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Lecture-57
Soil Structure Interaction for Pile Foundation (Contd.)

In my previous lecture | discussed the procedure to determine the settlement of pile group based
on interaction factor approach. | have mentioned that there are 3 ways to determine the
settlement of the pile group: based on the consolidation theory, based on the empirical equation
and the third is based on the elastic analysis or based on the interaction factor approach.

I have solved one problem to show how to determine the settlement of pile group based on the
consolidation theory approach. Then I have shown an example to determine the settlement of the
pile group based on elastic analysis or the interaction factor approach. Today | will summarize
all the methods based on the elastic analysis.
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Determination of Pile Group Settlement
1,Based on Interaction Factor (u)

(i) Floating Pile (ct,) [corrections can be applied for finite depth of the soil layer,
enlarged base of the pile and if Poisson's Ratio of the soil is less than 0.5] R‘“’ﬂ"

(ii) End Bearing Piles on Rigid Stratum (u,) [Effect of Poisson's Ratio of the soil is 4)
not significant]

(iii) End Bearing Piles on Stiffer Compressible Stratum [t = aty - Fy (cty - 1))

Note: The settlement of the single pile per unit load (p,) can be determined

(i) Floating Pile (single) [corrections can be applied for finite depth of the soil layer,
compressible pile and if Poisson's Ratio of the soil is less than 0.5]

(ii) End Bearing Pile on Stiffer Stratum [corrections can be applied for compressible
pile, compressibility of bearing stratum and if Poisson's Ratio of the soil is less
than 0.5)

2, Based on the Settlement ratio (R,) [corrections can be applied for finite depth of
the soil layer, compressibility of bearing stratum and if Poisson's Ratio of the soil
is less than 0.5)
(i) Friction pile group
(ii) End bearing pile group

Firstly the determination of the pile group settlement based on the interaction factor approach.
Basically there are 3 types of piles: floating pile, end bearing piles on rigid stratum and end
bearing pile on stiffer compressible stratum. In the case 1 the floating pile resting in a layer of
infinite depth was discussed. There is another sub case in floating pile where the pile rests in a

layer of finite depth. The interaction factor, as used in the first case does not need a correction for



finite layer depth whereas when the floating piles rests in a finite layer, this correction comes
into picture.
(Refer Slide Time: 03:08)

Interaction Factors for Floating Piles (c;)

Interaction Factor () for Floating Piles, L/d=10
Source of Figure: Poulos and Davis (1980)

This is one of the several curves, from which the o value can be determined. This particular
curve is for an L/d ratio of 10 and for a Poisson’s ratio of 0.5. So, if the pile rests in a soil with a
Poisson’s ratio less than 0.5, the correction for p should be applied. Also, if the pile has an
enlarged base, the correction for that should be applied in addition. So, if a floating pile with an
enlarged base rests in a soil of Poisson’s ratio less than 0.5 where the layer depth is finite, three

corrections should be applied to the interaction factor, o.

The next case discussed was about end bearing pile resting on a rigid stratum and case 3 was
about end bearing pile resting on a compressible stratum. For these two cases, the interaction
factor was termed as ag (E for end bearing). The Poisson’s ratio effect in these two cases was
found to be not effective and so that correction need not be applied to ae. As the pile considered
here is end bearing type and it rests on a rigid stratum, the finite layer depth was also not needed
here as it is obvious that the layer is finite. Finally, for the enlarged base there are no specific
charts available for end bearing piles and so the charts available for the floating piles can be used
here also.

(Refer Slide Time: 05:33)



e .
Vokas of ¢

Correction Factor for Poisson’s Ratio on «, Correction Factor for Finite Layer Depth on «,
Source of Figures: Poulos and Davis (1980)

The two charts shown above are the charts to read correction factors for Poisson’s ratio and finite
layer depth in case of floating piles. So if in any problem, the conditions are such that these
correction factors should be applied, then first the af value should be determined from the chart
and should be multiplied with the appropriate factors.

