taken individually a2t the centre of each bulb.

The ultimate hearing capacity values obtained on the

akove criteris areg chown in Column 3, Takble-6. An example for

double under-reamed pile is givsn below -

The same formula zs in clauss 4,2.1 shall be used here.

2
fp = = : 12" so,an (for bottom bulb)
and = } x (75% - 30%) 55 an (for upper bulb i.e. annular
Iing)
Nh = 5 for both the bulbs , Cp = 0,30 kg/an? {for bkottom

bulb)
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and = 0.48 ko/om® (for unper bulb)

=2
if
st
0
9

cme/cc (above water table)
and = 0,92 gms/cc (below water table)

H= (14 2.9) = 3.9 M (for bottom bulb)
and = (1 + 1,74) = 2,74 M (for upper bulb)

(= 10°), 1.2 (6 = 5°0) (for uoper bulb)
r bottom bulb) ..

=z
0
1t
/'“\'._.:
*
o o

£ = 0,5, C = 0,38, ag =7 x 30 x 290 sqg cm.
Qu = (6600 + 88%0) + 3400 + 1€00  + 4480

4,3 Bearing Capacity from Static Cone Penetration Test

Simiiar to the previous considerations ultiméte bearing
.capacitieS'are calculated from Static cone penetration valuzs
when bearino is considered at the toe for the lower most bulb
and in the other case when individusl bearing of every bulb is
considered. [he following expression (Dinesh Mohan, Jain and
Kumar, 1963) has been used for working out the ultimate bearing

capacity values Q

e (av.) x A
Qu:C S+q X A
50 c p
where  q.lav.) = Average static cone penetrstion resistance

over the lengtn of the pile.

Ag = Surface area of the pile shaft., In case of
under=reamed piles, the portion upto top of
bulb is considered., In double and triple
under-reamed piles, the diameter of the portion
bectween the first and the last under-ream
should be taken equal to the under-ream dia-
mcter. “

e = \verage static cone penstration resistance
around the pile toce ( considered between 1 x
dia above and 2 x dia. kelow the pile base.
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For under-reamed piles, the base is to be taken at
the centre of the bulk under considoration),

Ap = Arca of the pile base (projccted area of the bulb
in case of under-recamed pile).

4,3,1 Criteria I - Shcar Consideration

Calculations are made on the criteria that the bearing
is provided by the toe in case of uniform diameter piles or,
the bearing provided by the vrojected area of an under-ream
bulb,’whilg'friction is considerzd on a soil column enclosed
between the two extreme bulbs and the pile shaft beyond the
upper most pulbs No overburden is separately considered in this
case as the cone penstration resistance result 1s inclusive of
the same, Rest of the considerations for calculation are the
same as in clause.4,2,1., The bearing capacities crlculated are
shown in column 2 of table 7. An iliustration for double under-

reamed pile is'given below:

- qelav.) x Ag .
QU = 50 + qcf.‘!‘),p

For the pile,

ft and cylindrical

qc(avg) = 7 kg/em® (For koth ch
in he under-reams)

a
portion circumscribing

Ag =T x 30 x 250 sqg cms {shaft portion)
and = m x 75 x 112.5 sq om (for cylind-r circumscribing
: the under-reams). ‘
5 T x 75°
qe = 6 ka/cm?, Ag = ;=% sq cms.
Q= (3.3 4 3.72) + 26.%0 i.e. 33.52 Tons,

4,3,2 Criteria II - Bearing Consideration

If every bulb is considered towards bearing then same
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criteria as given in clause 4.2.2 would Be applicable except
that no overburden is separatelv taken into consideration and
that the valuc of g 4s taken as an averageof 1 x width of
the ring above the centr: of bulb and 2 x width of the ring

1

below where the width of ring is equal to 5 X (Diameter of bulb
minus diameter of shaft),

The bearing capacities worked out based on the above
assumption are given in column 3, table 7. An example for the

double under-reamed pile is given bzlow:
Formula will be uscd same as above in clause 4.3.1,
2
qe (avi) = 7 kg/am®,  Ag =17 x 0 x 2% sq cms.

ag = 6 kg/cn® (for bo%fém.bU1b)"”"“

il

and = 10 ko/cm® (for upper bulb)

2]

A o= B x 757
Ap )

sq.cm (for bottom bulb)

2 N2
and = LX (754 = 07) sq.cm. ( for uppsr bulb annular ring)

i

Qy = 3.3 + (26,90 + 36.80) i.¢. 66.6 Tons.

