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0y, = cN A+ P LT (10.9) 9;

‘where, ¢ = cohesive swength of clay beneath

3

L 7]/xw//&
the pile group, 778N :i 1 :
\ ¢ = average cohesive strength of clay . ‘ \ | f
‘; around the group, ) 1 \ ]
L = lengthof pile, 73@ | y L
Py = perimeter of pile group, 9
Ag = sectional Area of group, iy 1 T
N, = bearing capacity factor which —2:) é h UT |
may be assumed as 9 for deep ] N T TT 3 T t 1
foundation. T -:J

Bearing capacity of pile group on the basis S

of individual pile failure may be written as | p O Oll

s | L
‘I O = ng0, (10.5) '

i

|
.
\
t
:

Perimeter P,, O O @)
"where, n = number of piles in the group,
0, = bearing capacity ofan individual I !
b

I I
A pile. ‘ D____Q____Q‘l
2 - Terzaghi _and Pe?k recommend that Fig. 10.4 Block failure of a pile group in clay scil
bearing capacity ofa pile group may be taken
{ as the smaller of the two given by Egs (10.4)
?and (10.5).

i

109 SETTLEMENTOF PILES AND PILE GROUPSIN SANDS AND GRAVELS

| The present knowledge is not sufficient to evaluate the settlements of pilesand pile groups. Formost
_engineering structures, the loads to be applied to a pile group will be governed by consideration of
l’__'consolidation settlement rather than by bearing capacity of the group divided by an arbitrary factor
“of safety of 2 or 3. It has been found from field observation that the settlement of a pile group is
" many times the settlement of asingle pile at the corresponding working load. The settlementofa
ﬂ group is affected by the shape and size of group, length of piles, method of installation of piles and
. possibly many other factors. '

. Vesic has proposed an equation to determine the setilement of a single pile. The equation has
< b;cn developed on the basis of the experimental results he obtained from tests on piles. Tests on
. piles of diameters ranging from 2 to 18 inches were carried outin sands of differentrelative densities
%;t'l;ilizf:;: da}sct) ca:ied out on driv'en pi]_es, jacked piles, .and bored piles (jacked piles are those
"-T;'-"_may o expresseg :s the ground by using a jack). The equation for toltal settlement of a single pile

|}
L}
1
()

SIS oric

(10.6)

©
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The equation for S is
_—L A
Sp=(Q,+ady) AE (108

where, Qp = point load,
d = diameter of pile at the base,
4,, = ultimate point resistance per unit area,

ll

il

D, = relative density of sand,

& C,, = settlement coefficient = 0.04 for driven piles
= 0.05 for jacked piles
= 0.18 for bored piles, ‘

Qr = friction load, .‘
L = length of pile, i
A = cross-sectional area of pile, . ]
£ = modulus of deformation of pile shaft, %
a = cocfficient which depends on the distribution of skin friction along the shaft and can

be taken equal to 0.6. "

Settlement of piles cannotbe predicted accurately by making use of equationssuchas the one given §
here. One should use such equations with caution. It is better to rely on load tests for piles in sand.

Settlement of Pile Groups in Sand

The relation between settlement of a group and a single pile at corresponding working loads may be
expressed as r
Sg

F =

= (109) |

where, F, = group settlement factor,

R, e

S, = scttlement of group,

§ = settlement of a single pile. . e e o ,

Vesic has obtained the curve given in Fig. 10.5 which
where d is the diameter of the pile an@istance betw
the group (only square pile groups are considered). It shou

" based on the results obtained from the tests on groups of pil
is possible that groups in much looser or much denser deposits
behaviour. Also the group settlement ratio is very likely e afie
settiement S, to total pile settlement.

Skempton, Yassin and Gibson ( 1953) have published_,f
groups as shown in Fig. 10.6, These curves can be taken
Since the abscissa for the curve in Fig. 10.6 is not expresseds
be compared with Vesic’s curve given in Fig. 10.5. According
would settle § times that of a single test pile.
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Flg. 10.5 Curve showing the rel
pilo groups I sand

Group settlement ratio, F;
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=

~Relative width of the group B/d

ationship between group

sollloment ratio and relative widths of
(Vosic, 1067)
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10.10 SETTLEMENT OF PILE GROUPS IN COHESIVE SOILS

The total seitleme "pile ’
Cquation‘ﬂ. ?[l]?:l::(;)tl:;; p'llt/ %m}(‘lps may be calculated by making use of consolidation settlement
iy o BRI in .o ved here ig to evaluate the increase in stress Ap beneatt - -
psroup i Sllb_)('tclt.d to a vertical load @y. The computation of st 1 apile group
type of soil through which the pile passes. The methods of computing thirscliii fepends on the
$ses are explained

below;
l.