(Refer Slide Time: 06:33)
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Correction Factor for Enlarged Base on «,

Source of Figures: Poulos and Davis (1980)

This chart helps to determine the enlarged base correction factor. The chart gives the correction
factor values of dy/d = 2 and 3. So finally if all the 3 corrections should be applied to the floating
pile, the os value should be multiplied with N, N and Ngp.
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| End Bearing Piles on Rigid Stratum (otg)
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Interaction Factor (c,) for End Bearing Piles, L/d=10
Source of Figures: Poulos and Davis (1980)

Similarly the chart for interaction factor in end bearing piles was shown above for L/d = 10.
(Refer Slide Time: 08:29)

End Bearing Piles on Compressible Stratum

o » ol = Fy (dly -ag)
v{. Fpal

o 2dp-dr tdg
=g

The third case in this was about piles resting on a compressible stratum the E, and Es values
should be known. (Ey is the elastic modulus of the base stratum and E; is the elastic modulus of
the soil through which the pile is passing) The expression for a in that case was given as:

a=0op — FE(ocF —aE)
ar and ag are the interaction factors for floating pile case and end bearing case respectively after
applying the applicable corrections (if any). The value of Fg will be unity if the E, value is very

high (almost infinity) and if Fe = 1 then a will be equal to ag. This shows that if E; is infinite, it



means that the bearing stratum is rigid and so this case also merges into the second one where
end bearing piles rest upon a rigid stratum. Remember that this Fe value also should be read from
different charts each with a specific L/d value: 10, 25, 50, 100. The chart shown above is for an
L/d ratio of 10.

(Refer Slide Time: 10: 08)

Determination of Pile Group Settlement
1.Based on Interaction Factor (u)

(i) Floating Pile (u) [corrections can be applied for finite depth of the soil layer,
enlarged base of the pile and if Poisson's Ratio of the soil is less than 0.5)

(ii) End Bearing Piles on Rigid Stratum (c,) [Effect of Poisson's Ratio of the soil is
not significant]

(iii) End Bearing Piles on Stiffer Compressible Stratum [u = aty - Fg (g - )]

Note: The settlement of the single pile per unit load (p,) can be determined

(i) Floating Pile (single) [corrections can be applied for finite depth of the soil layer,
compressible pile and if Poisson's Ratio of the soil is less than 0.5)

(ii) End Bearing Pile on Stiffer Stratum [corrections can be applied for compressible
pile, compressibility of bearing stratum and if Poisson's Ratio of the soil is less
than 0.5)

2. Based on the Settlement ratio (R,) [corrections can be applied for finite depth of
the soil layer, compressibility of bearing stratum and if Poisson's Ratlo of the soll
is less than 0.5]
(i) Friction pile group
(i) End bearing pile group

So for floating piles, 3 corrections and for the end bearing piles, 1 correction (enlarged base) may
be applicable at the maximum. For the approach based on the interaction factor, the settlement of
the single pile should be known to apply the method. That single pile settlement can be
determined by the pile load test or also by the elastic analysis.

(Refer Slide Time: 10:59)
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p s the settiement of pile head

P is the applied load on pile

ly Is the settlement influence factor for o1 R

incompressible pile in semi-infinite mass (1=0.5) -/ BN

Ry is the correction factor for pile compressibility ./ Fo N g

Ry is the correction factor for finite depth of | e |

layer on the rigid base i |

R, is the correction factor for Poisson’s Ratio of

soil

h is the total soil layer depth
Source of Figures: Poulos
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Settlement Influence Factor (1,) for incompressible Pile (j,=0.5)



The above expression is for the floating pile single pile settlement. So I, value can be determined
from the chart in the above slide. If Poisson’s ratio of the soil is 0.5, depth of the layer is infinite
and pile is rigid or incompressible then | = I,.

