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L 'Pile Foundations

L,[, INTRODUCTION

’ when the soil at or near the ground surface is not capable of supporting a structure, deep foundations are
ired to transfer the loads to deeper strata. Deep foundations are, therefore, used when surface soil is
nsuitable for shallow foundation, and a firm stratum is so deep that it cannot be reached economically by
mllow foundations. The most common types of deep foundations are piles, piers and caissons. The
sechanism of transfer of the load to the soil is essentially the same in all types of deep foundations.

A deep foundation is generally much more expensive than a shallow foundation. It should be adopted
aly when a shallow foundation is not feasible. In certain situations, a fully compensated floating raft may be
ore economical than a deep foundation. In some cases, the soil is improved by various methods to make it
uiable for a shallow foundation.

A pile is a slender structural member made of steel, concrete or wood. A pile is either driven into the soil
 formed in-situ by excavating a hole and filling it with concrete. A pier is a vertical column of relatively
arger cross-section than a pile. A pier is installed in a dry arca by excavating a cylindrical hole of large
lameler to the desired depth and then backfilling it with concrete. The distinction between a cast in-situ pile
M a pier is rather arbitrary. A cast in-situ pile greater than 0.6 m diameter is generally termed as a pier. A
2isson is a hollow, watertight box or chamber, which is sunk through the ground for laying foundation under
aler. The caisson subsequently becomes an integral part of the foundation. A pier and a caisson differ
sically only in the method of construction.

Pile foundations are discussed in this chapter. Piers and caissons are dealt with in chapter 2t_:’>. Well
undations, which are special type of caissons, are discussed in chapter 27.

2. NECESSITY OF PILE FOUNDATIONS

Pile foundatjons are used in the following conditions: .

(1) When the strata at or just below the ground surface is highly compressible and very weak to support
the load transmitted by the structure. '

&) When the plan of the structure is irregular relative 1o 1
non-uniform seltlement if a shallow foundation is cons
differential scttlement.

©) Pile foundations are required for the transmission of structural lo

Slratum, ' ‘ ) _
() Pite foundations arc used to resist horizontal forces in addition to support ‘h‘b vertical loads in

ts outline and load distribution. It would cause
tructed. A pile foundation is required to reduce

ads through deep water to a firm

Piles are required when the soil condiliops are suc
Occur from undemeath a shallow foundation.
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(6) Piles are uscd for the foundations of some structures, such as transmission towers, Off-shey
platcforms, which arc subjected to uplilt. ¢

(7) In case of expansive soils, such as black cotton soil, which swell or shrink as the water conteny
changes, piles arc uscd to transfer the load below the active zone.

(8) Collapsible soils, such as locss, have a breakdown of structure accompanied by a sudden decrease i
void ratio when there is an increase in water content. Piles are used to transfer the load beyond 1he

zone of possible moisture changes in such soils.

253. CLASSIFICATION OF PILES
Piles can be classified according to (1) the material used (2) the mode of transfer of load, (3) the mehy

of construction, (4) the usc, or (5) the displacement of soil, as described below.

(1) Classification according to material used
There are four types of piles according to materials used.

() Steel Piles. Steel piles are generally either in the form of thick pipes or rolled steel H-sections. Pipe
steel piles are driven into the ground with their ends open or closed. Piles are provided wilh 3

driving point or shoe at the lower end.
Epoxy coatings are applied in the factory during manufacture of pipes to reduce corrosion of the

steel piles. Sometimes, concrete encasement at site is done as a protection against corrosion. To take
into account the corrosion, an additional thickness of the steel section is usually recommended.

(i) Concrete Piles. Cement concrete is used in the construction of concrete piles. Concrete piles are
either precast or cast-in situ. Precast concrete piles are prepared in a factory or a casting yard, The
reinforcement is provided to resist handling and driving stresses. Precast piles can also be prestressed
using high strength steel pretensioned cables. ' :

A cast-in situ pile is constructed by making a hole in the ground and then filling it with concrete.
A cast-in situ pile may be cased or uncased. A cased pile is constructed by driving a steel casing into
the ground and filling it with concrele. An uncased pile is constructed. by driving the casing to the
desired depth and gradually withdrawing casing when fresh concrete is filled. An uncased pile may

have a pedestal.
(i) Timber Piles. Timber piles are made from tree trunks after proper trimming. The timber used should g'

be straight, sound and free from defects. _
Steel shoes are provided to prevent damage during driving. To avoid damage to the top of the
pile, a metal band or a cap is provided. Splicing of timber piles is done using a pipe sleeve or metal
straps and bolts. The length of the pipe sleeve should be at least five times the diafneter of the pile.
Timber piles below the water table have’ gcnci‘ally long life. However, above the water table,
these are attacked by insects. The life of the timber piles can be increased by preservatives such 8
creosote oils. Timber piles should not be used in marine environment where these are attacked by
various organisms. '
(¥) Composite piles. A composite pile is made of two materials. A composite pile may consist of the &
lower portion of steel and the upper portion of cast-in situ concrete. A composile pilc may also have | |
Ehr: lower portion of timber below the permanent water table and the upper portion of concrete. As 3
1t is difficult to provide a proper joint between two dissimilar materials, composite piles are rarcly- &
used in practice. b

2) (I;hssiﬁcation Based on Mode of Transfer of Loads
(i;scg ‘:]“lilc mode of transfer of loads, the piles can be classified into 3 categories: :
_ c;:um aring piles. End-bearing piles transmit the loads through their boltom tips. Such piles act 358
Iocatcdnsw?:}l,c-l transmit the load through a weak material to a firm stratum below. If bed mckls’
!hin a reasonable depth, piles can be extended to the Tock. The ultimate capacity of the piles
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dcpcnds Lf]I:?Jr:l ?\Fis:;c‘?l:]:%ci[;‘;?l?l’c(:Jl:c;l]lc T(?fk. Il instead of bed rock. fairly compact and hard
gtum 06 ST > . ‘ ), piles can.be extended ;
‘E; d-bcﬂfi“g piles arc also known as point- bearing piles. /fw melres Injo'he:arc slraets

The ultimate load carricd by the pile (Q,) is cqual to the load carried by the point or bottom end

p o - " [
T iles. FFriction piles do not rea . i A
i Fnc.hon pi o e cml;:cddcd noLt ch the hafd stratum. These piles transfer the load through sKin
jriction betw ce of the pilc and the surrounding soil. Friction piles are used

when a hacd stratum docs not exist al a reasonable depth. The ultimate load (Q.) carried by the pile

is cqual 10 the load transferred by skin friction (Qy).

Mote: The term friFlign pile is aclually a misnomer, as in the clayey soils, the load is transferred by
adhesion and oot friction between the pile surface and the soil].

The friction pilcs are _also known as floating piles, as these do not reach the hard stratum.
combined end bearing and friction piles, These piles transfer loads by a combination of ¢nd
bearing at the b'otlgm of the pile and friction along the surface of Lhe pile shaft. The ultimate load
carticd by the pile is cqual 1o the sum of the load carried by the pile point (Qp), and the load carried
by the skin friction (Qs)-

(i)

) Classification based on method of installation
Dascd on the method of construction, the piles may be classified into the following 5 catcgorics:

() Driven piles. These piles are driven into the soil by applying blows of a heavy hammer on their

tops.
(i) Driven and Cast-in-situ piles. These piles are formed by driving a casing with a closed bottom end

into the soil. The casing is later filled with concrete. The casing may or may not be withdrawn.

(iify Bored and Cast-in-situ piles. These piles are formed by excavating a hole into the ground and then
filling it with concrete.

(iv) Screw piles. These piles are screwed mto the soi.

() Jacked piles. These piles are jacked into the soil by applying a downward force with the help of a

hydraulic jack.

() Classification based on usc.
The piles can be classified into the following 6 catcgorics, depending upon their usc.
" (i) Load bearing piles. These piles are used 1o transfer the load of the structure to a suitabie stralum
by end bearing, by friction or by both. These arc the piles mainly discussed in this chapice.
(i) Compaction piles. These piles are driven into loose granular soils to increase the rclative density.
The bearing capacity of the soil is increased due to densificaiion caused by vibrations.
(ii) Tension piles. These piles are in tension. These piles are used to anchor down structures subjected
‘ to hydrostatic uplift forces or overtuming forces. '
(") Sheet piles. Sheet piles form a continuous wall or bu
waler (sec Chapter 20). ‘
() Fender piles. Fender piles arc sheet piles whic

impact of ships and vessels. , _
() Anchor piles. These piles are uscd 10 provide anchorage for anchored sheet piles. These piles

Provide resistance against horizontal pull for a sheet pile wall (sce Chapter 20).

Ikhead which is. used for retaining earth or

h are used lo protect water-front structures from

K i;::iﬁcution based on gisplacement of soil ' |
don the volume of the soil displaced during install.'ion, !
’ Displacement piles. All driven pilcs arc displacement piles 45 the soil is displaced laterally when the
Pile is installed. The soil gets densificd. The installation may Causc heaving of the surrounding

the piles can b¢ classified into 2 categories:

Scanned with CamScanner



w

SOIL MECHANICS AND FOUNDATION ENGINEERmu ,F
674

ground. Precast concrete pile and closed-end pipe piles are high displacement piles. Steel H-piles g,

low displacement piles. 4 . : il is removed
(i) Non- difpla cement piles. Bored piles are non-displacement piles. As the soil i ved when (e

hole is bored. there is no displacement of the soil during llslzl::llﬂuo“ The installation of these pile
causcs very little change in the SIresses in the surrounding soil.

25.4. PILE DRIVING ' o .
- Piles are driven into the ground by means of hammcrs or by using a Vf:}‘“lorzﬁimcr- Such piles are
called driven piles. In some special cases, piles arc installed by jetting or part _aug g-

ing methods arc commonly uscd. o . ) i “ e
'g])clizlrlr?iirgl)rivinn. Fig. 25.1 shows a pile driving Dg. It consists of a hoist mechanism, a guiding

] 1o driving are of the following types:
e i dmii.rom;;:naﬁzc;ss rﬁ::dft?; Eltinch angd allowed to drop on the top of the pi.le‘; under
. Drr;:a[ijt h:;rnc?r;w;;cminphcinm. During the driving operation, a cap is fixed to _lhe top of the pile and
i cuslfion is generally pr;vidcd between the pile and the cap. Anot.hcr c;shg:,dkgo:r;r:; :rmET;r .
cushion, is blaced on the pile cap on which the t.mmmcr causes the u;pa Ecc;,usc 01; hammer § mtc
oldest type of hammer used for pile driving. It is rarely used these days Iy .

of hammer blows.

o]

j/— HAMMER

N TR RN ISR PRSI RSORSS

: Fig. 25.1. Pile Driving Rig.

()X Sing}e-acting hammer. In a single-acling hammer, the ram is raised by air (or stcam) pressure 10 Lhe
required height. It is then allowed to drop under gravity on the pile cap provided with 2 hammet
cushion.

