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So, last class | have solved one numerical problem to obtain the load settlement behaviour of
the pile through analytical approach.
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Vertical cyclic plate load test:

+ Itis canied out when it is required to separate the pile load into skin

friction and point bearing on single piles of uniform diameter.

+ Itis limited to inificl tests only.

Now today in this lecture | will discuss that how we can determie thelad carrying capacity
of the pile based on other approaches. So, as | discussed that we conducted the plate load test
and that plate load test was the static plate load test and where we increased the load in stages
continuously. But there is another plate load test that | have discussed and that is the vertical

cyclic plate load test where there will be loading, unloading and reloading.

So, the purpose of conducting that vertical cyclic plate load test is that, by conducting this plate
load test, we can determine experimentally the tip resistance and the base resistance separately
because the cyclic plate load test will give us the overall load carrying capacity of the pile. But
by conducting vertical cyclic plate load test, we can separately determine the base resistance
and the shaft resistance.
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Dynamic Pile formula

+ Engineering News Record Formula (ENR)
Energy input= Work done
0,8'=i|

From above formula, the dllowable pile load is expressed as
WH

) =
G F(§+0)

W= weight of the hammer falling through a height, H

§'=Theoretical set= $+C

$=real set per blow

C= empirical factor allowing reduction in theoretical set due to energy losses
F= factor of safety (usually taken as é)

So, then we can use the dynamic pile formula by which also we can determine the load carrying
capacity of the pile. So, there are several equations which are given. So, | am discussing two
of them. So, the one is the engineering news record formula or ENR formula. And basically,
here we are applying the hammer blow because it is done on driven piles and we have applied
the hammer blow and then we apply the energy. And so that means the work done we have to

equate with the input energy.

So that will be W x H because W is the weight of the hammer, H is the height of fall. So, that
W x H will be equal to the load carrying capacity of the pile and the amount of the penetration
or the deformation of the pile. So, both are equated. So, you have all these two equal values
will give us that Q, which is WH divided by the penetration and if we apply the factor of safety
we will get the allowable load carrying capacity of the pile.

So, where W is the weight of the hammer, H is the height of fall and S’ is the theoretical set
which is S+ C, S is the real set per blow that means generally some blows are and the
penetration is recorded. So, we must determine the penetration for each blow. So, that is S that
means the penetration per blow and C is the empirical factor. So, allowing the reduction in the
theoretical set due to the energy loss and F is the factor of safety that means, if there is an
energy loss that is taken care by the C which is an empirical factor. Generally, the factor of
safety taken as 6 here.
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a) Drop hammer (), = W

6(5+2.5)
i : , WH
b) Single acting steam hammers 0, =——
¢) Double acting steam hammers () = 07 +ap)i
6(5+025)

where W (weight of hammer) and Q are expressed in kg. H is the height
of free fall of hammer in cm. a is the effecfive area of piston in cm? and p
is the mean effective steam pressure in kg/cm? § is the final set in

cm/blow, usually taken as average penetration for the last 5 blows of a

drop hammer or 20 blows of a steam hammer.
Now, this is the basic equation for different types of hammer. We can use this equation in
different forms and that is for the drop hammer, single acting steam hammer, double acting
steam hammer and these are the equations. But here we must use the proper unit. So, Q, is in
kg and H is in centimetre, remember that and here a is the effective area of the piston which is
in cm?, p is the mean effective stream pressure, which is in kg/cm?, S is the final set in cm per
blow. So, usually the average penetration for the last 5 blows of a drop hammer or 20 blows of
steam hammer are taken as | have mentioned that and the average of the last few blows we
must take. So, that means the average penetration for last 5 blows suppose like last 5 blows
average penetration is 10 cm.