4,4 Bearing Capacity Bascd on Standard Penstration Test Values

Meyerhof (19%56) has given the following relation corre-
lating the SFT value N and Static penstration resi§t§nce Ao

q. = 2 N for clay |

qe. = 4 N for sand

Sengupta (1964) has confirmed that in eilty clay the
former relation holds good. It will also be noticed that for

the depth of piles considered, the number of blows for dynamic



~472-

cone penetration test are almost equal to the SPT values.
Accordingly, after putting the g_ values as 2 N in formulae
discussed in article 4,3.1 and 4.3.2, the respective bearing
capacitices obtained are shown in columns 2 omd 3 of table 8.
Illustration is given below for a double under-reame pile

. using the above relaticn(from two criteria V ani VI,

(V). From existing relation formula is

Ny x A
Q= =3+ 2 Ny x A

25 P

Here Ny = 3 (for shaft friction)
and = 4 (for circumscribing cylinder)
Ag = T x 30 x 2% sqg.cm, (for shaft friction)

r x 75 x 112.5 sg.cm. (for circumscribing cylinder)

OJ.
o
Q.
i
2

LRSS

Z P 4

Ny = 4, An = BX 197 SQ.CMS.

Qy = (2.82 + 3.18) + 35.3 1i.e, 41.3 fons

{(VI)., Relation is
Nl X AS

Q = 53 + 2 Ng A

p

Hers Ny =3, Ag=1m x 30 x 250 3q.cms.
4

Ny = (for both the bulbs)
A = Bx 75% (for bottom bulb)
p = 7 §Qs Cms Oor botiom Dbu

1_x (75% - 30°)

) sq.cm ( for upper bulb)

and

It

Qu = 2.82 + (35.3 + 29,5) i.ce. 67,62 Tons

4.5 Arbitrary Factors for Skin Friction and Point Bearing

Bearing capacity of a uniform diameter pile in Jownward
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loading and uplift are shown in Table 4 as 11;2 and 7 tons
respectively, From thesc values point bearing and skin frict-
ion can be worked out (assuming that skin friction in downward
load and pull-out is the same after correcting for thes weight
of the pile). OUn the basis of these values and the standard
penctration test data, factors can be worked out for computing
the bearing capacity from SPT values.

The factor for skin friction is found from the express-

ion :
Nl X ‘P\S

skin friction

where Ny = awerage of SPT values over pile length i.e, 3

i

Ag = surface area of plle shaft i,e. 7 x 30 x 490 sqg, cm,

and skin friction =(pull out resistance of pile-weight of pile)
=(7-0.77) = 6.23 Tons 1.,e. 6230 ka.

Thus factor = 3_X (n6;380 x 4%0) 20,5 (approkimately)

The factor for point bearing has been worked out after
deducting the skin friction as obtained from the pull-out test

from the ultimate capacity of the pile as

N2 X ;flp

point bhearing .

where N, = value of SPT at bearing level under consideration
i.e. 4

. _ . : 302
dp = cross-sectional area of pile toe i.e,, Lx X $Q. CM.,

4

11

and point. bearing =(total downwarc load-skin friction)

11,7-6.23 = 4,97 Tons i.e. 4970 ko,

1l

Thus factor

_ 4o x (mox 302 /4 _

approximately)
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Using these factors, the formula for ultimate bearing

capacity Q; can be witten as:

Ny x Ag . No x Ap
S N S G.57

Bearing capacities can be worked out from both the con-
siderations (shearing and bearing) in which bearing at the toe only
or/and the bearing for individual bulbs are considered as dis-
cussed in previous cections. The values are shownein column 4
and 5 of Table 8. The bearing capacity calculations for double
under-reamed pile from the above relation for both the criteria
are given below: (VII and VIII)