(i) Double-acting hammer. In a double-acting hammer, air (or steam) pressure is used lo raise the
hammer. When the hammer has been raiséd to the required height, aic (or steam) pressure IS appli

to the other side of the piston and the hammer is pushed downward under pressure. This increasés
the impact energy of the hammer.

e
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resel hammer: A dlcsf‘-l hammer consists of a ram and a fuel injection system. It is also proxfidt:d
V) -!11-1 an anvil block at is lower cnd.- The ram is first raised manually and the fuel is injected near
N anvil. AS 5?(?11 as the hammer is rcleased, it drops on the anvil and compresses the air-fuel
ixure and igf‘nlm“ _‘3505 place. The pressure so developed pushes the pile downward and raises the
i- Im]'ln- The fuel is again injected and the process is repeated.
. c‘ram lins automaticatly. It has lo be manually raised only once at the beginning.

.| hammers are not suitable for driving piles in soft soils. In such soils, the downward movement of

L ‘is S and the upward movement of the ram afler impact is small. The height achieved after

% Llc-qrd movement of the hammer may not be sufficient to ignite the air-fuel mixture.
e hammers are self-contained and self-activated.

e i ——

¥ picsel : _ :

.l()’])c\’"nbrmory Pile Driver. A vibratory pile driver consists of two weights, called exciters, which rotate
£ iic directions. The horizontal components of the centrifugal force generated by exciters cancel each
; I;but he vertical components add. Thus a sinosoidal dynamic vertical force is applied lo the pile, which
the pile Jownward. The frequency of vibration is kept equal to the natural frequency of pile-soil system
retier resulls-

| 3 yibratory pile driver is useful only for sandy and gravelly soils. The speed of penetration is good. The
&iod is used where vibrations and noise of conventional driving methods cannot be permitted.

' |(3) Jetting Techniques. When the pile is to penctrate a thin hard layer of sand or gravel overlying a
& il layer, the pile can be driven through the hard layer by jetting techniques. Water under pressure is
& arged at the pile bottom point by means of a pipe to wash and loosen the hard laycr.

(4) Partial Augering Method. Batter piles (inclined piles) are usually advanced by partial augering. In

method, a pOWEr auger is used to drill the hole for a part of the depth. The pile is then inserted in the
& :nd diven with hammers to the required depth. '

¥

. CONSTRUCTION OF BORED PILES

) Drilling of holes. '

Bl Bored piles are constructed after making a hole in the ground and filling it with concrete.

The following methods are used for drilling of the hole.

4! (1) Hand anger. A hand auger can be used for 'boring without casing in soils which are self-supporting,

': ch as firm 1o stiff clays and silts and clayey sands and gravels above the water table. The depth of the hole

gEenerally limited to about 4.5 m. The diameter of the hole is usually not more than 350 mm.

#| ) Mechanical auger. For piles of diameter more than 350 mm or depth greater than 4.5 ™, a hand

ket becomes uneconomical. In such a case, a mechanical auger is used. A mechanical auger ean be of

kry type or bucket type. It is power driven. The soil in this case must be self-supporting, with or without

tonite slurry, The soil should be free from tree roots, cobbles and boulders.

§ A continuous flight auger is also used to drill the bore hole.

§ O) Boring rig. A boring rig is used to sink the hole in ground where hand or mechanical augering is not
}Idbk, such as water- bearing sand or gravels, very soft clays and silts and the soils having cobbles and

riders, ‘

. Aspgciauy designed boring rig, known as grab-type bored piling rig, is sometimes used. In this type of

e casing s given a continuous semi-rotary motion which causes ils sinking as the bore hole is advanced
F’E‘Mzon drilling |

u:) Belling Bucket, Underreamed piles are large diameter bored piles with cnlarged bases. Excavation for
k “eamed piles is done by a special type belling buckel.

| “elore concrete is placed, the bored hole is bailed dry of water. Any loose or sof'lcncd soil is cleaned out
e l?°“°m of the hole is ;'ammcd. A layer of dry concrete is placed and_ rammed if the boftam of l‘l?cﬁbolc
| "N the concrete with a readily workable mix (7.5 to 10 cm’slump), ot leaner than 300 kg
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cement/m” of corcrele, is pourcd into a hopper placed at the mouth of the hole. £ s B e s

If the hole cannol be bailed or pumped dry before placing the cnncrclcr. llhcb oacI:em:_SL‘_ #ith 3 cog;.
throughout its depth. A mass of concrete is then deposited at the base of the '{')I‘;c iasin e m;:”;]x. AS 500, 3
the concrele has hardened and formed a plug, the holce is pum'pcd frcc ofdwalfrrl._lc rcmaind%r phiv %Zzlly “_‘m“-d
and lifted slightly to break the joint with the plug. 'l‘hc'holt.: is pum‘pcd ryL.i (NEA s oyt Creting
done by placing it dry upto thé ground surface. The casing 1 mc.n lied entirely f o= .

If the ground water is under a high pressure, there will be mf?crw of water bet oy ¢ —::lc plug.
the inside of the casing. The inflow should be stemmed .by caL_likmg. The casmr%L; i thi c;sy cetylene ju
above the plug. The shaft is then concreled and the casing raised. The cut portio Ing arounq the

lug is left pcrmanently in place. ) ) '
’ bln.slcad F:f pluggin)g, thcpbasc of the pile and concreting, an alternative mcthodllzsstc:[ uir‘;c‘;cte the entjpe
shaft under water using a tremie pipe. Concrete should be casily workable (sIumE- 2.5 to 17. cn?) and the
cement content should be at least 400 kg/m>. A relarder. is addctlj to the concrete if there is a risk 9[ the
concrete sciting before the casing is lifted out. However, the quality of concreting done under water s oot
good. This method should be avoided as far as possible.

25.6. DRIVEN CAST-IN-SITU CONCRETE PILES

A driven cast-in-situ concrete pile is formed in the ground by driving a casing with a plug or shoe 2 ji
bottom. If the casing is removed after concrete has been placed, it is known as uncased or shell-less pile, O
the other hand, if the casing is left in the ground after concreting, it is called a cased pile. In uncased piles,
the cencrcte comes in direct contact with the soil. The concrete may be rammed or vibrated after it
deposition. A pedestal may be formed at the lower end of the shell-less pile if required.

Cast-in-silu driven concrete piles can be broadly classificd into three types: (1) cased pile, (if) uncased
pie, and (iif) pedestal type. Different types of piles with patent rights are availablé. The main difference
between different patents is in the method of construction, as described below.

(1) The Franki pile is a type of driven and cast-in-situ displacement pile. A-heavy steel pile is fist
pitched in a shallow foundation. A plug of lean concrete is then placed in the bottom of the pipe and
compacted with a heavy stecl rammer. The plug is then rammed and with # the pipe also goes down.
This driving operation is continued until the bearing stratum is reached. The concrete is hammered
to form a pedestal. A reinforcement cage is then placed in the pipe and the pile shaft is concreted.
The pipe is withdrawn as the concrete is rammed.

(2) In uncased-Western pile, a heavy steel drive pipe of 35 cm diameter with a steel core is driven. The

concrete is deposited in the pipe after removing the core. The concrete is rammed as the pipe s
withdrawn. The pedesial is formed afler the drive pipe has been lifted 10 some height.

(3) In cased-Western pile, the hole is made using a hcavy sleel drive pipe as for the uncased-Westem
type. A shell of 30 cm diamelter is lowered inside the drive pipe. Afer the shell has been filled with

concrele, the drive pipe is withdrawn. A pedestal can be formed by placing some concrete before
lowering the shell and ramming,.

(4) A Western button-bottom pile is formed by' driving a steel pipe with a 43 cm diameter precast

concrete point at its boltom. After reaching the required depth, a shell is lowered into the pipe and

locked into the point at its boltom. The st i i i i
) : . 1cll is then filled " : is
withdrawn, ] with concrete and the drive pIPF

(5) ‘The Raymond Taper or Step-T; ¥ ‘ )
wicp-Taper piles are steel shell piles dii i . The
mandrel and shells are dr piles driven with a tapered steel mandrel

iven 1o the required depth. The mandrel j 0
: . , : ’ 1s then contracted and withdrawn:
and the shell is concreled with or without a reinforcing cage.

(9] :} .S'r;;:;;{cx pile i3 formed by driving a stecl ube with a detach
¢pth has been reache, reinforeing cage is lowered, The

102 winch. Al the syme U
- Si me ]hc I T A
the cage, / concrete is placeq

able cast iron shoe. After the requirtd
be is extracted by wire ropes ot:annttf—ilﬁ‘j
and mmmed by a [alling rammer working inside
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‘ M Alphﬂ‘ P{i{fﬁc{;“r;qi%?:lci ggivd““’ing a steel tube closed with a detachable cast iron shoe, A
'wnigi\f;d o slu;np Sown in t(;::: 1:;)1:0'{‘1110 tube, The mandrel is gradually raised and some conerete
R a : « Ihe concrele is refilled | s ' :

N is L ' is refilled in the mandrel and it is driven down
as the mt:ic rffﬁfg‘iﬂﬁ?”; :: P:({c.‘lstal is formed. After the formation of the pedestal, the mandrel 18
raiscd an b th crele in stages. In cach stage, the concrete in the pile shaft is pressed
against the soil by the dead weight of the hammer on the mandrel.

7 LOAD-CARRYING CAPACITY OF PILES

| Like 3 spauoxv foundalipn_, a pi!c }’our!dation should be safc against shear failure and also the settlement

id be within the permissible limits. The methods for estimating the load-carrying capacity of 2 pile
jation can be grouped into the following 4 categorics.

(1) smt?c Methods. The smug n'lclhods give the ultimate capacity of an individual 10u

depending upon the characteristics of the soil. The ultimate load capacity is given

L)

' 1§ Q.=0, + 0, ...(25.1)

-!1 Jlrc Q, = ultimate failure load, Q, = point (or base or tip) resistance of the pile (Fig.
. :l)' Q, = shaft resistance developed by friction (or adhesion) between the soil and the
aigiile shall. I 1
Q¢ 05

g The methods for the determination of Q, and Q, are discussed in Sects. 25.8 and
59, respectively, for sand and clay.
B | e static formulas give a reasonable estimate of the pile capacity if judiciously
pplicd.
§ (2) Dynamic Formulas. The ultimate capacity of piles driven in certain types of
: J is related to the resistance against penetration developed during driving operation. TO
fihe ultimate load capacity formulas are based on the principle that the resistance of a P
K '_‘n. lo further penetration by driving depends upon the cnergy imparted to the pile by the Fig. 25.2.
gpammer. It is tacitly assumed that the load-mrrying'mpacity‘of the pile is equal to the dynamic recsistance
Iring driving.
B | The dynamic formulas are not much reliable. _
B | () In-situ Penetration Tests. The pile capacity can be determined from the resulls of in-situ standard
f=nciztion test. Empirical formulas are used to determine the point resistance and the shaft resistance from
r -‘ standard penelration number (). Alternatively, the static formulas can be used afler determining the

E fvalue, as this value is related to the angle of shearing resistance (¢)-

| Cone penctration tests are also used 10 estimate the pile capacity. _ oo )
| (4) Pile Load Tests. The most reliable method of estimating the pile capacity is to conduct the pile load

The test pile is driven and loaded to failure. The pile capacity is related to the ultimate load or the load

B which the settlements do not exceed the permissible limits.
4B | All the above methods are discussed in detail in the following sections.

