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Lecture-64
Soil Structure Interaction for Pile Foundation (Contd.)

In this class | will discuss how to determine the interaction factor for laterally loaded piles to
determine the settlement of pile group considering the effect of all interaction factors due to all
the piles in group or the interaction effect of other piles on a particular pile in a group.
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Elastic Analysis
Displacement of Pile Group under lateral load by Interaction Factor Approach

Interaction Factor (« ) for displacement =Additional displacement caused by the adjacent pile / displacement
of pile under its own loading 3
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Py is the unit displacement i.e the displacement of a single free-head pile under unit
horizontal load

H, is the load on pile j

08 the value of a, (interaction factor for displacement under horizontal load) for two
piles kand jand angle 3 is the angle between the direction of loading and the line joining
the centers of piles k and j

Poulos and Davis (1980)

“PORVQUI SO

This was the explanation given and it also shows different interaction factors that are to be
considered. The interaction will be denoted by a with a suffix indicating the type of interaction,
type of load and, in the expression, the number of pile. o,y indicates that the interaction factor is
for settlement (p) and the load is a horizontal point load (H). Similarly if M is in the suffix, it
denotes that a concentrated moment is acting on the pile group and if 6 is in the suffix, it denotes
that the interaction is considered for rotation. Finally an interaction factor o,ui Speaks of the
effect the j pile has on the settlement (as p is in suffix) of k™ pile in a group subjected to a
horizontal load of H.
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The above shown charts give the a,u value of free-head piles for a p value of 0.5, various values
of L/d ratio and two B values of 0° and 90° depending upon the s/d or d/s ratio. The x axis reads
the value of s/d ratio and if the s/d ratio is more than 5, d/s ratio should be considered which is
also present on the x axis of the charts. The two charts are given for two Kg values (10° & 107)
where Kk is the pile flexibility factor and:

Eplp is the flexible stiffness of the pile, L is the length of the pile and S is the elastic modulus of

the soil.

The procedure to determine the spacing between each set of piles was already discussed in case
of pile group under compression. The angle B was also mentioned to be the angle between the
direction of load and the line joining two piles. In the first slide shown in this lecture, the B value

for the k™ pile and the centre pile would be 45° as it is a pile group square pattern.

The above shown charts (for a,y) are developed for a Poisson’s ratio of 0.5, but no corrections
are recommended if soil has any other p value. This is because it was found that the variation due
to the Poisson’s ratio was found to be very less. So, though the charts are for p = 0.5, they can be
used for any p value.
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Interaction factor () for free-head pile Inle'ractlon hcto'r (ay) for free-head pile
subjected to horizontal load , K,=10" suibjected to horizontal load , K;=10
(4)

These are the charts for Kg values of 10 and 10
(Refer Slide Time: 04:53)
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Interaction factor (c1,,,and ) for free-  Interaction factor (i, and dy,) for free-
head pile subjected to moment and head pile subjected to moment and
horizontal load respectively, K;=10* horizontal load respectively, K,=10*
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The above shown are the charts required to determine the apv and oen values. opm IS the
settlement interaction factor due to moment and agy iS the rotation interaction factor due to
horizontal load. Note that the chart is same for both the interaction factors. All other depending
factors are similar to that of a,p.
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Interaction factor (1, and ) for free-  Interaction factor (u,,, and w,) for free-
head pile subjected to moment and  head pile subjected to moment and
horizontal load respectively, K;=10" horizontal load respectively, K,=10

These are some other charts for o,y and oy for Kg values of 10 and 10.
(Refer Slide Time: 06:15)
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Similar charts are proposed for agy which are shown above. This factor speaks about the

influence of other piles in rotation when the group is subjected to a moment, M. The above

shown are charts for K values of 10 and 10™. But, similar to other interaction factors, this is also

given for four Kg values (107, 103, 10™ and 10). The charts discussed till now are for the free-

head piles.
(Refer Slide Time: 06:49)
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Interaction factor (u.) for fixed head Interaction factor () for fixed head
pile, K;=10" pile, K;=10

The above are the interaction factors of settlement in case of a fixed head pile, a,r. There is a
small difference in the nomenclature of the interaction factors in case of free-headed and fixed
head piles. In the free head pile factors, the second letter of suffix denoted the type of load (H-
point load & M- moment). But in fixed head piles, the second is ‘F’ which denotes fixed head
pile. It was already mentioned that in fixed head pile groups moment cannot be applied and

hence there is no need to indicate the loading type in the interaction factors.