(VII). The formula is

Nl 43\5 NQ Ap

- +
W= %TH 0.57

Here N{ = 3 {for shaft friction)
and = 4 (for cylinder circumscribing the under-reams)
Ag = 1 x 30 x 250 sqg.cms. (for shaft friction)

and = T x 75 x % 112.5 sq. cms. (for)circumscribing cylin-
der

2
NQ_ = 4’ Ap = l—.j(_li_ SO CMS,
Qy = (3.44 + 3.88) + 31.0 1i.e. 38.32 tons.

(VIII). Relation ‘is the same as before -

Nr) = 4 (FOI bOth the bUle)

x_753

o

4

4]

sq.cns ( for bottom bulb)

422 a2
and = = -X {734 = 30%) sa.cms, (for upper bulb)

¢O
i

= 3.44 + (31.0 + 25,9) 1i.e. €0.34 Tons,
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4.6 DBearing Capacity on the Basis of Strecs Release due to

Under-reaming

In axticle 4.5, ths frictionzl resistance on pile stem
in direct loading and uplift are assumed fo be the same. Howe-
ver, it is 2 recognised fact that in uplift, comparatively less
value of friction arc ohserver, Therefore, it will be¢ desirable
'if in calculating the skin friction part, computations are made
by making an arbitrary increase over the ckin friction, obtained
by uplift tests. .\ 25% incre¢ase has b=en taken into considera-
tion in working out the value. The value for point bearing for
the uniform diamster pile has been worked out after deducting
the skin friction as obtainsd by the above consideration. This
value of point bearing has becen reduced to 0 percent in the
case of under—réamed pilas becesuse of release of stresses in

The bulb portion aind consequent decrease in bearing.,

Pull-out resistance of unifcrm dia.pile

= 7 Tons
Weight of pile = 0,77 lons
Skin friction in pull-out = 6,23 Tong

Estimatoed skin friction in push = l’QfSé? = 7.8 Tons

i.e, 7800 kag.

R ggog ol C.17 kg/cm® (approximately)

n

Ultimate load in push (observed) = 11.2 Tons

1l

Point resistance in push test 11.2-7.8 = 3.4 Tons

in‘:'. 3400 kgv

= 4,3 ka/am® (approximately)

For under-reamed niles, assumed point bearing = ﬂ;i = 2:1% kg/m?.
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Based on the above criteria, bearing capnacity of piles
have been worked out from both the considerations (shearing and
bearing) and are shown in columns © and 7 of Iable 8. An exam-
ple of calculations for the bearing capicity of cdouble under-
reamed pile from the two criteria using the above values is
illustrated below -

(IX). From the abdve ériteria -

Q

il

Average unit skin friction X area of surface (Ag)
+ average point bearing x Ay e
Here average unit skin friction = 0.17 kg/cm®

A = T x 3 x 2% sq.ons. (for shaft friction)
nzs . . L
T x 75 x 2% sq.cns, (for cylinder circumecribing
the under-reams).

)
o]

Q.
il

Average point bearing = 2.15 ka/cm®

' 3
Q, = (3.9 +4.5) + 9,5 = 17.9 Tons.

(X). Relation is same as bafcre -
Here also average unit skin friction = 0.17 kg/cm?
Ag = T X X x 290 sqg.cms,
Average point bearing = 2.1% kg/an® (for both the bulbs)

Ap = L y 73 SQ.cms, (for bottom bulk)

2 302
_ (75 ; 302) sq.cms. (for upper bulb annular ring)

Qy = 3.9+ (9.5 +77.9) 1i.c. 21,3 Tons,
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CHAPTER 5
DISCQUSSION OF TEST RESULTS