53 STATIC METHODS FOR DRIVEN PILES IN SAND |
. o sand is obtained using Eq.25.1,Q, = @ + &

K The ultimate capacity of a single pile driven int
o] 8 Where Qp - quP ) .“(25.2)
B | and Q, = fiAs . . ...(253)
of the soil at the pile tip and and A, is the arca

| In aboy : : imate bearin capacity
: e equations, g, is the vlima 5 ile surface, and A, is the cffective

e pile tip; f, is the average unit skin friction between the sand and the pi

S13Ce area of (he pile in contact with the soil. _ iy (
| @ Methods for determination of Qp- The ultimate bearing capacily (g

) of the soil at the pile tip can
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be computed from the bearing capacity equation similar to that for a shallow foundation, as discusseq

chapler 23. For sandy soils,
qp = N, + 0.4YDN, (25,
" where g = effective vertical pressure at the pile tip, B = pile tip width (or diameter),
Y = unit weight of the soil in the zone of the pile tip.
N, and N, = bearing capacily factors for decp foundations.
In driven piles, the second term of Eq. 25.4 is gencrally small and is, therefore, neglected. Thus
gp = aNq "‘(2‘)'

Vertical' pressure (@)

25
20}
15k
- Dc (—D_c.
e B ) 10+
2 .
a S5
_ 0 ! 1 1
q =Constant i 25° 30° 35° 40° 45°
é
(a) - (b)
Fig. 25.3.

In case of driven piles, it has been established that the effective vertical pressure (g) at the pile t
increases with depth only until a certain depth of pcnetration, known as the critical depth (D,). Below U
critical depth, the effective vertical pressure remains cssentially constant [Fig.-25.3 (a)]. The critical dep

3m{7
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|
/
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f 1S:2911
[
s
_é._’ 150
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v
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30 35’ 40° )
Angle of sheoring resistance ¢/ ——m-

fig. 25.4,
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he angle of shearing resisznce (¢°) of we il 204 the width (or dizmeter) of T 2l (FIE
s ”}15 Lalue can be roughly t2ken 25 10 B for looe :;.-:.ris 200 ) B for Gerse sl
4 ;‘}I"”;r’.’i:-; a¢ _“___I_lf ffic .h dec"r:.S L';)On ‘a = Erg:c G. g __‘_“_'_._“cv (g} Q'Z:_"J’J_; =vs "::
. \' —
p'ic‘ls r::;dc in delining the shear zone neor the pilc 1. .-g, 25,1 shows e vZiues ©
! s investigotors 2nd 1hat given by IS : 2911. The values gives oy Dermzomzsy 2T :r.-L’
o ,,.d zre gencrally used.
cc"'-ddo*" of the value of N, it has been essumed that the 501l Zbove e pile t 35 simier 10 52
i 1be pile tip. 1T the pile penetrates a compact sirztum only slightly aod toe 5ol Zoove 22 2 5
5"'“.. <ould be more 2ppropriale 1o use the vaive of N, for 3 shzliow foundetion Zven I cepisr 2
Tfr"c il is of relatively large diameter, the second temm in Eq. 25.4 becomes signibeant. Tae vl o
- wr:strr'zu vely taken as the N, value used for shellow fomdetions, given o coapix .
v, .
"7\ feyerhof's method for g,. The point bezring capacity (g;) of a pile gensraly increases =20 D2 29
1 =eat (Dy) i the bearing stratum. It reaches a maximum value at an embedoent 2o of (D/5)- 700 2
1 j---:au soil, Dy is equal to the actual depth D of ihe pile, but for 2 pile which bzs peosrared D 3 D258

-
'a:_f #¢ a small leaglh, D, is less than D. Beyond the critical valse of (Dy/5). the v2ime & g; =S

B

Y
»la

M.'\:l

]

1 z;:..:.-o m'_,a] to the ].L"le[l.ﬂg gi- The citical rztio (D:r/B)cr (f{:p:zjﬁ uDOT th= spil Scon ,.___J-n (u) Lr::, :’_‘_‘S}.
1 Osce the value of (Dy/B). has been determined, ithe ollowing procedure 5 vsed 10 tSE52C 2
(1) Determine actual (D,/B) ratio for the pile,
@ Deermine N, for (Dy/D) ratio from Fig. 255.
Tee vaize of XN, increascs linearly with (Dy/B) mtio and reachss 2 marmma vaie =
g /3= ﬂro,/ﬂ)f
(3) Determine the point resistance QP ;
Q = qu N s Ap a "‘-'L "6)
e &
where g = S0N 120 o, q-vemmlprcssumaithchcUp(L,\m‘),A = area of the pile If
i T s |
i | I Zou |
600 l ! Pl ‘; 2
L S
A /*.///fa
200 /
| A
o o L e
30 // |~
2w ]
= / A =T
20 A 1
% % W~ / e ‘?
%‘ VBJ e i/ko/g-k{’/"/ iS
- - L
v 6 / ’/ (D:. \
= A | —~ Y
..E /7 ,/’- R 3 r
S 2 // —— " —
a 2 1.~
o L 5 X’ 9 W
0° 5 10° i :
——
Angle of shearing resistonce \ (After Meyerhat ,1376)
Fig. 255.
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650 SOIL MECIIANICS AND FOUNDATION ENGINEzgy,

If the pile initially penctrales a loose sand layer and then a dense layer for a depth less than 10 D, 1t
point resistance is given by

- D
= a + e w?;m] > sa (283

-where gyyy = limiling unit point resistance of loose sand (= 50 N tan ¢))
iz = limiling unit point resistance of dense sand (= 50 N,z tan ¢2)
D, = depth of penetration in dense sand. )
It may be mentioned that the ultimate tip resistance given by Eq 252 is the gross ultimate point
resistance. The net tip load is given by
Qp (nCl) “Qp = @"‘p) )
However, in practice, the deduction of q A, is not usually made and @, (net) is taken cq.ual 0 Qp.
In case of H-piles and open-cnded pipe piles, the enclosed soil plug should be considered as the part of
the pile for computing the area of the point (4,). _ 1
(b) Methods of determination of Q.. The frictional resistance Q, is Dl?lﬂlnCd
from Eq. 25.3 after ‘estimating the uiit skin friction (f,). The unit skin friction for

a straight-sided pile depends upon the soil pressure acling no.rmal to _lhc pile -
surface and the coefficient of friction between the soil and the pile material (Fig. ™™ & f
25.5). fs r‘s
The soil pressure normal to the vertical pile surface is horizontal pressure
' (o) and is related to the effective vertical soil pressure as '

=)

Fig. 25,6,
o, = Ko,
where K = earth pressure coefficient, 0, = effcctive vertical pressure at that depth.
Thus unit skin friction (f;) acling at any depth can be written as
fi = g,tan & or fi = Ko,lan§ (258)
where tan 6 = cocfficient of friction belween sand and the pile material.

Selection of suitable values of & and K requires good enginecring judgment. Tomilson (1975) gave the
values of 6 and X, as given in Table 25.1, based on the studies carried by Broms (1966).

Table 25.1. Values of 6 and K.

, . ' K K
Pile M,

tle Material 5 (loose sand) : (dense sand)
Steel 20° 0.50 1.0
Concrete 0.75 ¢ 1.0 2.0
Timber 067 $ 15 4.0

In general, the value of & gencrally vardes between 0.5
between 0.6 and 1.25, Meyerh

($ =30 and as 1.0 fo

¢ and 0.8 ¢. In most cases, the value of K varies
of (1956) recommends that the value of K can be taken as 0.5 for loose sand

r dense sand (¢ = 45%). According 10 1S ; 2011—1979, the value of & may be laken
edium sands, (he recommended value of K is between 1 and 3.
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aated antlier, the elfective vertical Présanes (& ¢ -
M eal depth, the value of 3, rematna 20 P ith dagety gy o L
(g 1186 v PETRAIRS Chmtan P G opto e critical degpie
" nnal resistance (Q,) can be eI 4
e s

"
0, =% . _
e = 2, K (G 1an s (A
= o)y I -
- JZ25.56z3)
= number of layers in whi e _
whett N nurmn J‘ ) 17605 1n #hl.’.h the [3][(_- T4 iﬁ‘-f&”f‘,{!'
(H) = elfective normal stress in ith layer
(A, = sutface area of the pile in ik layer,

peuming linenr variation of @,

0,= Klan & ;‘{ﬂ s (.% Dy —
ll:"lt'r' Af' [~ pﬁrilnﬂlﬂr ”r pi’c; f{r’- = 3V61’ﬂgf; cffﬂ‘:l.i'fc pre.g,‘urc _ u ’_D % _ E

| 2?)-1
ad D = depth of pile,
iy, 25,9 (a) can he written as
n

02, =;§| K tan & (area of G, diagram) « pile perimetsr -..[235(c5]
. 259 (b is weeful when variation of G, with depth has been plotsd as G, diagram.
The ulthnate load for the pile (Eq. 25.1) can be written as

Q, = Q, + 0,

_ n

or Qu = qu/‘p +lzl K(G)itand (A,); ---('..75.1{1:}

Qv = qN,A, + Ktan 6 (pile perimeter) [-%-)D ..[25.10 (2]

1+ STATIC METHOD FOR DRIVEN PILES IN SATURATED CLAY
1 li|.‘ 25.1 can be used for the determination of the load-carrying capacity of driven piles in sanrat=d clav.
point resistance (Q,) can be expressed as (Eq. 25.2),

Qp = 9pAp
”:}'”“ Iy 18 the unit point resistance, equal to the ultimate bearing capacity (g,) of the soil.
L ll'nr tohesive soils (@ = 0), the ultimate bearing capacity is found from the following equarion, which is
4" Mat for 4 shallow foundation.

4 = CNc 2 quf .

i Ny =10 for ¢ = 0, the above equation becomes
I g, = cN. + 4

ereforg, Qp (gross) = (eN, + q) Ap o5t
or .es )

Q, (net) = cN A : a1 ,o
a‘ln thove Cquations z is 1)l1c coht:t;i!:)n of the clay in the zone surrounding the pile tip. and N is the
[ng C'], . gy h . .
"Pacity factor for the deep foundation. - : =90i
tl.n]c e of dUPcndlsbu onpthc D/B ratio and it varies from 6 to 90 A :iitj:dotfowl'; : ‘i&éz generally
| S.&}f he piley IC" the cas pr short piles (D/B S 5.0), the value of N 1s 1 PWPOfscd- B

(sce chapter 23).
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The skin reslstance (Q,) of the pile can bo exprossed as (g, 25.J),

= Cq “'(25‘“}
Whera e, = bt adhosion (or skin friction) dovoloped between cluy and pilo shaft,

Tho unit adhesion (e,) Is velated to the unit coheston by tho relation

¢, ™ ¢ ' -..(25.131
where o s the adheston factor and @ is the avernge coheston along the shall length,

The value of ¢t depends upon the consistency ol the clay. For normally consoliduted clays, the valug of
Qis taken as unity, According 1o 18 1 29111979, tho value of ¢ can bo taken ns unity for soils having sof
1o very solt consistency. Fig, 25,7 shows the vaviation of o with the undrained cohesion ¢, It muy bo noteq
that for normally consolidated eluys, with ¢ loss than nhout 50 kN/m?, the value of o s equal to unity,

As ¢ increnses, the value of o decreases, For over-consolidated stir 1o hard clays, its voluo is usually
taken as 0.3, For tapered piles, the valuo of o is genernlly 205 greator than that for a straight pile.