So, per blow penetration will be 2 cm or 20 mm, if the 5 blows penetration is 10 cm then it will
be 2 cm per below or if it is 10 mm then it will be 2 mm per blow. So, this way we must
calculate, so these ways we can determine the allowable load carrying capacity of the pile.
(Refer Slide Time: 06:00)



ual Energy delivered= Energy used + Energy losses

* Modified Hiley Formula 5
Winag
WH,n

O

.5+5((1+(:-(,.)
where Q= ulfimate driving resistance in tonnes. Safe load is estimated by
dividing the ultimate resistance by a factor of safety 2.5.

W= weight of hammer in fonnes.

H= effective fall of hammer, in cm

n= efficiency of blow that represents the rafio of energy ofter impact
to striking energy of ram.
n,=hammer efficiency
$= final set or penetration per blow in cm.
C= fotal elastic compression= C,+ C,+C,

Similarly, there is a modified Hiley formula, where actual energy is equal to energy used and
energy loss because previous also equation also energy lost is taken care by this empirical
factor C. But here the total delivered is energy used plus the energy loss and based on that
determine the ultimate load carrying capacity of the pile. So, again here W and H are the weight

of the pile and the height of fall, respectively.

Then the factor of safety here we have to apply 2.5 and then 7 is the efficiency and that | will
discuss how we can calculate the 7, n,, is hammer efficiency and 7 is the efficiency of blows
that represent the ratio of energy after impact of striking energy of ram. So, these two are the
efficiency and S is the final set and C is the total elastic compression. So, elastic compression,
so that is C;, C,, C5. So, that means C;, C,, Cs, S is the final set and then n, and 7 are the
efficiency.
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+ When W>Pe and pile is driven into penetrable ground,

W+ pe?
WP
+ When W<Pe and pile is driven into penetrable ground,

U]

/ 2
e (-pe ]
I

\ /

where

P=weight of pile + anvil+ helmet +ollower (if any) in fonnes

e= coefficient of restitution of material under impact and ranges from Oto 1,

So, these ways we can determine the 7, so this is if your P is the Weight‘of the pile, I mean total
weight of the pile including weight of the pile and helmet because we have to apply the helmet
when you apply the follower, if any. So, including all this is the weight of the pile and this is
in tonnes, e is the coefficient of restitution of material under impact and ranges from 0 to 1 we
can take average value of 0.5. So now, if W > P x e, then you have to use this equation and W
< P x g, then you have to use this equation.

(Refer Slide Time: 08:06)
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," is femporary elastic compression of It'is femporary elastic It is fémporcry

dolly and packing. compression of pile. | compression of soil. ‘
|
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=177
i A 0752t )
[

4 2355

where the driving is with 2.5cm thick | kere | is lngth of pile in meter |
& a LS

where A ls area of pile in e’
-

cushion only on head of  pile Als areaof pileinen’. \

=905 Q

4

where the driving is with short dolly upto

60cm long, helmet and T.5cm thick cushion

So, this way we can calculate the » and C;, C,, C5 we can calculate by using these equations.
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ety |
Drop 1.0
Single acting 0.75-0.85
Double acting 0.85
Diesel 1.0

Source : Murthy (2001)

| am coming back but the n;, we can calculate from this table for drop hammer, single acting
hammer, double acting hammer, diesel and this is the n;, value. The C; is that temporarily
elastic compression of dolly and the packing, so the compression of the soil and the
compression of the other components, so that summation is C. C, is the temporary elastic
compression of the pile material. C5 is that elastic compression or temporary compression of

the soil and then this is the compression of dolly and the packing.

So, this way we can determine different compression of dolly and packing, if the cushion is on
the pile head and which is 2.5 cm then we use this equation. And if the cushion is 7.5 cm, then
you have to use this equation and then this is the equation for pile compression, this is the
equation for the soil compression and so L is the length of the pile in m, area is in cm? because

in all these empirical equations you have to use the proper unit.