14

The soil.in the first group given

A1) hgmogcncous cla
he surface and distributed qve

'.. ; .t s level is assumed to spre;td
}ous footing may be found out

y. The 1oad O, is
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Fig. 10.7 Settlement of pile groups in clay soils

2. In the second group given in (b) of the figure, the pile passes through a very weak layer of
depth L, and the lower portion of length L, is embedded in a strong layer. In this case, the
load Q, is assumed to act at a depth equal ta’ L\b low the surface of the strong layer and

/‘T"’—”

spreads at g : 1 slope as before.

3. In the third case shown in (c) of the figure, the piles are point bearinz piles. The load in this
case is assumed to act at the level of the firm strata and spreads outat2 : 1 slope.

10.11 ALLOWABLE LOADS ON GROUPS OF PILES

The basic criterion governing the design of a pile foundation should be the same as that of a shallcw
foundation, that is, the scettlement of the foundation must not exceed some permissible value. The
permissible values of settlements assumed for shollow foundations in Chapter 6 are also applicable

to pile foundations. The allowable load on a group of piles should be the least of the values computed
on the basis of the following two criterions.

r

1. Shear failure criterion.
2. Settlement criterion,

Procedures have been given in the earlier chapters asto how to compute allowable loads on the
basis of shear failure criterion. The settlement of pile groups should not exceed the permissible
limits under these loads.

10.12 NEGATIVE FRICTION ON PILES

Figure 10.8 (a) shows a smgle plle and (b) a group of piles passing through a recently filled cohesive
soil. The 0il below the pletely consolidated under its own overburden pressure.

I 15 own overburden pressure, it develops a
the pile is called as negative friction.

l'is loose cohesionless soil. Negative
dy strata s shown in Fig. 10.8 (c). The
feavy settlement of the fill with consequent
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Megative fnction may also be developea o, ol b geogned water sl nsseanes L
effective stress cansing consolidation of the soil » e Hlantssttlsmen md frcton foroes
being developed on the pile

Negative fiiction must be allowed for when considering the fae., Tty ontheultumais Carg g
capacity of pile. The factor ol sulety, /7, where negative friction s Ikoiy o rurmiy be written 8

e

! Working, load 1 Meg ative sk friction load

l(lmnlu.m/mp capic 11/ Hfd leV|' or _group o, P !

Computation of Negative Friction on Single Piles
The magnitude of nepative [riction F, for a single pile in filled up ‘.ml. may be taken as
(Fig. 10.8 (a)]. ' ——

(a) Forcohesive soils

F, = PL,s (10.10)
() For cohesionless soils
|
Fy=3 PL3YK tan 6 (10.11)
where, L, = lengthof piles in the compressible material,
s = shear strength of cohesive soils in the filled up zone,
P = perimeter of pile,
K = carth pressure cocfficient whichlics between the active and the passive carth pressure
cocfficients, -~
& = angle of wall friction which may vary fromy ¢/ 210 ¢.

Negative Friction on Pile Groups

When a group of piles passes through compressible filled up soil, the negative friction, £, on the
group may be found by any of the following methods Fig. 10.8 (b)]-

(@ F,; = nf, (10,12)
(b)  Fpp = L, Pyt YLy 4, (0,13
where,  n = Number of piles in the group, ) R ks
¥ = unit weight of soil within the pile group upto

I

P, = perimeter of pile group,

Il

A, = area of pile group within the perimeter Py, &
s = shear strength of soil along the perimeter oft 4qell]

]

forces ofall thc smgle piles.

Equation (10.13) assumes the possibility ofblock shearf-.
which includes the volume of the soil vL, A, enclosed in
Eqs (10.12) or (10.13) should be used. :

When the fillis underlain by a compressible stratum as s
friction may be found out as follows: :
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prevented from being pulled out, Such
piles of uniform diameter are used ag
lift force with a suitable factor of

' By suitably anchoring the pile in the ground it may be
piles, are called as anchor piles or tension piles. 1f 1ong
anchor piles, the length should be sufficient to resist the up-
safety.