For very long piles (D = 25 m), the above mothod for estimating the skin friction is very conservative,
For such solls, the unit skin {tiction also depends upon the offective ovorburden pressure. According 1
Vijayvergiya and Focht (1972), the average unit skin friction can bo expressed ns

Sim A0 20) a(28.140)
where A = friction capacity factor, @, = momn offective vertienl stress for the embedment lengih,
¢ @ undrained coheston,

N\ —————

00 0. 0.2 03 0.4 0.3

/"

0 Z

/

.00

0.7%

10

length (D) melres

embadment

G0 -

10

L= ]
8
o
-—— File

50 100 %0 200 %0 200

Undrained  coheslon (kN/inl) — pm

0o

(Alter M Clellond ,1974)

Fly. 25,7, Flg. 258,

. The value of A can be obtatned [rom Fig. 25.8 (McClolland, 1974),

~ Once the unit skin friction has been estimted, the shalt rosistonce is determined from Eq, 25.3.
~ For cohesive soils, the ulimate Jond ¢

N an be determined by adding the point resistance and the shaf

:
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esistance (Eq. 23.1).
Thus Qu=1cNA, + aza, ...(25.15)
As the clay gets remoulded when the pile is driv

en, this factor must be taken into account when
ngth is always less than the undisturbed strength, but
¢. The rale of gain of strength depends upon the

of dissipation of excess pore water pressure. When using
usly evaluated.

12 10. STATIC METHOD FOR BORED PILES |

Bored piics a8 C;Jrllls‘;um{;]d by drilling a hole into the ground and filing it with concrete. The pile can be
amight-sided for 1S €Pth or may be constructed with a bell (or predestal) at its base. The piles with a
«Jestal are also known as under-reamed piles.

RS load—carryl.ng capacity of the bored piles can be determined using the procedure similar to that
adopted for the d_r“ef} piles. However, the values of the soil parameters are different, as described below.

(a) Bored Piles in Sand. Eq. 25.10 can be used to determine the ultimate load. The equation can be
written as | .

.imating lhc.lnad carrying capacity. Thc remoulded stre
L:causc of thlxotropy,' lljc strength improves with tim
onsolidation characteristics of the soil and the rate
;Sq 25,15, the value of ¢ and T should be judicio

n
Qu = (a Nr;)Ap +z (K 6‘. tan 5) (As)i (2516)
i=1
where ©, = effective vertical pressure, limited to a maximum value given by the critical depth.
K = lateral earth pressure coefficient for bored foundation.
tan & = coefficient of friction between sand and concrete.

The sand in bored piles is loosened as a result of the boring operation, even though it may initially be in
a dense or medium dense state. The value of ¢ to be used to obtain N, should be for the loose condition.
An approximate value of K can be obtained from the following equation.
K=1-sind
The value of K generally varies between 0.3 and 0.75. An average value of 0.5 is usually adopted.
The value of tan § can be taken equal to tan ¢ for bored piles excavated in dry soil. If a slurry has been
used during excavation, the value of tan & should be reduced.

In general, for a given initial value of ¢, bored piles have a unit point resistance of% to % of that of
comesponding driven piles. In driven piles, there is densification. Cast-in-place piles with a pedestal show

about 50 to 100% greater unit point resistance compared with those without a pedestal. The impact energy of
the hammer compacts the soil during the formation of the pedestal.

(6) Bored piles in Clay. Eq 25.15 can be used to estimate the ultimate load. The equation can be written
as '

Q, = cNA, + oc A ..(25.17)
where A, = area of shaft that is effective in developing skin friction.

. The value of o depends upon the pile type and the method of drilling. For straight shafts exca_vmed dry,
s taken equal to 0.5 and that when drilled with slurry is 0.3. For belled shafts, the corresponding values
03 and 0.15,

For calculating the area of shaft that is effective in developing skin fricliu:‘m. the lower 1.5 m (or 2 B) of
e Straight shaft and the bell section (if provided) are neglected, because of disturbance caused. For lhc same

eason, the (g '
: P 1.5 m is also neglected. .
I a bored pile is installed in stff, fissurcd clay, the value of cohesion (c) should be reduced to 75% of

© Value obtained from the triaxial test. ol i .
(¢) Underreamed Piles in Clay. The base area of an underreamed pile is increased by underreaming and

Poviding 3 puh [Fig. 25.9 (a)]. The ultimate load is given by
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Q, = cN.Ap + 0CA; ...[25.17 (a)) LI

where A, is the area of the enlarged base.
The value of N, is taken as 9.0, The
adhesion factor o is taken as 0.40. When the
bulb is slightly above the tip, A, is taken equal
to the arca of the diameter of the bulb and the
projected stem below the bulb is ignored. The
average value of ¢ at the bulb is taken.
However, if the bulb is quite long, and there is Bulb
considerable difference in the value of ¢ at the
bulb level and the level of the bottom tip of
the pile, the ultimate load is given by

Bulb

SOIL MECHANICS AND FOUNDATION ENGINEERING

> 4

Bulb

(b)

0, =§ (B) x 9c) + % (82 - BY TE—
X 9¢ + atA; . [25.17(b))
where B = diameter of the pile shaft, B is the
diameter of the bulb, ¢ is the unit cohesion at o)
the tip, and ¢ is the unit cohesion at bulb Fig. 25.9.

level. ¢ is the average ‘cohesion on the shaft.
While calculating the surface arca A, the length of the shaft

-equal to 2 B above the bulb is usually

neglected. As the pile settles, there is a possibility of formation of a small gap betwc.cn the top of the tfulb \
and the overlying soil over a length of 2 B, and therefore, this length of th_c shaft is neglected. The litle
portion of the shaft projecting below the shaft is also neglected while computing Ay

When two or more bulbs are ﬁrovidcd, the ultimate load is given by

0, = g.(gz) x (9¢) + % (B} - BY) x (9¢) + A CA, + ¢, Ag, ...[25.17()]

where A; = surface area of shaft above the top bulb (ignoring 2 B length), Ay, = surface of the cylinde?
circumscribing the bulbs between top and bottom bulbs, ¢, = average cohesion on A; and ¢, = average

cohesions on Ay, For more details, see chapter 34.

25.11. ALLOWABLE LOAD

The allowable load (Q,y) is obtained from the ultimate load (Q,) from the relation

Qafl = Qu/ FS

...(25.18)

}vhcre F.St is the factor of safety. FS generally varies between 2.5 and 4.0, depending upon the uncertainties
mvolwfd in the computation of the ultimate load. According to IS : 2911—1979, the minimum factor of safety
on static formula shall be 2.5. The final selection of the value of the factor of safety should take into account

the load settlement characteristics of the structure as a whole.

25.12. NEGATIVE SKIN FRICTION

When the soil layer surrounding a portion of the pile shaft seltles more than the pile, a downward drag

occurs on the pile. The drag is known as negative skin friction.

P‘fcgativc skin friction develops when a soft or loose soil surrounding the pile settles after the hilc has
been installed. 'I:he negative skin friction occurs in the soil zone which moves downward relative to the pile.
Tﬁc'ncgative friction imposes an extra downward load on the pile. The magnitude of the negative skin
friction is computed using the same method as discussed in the preceding scclio:s for the (positive) frictional

resistance. However, the direction is downwards.

The net ultimate load-carrying capacity of the pile is given by the equation (Fig. 25.10).
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piLy

Qu’ = Q" - Qn(] --.(25.19)
s Ouy = negative skin friction, ‘Qu
whef® QM{ - net ultimate load.
‘ nu is anticipated that negative O RGTTR ,
Ml-cn"on would impose undesirable, S S :'.,:- ","_;]'.".'-
gkin {;;it.lnward drag on a pile, it can be _ ._‘:; Pl LL :
iC - -

otk iding a protective slecve : PR

- inated by Provi : UVE | roy .
c]rlrgl'llﬂing for the section which is sur- Ai,. }/ SOFLAYER
o

mundtd by the settling soil.

| 13 DYNAMIC FORMULAE N ()
12" :mc load-carrying capacity of a driven hst
I . can be cstimated from the resistance T FRM SOIL

pile © pcnclrmion developed  during Qg

apainst . . .
\ df—jving operation. The methods give fairly

good results only in the case of free- _
los

| graining sands and hard clays in which
high pore water pressures docs not develop .
| juring the driving of piles. In saturated Fig. 25.10.
fine-grained soils, high pore water pressure develops during the driving operation and the strength of the soil
|is considerably changed and the methods do not give reliable results. The methods cannot be used for
wbmerged, uniform fine sands which may be loose enough to become quick temporarily and show a much
[ess resistance.

The dynamic formulac are based on the assumption that the kinetic energy delivered by the hammer
during driving operation is equal to the work done on the pile. Thus

Whn,=R xS - ...(25.20)
where W = weight of hammer (kN), h = height of ram drop (cm), 1, = efficiency of pile hammer, R = pile
|resistance (kN), taken equal to Q,, and S = pile penctration per blow (cm). |

In Eq. 25.20, no allowance has been made for the loss of energy during driving operation, loss caused by
lastic contraction of the pile, soil, pile cap, cushion and due to the inertia of the pile. Some energy is also
lost due to generation of heat. Various formulae have been propesed, which basically differ only in the
I methods for accounting of the energy losses, as described below.

(1) Enginecring News Record Foermula. According to Engineering News Record (ENR) formula (1888),
the ultimate load is given by ' '

Whﬂh
Qu = S+ C

{%here § = penetration of pile per hammer blow. It is generally based on the average penetration obtained from
the last few blows (cm), C = constant (For drop hammer, C = 2.54 cm and for steam hammer, C = 0.254 cm)

In Eq. 25.21, the product W x h can be replaced by the rated energy of hammer (E,) in kN-cm. Thus

«.(25.21)

En Nn

G=%+c

: The cfficiency 1, of the drop hammer is generally between 0.7 and 0.9, and that for a single-acting and

d°"blc-acting hammer is between 0.75 and 0.85. For diesel hammer. it usually lies between 0.80 and 0.90.

A factor of safety of 6 is usually recommended. However, the pile load tests reveal that the actual factor
Sfely varies between 2/3 and 30, The formula is, therefore, not dependable.