Ultimate pile bearing capacities worked out from soil
propertics (table-6) show that the values are fairly comparable
with the observed load test values, the triple under-~reamed
pile bearing capacity being somewhat on the high side. lhis may
be probably due to a reduction in the actual strength of the
strata at the lével of the third (upper most) bulb, which was
not fully xevzalad from the samplzas tested but was indicated by
the field testss The values are particularly increased in the
frictional part (23.2 [) as in calculation of bearing capacity

an average strength of seil has been considered,

Ultimate bearing capacities worked out from static cone

\‘\

penet’ration (table-7) shows good agreement in uniform diameter
pile capacity. The skin friction part (5.95 Tbns) also compafes
with the computec value from the actual pull-out resistance of
the pile (6.2 Tons), The estimated values of under-reamed
piles, however, are on the high side, This is due to an over
estimation of bearing which is all the more conspicuous when
bearing is considered for the individual bulbs. This is due to
The fact that excavation of soil in the portion of under-ream
bulb releases the natural stresses in the soil, spzcially when
under-water, resulting in the loosrning of the soil around. The
estimaied skin friction part, howaver, is under-cstimat ed with
increase in number of bulbs and this could be duec to increase in

frictional resistance when shearing is considered as shown in



Fig. 10,

Ultimate pile bearing capacitics worked out from 'N'
valuns, and the empirical relatioh discussed in clause 4,6, are
shown in Table-8, columns 2 to 7. The values of uniform diameter
pile (columns 2 and 3) are in agreement with the observed values
whercas there is considerable increase in the estimated Value;
for undef—reamed piles. This is mostly due to an overg-estimation
of the bearing part, which is more conspicuous when the bearing
is considered for individual bulb. 'Tﬁe friction, as before 1is
found tn» be under-estimated slightly with increase in number of
tulbs.

| The values in columng 4 and 5 are based on arbitrary
factors from actual load tests of uniform diameter pile (clause
4.5), The estimated bearing capacities of under-reamed piles
show over-estimation of bearing part as before but the skin fri-

ction (shearing) part appears to be more correct.

The valuecs in columng 6 and 7 which are based on empiri-
cal relation (clause 4.6) indicate that the criteria based on
bearing consideration provides more comparable values than the
criteria for shcaring consideration, This could be because in
multiple under-reamed piles shearing is taken around the cylindrical
surface and its value 1is likeiy to be more than the frictional
resistance in a uniform diameter pile.

By comparing the values of skin friction and point bear-
ing as obtained by various methods, it will be observed that skin

friction can be directly computed from field test data with fair
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accuracy, the point bearing part particulariy in undef_reamed
piles needs careful consideration in weak scils under water as it
can be overestimated, h

Table 9 p:ovides factors worked out four the bearing part
of pile capacities.

Bearing part of pile capacity from the formula
Actual load test value minus skin friction from formula

Factor =

From table-9, columns 2 and 3 it would be apparent that the esti-
mated values could be 3.5 times as high from bearing consideration
whereas from shecaring consideration, it would be about twice. In
the latter case, léast over-estimation is done. This may ke due

to the fact that an average value of penetration is taken over
“the length of pile whereas in case of bearing, there are chances
of lobal disturbances in recording the strength ¢f soil by this
test. However, at the same time this method is still not common
in India, as the equipment is costly. Itsuse is therefore limi-
ted. Therefore a simpler test like Dynamic cone penetration could
bc used which has been already correlated with N values. Consi-
dering N wvalues based on existing relafions (columns 4 and 5),
the factor is found to vary from 1.88 to 3.3. This might be dJdue
to the fact that existing formulae might not be apvlicable in the

case 0f short piles under consideration.

The facters in Table § (columns 6 and 7) indicate less
variation in cstimation of the bearing part in.under-reamed piles.
FHence, in estimating the bearing capacity of under-reamed piles,
the bearing can be obtained by dividing the bearing part by a

factor of 2.5 in the formula (clause-4.5). The 'N' values can be
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obtained by carrying out a simple dynamic cone test.

Safe bearing capacities of piles as werked cut from

) ),

actual load tests are shown in Table-10. The ultimate loads

basad on total st

e

lemen

i

criteria at 10 percent of base diameter
are shown in column 3, After applying a factor of safety of
1.75 as recommended by Sengupta (1970) for weak soils, the eafe

loads are shown in column 6, Observed lcads at 25 mm. settle-

ment and safe load after applying a factor of safety of 1.5 are

shown in columns 4 and 7. The observed values at 18 mm, net
settlement are taken as safe loads after applying a factor of
safety of 1.5 and are shown in columns 5 and 8, - It will be

observed that the safe loads are generally on the lower side for

ot

3
)

criteria. The observed total settlements at

('

The net gsctilemen
the safe loads worked out are all within 10 mm. whereas net
settlements are within 5 mm, which seemsto be quite within safe
limits.