For some of the structures under-reamed piles are quite suitable as anchor piles. Anchor pilesare! ‘
nomally required for the foundations of structures such as transmission line towers, gas storage! :

tanks, tall chimneys, etc. The tensile forces beneath such structures are normally caused by momcntf
ng high moments on transmission’

develop uplift forces which may

4
]
i

d.uc to wind. Broken wire condition is also responsible for produci
line towers. Hydrostatic pressures on underground structures also

have to be resisted by anchor piles. '
|
i

10.16 UPLIFT CAPACITY OF A PILE GROUP

The uplift capacity of a pile group, when the vertical piles are arranged in a closely spaced groups
may not be equal to the sum of the uplift resistances of the individual piles. This is because, at
ultimate load conditions, the block of soil enclosed by the pile group gets lifted. The manner in
which the load is transferred from the pile to the soil is quite complex. A simplified way of calculating
the uplift capacity of a pile group embedded in cohesionless soil is shown in Fig. 10.13 (2). Aspread
ofload of 1 Horiz ; 4 Vert from the pile group base to the ground surface may be taken as the volume,
of the soil to be lifted by the pile group (Tomlinson, 1977). For simplicity in calculation, the weight
of the pile embedded in the ground is assumed to be equal to that of the volume of soilit disp!accs.l
If the pile group is partly or fully submerged, the submerged weight of soil below the water table has

to be taken.
In the case of cohesive soil, the uplift resistance of the block of soil in undrained shear enclosed
by the pile group given in Fig. 10.13 (b) has to be considered. The equation for the total uplift

capacity P, of the group may be expressed by

Py, =2LL+BT, W (10.42)

—
2
e
|
| —-
——,a:’\:
G

TRT7RN ] ) 77N 77N TR 778N
ZHIN%
T
ZR/NaRY
1 U :
i
4 /)§/ ifted by piles
suiisiy
////
////
ol
4 A
VARAA

(2)

Fig. 10.13 Uplift capacity of a pile group: (a) Uplift of ag‘..
coheszonless soils, (b) uplift of a group of piles

P
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where,

L and overall length and width of the pile group,

L = depth of the pile block,

B

c, = average undrained shear strength of soil around the sides of the group,
W

combined weight of the block of soil enclosed by the pile group plus the weight of

the piles and the pile cap.

A factor of safety of 2 may be used in both cases of piles in sand and clay.
The uplift efficiency Eg, of 2 group of piles may be expressed as

P
Epu= b

o (1043)

where P, = uplift capacity of a single pile,
n = number of pilesin the group.

The efficiency Eg, varies with the method of installation of the piles, length and spacing and the
= of soil. The available data indicate that E, increases with the spacing of piles. Meyerhofand
Adarns (1968) presented some data on uplift efficiency of groups of two and four model circular
footings in clay. The results indicate that the uplift efficiency increases with the spacing of the
footings or bases and as the depth of embedment decreases, but decreases as the number of footings
or bases in the group increases. How far the footings would represent the piles is a debatable point.

For uplift loading on pile groups in sand, there appears to be little data from fuill scale field tests.

10.17 EXAMPLES

Example 10.1

A group of 9 piles with 3 piles in a row were driven into a soft clay extending from ground level to
a great depth. The diameter and length of the piles were 30 cm and 10 m respectively. The unconfined
compressive strength of clay is 70 kPa.If the piles were spaced at 90 c¢m centre to centre, compute

the allowable load on the pile groupon the basis of shear failure criteria for a factor of safety of2.5.

Solution
Allowable load on the group are to be calculated for two conditions,

(@) block failure,
(b) individual pile failure.

The least of the two gives the allowable load on the group.
(a) Block failure (Fig. 10.4)
Oy = cN A, +PgLc i

Scanned by CamScanner

N\




484 Advanced Foundation Engineering
Qp, = 35% 9% 44+8.4x10x35=1390+2950
= 4340 kN,

4340
= —— = 1740 kN.

%= 75
(b) Individual pile failure
O, = Qp+ Or =qydy+ ah;
Assuirxea=-1,Nqub%ch=35 x 9 =315 kN/m?
Ay = 007 m%, A, =3.14 % 03 x 10 =9.42 m*

Substituting, 0, = 315 x 0.07 + 1 x 35 x 0.42 ' R
= 22+330=35kN

Qg = 10, =9 ¥ 352=3168 kN
3168
0, = S5 ~1267kN

The allowable load is 1267 kN.

Example 10.2

A square pile group similar to the one shown in Fig. 10.4 passes through a recently filled up fill. The
depth of fill L, = 3 m. The diameter of pile is 30 cm, and they are spaced at 90 cm apart. If the soil
is cohesive with g, = 60 kN/m?, ¥ = 15 kKN/m?, compute the negative frictional load on the pile

group.