...(25.22)
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Madiltead Formula, The Mgineering News Record formula has been modified recently, In the

modif
oA, the onRTRY lasues i e hanuner system and that due o impact are considered. :\ccorUing to lhtg
fomaty,
O I R R e
Adrsie | Twer 125219

where £ = weight of piley @ = coellicient of restitution, and n, = hammer cfficiency.

e hammer efficiency () depends upon vardous factors, such as pile driving equipment, drivip
provadune type of pite and e ground caditions, For drop hammers, it is usually taken between 0,75
L0 for single acting hammers between 0025 and 0853 for double-acting or differential hammer, v, <

= 085
amd e diesel hammen 1y = O&S 10 LN
The represantative valwas of the aoefticient of restitution (¢) are as under. :
Iramad e pite = D.O_
Goad timber ple =025
Driving cap with timber dally on steel pile = 0-?_’
Driving cap with plastic dollv on steel pile =05
Helmet with comypasite plastic dally and packing on R.C.C. pile =04
(3) Hiley Formula. iy (1925, 1930) gave a formula which takes into acoount various losses.
Whaym
A ) (523
I ) B2

where 1y = efliciency of hammer blow, £ = height of {ree fall of the ram or hammer (cm), S = final set o
penetmtion per blow (em), € = sum of temporary elastic compression of the pile, dolly, packings and ground
(=G + Cy+ ¢y, €. temporary compression of dolly and packing ( = 1.77 R/A, when the driving is
without dolly, = 9.05 R/A, when the driving is with short dolly), C; = lemporary compression of pile (= 0.657
RDJA), Cy = temporary compression of ground ( = 335 R/A), D = length of the pile, A = cross-sectional area
of pile, R = pile resistange (tonnes). :

The efliciency of hammer blow (1)y) depends upan the weight of hammer (W), weight of pile, anvil and
helmet follower (P) and the coeilicient of resistution (&),

’ 2
(@ For W > eP, M = %‘},—P (2529)
W+ &P [W-eP\ n
(b) For W < ¢P, M= - ( T _P) .(25.25)

The coefficient of resistution (¢) varies from zero for a detericrated condition of the head of pile to 05
for a steel ram of double-acting hammer stiking on steel anvil and doving a reinforced concrete pile. For @
C.I: ram of a single-acting or drop hammer siriking on the head of R.C.C. pile, e = 0.4 and that striking oa
a well-conditioned driving cap and helmet with hard wood on R.C.C. pile, e = 0.25 (IS : 29011—1979).

(3) Danish Formula. According 1o Danish formula (1929,

Wxhx,

- — - (252
Q=53 1723, ; o
\y
where S, = [2-"11-_(:;5_’_}!_@_} o (25.27)

in which S, = elastic compression of pile, D = length of pile, A = cross-sectional area, E = modulus ©
clasticity of pile material.

. The allowable load is found by taking a factor of safety of 3 to 4.

Scanned with CamScanner



CUNDATION | 687

. . 527 can also be used to determine the final set (S) per blow.
Toking Q,=3 o

Wh T 1
) [ 3Q, ) ~2% ..(2528)
where Qa = allowable load.

21; WAVE EQUATION ANALYSIS

As the hammer strikes the top of a pile, a stress wave is transmitted through the length of the pile. The
1 transmission theory can be used to determine the load carrying capacity of the pile and the maximum
bhsscs hat can occur within the pile during driving operation.
| n the wave equation analysis (Smith, 1962), the pile is represented by a series of individual
xing-connected weights and spring damping resistance (Fig. 25.11). The weight W) represents the weight of
ram, and W, represents the weight of the pile cap. Weights W3 to W)y correspond to the weights of
ental sections of the pile. The spring constant K, represents the elasticity of the cap block; the

- ~+—PILE CAP —
TR RN T
3 K :
z
8 z 2
] K
q P 7
¢ :
4 P w
> % =
41 K PILE a
¢, /_'
~J
2 k
S “\>~ BLOWS /cm ——gp
A F
4K
2 1
/]
¥/ o
|
©)) (®)
Fig. 25.11. .

| The Propagation of the elastic wave through the pile is analogous to that caused by an impact on a long
= vPama} differential equation is written to describe the pile model shown in Fig. 25.11 (a). The equation A '
B, b the aid of a digital computer, and the pile capacity is determined. The pile capacity is o
The % 2 function of penctration per blow or blows per cm [Fig. 211 O} . : s
B Major drawback of the wave cquation analysis for dclcrmmati.on of the dyz}nmlc resistance is its
2 mnf};c oq a computer. Moreover, the ficld tests are required o eshn:latc the cqu'walcm spring cor_lstant
ple dﬁvcnampmg values for the pile under study. Further, the resulls obtained are valid only for a particular
Degr, ). 2 SPecified pile hammer. - , T,
s PUE The aboye shortcomings, the wave cquation analysis is a useful tool for determining the pile e
" ¢ resulls can also be used for the selection of appropriate pile-driving cquipment. P

g
r."n-t‘-t-'
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25.15. IN-SITU PENETRATION TESTS FOR PILE CAPACITY
(@) Standard penectration test. The load-carrying capacity of a pile can be cstimated from the standary

penetration test value (N).
(9) For driven piles in sand, the unit tip resistance (g,) is related to the uncorrscted blow count () negr

the pile point (Meyerhof 1976).
g, = 4ON (D/D) s 400N ...(25,29)

where g, = point resistance (kN/m?), D = length of pile, B = width (diameter) of pile.

The value of g, is usually limited to 400 V. . _
The average unit [rictional resistance (f;) is related to the average value of the blow count (N).

For hig;h displacement piles, f; = 2.0N kN/m? -.[25.30 (a)]
For low displacement piles, f; = 1.0 N kN/m? ...[25.30 ®)]
where N is average of uncorrected N-values along the length of the pile.
(i) For bored piles in sand, g, = 14 N (D,/B) kN/m” -..[2531))

where D, = actual penetration into the granular soil.
For bored piles in sand, the unit frictional resistance (f;) is given by
fi = 0.67 N kN/m? . (2532)
(b) Dutch cone test. Meyerhof (1965) relates the unit point Tesistance (g,) and the unit skin traction
(f,) of driven piles to the cone point resistance (g.). .

Point resistance, qp = lq—(c] (Dy/B) .-(25.33)
Unit skin friction (a) f; (dense sand) = g./200 ...(25.34)
(b) f; (locse sand) = q./400 : ...(25.35)
(© fe (silt) = g./150 ...(25.36)

25.16. PILE LOAD TEST

The most reliable method for determining the load carrying capacity of a pile is the pile load test. The
set-up generally consists of two anchor piles provided with an anchor girder or a reaction girder at their top
(Fig. 25.12). The test pile is installed between the anchor piles in the manner in which the foundation piles
are to be installed. The test pile should be at Jeast 3 B or 2.5 m clear from the anchor piles.

ANCHOR .GIRDER OR
f REACTION GIRDERS

]
~ =T T—HYDRAULIC JACK
REFERENCE MARK
PILE O} Ny ~- T ANCHOR
PILE
TEST y 4
PILE
11

Fig. 25.12. Pile Load Test.
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. ) 5l 8ol \
per e “NI.l:::”::,-n“:,l:,mll—l:;}r;;.H::{rljll:f“ll;‘ Perlod of one month in sins and s0ft clays, ‘The load is applied in
qual luutmlt ho Tonding l e I‘ a‘l; Owable load, Selllements should be recorded with three dial gauges.
{0 alge 08 I0e B ned i the rate of movement of the pile lop is not more than 0.1 mm Pt-:r

pour 10 ‘-ill“'lbj' -“i“”’" 1“';]”“::;[:)'[ Mmm per hour In cose ol clayey soils or a maximum of (wo hours (IS :
g o7y, Under eilc ( I]L'l'l.'ll](_!n[' setileme : A ¢ :
11197 lements are observed ot 05, 1, 2, 4, 8, 12, 16, 20, 60 minutcs,

e Joading should be continued Uplo twice the snfe load or the load at which the tolal settlement reaches a

L jfed value, ‘e Jond s removed | the same
wollled Vi ¢ same decrements at 1 hour inte e final re i
corded 24 houns alier the entire load has beep removed pierval and toe H Febound s

LOAD (Q) —m=
5
. Sn
S~ \(—NET SETTLEMENT

SN

Se=REBOUN

T

%)
éj

~=—SETTLEM

UNLOADING

Fig. 25.13, Lond Setflement Curve.

Flg. 25.13 shows a typical load-settlement curve (firm line) for loading as well as unloading obtained
om 4 plle lond test. For any given load, the net pile settlement (s,) is given by

Sy = 8§ — S, ..-(25.37)

Where s, = total seltlement (gross scltlement), s, = elastic scitlement (rebound).
Fig. 25.13 also shows the net settlement (chain dotted line).
Flg. 25.14 shows 1wo lond-net settlement curves obtained from a pile load tests on two different soils. At the
Umate lond ((2,), the load-net selllement curve becomes either linear as curve (2) or there is a sharp break as
the curve (1), as shown in the figure, The safe load LOAD Q
usunlly 1nken as one-half of (he ultimate load.

According 1o 1S ; 2011, (he safe load is taken as
Chall of the Jond nt which the total settlement is
uil 1o 10 per cent of the pile dinmeter (7.5 per
W In case of under-renmed piles) or two-thirds of
il Joad at which the total settlement Is 12 mm,
Ichever jy Jegs, According to another clrterion, the
¢ load is tken s one-half to (wo-thirds of the
U whicly plves o net settlement of 6 mm.

‘e Hmiting  settlement  criterin nre nlsp
Netimes specificd, Under the load twice the safe
% the net serlement should not be more than 20

) or . .
L](::‘ he gross settlement should not be more than o

(1 (2)

Qy

~&+— NET SETTLEMENT
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The test described above is known as initial fest. 1t Is carried out on a test pile to determine the Ultimay, |
afe load. ‘The pile load test described in this scction is a type of 1ond-c0nlmum

load capacity and hence the s on
is nlso known ns slow maintained test.

test, in which the load is applicd in steps. ‘The test
25.17. OTHER TYPES OF PILE LOAD TESTS

(1) Constant rate of penetration test. In n constant-rale of p-cnclrulion test, the lond on the plle
continuously increased 1o maintain a constant rate of penctration (from 0.25 to 5 mm per minult’:). e foree
required to achicve that rate of penctration is recorded, and o load-scitlement curve is drawn, The ullimate

load can be determined from the curve.
The test is considerably faster than a load-controlled test. |
(2) Routine Lond test. This lest is carried oul on a working pile with a view 1o determine the scttlemep

corresponding 1o the allowable load. As the working pile would ultimately form a part f)f the foundation, the
maximum load is limited to one and a half times the safe load or upto the load which gives a total settlemen

of 12 mm.
@) Cyclic Lond test. The test is carricd out for scparation of skin friction and point resistance of a pile,

In the test, an incremental load is repeatedly applicd and removed.