(Refer Slide Time: 11:59)
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Correction Factor (R,) for Pile Compressibility Correction Factor (R,) for finite depth of laye
2,0 ostom
Source of Figures: Poulos and Davis (1980)

If the pile is compressible, the compressibility correction factor, Rk should be applied and if the

layer in which it is resting has finite depth, the correction for finite depth, Ry, should be applied.
(Refer Slide Time: 12:14)

Correction Factor (R ) for Poisson's ratio
Source of Figure: Poulos and Davis (1980)

Similarly the correction for Poisson’s ratio, R, should be applied if Poisson’s ratio is not 0.5. So,
the factor I, should be calculated considering all these corrections.
(Refer Slide Time: 12:32)



End Bearing Pile on Stiffer Stratum
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Source of Figures: Poulos
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eyt o (oneclion Factor (R,) for Stiffness of bearing stratum

Then the settlement of single end bearing piles resting on a stiffer stratum can be calculated as
shown above. The corrections applicable here are the Poisson’s ratio correction R, correction for
pile compressibility Ry and the correction for bearing stratum stiffness, Ry. Again here, as it is an
end bearing pile, the finite depth correction is not applicable.

So in case of single pile settlement, 3 correction factors at maximum are applicable for both
floating pile and en bearing pile.
(Refer Slide Time: 14:27)
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and Davis (1980) Correction Factor (R, for Stiffness of bearing stratum (L/d=5)

The above chart is for the Ry, correction when the L/d ratio is 5.



The second approach in this regard was to determine the settlement ratio from the table directly.
An example problem was solved to calculate the R value and then it is determined from the table

to check the table. The Ry values are given separately for floating piles and the end bearing piles.

So the R; value can directly be read from the table or calculated based on the first method. If it is
read from the table, the correction factors may have to be applied to the R value. If the first
method is followed, the corrections will be applied first and then the Rs value will be calculated.
(Refer Slide Time: 16:03)

This is the table to determine the Rs value directly, for friction pile group. Remember that this is
for the pile group with the rigid cap meaning that the settlement will be uniform.
(Refer Slide Time: 16:39)



This is for rigid stratum end bearing pile on rigid strata.
(Refer Slide Time: 16:44)

Source of Figures:
Poulos and Davis (1980)
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Correction Factor for compressibility of

Correction Factor for finite layer on R, pearing stratum on R,

These are the charts for the correction factor on Rs. The correction factors for finite layer and
compressibility of bearing stratum are shown above.
(Refer Slide Time: 17:01)



Source of Figure: Poulos P pur o o
and Davis (1980) Correction Factor for Poisson’s Ratio on R,

The above chart is for the Poisson’s ratio correction on Rs.
After determining the Rs value from the table, the correction factors should be calculated. So the
2 possible corrections for the floating pile are the finite layer and the Poisson’s ratio factors. For

floating piles the base compressibility correction factor need not be applied.

And for the second case, when dealing with the end bearing piles, the compressibility of the
bearing stratum will be mostly used. For the end bearing rigid pile the Poisson’s ratio has the
least effect.

(Refer Slide Time: 18:25)

Settlement of Pile Group in Layered Soil
Settlement of Single Pile in Layered Soil

Settlement of Single Pile founded within the first layer of a system of m
layers of different soils
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1, is the settlement of a pile in a layer of depth h=h, (h,>L)

I; Is the displacement influence factor | on the pile axis at the top level of
the layer

E, is the elastic Modulus of the layer j

P is the load acting on the pile




The next concept is the settlement of the pile group in layered soil which was discussed in the
previous class. In the previous example problem, the settlement of the pile group based on the
first approach, the interaction factor approach was calculated. Today the problem will be solved
by using the second approach. That means the R value will be picked from the table.

(Refer Slide Time: 19:11)
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for same settiement as pile group same settlement as pile group
Source of Figures: Poulos and Davis (1980)
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In the last example problem the single pile settlement (in layered soil) was calculated considering
that the pile is very rigid. Because of that, any correction factor was not considered and | = I,
was valid then. Now, if the compressibility of the pile is considered, the respective correction

factor should be applied.