Loads worked out from the safe load-table vide Building
Digest 56 and I1S5:2911 Part I-1964, are shown in Table-11l, aleng-

with those worked out earlier from other criteria, and it will

be observed that they tally within practical limits.

As regards tne group effect a test was carried out on a
group of two single under-reamed‘piles kept at a spacing of
112.5 cms. (1.5 times the under-reamed diameter), cap resting in
ground. The observed load at 25 mm. total settlement is about
37 tons Fig. 27. When the soil from below the pile cap is

removed, obscrved load at 25 mm. scttlement is 24 tons. If we

’
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work out the beayinq for the pile Cﬁp'(size 1.72m x 0.60 m) on
£he basis of observed load, 1.2 kg/cm® at 25 mm, settlement, in
the plate load test (Fig. 18), we get the value 12.4 tons. This
when added to 24 g¢gives 36.4 tons which is clcse to 37 tons.
However, ccnsidering the curve showing double the loads taken by
one gingle under-reemed pile, it will be observed that the value
obtained from load test of group of 2 piles is less by about 18
percent than above. Out of this, deducting friction for 1 meter,

this being the depth of pile cap, the reduction ~ue to group

cffect is only 7 percent., lhe bearing contributed by the pile

cap, on the other hand, is quite substantial.

In Calcutta, there is a practice that the bezring capa-
city of soil which is normally taken as % kg/cm® is also taken
into 2ccount when timber piles are driven through it for the
pile cap., Thus the total bearing capacity ic taken as bearing
capacity of individual piles + % kg/cm® for the soil under the
pile cap. In short bored piles also, this criteria may probably

work and if-not full, atleast a part of the bearing capacity of

the s0i1l should ke taken into account.
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CHWPTER -~ 6
QUNCLUDING REMARKS AND RECOMMEWDAT IONS

6,1 Counclusions

1. There 1s a good agreement in the observed bearing capa-

tde

city of single and multiple under-reamed piles and those comnuted
from scil propertics.

2. . By static cone penetration test the computed pile capaci-
ties.are on hiogher side as comnared to the observed ones.

3. I7 bearing capacities 1re computed by SPL values accori-
ing to Meverhof's recommeniations, still higher values are obta-
ined.

nt bearing ans skin friction factors are worked out

|

4. If pe
from load tests on uniform diameter piles for calculation of
bearing capacity using Si'I vilues, the pile capacities obtained
are still higher but lower than those obtained from Meyerhof
formulae. The bearing capacity of under-reamed piles can be
worked sut by “ivi‘ing the beéring part with a factor of 2,5 in
formula based on above factors,

[ )

5. Skin friction part of the bearing capacity of piles as
Actermined from various formulaec agrees well with that obtained
in load tests, However, the higher values obtained by computa-

tions based on Static and Standard venetration values are mainly

due to an over-estimating of point bearing part of bearing capa-
city to an extent of 2 to 3% times ¢f the actual values.
6. If is felt that the skin friction obtaines from pull-out

test on uniform diameter piles should be increased by 25 percent
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an? the bearing for under-ream bulbs should be decreased by 30%
in estimating the bearing canacity of under-reamed piles if
load test data is avallable for uniform diameter piles.

7. In computing bearing capacity of pilecs having more than
one bulb, the véluc workesd out considering bearing on all the
bulbs arc generally higher than those cbtained by considering
bearing at the lower most bulb and shearing along a cylindrical
surface circumscrikbing the under-reams.

‘.

8. For working out safe loads from a load test on piles, a
factor of safety ¢f 1.5 on tHg obgserved load at 25 mm settlement
appears to ke reascnable,

9. Cheerved settlements at calculated safe loads from the
two criteria i,e. total settlement and net settlement are within
16 mm and 5 mm respectively which are quite within safe limits,

10, Bearing capacitv of under-rcamed piles given in C.B.R.I.