(4) Laternl Lond test. The test is conducted to determine the safe lateral load on a pile. A hydraulic jack
is generally introduced between two piles to apply a lateral load. The reaction may also be suitably obtained
from some other support. The (est may also be carried out by applying a lateral pull by a suitable set-up.

(5 Pull out test. The test is carried out to determine the safe tension for a pile. In the sct-up, the
hydraulic jack rests against a frame \mmchcd to the top of the test pile such that the pile gets pulled up.

25.18. GROUP ACTION OF PILES
A pile is not used singularly beneath a column or a wall, because it is extremcly difficult to drive the pile

absolutely vertical and to place the foundation cxactly over its centre line. If eccentric loading results, the

conncection between the pile and the column may break or the
A pile may fail structurally because of bending stresses. In actual
| practice, structural loads arc supported by several piles acting
as a group. For columns, a minimum of three piles in a /—P"-E CAP
triangular pattern arc used. For walls, piles are installed in a :
\staggcrcd arrangement on both sides of its centre line. The .
loads are usually transferred to the pile group through a RE— : — \\0&-\‘?,;\“
lrcinforccd concrete slab, structurally tied to the pile tops such VAN o r
/ that the piles act as one unit. The slab is known as a pile cap. f
' The load acts on the pile cap which distributes the load to the f ':'-_'f f

" piles (Fig. 25.15).

Pile

L0
The load camrying capacily of a pile group is no & é
necessarily equal to the sum of the capacity of the individual N RO
piles. Estimation of the load-carrying capacity of a pile group —J Ll
I a complicated problem. When the piles are spaced a f t f f f
suficient distance apan, the group capacity may approach the
. sum of the individual capacities. On the other hand, if the piles :
are closely spaced, the slresses transmitted by the piles 1o the ' Fig 23.15.
soil may overlap, and this may reduce the load-carrying capacity of the piles (Fig. 25.16). For such a case,
the capacity is limiled by the group aclion. -
The cfficiency (ny) of a group of piles i< defined as the ratio of the ultimate load of the group to the sum
of individual ultimale loads.

Thus M, = %é—l x 100 o (2538)

Scanned with CamScanner



g mUNDr\TION

691
]
7 e~ —
’ \ / \ \ \
/ \ ’ / \ \
/ \ / ( \
/ \ ! / . /\ \
| L / /) \
N .
[ r |
3 ) A ] [ _J\ I
”‘\ /, l'l N )f / /"
o \ S~ \'h-_ __/\.._ .J/ ,
\ - == /
(a) SINGLE PILE \ /
Nl ‘_./'
(b) PILE GROUP
Fig. 25.16.
W' N
o ne = See¥ 5 x 100
7]
‘where Qg () = ultimate load of the group, Q, = ultimate Joad of the individual pile,
N = Number of piles in the group.

mus the groups cfficiency is equal to the ratio of the average load per pile in the group at which the
fore occurs to the ultimate load of a comparable single pile,

"Ihc group efficiency depends upon the spacing of the piles. Ideally, the spacing should be such that the
Gency is 100%. Generally, the centre 1o centre spacing is kept between 2.5 B and 3.5 B, where B is the

=l eter of the pile.

’Ihc methods for the determination of the ultimate load of the md:vidual puw have been dlscusscd earlier.
t ?nclhods for the estimation of the ultimate load of the group are explained in the following sections.

9. PILE GROUPS IN SAND AND GRAVEL

:Dr piles driven in loose and medium dense cohesionless soils, the group efficiency is high. The soil
tnd and between the piles is compacted due to vibration caused during the driving operation. For better
ks, it is essential to start driving the piles at the centre and then work outward.

Tbc piles and the soil between them move together as a unit when subjected to loads. The group acts as
jer [ foundation having a base equal (o the gross plan area contained between the piles.

@ End-bearing piles. For driven piles bearing on dense, compact sand with a spacing equal to or

€0 han 3 B, the group capacity is generally taken equal to the sum of individual capacity. Thus

| o - NO, ...(2539)
_ this case, the load taken by the group is much greater (n, > 100 %) than 'the sum of the mdmdua]
ucs and the piles fail as individual piles.

R spacing less than 3 B, the group capacity is found for the block of piles group.

) Friction piles. The group cfﬁcncncy of friction piles in sand is obtained from the following
1= lon

Q“ -"—;—(&2-)‘:: 00 ...(25.40
"= g % 100 = XDy ¥ ! (=40

B P: = perimeter of the block, p = perimeter of the individual pile, D = length of pile,

|
f; = unit friction resistance.
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)
If the contre-to-cenire soneinn | . !
- l the c..tn.ln‘. to-centre spaeing is large, the group elliciency (1) muy be more than 100%. The piles wy P‘J‘;
m-l\‘n as .mdn' idual piles, and the group capacily is obta incd from Fq. 25.39. ¢
I is less than 1004, &
(NQ.)
de ™ N Ty 2
Co ™ M 00 B i,
The group efliciency can also be obtained from the Converse- Lebarre equation given below, I
(
(= 1)m+(m-1nl, 0 ¥
ne = 1= mn o0 (2542 '3

¥ [ -1
= number of piles in 1 row, 0 = tan (1/s),

where m = number of rows of piles, 2
Micicncy (expressed 08 8 ratio).

spacing of pile, centre- 1o-cenire, Mg = group ¢
Bored piles. For bored piles in sand at conventional spacing of 3

10 3/4 times the sum of individunl capacitics for both the end-bearing

Qe () = (273 10 374) (N Q.)

ation of the sand surro

and the friction piles. Thus

Inwbored piles, there is limited densific unding the pile group. Conscquently, the

cfficiency is lower

25.20. PILE GROUDS IN CLAY

As the pile group acts a8 2 block, its ultimate capacity is determined

" the shaft resistance of the block. The capacity of the block having closc
limited by the behaviour of the group acting as a block. The group capacity of 1

Qs (1) = (Ag) + ac Py D)

= base area of the block, Py

ys), ¢ = undrained cohesion.

by adding the base resistance and

ly spaced piles (s < 30) is often

he block is given by

or (5.44)
= perimeter of the block, D =

where g, = unit point resistance (N = 9.0), A
depth of the block, a = adhesion factor ( = 1.0 for soft cla
al pile capacity is given by Eq. 25.15,

As discussed earlier, the individu :
Qu = qpilp + QC@ X D) w(B4)
"The group capacity considering the piles as individual piles is given by

Qx (“) = NQ,

The lower of the two values, given by Egs.

25.21. SETTLEMENT OF PILE GROUPS :
The settlement of 2 pile group is duc 10 elostic shortening of piles and due 10 the settlement of the sml'.

supporting the piles. It is assumed that the pile group acls as o single large deep foundation, such s 2 pltl'i

25.44 and Eq. 25.46, is the actual capacity.

¥

w(B8.43)

B = diometer of pile, s 5 L

[

B, the group capacity is taken as 23 W
/

‘o’li

1 ! N
l‘fcr
)-'\Ld_‘ ] WY AN \—‘ AN '.i kt
f | K
%-D
DY ITiTEfEFICFEY ;
}_ v \ ‘L ) R VR P A - %
74 I R N R | FEhraued, ;
2 / 2 21 \12 HC
) A p J— AT M PR P %T
(a) FRICTION PILES (b) END BEARING PILES QN
' | ':1
. Fig. 25.17.
0 . \
g4
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The total load is ass .
at. [;.1.: Tig. 25.07 () ;Jl:“lcltllc l.:(;1 .J(:l al a dcpll? €qual o two-thirds the pile length in the case of
ional P! ' s¢ of end-bearing piles, the total load is assumed to act at the pile

=0 25,17 ()]. In the case of combined act; icti
nal : ion, the f is assume
b bf:-u%ing component at the tip. : ricticnal component is assumed to act at 2/3 D and

For determination of the scltlements, the com
i, the characteristics are determined from |
. élmmclcrisiics arc obtained from empirical

% Cn],psinnll:&q soils

¢ *thod. settle : : .
[ skempton method. The scttlement of the pilc group is estimated from the scttlement of a single pile,

.C[crmincd in a pile-load test. ‘The settlement of the group is generall c Gl I
rhlhc group is much deeper than that of a single lecE.g'r P emerelly very large bocauss (e pressure bulb

Skempton ct al (195'3) published curves (Fig. 25.18) relaling the settlement of the piie group (s,) of a
hven total foundation width to that of a single pile (s,). The curves can be used for hoth driven and bored
pllcs.

pression characteristics of the soil are required. For clayey
aboralory fests on undisturbed samples. For cohesionless soils,
correlations developed from in-situ penetration tests.

16
1 12
P
..---"'--"-_--—'—
of ]
o B 7/
(g}
- //
o b
=2
s
0
0 3 8 ) 12 15 13 21

Wwidth ol foundation (m) —b=
(After Skempton ,1953)

Fig. 25.18.
(i) Meyerhof method. Meyerhof (1976) suggests the following empirical relation for the elastic

‘ Ss 9.4 N'U'B I ! '"(25.47)

hcrc s, = setllement of group (mm), q = load intensity (= Qg/Ag), Bg = width of the group, I = influence

Blector [: 1 -D/@8 B,) = 0.5], D = length of pile, N = corrected standard penetration number within the seat
g =

O scttlement: (approximately equal to B, below the tip). _ -
If static cone results are available, the scttlement of the group can be obtained from the relalion,

q Bl ...(25.43)

= 24,

. : ithi t of settlemenl.
where g, = average cone penetration resislance within the sca

B Clayey soils rmined using the procedure discussed in

. 0 clz n be dete ;
The consolidation settiement of 2 piie B70%F © Csr‘mycdcafrom the level at which the load acts. Semetimes,

Hepler 12, Gener: - 1 load distribution is ass e vemioa]. Fon
Bbe load ; .Gmm”y' 8241 ards from the cdge of the block at an angle of 30 o the
' & sssumed fo spreAc ol is calculated as (see chapler 11),

. : . layer
’, 'l distribution, the stress increase at the middic of each lay
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Ry,

Oy

U= B+ Z) s + 2)

where Z; is the distance from the level of the application of the load to the middle of clay layer |
The scitlement of each layer caused by the increased stress is given by (sce chapter 12),

de® ,
b0 =@ {5y

wliere A e (i) = change of void ratio causcd by the stress increase, €, (i) = initial void ratio of layer ; Iy

thickness of layer i.

. 1[; a,, + A O;
Alternatively, As(i) = C. m log g, '--(255|]
The total consolidation seltlement is equal to the sum of the scttlement of all layers.
S = ZAs(d) ,__(1552)
23.22. SHFARING OF LOADS IN A PILE GROUP
All the piles in a group share cqual load if the load is central.
% ...(255]]

Q=7
However, if the load is eccentric or if the central load is accompanicd by a moment, Ihe sharing of Joy

is computed assuming the pile cap as rigid. As the pressure distribution is planar, the pile reactions also vay
linearly with the distance from the centroid of the cap (Fig. 25.19). The axial load in any pile m at a distance

x from the centroid is given by _ &, |
0, (0 - e)x 0q
O, = 5 * L .(25.54) i i
where e, = eccentricity of load about Y-Y-axis,
If the load is cccentric about both Ihe axcs.