As k value is 1000 and L/d ratio was 50, the compressibility correction, Rx will be 1.28. So, |
value will be:

| =1 xR, =0.043x1.28=0.055

If this | value is substituted in the formula for settlement, ps value will be 0.88 mm. The
settlement without considering the compressibility of the pile was 0.69 mm. Now as the pile
compress, the settlement also increases than the incompressible case.

Now a problem will be discussed to show the procedure to determine the settlement of a pile
group in a layered soil. So the problem condition states a 3 x 3 pile group with each pile having a
length of 20 m. The soil profile consists of three layers in which the top layer is of 30 m
thickness. The thickness of the layer 2 is 10 meter and the thickness of layer 3 is 5 meter.

The properties of soil in the first or the top most layer are given as: ¢, = 26 kN/m? ps = 0.35 and
Es = 20000 kN/m® (20 MPa). The properties of soil in the second layer are given as: ¢, = 15
kN/m?, us = 0.35 and Es = 9000 kN/m? (9 MPa). The properties of soil in the second layer are
given as: ¢, = 20 KN/m?, ps = 0.35 and Es = 15000 kN/m? (15 MPa).

The pile group consists of 9 piles arranged in a 3 x 3 pattern with center to center spacing of 2 m.
The diameter of each pile is 0.4 m. So the width of this pile group block will be: (2 x 2 + 0.4 =

4.4 m). The piles are solid piles and so the Ra value will be 1.

Under these conditions the settlement of the pile group should be determined in these layers
using the elastic analysis approach. In this case the elastic modulus obtained is for the undrained

condition when the p is 0.5. But the elastic modulus at any condition will be equal to:

E, =2+ )E,

3
where E, is the elastic modulus of the soil in undrained condition. So, if the Poisson’s ratio of the
soil is 0.5, then E¢’ will be the same as E,. So if the E, value is known, the elastic modulus of the

soil can be calculated for any Poisson’s ratio. Here, as the Poisson’s ratio is 0.35, that value



should be substituted in the expression if E, was given. But here the values of elastic modulus for
the different layers are given directly and hence this expression need not be used.

First let us calculate the k value:

E,R, 20000x1

k=—2
E 20

=1000

S
The calculations are being done considering the pile as a floating pile resting in a layer of finite
depth and so the first layer elastic modulus is considered.

L 20 S 2
—=—=50; =0.5; —=—=05]
d 04 Hs d 04

Here, if the first approach is to be followed, the R value should be calculated by determining the
settlement of the pile group. But here, as the second approach is being followed, the R value will
be directly determined from the table. The pile group rests in a single layer without any stiffer
stratum at its base and so the floating pile chart should be referred to read the R value. For a 3 x
3 pile group (or 9 piles), a k value 1000, L/d of 50 and s/d ratio of 5 (2/0.4), the value of Rs from
the chart will be 3.51. But, these charts are developed for a pile group resting in infinite layer and

for soil with Poisson’s ratio 0.5.

But here the Poisson’s ratio is 0.35 and the layer is finite. So corrections should be applied for
these two factors. To start with applying the corrections, the values that are to be known are:

h=30m, %:1.5; M, =0.35

For floating pile group of 3 x 3 with h/L = 1.5, L/d = 50 the correction for finite layer depth on
Rs is &n = 0.83. Similarly for a soil with pu = 0.35, the correction for Poisson’s ratio on Rs is &, =
1.035. So now these 2 correction factors should be applied here:

R =3.57x0.83x1.035=3.02

s(corrected)
The corrected value of R is calculated from the table (the second approach).

In the next class, | will calculate the settlement of a single pile and multiply it with the R value,
to get the settlement of the pile group. As this is a settlement ratio, it is not the settlement of the

pile group. Thank you.