Solution
The negative friction on the group is the maximum of the following

(a) Fpg=nF,
(b) Fpg=sL,PgtyL,4,

where, P,=4 x3=12m, 4,=3x3=9 m’

(a) Frg=9%3.14x0.3x30%30=763kN

(b) Fyg=30x3x12+15x3 x9 =1080 + 405 = 1485 kN

The negative friction of the group is 1485 kN. ‘

Example 10.3

A tall retaining wall is supported on piles comprising vertical and batter piles as shown 10

Fig. Ex. 10.3. The piles are rigidly fixed to the foundation. The piles are spaced at 1.0 m apart
‘parallel to the face of the wall. The resultant vertical (V), horizontal (H ) forces and moment ({\'f)
acting on the foundation per metre length of the wall are shown in the figure. The number of piles
metre length of wall is 5 comprising of 3 batter piles all of equal batter of 18° 26'_and YW%
iles and the spacings are shown on the figure. The piles are reinforced concrete piles of 3 i
ster driven into very loose sand to a depth of 9 m and rests on rocky strata. The coefficien

us variation 1, is assumed as equal to 2.5 MN/m® (= 0.25 kg/cm3).
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Lateral displacement
¥, = Axsin0,-Azcos 0, - oux; cos 9
— (~0.304) (0.94869)— (0.0313) (-0.31623) — (0.000042) (150 (- 031623)
~ =-0366cm. ]
The displacements of other piles may be calculated in the same way.
5. Pile loads |

Computation of pile loads for pile number | ' _

Axialload 0, = K,8,=157%0.1495=23.47 tonnes. j

The pileis in cdmpression

The tranverse load,
P, = — Ky tmo |
— —4(~0366)+ 484 (0.000042) ‘

= 1.484 tonnes.

Moment, My = myy—mgl

= 484 (~0.366)—91216 (0.000042)

i
1
|
= 181 T-em ’ ;
e other piles may be calculated in the same wayfi

4

The computation of pile loads moments of th
The displacements of the foundation and the}

The example worked out is only illustrative.
magnitudes of the pile loads depends upon the following factors.

(a) The accuracy of the value of 1.

(b) The accuracy of the pile constant.

(c) The interaction between piles.

v

A i
Alw

More research work is required in this field. 2
=

10.18 PROBLEMS

10.1 A group of nine friction piles arranged
of medium stiff clay. Assuming that the
optimum spacing for the piles. Assume o= 0.8 and ¢, =

10.2 A group of 9 piles with 3 in arow was driven in
the piles are 30 cm and 12m respectively. The p
G=2.64. i
If the spacing of the piles is 90 cm, compute the
of shear failure for F,= 2.0 with respect to skif
resistance. For ¢ = 30°, assume Nq =22.5an

10.3 Nine RCC piles of diameter 30 cm each 2
centre to a depth of 12 minto a stratum of
pile cap embedding all the piles rests ata
depth of 15 m lies a clay straum of thicknes

in a square pattern is to be proportioned in a depos
piles are 30 cm diameter and 10 m long, find &
SOkN,/mz‘._ o '
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“ : ':”: "“ Het Vit U e satyratod unit weights of san-l and clay are 13.5 kN m? N
!:“'\ ‘ “ \’ ”_""‘ peapeettaly Ehi juitinl void ratio of the clay i3 0.55. Calculais the

R \\“‘\: \h"}‘ aetleaent ol the pile group under the allowable load. The allowable load
\ '

Wb\ e !"\l“ pig conatating of 1o piles ol 40 cm diameter passes through two layers of
ottt snila s shown o Vg 15,32 (c). The thicknesses of the layersare : L} = 25m
amd Lyt e piles aee spneed al 100 cm wentre 10 centre. The properties of the fill
watetind mc‘lup (e, = 25 KN/m*: the bottom fill (peat), ¢, = 30 KN/m?. Assume
y = L RN/ for both the (ill materials, Compute the negative frictional load on the pile
Eroup,

0.5 9 precasteonerele piles of 30 cm diameter were driven three in a row to sandy soil to form a |
squate group. The distance between centre to centre ol piles is 75 cm. The piles are connected |
by a rigid pile cap. The length of pile is 8 m. There is a soft clay strata of 0.5 m thick at a

depth of one metre below the tips of the piles (depth to the top edge of the clay strata).

Compute the following. 3
(a) The allowable 1oad on the pile group. 1 @'S
(b) The settlement of the group at this load. . _é}a
Given: Water table is at ground level. The submerged unit weight of sand = 8.50 KN/m’; f

Average N-value of sandy strata = 18; liquid limit of clay soil, w; = 45%, Initial void ratio of
clay soil = 0.83; natural moisture content of clay w, = 32%.

0.6 Assume thatthe pilc group in Prob. 10.1 comprises both vertical and batter piles as follows.

(a) The centre row of three piles are vertical.

[ (b) The adjacent rows arc batter piles inclining away from the centre row at 2 batterof 30°.
The forces acting on the pile cap level are as follows :
(a) Vertical load 2500 kN. '
b) Horizontal load 1500 kN.
(c) Moment = 2500 kIN-m.
Assume 1, = 13 MN/m’. E=2.1% 10° kg-cmz. |
Compute: ' '
(a) The pile cap movements. ;
(b) The pile loads.
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