Soil Structure Interaction
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Lecture — 52
Soil Structure Interaction for Pile Foundation

In this lecture | first will discuss how to use the Pasternak shear model to model an
embankment and then | will start the pile foundation part.
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Cylindrical Storage Tank
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The case of a cylindrical storage tank was already discussed in the last lecture. Now, the
procedure to use the boundary conditions here will be discussed. Here, the loading condition
is different as the moment, concentrated load and UDL will act altogether if the tank is full.
Under empty condition, again a different loading condition comes into picture.

(Refer Slide Time: 01:07)
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The governing differential equation for the circular tank condition will be:

d4 dZ d d d2
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R, is the radius of the loaded region and Ry is the radius of the entire model.

where, D =

The first boundary condition is that the slope at the centre is zero (r = 0) because the load is

symmetric:

d
1) % _g
dr

r=0

The second boundary condition is that the shear force also will be 0 at the centre (r = 0):
2)Q= O|r:0
The third boundary condition is that the bending moment at the edge where, r = R, will be

equal to M, which is nothing but the moment due to the liquid pressure.

3)M, =Mo|r:0
d?w dw
where, —D| —° T =M,| _
dr rodr =R

The fourth condition is about the shear force at the edge of the loading (r = Rp)

dw, dw,
R T



d’w d?w dw dw, dw
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dr r dr r< dr dr dr
The first term in the above expression is due to the shear layer effect and P, is the shear force
due to the point load acting at the edge.

The differential equation for the zone beyond the loaded region is:

Forr>Ry: kw, —GH(——+

All these expressions and are for the case when the tank is full. If the tank is empty, M, will
be 0 because there will be no moment and g value also will be in the reduced form. Also, the
g value would be very less as the tank is empty and the only weight is of the foundation. If
the weight of the foundation is neglected, then g will be also equal to 0. In such case, only 2
concentrated loads at the two edges will act.

After this, the procedure to solve is the same as that of the beam or plate problem.
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The next concept is about how to model an embankment. For the Pasternak model, the
equation is:

dN,
dx

The condition is shown in the figure where the embankment is resting on a shear layer which

is underlain by a layer of springs. The embankment will also be modelled as a shear layer.

But the thickness of the shear layer above the springs is constant, but it is not the case when



the embankment is considered as the shear layer. The above differential expression can be
written as:
q=0,— dN,
bodx
Ny is the total shear force per unit thickness

d

NX:jrxzdzsz?j—W

0 X

2
N, _g| MWy g I W
dx dx dx?

where, d is the depth of the embankment which changes along the embankment length and d’

is the derivative with respect to length = di(d) :
X

On the top of the second Pasternak layer (granular layer), a UDL of q is acting and at the
bottom of this layer, a reaction of g; is acting upwards. This g acts as a load on the soft soil
and a reaction of gy acts upwards at this face due to the spring reaction. As g, is the reaction

of the springs with spring constant, k: g, = kw.

Now, the condition is that a UDL acts on the shear layer of thickness Hs and shear modulus,

G. This shear layer is resting on the soft soil with spring constant, k.

d*w
qt :kW—GHf W

q=0q, +7.d
where, q, is the intensity of the UDL, vy, is the unit weight of the embankment and so q will

be the sum of external load and the soil weight. Now, the basic governing differential

equation can be written as:

2
q, +7.d =kw-G d'(:l—w+(Hf+d)Z—W} forx<B
X

X2
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Stone Column-Supported Embankment Resting on Soft Soil
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Kousik Deb, (2010) A Mathematical Model to Study the Soil Arching Effect in Stone Column-Supported
Embankment Resting on Soft Soil, Applied Mathematical Modelling, Elsevier, Vol. 34, No. 12, pp: 3871-3883,
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The length from the centre of the embankment to the point where the slope starts is taken as
I.. In that case, we can write:

d=H, If:0<x<Il,—> (@)

dzHe-{%u} If:1.<x<B—>(2)

where, n is the side slope of the embankment (1V : nH) and B is the half width of the
embankment.
The value of d’ will be zero as long as x is within 1. as the height of embankment is constant
in that portion. For the side slope part of the embankment, d’ is given below.

d'=0 If:0<x<I,

d:—l If:1.<x<B
n

The differential expression for the region beyond the embankment is given below:
2
kw—GH, d—\;V:O forx>B
dx
This way, the embankment problem can be solved using the Pasternak model. The difference
between the original Pasternak model and this is that the thickness of the shear layer is not

constant here, but is a function of x.