So, this is cm?, this is m, this is cm?, so here also is cm this is cm. So, that you have to apply
here. So, remember that when you apply there is a Q,, and we have to actually calculate the Q,,
so both sides there will be Q,. So, this will be a trial and error process by which we can
determine the Q,,. So, then once you calculate the Q,,, then you apply the factor of safety of 2.5
and we will get the load carrying capacity of the pile.
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Correlation with penefration test data
* Driven piles in sand v —

1. Using Cone Penetration resistance

+The unit point resistance of driven pile g,, = static cone resistance g,

+ The skin friction resistance for driven piles can also be determined with :

Take average
of o over this
length of pile.

help of cone penetration resistance using Meyerhof(1956) corelation:

[s]
o
o]
| -

For Displacement piles, f (elav) W/ (limited fo 100 kN/m?)
v

For H ples, = 3@ gt limited o SO kN
: .

where q,(4,)= average field value of cone penetration resistance in kg/cm? over
pile length.

Then we can determine the load carrying capacity of the pile by using the penetration test data
that mean by using cone penetration resistance. By cone penetration distance, if we take the
average of 1D below the pile tip and 3D above the pile tip, total 4D, D is the diameter of the
pile and the average cone resistance is Q. that will give us the tip resistance of the driven pile
in the average of 3D + 1D, 1D below the tip and 3D above the tip.

So, this average of 4D will give the static cone resistance and even though we have to do the
static cone penetration test, so the average static cone penetration resistance Q. will give you
the driven pile tip resistance. Similarly, for displacement piles, what is displacement pile | have
discussed? The driven piles are displacement piles where the soil is displaced laterally. So, for
driven piles the frictional resistance will be average Q. along the length of the pile divided by
2 in KN/m?2.

But it is limited to 100 kN/m?. And for H pile this is % and limited to 50 KN/m2. And remember
that the average field value of cone penetration resistance is in kg/cm? over the pile length. So,
this unit we have to use properly. So, because these are empirical equations so, that we have to
use properly.

(Refer Slide Time: 11:54)



2.Using N value:
+ The unit penetration resistance of driven pile in sand including H pile can be determined as:

4 = 4ON(L/D) kNI

where N=standard penelration resistance observed in field without overburden correclion
L=length of the pile
D= diameter of pile
For driven piles, q. is limited fo 400 N kN/m2,

+ The skin friction resistance for driven pile in sand can be defermined as:

Egr.displiglcelmenf ples: =2V, kNI (imited fo 100 kN/m?)
fiven Plles | = ) S|

For H piles: Js = Ngy kN n* (imited fo 50 kN/m?)

where N,,= average field value of N along pile length

So, then by using N value also we can determine the tip resistance, so this N is the standard
penetration value SPT value observed in field without overburden correction. I have mentioned
in few cases we have to apply the overburden correction, so here overburden correction is not

required and without overburden correction that N value. So, the unit penetration resistance is

40N (%) where, L is the length of the pile and D is the diameter of the pile. So, again this is

limited to 400N kN/mZ.

Similarly, the skin friction value we can determine by using these two equations again for
displacement or driven pile and for H pile. So, the average N value along the length of the pile

is Nayg, S0 for the displacement pile it is limited to 100 kN/m? and for H pile is limited to 50

(Refer Slide Time: 12:51

* Using of standard penetration data 15.2911(part/Sec 1):2010]

» for saturated cohesionless soil, the ultimate load bearing capacity of pile in kN is given by

A'VA 5

L
Qu=40N /—3’ 4 pt 05 For driven piles, ,, is imited fo 400 N kN/m?2.

where N=average N value ot fip
L,=length of penetration in bearing strata , in m
d= diameter of pile in m
Ag=cfs area of pile fip in m?
N=average N value along pile shaft

A= surface area of shaft in m?

N4

» for non plastic silt or very fine sand, 4y
0.6

1
Qu=30N [—‘)’A ot




Similarly, IS code has also given equation by which we can determine the ultimate load
carrying capacity of the pile by using a SPT value. So, here this N is the average N value at the
tip and N is the average N value along the length of the pile or shaft of the pile, A; is the surface
area of the shaft and A,, is the base area of the pile. This equation is for cohesionless soil and

this equation and for plastic silt or very fine sand we can use these two equations.