A

Digést 56 compres well with the observed values if the capacities
are reduced to 0% in weak soils under water, and the values
given are considered to ke based on 25 mm settlement instead of
12 mm.

11. Bearing capacity of a group of two single under-reamed
piles was founs to reduce by 7 percent when the spacing is 1.5

times Uine under-reamed Jdiameter. The arbitrary reducticn sugges-

49

ted in Indian Stancard 2911 (Fart 1),1964 is 10 percent.

12, Contribution to bearing by the pile cap was almost equnl

to its indiviiual kearing and therefore in computing the capaciyf
{

of plle grocup, the bearing of pile cap should alsc be considered,
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6.?2 Recommendations

1. Bearing capacity of piles can be estimated from the shear
properties of the soil determined frcm undisturbed samples.

2. In the absénce of detailed investigations, a2 preliminary
estimate of bearing capacity of piles in silty clays of poor
bearing below water table (N«4) can be maide by idividing the
bearing portion with a factor of 2.5,

3. IT'he estimates should be based on the consijeration that
bearing is provided at the toe level only whereas for the portion
between the bulbs, friction shoculs be considered on a cylin-drical
surface circumscribing the under-ream bulbs,

4, As Jdynamic cone values are related to SPT values, it
will be much more convenient to carryout dynamic cone penetra-
tion tests for estimating the bearing capacity of pilles.

5. In weak soils, safe loa's on piles should be worked out
by applying a factor of safety 1.5 on the okserved load at 25
mm total settlement,

6. Safe loads table given in CBRI Digest 56 shoulil be
considere& at 25 mm scttlement for weak scils.

7. A reduction of 10 pcrcent in bearing capacity of a group
of two pillcs should bé made when the pile spacing is reduced to

1., . . : . . .
15 times The under-reamed diameter against the ncrmal. spacing

K

}
Lo

l,e, 2 mes the under-reamed “iameter,

o

8. n a group of short bored piles, a considerable portion

of bearing may be contrikuted by the pile cap.
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APPENDIX - A

CBRI QONE PENETRATION TEST

Introduction

For an accurate assessment of local variation and erra-
tic substrata condition, cone penctration tests provide an
excellent method., The static penetrometer is a more useful
test but it needs a more elaborate set up than a Dynamic cone
tect.. The dynamic cone penctration test provides an almost
continuoué'record of penetration resistance which is so useful

L

in finding out any pockets in the substrata.

Technique of Dynamic Cone Penetration Test

This test is carried out somewhat similar to a &FT test.
A 60° cone having a base diasmeter of 6.5 cm. is driven by a 64
kg hammer falling from a height of 30 ean., The number of blows
are recorded every 15 em. The total number of blows for 30 cm.

enetration on the cone provides the penetration resistance (Ne).
e .

The drill rods used for driving the cone are of 4,1 w=ms.
dia. ('A' rods) égainst-é.S cn. of the cone; A cavity is thus
formed around the driving rods. At larger depths, (beyond 6 m)
the sides of the hole start falling down thus providing friction
on the rods., For this, use of bentonite slurry is made. A 5
percent by weight solution @f goord bentonite in water is made
and it 1s circulated through the driving rodsvto stabilize the

sides of the bore and thus eliminate friction.

The solution of bentonite should be well prepared and
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should be of uniform consistency. Presence of bentonite in form

of lumrs in the slurry may cause chocking up of the equipment.,

Testing Procedure

A general assembly of the test set up ic shown in Fig.
2Q. D, k-oF BEppsk BF, WEEKSF Rekpikyg oF BkE MAXS A guide
vis fixed on ground.‘ This helps in keeping the drill rods vert-
ical and in position, The cone is connected to a driving rod
and placed in position, A driving head with a guide rod 1is
fitted to the drill rod, The guide rod is then connected throu~
gh a flexible pipe to a water swivel and then through another
larger tube to a reciprocating type piston pump., The pump is
run by two persons. Slurry from the feeding tahke is sucked
into the pump, pﬁshed upto the swivel, and then to the cone
which has a few holes for slurry to come out. Driving of the
cone is done simultaneously; For this, one or two versons
rotate the handle of the winch, Another person pulls the rope
‘holding the drop weight woud twice round the winch drum, This
makes the drop weight to rise. The pull required ie nominal.
When the drop weight reaches the requisite height of 75 cms. a
slight release in the pull keeﬁs the weight in position. To
drop the weight, the grip on the rope is released. This makes
the drop weight fall‘under gravity, Efficient circulation of
slurry 1s very necessary to get reliable results. This is
effected by rotating the drill rods from the top after each foot