If the time dependent effect should be incorporated, the kw term in the differential equation
should be divided with U and can be solved for that.
(Refer Slide Time: 19:20)



1. To carry vertical compressive load

If all the (majority amount) loads are
transferred to the pile tips

End bearing pile Soft soil

If all the (majority amount) loads are
transferred to the soil along the length of pile

Hard layer
Friction pile

End bearing
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Now, let us start the concept of soil-structure interaction in the pile foundation. The piles can
be classified into three groups: piles under compressive load, piles under lateral load and
piles subjected to uplift. If a pile is subjected to a compressive load, the load transfer happens
from the pile to the soil through friction between the pile shaft and the soil throughout the
pile length. If the pile rests on a hard stratum, the load transfer may occur due to the end
bearing also. If the majority of the resistance is due to the friction then it is called a friction
pile and if majority of the resistance is due to the end bearing, then it is called an end bearing
pile.

(Refer Slide Time: 20:46

2. To carry horizontal load (foundation
for retaining wall, bridge, abutments)

Retaining
wall P Bridge pier

Laterally loaded piles: Horizontal load e
acts perpendicular to the pile axis. ple S
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Murthy (2001) Batter Pile
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Next is about the pile subjected to horizontal or lateral load. This type of piles can be

encountered with below retaining walls, bridges, apartments, or a pile in any off-shore



structure where the load from a water wave acts on the pile. If the load axis is perpendicular
to the pile axis, it can be called as the lateral loaded pie.
(Refer Slide Time: 21:21)

3. To resist uplift or tension load T

Tension pile or Uplift: Below some
structures such as transmission
tower, offshore platform which are
subjected to tension.

e

Tension Pile

Murthy (2001)
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The third type of pile is the pile under uplift. Suppose there is a pile in the foundation of a
tower. Due to the wind load, there is a chance that the tower will be subjected to a moment or
rotation and in such case, piles in one side of the foundation will be subjected to tension. So,

whenever a pile is under towers or tall buildings, they have to be checked under tension.

These are the three different types of loading possible in piles. The soil-structure interaction
part within the pile will only be considered and basically, the settlement calculation will be
dealt with. Also, the conventional design of the pile foundation under compressive load, how
to consider the interaction of the piles in a group to calculate the settlement will be explained.
(Refer Slide Time: 22:54

Pile under vertical compressive load
The ultimate point load can be expressed in the form

0,,=9 ot

A, = sectional area of the pile at its base

¢ _ = Soft soil
The ultimate skin friction can be written in the form

0, =14,

f, = unit skin friction resistance Hord layer
A= surface area of the pile in contact with soil

The ultimate load capacity (Q,) can be written in the form

Qu = qpuAh + fs As
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For a pile under vertical compressive load the ultimate load may come from bearing and from
friction. The frictional resistance is fs and bearing resistance is gp. By multiplying the
surrounding area of the pile, the total frictional resistance can be calculated.
Qr =15 x A

As value can be determined by multiplying the perimeter of the pile and the pile length. If the
area of the pile base is multiplied with gp, then the Qp, value is obtained. So, the ultimate load
carrying capacity of the pile is:

Q =0 A + A
The first term is the end bearing resistance and the second term is the frictional resistance.
(Refer Slide Time: 23:56

Piles in granular soils: ’ [ ‘
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The end bearing resistance of a pile can be calculated using the correlation given above:
Opu = v Nq
So, if the angle of the friction angle of the soil is known, the chart to read the Nq value is
given and the effective vertical stress can be calculated. If the case is a driven pile in sand and
if ¢ > 40°, then the ¢ value should be corrected using the expression:
_9+40
2

Remember that it is recommended to restrict the bearing resistance to 11,000 kN/m?. So, if

&,

the bearing resistance is calculated to be more than this value, consider it to be equal to
11,000 kN/m?,
(Refer Slide Time: 25:23)



Skin _friction:

1,=0, (o) \ o
f. = Ko'tan(9)
6 = angle of friction between the pile and the soil L

K= the lateral earth pressure
o, = the soil pressure acting normal to the pile surface (horizontal)
o' = the effective vertical overburden pressure

Ultimate Skin friction resistance (Q;) :
Qf =A/,.\'(ur)As'
Qf = Ko-u\" tan(é‘)Ax

o’,, = average effective overburden pressure over the embedded length of the
pile
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The formulae to calculate the skin friction is given:
f, =0, tano
= f,=Ko'tand
o'y is the effective vertical overburden pressure, 6 is the angle of friction between the pile &

soil, K is the lateral earth pressure coefficient and oy, is the soil pressure acting normal to the

pile surface. This skin friction value should be multiplied with the area of pile that offers

friction to get the ultimate skin frictional resistance:

Qf = 1:s(av)’AE
= Q, =Koy, tan(5)A

(Refer Slide Time: 26:30

Broms (1966) recommends the value of K and & shown in Table for piles driven into sand

Pile material Values of K
loosesand  Dense sand

0.5 1

1
Timber 0.67¢ 1.5 4

Ranjan and Rao, 1991
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The above slide shows the table to determine the values of 8 and k for various materials and
combinations.
(Refer Slide Time: 27:10)

Critical depth: Critic.al depth may varY from about
Depend on ¢’ value and diameter of pile (D). | 150 in loose to medium sand to
20D in dense sand.
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Now let us see the concept of critical depth. Usually, the lateral stress due to soil is assumed
to increase linearly with depth. But in case of piles, it is recommended to restrict this value as
shown in the left side figure above. So, the stress is assumed to increase up to a certain depth
and then to be uniform beyond that. The depth beyond which the lateral earth pressure

remains constant is termed as the critical length or critical depth (L).