L
Qn = %! 2 (QSE ;")x s (Qz: 9D esss)
. y ¥
where e, = cccentricity of load about X-X axis, 7 1 8 9
In the above equations, the positive sign is taken for the O O
piles on the same side as the eccentricity.
o If the load on any pile is negative, it indicates that the pile 4 ‘5 6
1s In tension. If the pile is not designed for tension, the load in | x
that pile is taken as zero, and the load between other piles is X | E ) ' _@-
redistributed. This would cause extra compression in other piles, ey ,-—
25.23. TENSION PILES P 2 3
Piles supporting high structures, such as tall chimneys, O (D O
transmission towers, water lowers, are required to resist uplift ]
forces due to wind. Some of the piles in these structures are Y
required to resist tensile forces and are known as tension piles. ) PLAN 3
Resistance to uplift forces is provided by the friction
between the pile and the surrounding soil. The uplilt resistance
of a straight-shaft pile can bc computed in the same manner as 0y Q; Q3
the frictional resistance in frictional piles. However, the unit = -
skin friction (f) and adhesion (c,) for the uplift resistance are (c) PILE LOADS
considerably less than those for the compressive loads. It is Fig. 25.19

&
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| al practice 1o reduce these values to one-half of the normal values if the piles arc short. For 1arge

sl adhesion for uplift forces.

The uplift resistance of piles can be considerably increased in the case of bored piles by under-reaming

pelling out the bottom. A bulb can also be formed in the case of driven and cast- in place piles Lo increase
(e uplift resistance.
Mayerhof and Adams (1968) gave the following equations for the pull-out resistance (P.,)-

S, 2

i,

(@) Shatlow piles Fig. [25.20 (a)]. Pull-out resistance,

e
l ’ i I WEaicac oy DRI RTTATT!

—8—] 0

(a) Shallow pile

H

[ r / \

I"_Br—"{

{b) Deep pile

Fig. 25.20.
P, = cohesive resistance + frictional resistance

|where B; = diameter of enlarged base, ¢, = undrained cohesion, D = length of pile, ¢ = angle of shearing
resistance, s, = shape factor (see Table 25.3), K, = coefficient of lateral earth pressure ( = K, 1an#3¢), K, =

1 -sing [

coefficient of passive earth pressureg- 1+sin¢ ¥ = bulk unit weight, and W = weight of soil and pile
it D.

in a cylinder of diameter By and hei

(b) Deep piles Fig. [25.20 (b)], Pull-out resistance, “
P. = cohesive resistance + frictional resistance

or P, = aByc,H + sy (%Bl) 2QD-H)HK,tan¢ + W ...(25.57)

where H = maximum height of rupture surface (see Table 25.3) (For deep piles H < D)
Table 253, Values of H/B1, m and sy

res, it 18 essential to carry out pull out tests on piles to determine the safe value of the unit skin friction -

or P, = xByc,D + 5% (%Bl) D?K tan¢ + W ...(25.56)

. ° -] 300 35¢ 409 45° 50’
‘\_f____; 20 25 .
H/By 25 3.0 4.0 5.0 7.0 90 11.0
0.25 035 0.50 0.60
-" 0.05 0.10 0.15 -
7 112 130 1.60 225 345 5.50 " 60
‘5-.______.__; . .

All other notations are the same as before. .
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For purcly cohesive soils, as ¢ = 0, the second lerm in Egs. 25.56 and 25.57 is zcro. l’qr cohcsionless
soils, as ¢, = 0, the first term is zero. The shape factor (s) is cqual to 1 + mD/B, for short piles, and cqua)
o 1 + mH/B, for deep piles, where m is a coefficient depending on ¢.

2324, LATERALLY LOADED PILES i

Piles are sometimes subjected 1o Jateral loads due lo wind pressure, walter Pm}l’;c'mim:: nPc:fs]um'
carthquakes, ctc. When the horizontal component of the load is small in CUmP““SO“_“l” ot f:Jrl lo"'d
(say, less than 20%%), it is generally assumed to be carricd by vertical piles and no special pro aleral
ioad isimade; S iles, arc provided 1o tak

I the horizontal load is large, inclincd piles, known as raking piles or batter pi cs‘t.‘ p[ i héi ake
the horizontal load. These piles have a high resistance to latcral loads, as a large p?l' ifineoarc iy qjo;l?l
component of the load is carried axially by the pile. Batter piles, along with vertical pues, !P vi0ea.’n
situations where the horizontal loads are significant, such as wharves, Jetlics, bridge picrs, trestics, retaining
wall and tall chimneys. . f batter piles i

Batter piles are driven at a batter ranging from 1 :12t0 1 : 25.II‘Iowl?VCl'. driving 0 ;‘ TP il 15 ':I‘c’l"c
expensive than that of vertical piles. The resistance 10 failure of vcmca,‘l piles subjected o ‘ orlfcon a o.al S is
provided by the passive resistance of a wedge of soil in front-of the piles. In cas.c of balter p‘LIcrsf a(!dluonal
resistance is provided by the skin friction and the end bearing. Thercfore, batter piles are more clicctive than
vertical piles in resisting horizontal loads. . ‘ '

It is generally assumed that batter piles can take the axial load cqual to that in the corresponding vcmgl
pile. As the axis of the batter pile is inclined, it can resist the horizontal load cqual to O cos 6, where Q is
the axial load capacily and 0 is the angle which the pile makes with the horizontal. When pilcs arc oricnted
in two or three directions, Culmann's method, as described below, is used.

Steps : (1) Group the piles according to
their slopes. [In Fig. 25.21 (a), the piles arc
grouped in 3 dircctions]. ‘

(2) Draw the geometry of the pile group
to some scale, and mark the directions of the
inclined load Q, and the centre linc of each
pile group (Ry, R; and Rj).

(3) Determine the location of point A
which is at the intersection of R, and Q,.

(4) Join A to the point B which is at the
intersection of R, and Rj.

(5) Draw the force triangle [Fig. 25.21 (b)).
Sclect the line ab parallel to AB. From b
draw a line be parallel to Q, to some scale. QW
Draw a vertical at ¢ to determine ca which is -
equal to R,. ¢
From b draw a line parallel to R;, and
from a, line parallel to R,, to complete the
triangle abd.
(6) Determine forces in piles as follows. 2 »
The magnitudes of R, and R, are, Ry
~ respectively, given by ad and bd, However,
R, is compressive and Ry is lensile. ,
The magnitude of R, is given by ca which ®
is compressive. )

Fig. 25.21.
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! ILLUSTRATIVE EXAMPLES

| ative Example 25,10 A concrete pile, 30 em diamerer is driv ! nse sand (§ =
L o 5y i e e i et de o (=
250 | o
solutlon. T Eq. 2510, Qu = GN, 4, +,E K(O) tan s (A,)
! for d = 35°, D/ ~ 12,0, from Fig, 253, ‘ =1

D, =12 x 03 = 36m
Maximum value of . G, = 3.6 x 21 = 75.6 kN/m2

| Tne value of N, is taken from Berezontzev's curve (Fig. 25.4). N, = 60,

| menfore,  Qu = 756 X 60 x /4 x (032 + K tan  (area of 5, diagram) x piles perimeter

= 3205 + 10 % 070 x (14 756 x 36 4 756 4.4) % x % 03

[ Qu = 320.5 + 309.2 = 629.7kN

Qu 6297
Safe load, Q, = 25 = 55 = 25L9LN

| Nustrative Example 25.2. Determine the safe load for the pile in Hhustrative Example 25.1, if the water
ple riscs 10 2 m below the ground surface. Take Yo = 10 KN/mi’. ‘

| Solution. Vertical pressure at the critical depth,

O, =2 x21 + 1.6 x (21 - 10) = 59.6 kN/m?

| Thercfore, @, = 59.6 x 60 x /4 x (0.3)% + % x 59.6 x 3.6 + 59.6 x 4.4) x 07 x m x 03

or Q = 252.6 + 243.7 = 4963 kN

4963
l Qa 2'5 1
! llustrative Example 253. A 30 cm diameter concrete pile is driven into a homogencous consolidated
0y.deposit (c, = 40 )W/mz, o = 0.7). If the embedded length is 10 m, estimate the safe load (FS. =. 2. 5).
Solution, From Eq. 25.15, Q, = cN A, + ach,

: T&klng Nc a 90,

0, = (40 x 9.0)x/4 x (03)% + 0.7 x 40 (xx 0.3) x 10 = 289.2 kN

Q. 2892
Qu=5s5=725 =1

| Mustratiye Exnmple 25.4. A square concrete pile (30 cm side) 10 m long is driven into coarse sand (y
485 NI, N = 20). Determine the allowable load (FS. = 3.0).

| Solulion From Eq 25.29, gp = 40N(D/B) < 400N

‘ 2

: In lhjs case, 40N(D/B) - 40 % 20 (10/0_3) - 26636-7 kN/m

400N = 400 x 10 = 8000 kN/m

Adopt e lower value of 8000 kN/m’ )

From Eq. 2530 (a)’ f; - 2.0 x ﬁ - 20 x 20 = 40 kN/m

cmfﬂm, ' : Q“ = qP AP + [I'AJ
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- 8000 (0.3 x 03) + 40 x (4 x 03 x 10) = 1200 kN

0, = %‘i - 20 - qo0kN
re concrete pile (35 cm x 35 cm) is driven into a homogeneous s

ustrative Example 25.5. A squa
th of 10 m. Calculate the ultimate load. Use Meyerhof s method, Take

layer (§ = 30° y =17 kN/m’) for a dep
K =13and d = 18°

: Solution, From Fig. 25.5, (Dy/B) ¢ = 7.0

D, =7 x 035 = 2.45

or
Also D,/B = 10/0.35 = 28.57
7 = 245 x 17 = 41.7 kN/m’
From Fig. 25.5, N, = 55.0
From Eg. 25.6, 0, = A, GN, s Ay
In this case, A, 5N, = (035 x 035)(41.7 x 55) = 280.9kN

A,qi = (035 x 035)(50, x 55tan 30°) =194.5 kN

Adopting the lower value,  Qp = 194.5 kN
From Egq. 25.8, f, = Ko,tand
Therefore, Q, = Ktand (area of G, diagram) perimeter
= 1.3 tan 18° x (41.7/2 x 245+ 41.7 x 7.55) x 4 x 035 = 2165kN
Q, = 194.5+ 2165 = 411 kN

25.6. A concrete pile, 40°cm diameter, is driven 25 m into a soft clay (c, = 25.0
Vijayvergia and Focht method (F.S. = 2.5). The

Thus

" Illustrative Example
INJm?, y = 19 kN/nm’). Determine the allowable load using

water table is at the ground surface.

Solution. Taking N, = 9.0,
Q, = CuN.Ay = 25 x 9 x n/4 x (0.4)> = 283 kN"
From. Eq. 25.14, " f. =X (0, + 2)

From Fig. 25.8, for D = 25 m, A =016

Therefore, f, = 0.16 %— x 25 x (19 - 10) + 2 x 25|= 26 KN/m?