of penetration,

The set up becomes much simpler when bentonite slurry
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is not to be used. There is no pump, flexible tubes, swivel
et ¢c. needed, and the process becomes verv fast. However, the
depth for such a test should be limited to 6 m unle§é it 1is
confirined by manually rotating the rods that skin friction deve-

loped on the rods is negligible even after 6 m depth.

Correlations

When bentonite slurry_is used - Ng = N
When driving wit hout slurry is used =~
N. = 1.5 N. for depth uptc 3.m.

Ne = 1,75 N for depth upto 3.to 6.m.

Various Parts of the Equipment (for Dry Probing)

1. 60° cones (push fit).
2 "A' rods with nipples,
3. Tripod hoist with a manually operated winch fitted

to it, and complete with a fixed pulley, bui@tin
ladder etc.

4, Boring guide.

5, 64 kg. drop welght complete with driving head and

guide pipe.
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APPENDIX - B

QONSITRUCI ION OF UNDER-REAMED PILES IN GROUND
WIITH HIGH WATER TABLE

In clayey scils there is no difficulty because the amount
of water seeping into the bore is small and it can be overcome
by speeding up the process ¢f boring and concreting. In sandy
soils, however, the sides may cave in and this poses a more
difficult problem. It is simple to construct a uniform diameter
pile by using a cased bore hole but casings cannot be userd for
under-reamed piles. Bentonite slurry caﬁ be uged for retaining
the sides.

-
3t

~

Fer conersting, the tremie pipe is provided with cap
The bottom ani the reinforcement is placed inside the tremie so
that it is not contaminated with the slurry. This metho{ has

becen effectively used in constructing under-reamed piles.
EQUIPMENT

Boring Guide - The Auger boring guide developed earlicr
for use in construction of bored piles was provided with longer
detachable collar., It is fixed on the lower side of thé bcring
guide so as to effectively protect the upper end of the hore hcle
from widening due tc the frequent insertion and extracticn of

the boring assembly.

Auger - A spiral earth auger was used with success. Sufficient
care was taken not to rotate the handle too much otherwise the
soil starts collecting over the spirals making it difficult to

extract the auger. ‘
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Under-reamer - A modified portable Unﬂer-reaming tocl developed
earlier for use in black cotton soils was used, The bucket is
attached to the blades assémbly thrcugh a bush bearing for smooth
working. The buckeﬁ of the tocl was provided with gravity valves
which oped'doWn~during‘extraction and break any vacuum at the

bottom.

Boring and Under-reaming - Boring may be done partly in dry and

partly in wet, For boring the flaps of the boring guide are

ated., It

o

Sala

opened, earth auger is introduced, pressed down and ro

e

~is taken out when full., The soil is removed and the auger is

again introduced. As it goes dJown, the upper flaps of the guide
ani thereafter the lower flaps alsc should be closed. The exten-

sicns are provided with scckets. The process is continuedt till

required depth is reached.

oma
Care shculd be taken tu keep the topjmetre of the bore

hcle truely vertical. If the bore hcle gets inclined, the cut£~
ing tocl may'be used for scraping the sides and the bore made
vertical.

For under reaming, the portable under-reaming tool is
lowered intc the bdre hole. As pressure 1s applied frem tep,
the blades try to widen out, When handle is rotated, the svil
is cut from the sides and it falls into the bucket. The tocl 1s
taken out a few times tc empty the bucket. The nrocess is conti-
nues till under-rcaming is complete.