The value of critical depth is 15D for loose to medium sand and for dense sand it is 20 D (D
is the diameter of the pile). So, in a dense sand, the lateral stress on pile increases up to a

depth of 20D and beyond that depth, it will become constant.

To calculate the tip resistance, the ¢’y value is needed which should be calculated using the

reduced value or the uniform value.
(Refer Slide Time: 28:46)



The allowable load Q,, :

Q, = ultimate load
F = factor of safety = 2.5

Note: The bored piles in sand have a point bearing or tgp resistance (qw) is
1/2 to 1/3 of the value of the driven piles. In case of bored pile in sand, the
|ateral earth pressure coefficient can be calculated as: K = 1-sin ¢. The value
of K varies from 0.3 to 0.75 (average value of 0.5). The § value is equal to ¢
for bored piles excavated in dry soil and a reduced value is considered if
slurry has been used during excavation.
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Ultimately, both the frictional resistance and end bearing resistance should be added to
determine the ultimate load carrying capacity of the pile (Qy). This ultimate load capacity is
then divided by a factor of safety (usually 2.5), to get the allowable load, Q..

For bored piles in sand, the point bearing resistance or the tip resistance will be 1/2 to 1/3 of
the value of driven pile.
(Refer Slide Time: 29:47

Piles in clay :
The ultimate load capacity of pile (Q,):

Qu = qpu Ab t fx Ax

In clays, q,, =c,N.and f, = c, = ac,

Qu 3 CuhN L‘Ah + acuA\

¢, = undrained cohesion at the base of pile .
N, = bearing capacity factor for a deep foundation. For circular and square piles N, = 9
(proposed by Skempton). Pile must go at least 5D inside the bearing stratum.
a = adhesion factor

¢, = undrained cohesion in the embedded length of pile
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The ultimate load capacity of a pile can be given by:
Q =0 A + A
In clays: gpu = Ccu Nc and fs = ¢, = acy

Qu :CuchA\) +aCuA§



where, a is the adhesion factor, ¢,y is the undrained cohesion of the soil at the base of the pile,
N is the bearing capacity factor (usually, 9 for piles) and cyy, is the undrained cohesion of the
soil throughout the embedded length of the pile.

The adhesion between the clay to the pile material is similar to that of the 6 in case of pile in
granular soil.
(Refer Slide Time: 30:58

Values of reduction factor a

¢, (kPa) consistency ‘
0-125 very soft ! \t T~ Dot T
12525 soft PN
S 05— v
25-50 medium g" R AN ‘
0 -
50-100 stiff NIRRIE |
100-200 very stiff |
0 « L I 180 20 40 80
>200 hard

Consistency. N value

Bored piles  Driven cast in situ

piles
Soft to very soft <4 0.7 1.0
Medium 4-8 0.5 0.7
Stiff 8-15 0.4 0.4

Stiff to hard 0.3
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The above table gives the c, values based on the consistency of the clayey soil. Also, the N
values are given depending upon the consistency and the type of installation of the pile
(bored or cast in-situ). In case of sand the value for driven pile can be calculated and then for
bored pile it would be 1/2 to 1/3 of the driven pile value.

(Refer Slide Time: 31:38

Types of load test

Vertical load test Lateral load test Pull out test
(compression) (Tension)

It is carried out to establish load-
settlement  relationship  under |
compression and determine the

. rThese two tests are carried out when
allowable load on pile.

piles are required to resist the lateral
loads or uplift loads.
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The above slide shows the different types of pile load tests through which the load carrying
capacity of a pile can be determined. The pile load test is similar to the plate load test for
shallow foundation but the pile load test helps to calculate the load carrying capacity of piles.

There are even dynamic formulae to calculate the bearing capacity of driven piles.

(Refer Slide Time: 32:42
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Group action of piles:

"~ Pile group

S S
6 Piles

https://www.deltares.nl/en/software/module/d-pile-group-cap-  https://theconstructor.org/geot
layered-soil-interaction-3/ echnical/foundations/pile/page
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Seftlement of a pile group

Consolidation Theory
Empirical Expression
Elastic Analysis
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In the next class, | will discuss the pile load test. After that, I will discuss the group pile
interaction. Then | will discuss the settlement calculation considering the interaction among

the piles in a group. Thank you.