So, these Q,, is in kN and in these equations, first part is g,,, for driven pile and second part is
for the friction resistance and that first part is limited to 400N kN/m?. This way also we can
determine the ultimate pile load carrying capacity.

(Refer Slide Time: 14:00)

+ Bored and castin situ piles in sand

I ; ‘
Oy = 3 Qpu Of driven pile

o Lo
fy==fsof dhiven pile

» Driven and cast n situ piles in sand
For cased pile: g, and f; can be taken same as that of driven pile.

For uncased pile: , =1, o driven pile (it proper compacion of concrefe is done)

f, =1, of bored cast in situ(if proper compaction of concrete is not done)

P - §

© .

{—‘i

=
Similarly, for the bored pile because those equations are given for the driven piles. And so for
the bored and cast-in-situ piles in sand that g,,,, will be % qpy that we have determined by using

the already discussed equations for driven pile and friction resistance will be half of the
prescribed shaft resistance of the driven pile. But if it is a driven and cast-in-situ pile in sand,

then if it is cased, then the q,,,, and f; are taken same.

And if it is uncased then f; will be f; for driven pile and f; will be f; of bored cast-in-situ pile.
Here if the proper compaction of concrete is done the f; will be equal to the f; of the driven
pile, if the proper compaction of the concrete is not done then we have to determine the bored

cast in situ pile f; that will be f£; in this case.



So, first one is a driven pile and the next one is the bored, if the compaction is not done properly
then the bored pile, if the compaction is done properly then driven pile, so these are the
equations.

(Refer Slide Time: 15:47)

Group action of piles:

+ Ultimate bearing capacity of pile group# sum of allindividual piles present in the group.

+ Group efficiency, ) -
}I :Q'i Q O- Ol ‘
g, A0 9

where Q= ullimate load bearing capacity of pile group 0_Q _d :

8 $

|
Q,= ultimate load bearing capacity of single pile §e R84 !i } i

n= no. of piles 2 2844

v n,< 1 for smaller spacing between piles
v, >1 for driven piles in loose to medium soil

v n,=1 for larger spacing of piles

Then now I will go for the group action of the pile. So, suppose we have a pile group of 9 piles,
so these ways we can determine the efficiency of the pile. So, first we have to determine the
load carrying capacity of the pile group considering the block failure. Block type of failure
means that total pile group will fail. So, considering that we will calculate the load carrying

capacity of the pile group.

Then we will calculate the individual load carrying capacity of the pile and that we have to
multiply with n where, n is the number of piles. Now, that if the spacing between the piles are
very large then definitely the failure of the pile will be due to the individual pile failure because
there will be less group interaction between pile to pile as the spacing is large. So, in such case
the efficiency will be 1.

Now, if the spacing is very small then there will be an interaction between the pile to pile and
your pile influence zone will also overlap with each other. So, the group load carrying capacity
will reduce, so in that case the efficiency of the pile will be less than one. So, that means the if
the spacing is large, then efficiency will be 1 because then the failure will be due to the failure

of the single pile.



If this spacing is less than there will be group interaction and the efficiency will be less than
one but there is a case when the efficiency can be more than one also. So, if the driven pile is
used for loose to medium sand. So, in such case what will happen that due to during the driving
up the pile, the loose sand the sand will get compacted, so its strength will increase. So, now,
for the group pile as the pile will compact the soil and they will be increase the strength of the

pile, so the group efficiency will increase.

So that increment will be more for the group because here the soil will be in the confined
condition. So, when you apply the driven pile, so the soil surrounding the group and the soil
within the group, both will be compacted. So, they will tend to increase the efficiency. So, that
means in such case as a single pile that compaction effect will not be that significant. So, that
mean the load carrying capacity of the pile for single pile x the number of piles will be less.