Correct unider-reaming is aﬁ important requirement, A pin

inserted in the shaft of the under-reaming teccl weuld control
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the maximum. diameter @gQuired; Phis ¢an be ascertained by (1)
the vertical moyemeft ¢t the handle, (2) when nc furt her soil is
cuts The assembly ig then pulled out and the bore which is full

of slurry is ready fof concretinag,
CONCRET ING

Casting of goad quality écncrete below water table calls
for goud planning and gareful exedut ion ae difficulties are some«
times engrunt eved, bife should normally be concreted soon after
the bure Hole ig readys Concreting should be dohe under the
supervigion of 4 respohsible pergon,

A tremie pilpe is uged for conereting under waters Norma-
1ly the recommended size of the tremie pipe 1s 8 times the ¢ize
of the aggregate, It should not be less than 15 cm. Jiametoer.

It depends on the size of reinforcement also,

For concreting, the tremic pipe, with its lower end closed
by means of a detachable cap, is lowefed into the bore hole and
allowed to rest at the basé (Fig. 30). It is held in position
with a clamp hanging froh the tripod. DMost of the bentonite slurry
over flows with the lowering of the tremie pipe. A funnel 1s
now placed on the top of the tremie, The reinfort;emeot+ is then
lowered carefully through the treﬁie pipe znd adjusted in positi-
on. It ig advisable to pour two buckets of concrete in the tre-
mie pipe before lowering of the reinforcement., It helps in pro-
vi~“ing bkottom cover to the pile reinforcement. A wheel barrow

may be used for concreting with advantage. The concrete should

+The reinforcoment may preferably be in the form of a single
angle iron piece since it provides little resistance to the flow
of concrete and has good bond due to its large surface area.
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be thoroughly mixe’ having a slump of at least 15 cm. The aggre-
gate used should be well graded., After a few buckets of concrete
is dropped in the pipe the ﬁap provided at the bottom is detached
by shaking the reinforcement ang at the same time pulling up the
pipe a little., With the progress of concreting the pipe is pull-
ed up gradually. lhe bottom of the tremic pipe should be kept
embedded in the fresh concrete throughout the concreting opera-
tion and concresting should be continuous. Rodding is normally

sufficient to compact the concrete.

ry desirable to kecp sufficient concrcte in the

.

tremie when it is finally withdrawn., This helps in removing the
laitance. It should be ensured that there is good concrete right

to the top of the pile.

I

CONCLUSION

The technique is simple and can be adopted by local contr-
actors. The equipments required are also easy to handle and are

readily available.
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APPENDIX 'C?
LOAD TEST ON PILES
C-1 Load Test Set-up

For uniform diameter and single under-reamed piles,
reaction was obtained through rolled steel joints (RSJ) bolted

down to holdfast type soil anchors as shown in Fig. 2C.

For double under-reamed pile, reaction was obtained
Through two RSJ bolted down to two piles and also by putting
some soil anchors across another set of RSJ put across the first
set.

For the triple under-reamed piles and group of piles,
reaction was obtained partly through twe RSJ bolted down to two
double under-reamed anchor piles and partly thrcugh soil anchors

put across another set of RSJ.

A precise hydraulic jack (Simplex type) with detachable
pump assembly was used for finding out the load tranemitted to
the piles. At lower loads, a proving ring of 10 tons capacity

was also used.
Three dial gauges (.O01") were used for each pile.
Those were fixed on datum bars which were placed on firm supp-
orts. One of the dial gauges had a longer travel (2"). The
others were provided with precise spacers for extending their

measuring rance from 1/2" to over 2.
G-2 Method of Load Application

A load of about one tenth of the estimated ultimate
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load was first applied by a hydraulic jack in three to five
minutes. It was maintained for about five minutes and then
allowed to reduce itself due to the yielding of the ground,
Within a few minutes, a state of equilibrium used to reach., The
next higher load was then abplied and the process repeated, For
higher loads, the initial load was maintained for 10«15 minutes
before it was allowed to diminish, The gtate of equilibrium
was reached when rate of movement of pile top became less than
.02 mm, per hour, Thé total time required by the method was
considerably less than required in a3 maintain load tests At
each stage of loading, a cycle of loading and unloading was also
adopted in order to evaluate the net settlement of pile at each

Stage.
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