Similar to the all other charts, the charts for a,r were also developed for four values of Kg.
Remember that all the values the charts so far show, are for the ground line level only. So, as the
rotation for fixed head pile at the ground level (at the fixed head itself) is O, there are no charts

for agr.

In the subgrade modulus approach, the quantities could be determined along the depth at
different locations, but here the factors for rotation and deflection are for the ground level only.
So, for the free headed pile, the deflection and rotation can be determined, but for the fixed head
pile, the rotation is O at the ground level.

(Refer Slide Time: 09:02)
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M is the applied moment at ground line frf!r

H is the horizontal forced acting an eccentricity e above the ground line

I s the elastic influence factor for displacement

F, is the yield displacement factor (ratio of pile displacement in elastic soil to
pile displacement in yielding soil)

F; yield rotation factor

e (O R R R AR

The next concept is about the deflection and rotation of a single pile with constant Es along the
depth. In the concept of subgrade modulus approach, 2 cases were considered: a constant ki
where the subgrade modulus does not change with depth and a variable k, where the subgrade
modulus varies with depth. Similarly two cases will be considered here where the elastic
modulus is: constant along the depth of the pile and varying along the pile. As this is the elastic

analysis, the two factors E and p will be focused upon.

The case considered here is of the constant Es value along the depth which is similar to the
uniform Ky, value in the subgrade modulus approach. Here the settlement is been indicated with p.
The displacement will be calculated at the ground level even if the pile head is above the ground
level and the load is applied at the head. The determination of deflection wherever H is applied

will be shown later on. For now, the deflection of a free-headed pile under a lateral load of H is:
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where, I is the influence factor in which p denotes settlement and H denotes horizontal load, I,u
is the influence factor for settlement under moment, e is the eccentricity of the load (= M/H) or
the distance between the point of action of the load and the ground level and F, is the yield
displacement factor. This factor may be defined as the ratio of pile displacements when soil is in
elastic state to that of yielding state. So, it is basically a comparison between the soil in elastic

zone and the soil with ultimate resistance. For a purely elastic soil, the value of F, will be 1.



Similarly the rotation of a free-headed pile under a lateral load of H is:
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The factors are almost similar to that of those involved in the expression for displacement. loy is
the influence factor for rotation under H, gy is the influence factor for rotation under M and Fq is

the ratio of the pile rotation in elastic soil to the pile rotation in yielding soil.

If the displacement should be determined at the point of application of H in a free-headed pile:
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The terms are all defined already except Epl, which is the flexural rigidity of the pile.

These are the expressions for displacement and rotation for a free-headed pile.
(Refer Slide Time: 14:23)

Fixed-Head Pile (Subjected to H only)
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Similarly when a fixed head pile is subjected to H, the expression for displacement will be:
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Ir is the influence factor settlement in a fixed head pile (here, F denotes fixed), F.r is the
displacement factor (ratio of pile settlement in soil within elastic zone and the pile settlement in
soil at ultimate resistance). Remember that for a pure elastic soil, For will be 1.

(Refer Slide Time: 17:29)
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The above slide shows the charts to determine the influence factor values settlement under H,
settlement under M and rotation under M in case of free-headed piles. The influence factor value
will be read against the respective Kg value on the x axis for an appropriate L/d ratio. Note that
these charts are developed for free headed floating piles resting in a soil of constant Es and with a
Poisson’s ratio of 0.5.

(Refer Slide Time: 18:16)
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Above shown are the charts for rotation influence factor under moment (lgn) and for the yield
displacement factor, F, for free-headed floating pile. The factor lom depends upon the L/d ratio
and Kg value of soil just like the previous influence factors. But the factor F, depends upon the
e/L ratio and H/H, ratio on the x axis. H is the horizontal load applied on the pile and H, is the
ultimate horizontal load carrying capacity of the pile.