In case of group pile condition or block failure condition the total pile within the group or the
total soil within the pile group will be compacted and there will be more compaction effect
because of the surrounding piles and the soils within that zone. So, when the soil strength in
that group pile condition will be more, so that means the density of the soil will increase due

to the compaction, so that means our group efficiency will increase.

But generally, during design of the pile group we do not consider the efficiency more than one
even if it is more than one, we will limit that value up to 1. So, now we will calculate the group
efficiency as | mentioned that you have to calculate the pile load based on the single pile failure
and then for group or the block failure and then you have to determine the efficiency or what
would be the load carrying capacity of the pile?

So, we will calculate pile group capacity considering as block failure and as a single pile load
carrying capacities then you have to multiply with the number of piles, so minimum of these
two will be the load carrying capacity of the pile group.

(Refer Slide Time: 20:38)



Settlement of a pile group
+ Pile group in clay

. Forthe displacement piles o friction piles in homogeneous clay

2

where g,= Net pressure on pile

p= Poisson's ratio
y | L8
s

E=young's Modulus

|= Influence factor "

-
"~ Niddhe o laylayer

So, now the next one is the settlement of the pile group in clay because in the clay the settlement
has a very serious effect and settlement we have to calculate in the clay soil because as we have
discussed the settlement will have significant effect in your design if the soil is clay. Because
in sand also will have the significant effect if the soil condition is not good, but most of the
cases settlement we calculate for the clay soil because the clayey soil it will take consolidation

settlement.

So, the settlement we have to calculate specifically for the clay soil, but for the loose soil also
you have to calculate the settlement of the pile in sandy soil also, but clay soil the settlement is
very crucial. So, now for this type of condition when the piles are installed in homogeneous

clay then what we will do? We will consider all the piles are connected to the raft and that raft

is placed at depth of the EL, where, L is the length of the pile.

Then we will calculate the settlement of that raft and | have already discussed how to calculate

the settlement of the raft similar process we have to consider here but only that you have to
place that raft at depth of%L from the top of the pile. If it is homogeneous clay, then there will

be 2 vertical : 1 horizontal distribution and then we will calculate the immediate settlement
then you will calculate the consolidation settlement of the pile same as the raft design.
(Refer Slide Time: 22:33)



Consolidation sefflement

\

5 =Z : Hlo‘c’m{pn L3

I+e » )

ors, = Zm‘ HAp

Where p, =iniial effective overburden pressure before applying foundation load
Ap= vertical stress ot the centre of the layer due to application of load
C.= Compression index
e,= initicl void ratio
m,= coefficient of volume compressibility

H= thickness of each layer

So, now, this is what considered is the settlement of the raft in case of shallow foundation.
(Refer Slide Time: 22:43)

2. Piles driven into a firm or strong stratum through an overlying clay stratum.

Q

]

Lely

Weaker

Stronger layer
L

Now if the pile is resting in a stronger layer and the top layer is a weak Iayr then the raft we
have to place at a depth of §L1 from the top of the stronger layer and L, is the thickness of the

stronger layer. So, suppose this is a weaker layer and this is a stronger layer, if the strength

difference is not that much significant, then we will consider it as a homogeneous soil.

Because suppose one layer it is very soft clay for which C, value is say, 30 or 25 kPa and the
bottom layer which is a very stiff soil. Then definitely we will consider these conditions and,

in that case, the raft has to be placed at a depth of %Ll from the top of the bottom layer.

(Refer Slide Time: 23:42)



L
3. For bored piles or end bearing piles bearing on firm stratum
Equivalent raft acts at the base of the pile.

LQ;

And another one is that the pile is resting on a strong stratum | mean this is a very strong
stratum, where the pile is resting. So, in that case that raft we have to place at the base of the
pile. So, this is a raft is placed at the base of the pile if the pile is resting on a very strong strata
and then if the pile top layer is soft and the bottom layer is very stiff and the strength different

is very significantly high. Then in that case, we have to place the raft at §L1 from the top of

the second layer which is the stronger layer.