O, = 26 x (x x 0.4) x 25 = 8164
Q. = 283 + 814.4 = 8447 kN

Q, = 844.7/2.5 = 3379KN 3
Ilustrative Example 25.7. A 25 m deep bored pile has a Shaﬂ of 1 m'dthmeter and enlarged base of 235

m diameter in the lower 1.5 m depth. The undrained cohesion of the soil varies from 100 N/’ at the 108
150 kN/m? at the base. Determine the safe load (FS. = 2.5). Take o. = 0.45. i

Solution. Total depth of the shaft = 25 — 1.5 =23.5 m
Assuming no adhesion for a distance 2 B above the be

c, at that depth = 100 + (_lfﬂzfg—@l_ x 21.5 = 143 kN/m?

Thus

11, the effective depth is 21.5 m.

Therefore, Q, = (150 x 9) (n/4) x (2.5) + 0.45 x (100 + 143)/2 x ¥ X 1x215 &

= 10319.5 kN

. 10319.5
Qu= "S55 = 412.8 kN
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’

[llustrative Example 25.8. A precast concrete pile (35 cm x 35 em) is driven by a single-acting steam |
mer. Estimare the allowable load using (a) Engineering News Record Formula (FS. = 6), (b) Hiley l

:;;’::nufa (ES. = 4) and (c) Danish Formula (FS. = 4)

Use the following data,

t] 0 Maximum rated cnergy = 3500 kN-cm , : !
’ (i Weight of szxmmcr = 35 kN 3
(m') Lcngllh of pllc { =15m ;tx.

(iv) Efﬁclcn'cy of ham'm'cr . =038 ',‘

» Cocfficient t_)f resistitution =0.5 4

(i)  Weight of pile cap =3 kN ‘.
(i) No. of blows for. last 25.4 mm =06 |
(viif) Modulus of clasticity of concrete =2 x 10’ kN/m? ?

|

Assume any other data, if required. Take the weight of pile as 73.5 kN. I
Solution. (@) From Eq. 25.22, :
E, 3500 x 0.80

Qu = 57 C = 751/6 + 0253 = 41339KN |
Allowable load, 0, = 4133.9/6 = 689 kN
Q) " Weight of pile = 73.5kN

P =735 + 3.00 = 76.5kN
eP = 0.5'x 76.5 = 38.2kN I

As W=135KkN, W < eP ‘
2 |
W+ e*P W — eP |
Fom Eg, 25.25, L (W} _
- 2
35+ (05%x 765 (35-05x%76.5
. 35 + 76.5 35+ 76.5 :
or Ny = 0.484 "e
(Wh) Ny My
From Bg. 2523, 0. = 5% c2) |
3500 x 0.484 X 0.8 _ 1358 o ,
o Qu="554/6+C/2 _ 254/6 + C/2 i

Assuming driving is with dolly,
C = (9.05 + 0.657 D + 3.55) R/7A

o (905 + 0657 x 15+ 3.55) R

35 x 35 ‘

or C = 0.018 R =00180, il
where Q, is in tonnes. For @, in kN, :[
C = 0.0018 Q, |

! Therefore, Eq. (a) gives Ou = 5423 + 0,0009 O, .
-~ Solving, 0, = 1016 kN ._"‘
: 1016 l
| Allowable load, Qs="3 = 254 kN ' Al
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(Wh) %
S+ S/2 |
3500 % 0.8 2800)
254/6 + 055, 0423 + 053, . Ab)

1{2 (Wh) D
From Eq. 25.27, s, = V2l

AL

u

(¢) From Eq. 25.20, Q.

it

\/ 2 % 0.8 % 3500 = 1500
= X — = 1.B5cm
5% 35 x 2 %« 107 % 10
2800
0.423 + 0.5 x 1.85

2077.2

Therefore, Eq. (b) gives Q, = = 2077.2 kN

Allowable load, 0, = = 519.3kN

Tllustrative Example 25.9. A 30 cm diameter pile of length 12 m was subjected 1o a pile load test and
the following results were obtained.

Load (kN) 0 500 1000 1500 2000 2500
Settlement during loading

(cm) 0 0.85 1.65 2.?5 3.8 6.0
Scltlcmcn(::;l:;rmg unloading 4.0 46 59 55 5.8 6.0

Determine the allowable load, _
Solution. Fig. E-25.9 shows the load settlement curve, and the rebound curve. The net seitlements are
calculated below. The figure also shows the net scitlements.

Load (kN) 0 500 1000 1500 2000 2500
" Gross setillement (cm) | 0 0.85 1.65 2.55 3.80 6.00
" Rebound (cm) 0 0.60 1.20 1.50 1.80 2.00
~ Net settlement (cm) 0 0.25 0.45 1.05 2.00 4.00
|Load (kN)
0 500 Y000 1500 2000 2500
0-0 '*—E-‘% T T T
85 105
10r 165
210’ 5\“?{
: 2.55 Net selllement
Loadin : .
T 20 ’ X
S .80
D obOee— — _._.X&D
c 0.60
2 “|1.20
E 5.0} 4.50 150 180
% 5.20 )
@ 80r 0 J758 600
7-0p Unloading
8-0'
-
s
Fig. E-25.9
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The allowable load is determined using the following criteria.
0] %of load corresponding 10 a gross settlement of 12 mm,
2 .
Qa='§x?30=500kN
0) % of load corresponding to a net scttlement of 6 mm.

2
Qs = 3 x 1125 = 750 kN
(i) %of load corresponding to a gross seltlement of B/10 (=3 cm),

1
Q. = 5 X 1700 = 850kN

The allowable load is the least of the three values.
Q, = 500 kN
E TNlustrative Example 25.10. A pile group consisting of 12, piles (Fig. E-25.10) is subjected to a total load
| of 4 MN, with eccentricity e, = 0.3 m, e, ='0.4 m. Determine the maximum load in an individual pile.
1 .
F |
; Y i b

QOO O !

30 em 0-3) o
dia _’1 Me

x__@_._.._-,..'_ _ OIA_".'._

|
3
Toe

1m ' .
® ®! O O i’
_ v L
be— | r—epet—— m— ol m—{ i .]
Fig. E-25.10 ‘J
. _ 0, . (@ e)x Q" 8)y I
Solution. From Egq. 25.55, Qn = ¥ o2 x 5 | _ p ]}i
In this case, 52 =6 x (05)7%+ 6 x (157 = 15.0 ] |
| !

Iy = 4 x (1.{])2 + 4 x (1.0)" = 80 | E'EI, |

The maximum load occurs in pile 4.
= 47;?- + (40 x 03) 1’; 03) 4 15 + (8.0 x 04) ; 04) x 1.0 Sl
= 0.6533 MN = 653.3kN ' : |
ustrative Exampl 25.11. A pile group consists of 9 friction piles of 30 cm diameter and 10 mn lengih
ven in clay (c, = zgoe kN/ni®, ¥ 'Z 20 kN/n’), as shown in Fig. E-25.11. Determine the safe load for the ]
group (FS = 3’ o = 0_6). ‘ ‘ .

Solution. From Eq. 2544, Q,(u) = gpAg + a c (Pg D).
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3
L8
a

I © 4’ °
1-8:1; j;m O
b | li O

075m, 075m

}4——1 Bm—s
Fig. E-25.11.

= (9 x 100) (1.8 x 1.8) + 0.6 x 100 x (4 x 1.8 x 10)"
or Qg (u) = 7236kN
From Eq. 25.45, Qu = qpA, + ac(p x D)

= (9 x 100) x /4 x (03)% + 0.6 x 100 (x x 0.3) x 10
or Q, = 628.8 kN
From Eq. 25.46, Qg () = NQ,

= 9 x 628.8 = 5659.2 kN f
As the ulhmatc load for individual pile failure is less than the pile group load, the safe load is given by

0, = 55;” - 18864 kN

ple 25.12. A 40 cm d:ametcr pile, 11 m long, has a bell of 2 m diameter '_,'*
¢ = 25% ¢, = 20 kN/m® and y = 19 KN/, estimate the allowable pull out resistance

O O |LC

Illustrative Exam
height. If the soil has
. (FS = 3).
¥ Solution. From Table 25.3, 11/B) = 3.0,
Therefore, | H=3x20=6m
As D > H, the pile is decp, '
From Eq. 25.57,

Pu=aBic,l +sy(n/2 x B) 2D - HHK,tan ¢ + W

W= /4 x (200 x 11 x 19 + 7/4 x (0.4) x 11 x (23 — 19
L W = 662 kN
1 Table 25.3, sp= 13,
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oK - 703
!LEFQUNDA
K, =itsingf 2 1 + sin25° 2 .
. l—sin¢(a“3’-‘¢)- |~ sin 25° (lﬂﬂ;:t25)-0.737

pofores Du = X 20 x 20 x 6 + 1.3 x 19(x/2 x 2) (2 x 11 - 6) x 6 x 0.737tan 25° + 662

P, = 30
of u 76 kN

3976

Auowablc pull, a™= ——-3 = 1325 kN

mmlrﬂ“"‘ Ex;!mpl'e 25.13. A group of friction piles of 30 cm diameter is subjected to a net load of
" W, @ shown in Fig. E-25.13. Estimate the consolidation settlement.

2000 kN
r ' =1
Im ¥z16kN/m3
Z
gm 2M ¥=19kN/m3
12m T
Iim
N A
: S O
’ \\
!
- -/ \
g /L L) L] 1 Layer
10m ..._.__’,__':_.__liﬂl._.__-*'__.\_\;lz
/ A '
/ ¥eot= 20 kNIm? \
< €c=0.25 \ ,
v l, E°=0-75 \ R ]
/ 3 i
/ : \
, ,! ¥ot=21 kN/m3 \
om 7 c.=0.20 \
7 : ———n ML —= - 1l Loyer
/ e,=0.65 B - \
/ \
/ \
! \
]r,’ \\
l -
(Not to scale)
Fig. E-25.12.

Solution, g at point A, middle of I layer
=3 x 16 + 2 x (19 - 10) + 8 x 100 = 146 KN/m?
% 2l point B, middle of II layer = 3 x 16 + 2 x 9.0 + 13 x 100 + 5 x 11 = 251 kN/m?

Cross-sectional arca at A = (2.5+ 2x5x -12—) = 7.5 m_2

2000 2
Ao = 5% 75 = 35.56 kN/m

Cross-sectional arcaat B = (2.5 + 15 x 2x -%-) - 17.5m?

2000 2
= = 0, 3 qu/m
Ao = 75 %175 &
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. , /1)
Settlement ol 1 liyer = € (”,'_P ,,”'J log iy

1n___ ’Méﬁ = 0.135m
=025 % T 75 BT 146

I
10 251 6.53 _ 6.014
Settlement of 11 layer = 0,20 # o 0.65 log ”—‘;5_]_—_

Total settlement

e AT PAAL
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