(Refer Slide Time: 19:48)
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Similarly the chart on the left in the above slide is for Fy, the yield-rotation factor for a free-
headed floating pile. The chart on the right shows the influence factor for settlement in case of a
fixed-head pile (I,¢). It is already mentioned that no moment can act on the fixed-head piles and
as there is only settlement in this case, the influence factor is also formulated for the settlement.
(Refer Slide Time: 20:42)
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Finally this chart is for the yield-displacement factor for a fixed-head pile, F,r. The last two
charts discussed are for the fixed-head piles (I,r & F,r) and all the remaining charts are
applicable for free-headed piles.

(Refer Slide Time: 21:13)
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Let us now look into the concept of displacement and rotation for single pile in a soil with
linearly varying Es with depth. Here, the expression for Es can be written as:
Es=N,xz
where, N, is the rate of increase of Es with depth
z

Nn =nh; and k= nh(a]



The pile flexibility factor is given by:

E, |
N
n

For the free-headed pile, the expression for settlement is:
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The expression is same as that of the constant Es, but the only difference is the dash terms, which
indicate that the Es is linearly varying with depth. The influence factors also denote the same as
the constant E; case.

Similarly, the expression for the rotation will be:
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The above two are the expressions for a free-headed pile in soil of constant E; value. Now for the
fixed head pile, similar expression will be valid:
_H e

N,7L2 Fr
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In case of fixed head piles, only settlement is valid and the letter ‘F’ in the suffix of the factors
indicates that the pile is fixed but is not any loading condition.
(Refer Slide Time: 24:24)
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Similar to that of the influence factors in case of a constant Es soil, the factors for linearly
varying Es can also be determined from the charts. The charts for Iy, I'om and I'on are given on
the above slide. Both the factors depend upon the Ky value which was discussed already.

(Refer Slide Time: 24:51)
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Influence factor (') for free-head  Yield-displacement factor (F') for free-
floating pile subjected to moment head floating pile
Source of Figures: Poulos and Davis (1980)
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These are the charts for I'gy and F',, for free headed pile under linearly varying Es. The influence
factor is dependent on the Ky value just like the other two already discussed. But the yield-
displacement factor, F', varies with the H/H, ratio (also similar to constant Es case).

(Refer Slide Time: 25:33)
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Similarly the yield-rotation factor, F'y can be read from the chart on the left in above slide. For
the fixed headed pile, the interaction factor for rotation, I'or is given in the right side chart above.
(Refer Slide Time: 26:14)
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Finally, the yield-displacement factor, F',r for a fixed head pile is given here.
(Refer Slide Time: 26:39)
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Source of Figures: Poulos and Davis (1980)

H, value can be obtained from the above chart. The x axis consists of the e/L and L/e values and

and the other curve is for

u

a linearly varying p, distribution. This means that the first (top) curve can be used for a soil
where Es is constant along the depth and the other curve is for the case when Es varies with
depth. To determine the yield-rotation or yield-displacement factors, the H/H, ratio is to be

determined and the H, value can be determined from the above chart.

So to use the chart and determine the H, value, d and L are already known but the p,should also

be known. There are two cases mentioned in the chart for p,. One is where there is uniform

distribution which implies p, =p, . The other case is the linearly varying p, value where

P, = Pu 5 - The py value for cohesion less soil can be approximately given as:

p, =30,k

vitp
where, G, is the vertical effective over burden pressure at a depth of L, k, is the coefficient of

1+sing
1-sing

passive earth pressure given by: k, =

Similarly, for cohesive soils the p, should be considered the lesser of:
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OR
p, =9c,d

Note that p, value obtained for the cohesive soil is per unit length of the pile shaft. So, when

using this p, value in the expression, Hd“ substitute the value of py in place of p,d because the

d is already multiplied it in the expression. Also, the unit of p, in the above expressions is KN/m
but it should be kN in the H, expression and hence multiply with the length, L alone. But, in the

cohesionless soils this confusion is not there and the p, or p, should be multiplied with d x L.

In the next class, I will show how to determine the settlement of single pile and pile group using

these charts and expression. Thank you.