(Refer Slide Time: 24:27i _

*Pile group in sand
» Skempton (1953):

For same average load Q/pile acting in driven piles, the settlement ratio of group of pile fo
single pile can be obtained as;

&_“4ﬁ~2.7w]3

S, \ B+36)

where B=width of the pile group in ‘mefer’
$4= setflement of pile group
S settlement of single pile

» Meyerhof (1959):
Itis for square pile groups driven in sand

S _86-53)
§ (o y
S : [
| (O

where $= ratio of pile spacing fo pile diameter
r=no. of rows in the pile group

So, now pile group settlement also we can determine based on the single pile load test data
suppose if I know the single pile settlement, then based on these equations we can determine
the pile group settlement also. So, this is the settlement of the pile group, we can determine the
settlement of single pile, Si and B is the width of the pile group and this is the equation

remember that we have to express B in meter.



Similarly, these also we can determine by using the approach or the equation proposed by
Meyerhof this is the first one which was proposed by Skempton. What is the B value? B value
is the width of the pile block in case of group pile, so that means if this is S, S is the spacing
between the pile and d is the diameter of the pile and diameter of all the piles are same and

spacing also same in both the directions.

So, that case B will be 25 + %d on this side and %d on this side. So, this will be %d + %d, SO

that means 25 + d, so that will be the B similarly, this side also this will be the B if it is a square

pile. So, this way also we can determine the settlement of a pile.

(Refer Slide Time: 26:22
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Example: The following data was obtained in a vertical pile load test on 300 mm diameter pile.
Determine the allowable or safe load as per IS 2911 part IV (1979).

|ﬂ“(—b Lend P 153 k"'
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Now, I will solve one example problem, so the same load settlement plots are taken here that
used to calculate the load carrying capacity of the single pile. So, that same load settlement
curve | used here. So, this is the load settlement curve, so this is the load, and this is the
settlement. So, in previous case the same problem, the Q, for the single pile was 153 kN and

that is the ultimate load carrying capacity of the single pile.

That was the allowable load carrying capacity because that is not the ultimate that is not
allowable load carrying capacity of the pile. So, based on this IS code recommendation we
have already determined the allowable load carrying capacity of the pile and that value was
153 kN. And then there is the same load settlement plot we have already used to determine the

allowable load carrying capacity of the pile and that value was 153 kN.



So, now the settlement corresponding to 153 kKN will be 8 mm it is 8 mm from the chart. So,
this is 153 kN and corresponding settlement is 8 mm. So, that means, under the 153 kN load
which is the allowable load carrying capacity of the pile the settlement is 8 mm and that

settlement is for the single pile.

So, based on these strata, we can determine the settlement of the group pile by using Skempton

2
4B+2.7
) d

equation or the Meyerhof equation. So, | am using Skempton equation. So, i,—g = (B+3 -
B is in meter and the pile configuration or group configuration is given here. So, it says square

pile group where the spacing is 900 mm and diameter of the pile is 300 mm.

So, the diameter of the pile is 300 mm or 0.3 m, but here now it is a group pile. So, spacing is
900 mm or 0.9 m. So, here the B value will be as | mentioned that will be 2 x 0.9 + 0.3, so that
will be 2.1 m. So, now that value if | put in this equation, this will be, so directly I can write

43+2.7)2

the settlement of group that is equal to settlement of single pile x this value ( Y:

4%x2.1+2.7
2.1+3.6

2
So, the settlement of the group is 8 x ( ) , S0 this value is 30.3 mm. So, the settlement

of the pile group is 30.3 mm, when the settlement of the single pile is 8 mm. So, this way we
can calculate the settlement of the pile group also. So, in the next class, | will show you our
complete design of pile foundation in clay that means how to calculate the pile group load

carrying capacity.

And then how to calculate the settlement of the pile in group and | will solve one numerical
problem and then | will find that how considering settlement as well as the load carrying

capacity we can design a pile group. Thank you.



