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Lecture — 42

Pile Foundation: Under Compressive Load — I1

So, last class I was discussing how to calculate the tip resistance and the frictional resistance for a

pile in sand considering critical depth concept and I determined the tip resistance. Now, today I

will discuss the frictional resistance first then I will discuss the other topics.
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Now, first in the next part, we have to calculate the frictional resistance because we have
determined the tip resistance for these particular details, we have a critical length or depth of 6 m

and the tip resistance is 634 kN. Now, the frictional resistance I am calculating for three different
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parts, one is from 0 to 1.5 m and other is 1.5 m to 6 m and other is 6 m to 20 m.
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So, for the fythis is 0 to 1.5 m. So, that is equal to as I have discussed that we have to take the

average effective stress. So, this triangle would start from 0 to a certain value. So, the average

value will be ; (0 + 28.5) X K X tan § and K value is equal to 2, § is 30°. So, f;; is 16.5 kN/m?.

Similarly, f;; = 2 (28.5 + 69) X 2 X tan 30°, that is equal to 56.3 kN/m’,

The next one is the f;, which is from 6 m to 20 m. So, now it is uniform so, 69 X 2 X tan 30°. So,
that is equal to 80 kN/m?. So, total frictional resistance that is equal to d and for first part it is
16.5 kN/m? for a length of 1.5 m, for second part it is 56.3 kN/m? for a length is 4.5 m and third
part is 80 kN/m? for a length of 14 m. So, Qf = 1317 kN. So, Q,, = Qpy + Qf = 634 + 1317.
So, this is equal to 1951 kN.

So, Qsafe = — % and the factor of safety can be taken as 2.5 to 3, so that is equal to 780

Factor of safety
kN. So, the allowable or safe load carrying capacity of this particular single pile is 780 kN.
Similarly, you can do it for the layered soil also and you can do it for the dry soil also, but here we
are taking the homogeneous soil with water table.

(Refer Slide Time: 04:38)
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where Aj=c/s area of pile fip )
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D= diameter of pile r-—\q-_‘r—\b Frickem

N, and N, = bearing capacity factors depencﬁng on angle of internal friction

Py= effective overburden pressure at pile tip

i= any layer between | ton layers in which pile is installed and it contributes to

posifive skin friction

K= coefficient of earth pressure applicable in i th layer of soil .It depends on
the nature of soil sirata, type of pile, spacing of pile and its method of construction.
For driven piles in loose fo dense sand (§ = 30° to 40°), K, value in the range of 1 to 2
may be used.
For bored piles in loose fo dense sand (¢ = 30° fo 40°), K, value in the range of 1 fo 1.5
may be used.

So, next part I will discuss that how IS code recommends to determine the ultimate load carrying
capacity of the pile. So, all the equation that we have discussed are for the granular soil here also
IS code also recommend these equations which are similar to the previous equation. But the only
difference is that in case of previous equation we have neglected the third part for pile load carrying

capacity calculation.

Because that third part contribution is less compared to the second part and first part is already 0
because C = 0, but IS code also recommends to take that third part. So, this is the equation this is

the second part that we are right now, we are using thatis ¢’ X N, which is similar to that P, X N,.

And then this is the third part which is %DyNy which we use as per the IS code recommendation

and then other is a summation of the frictional resistance.

So, this part is the tip resistance and this part is the summation of frictional resistance offered by
different layers. This is frictional resistance which is same as the equation that we have discussed
that in the K, Pp, so Pp is the effective overburden pressure at tip and a Pp; is the effective
overburden pressures at different layers. So, and K; is the earth pressure coefficient for i soil
layer. So, here also it is recommended that for the driven pile in loose to dense sand this 30° to

40°.



The previous recommendation which is same as the IS recommendation that K value varies from
1 to 2 and for the bored pile for 30° to 40°, K value varies from 1 to 1.5. So, here K value is given
for bored pile and the driven pile separately, but previous cases we have to determine the values
for the driven pile then by the given recommendation you have to use it for the bored pile.

(Refer Slide Time: 07:17)

Py= effective overburden pressure fori th layer
6= angle of wall friction between soil and pile in i th layer (may be faken as ¢)
A= surface area of pile shaft at i th layer

Note: As per IS Code (I5:2911(Part]/Sec 1):2010], for piles longer than
15 to 20 times the pile diameter, maximum effective overburden

stress at pile tip should correspond to the pile length equal to 15 (if
$<30°) fo 20 (if >40°) times of the diameter.

So, this is the equation as per the IS code and then here also IS code also given recommendation
for the critical depth. So, that critical depth is again 15 to 20 that means, if ¢ < 30°, then the critical
depth is 15D and ¢ > 40°,then the critical depth or critical length of the pile is 20D. If the ¢ value

is in between that means loose to dense, then you have to take the critical depth accordingly.

So, and here the & value is recommended to take as equal to ¢ and again the Pp; is the average
effective overburden pressure at a particular layer. And the same way it has to be calculated as I
have discussed.

(Refer Slide Time: 08:16)
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* N, factor can be taken for general m“
shear failure according to IS 6403,
0 0

* N, factor will depend on the nature

of sall, type of pile, the L/D ratio and 5 045
its method of construction. The values 10 122
applicable for driven piles are given ;

in this figure. 15 265

Now, there are two bearing capacity factors, N, and N,. So, N, we are using for the shallow
foundation and this is the value of N,, for different ¢ values.
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And the N, we will get from this chart where this is the N, versus friction angle and the first chart
or the left hand side chart is for the driven pile and right hand chart is for the bored pile. So, from
here we can get the N, corresponding to different friction angle values.

(Refer Slide Time: 08:56)



The ulimate load capacity of pile (Q,): Piles in clay :
0, =4+ 14,

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

0, =c,N A +acA

¢, = 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

The next part is the ultimate load carrying capacity of pile in the clay. So, here also we have a tip
resistance and the frictional resistance. So, tip resistance we will get only c¢,;, N.A;, where, ¢, is
the undrained cohesion at the base of the pile, A4, is the area of the pile base area and frictional
resistance is the undrained cohesion into the outside area of the pile. So, this expression is given
here N, is generally taken as 9, although different researchers have proposed different N, values

in case of pile also, but generally it is taken as 9.

So, here also we will take these values as 9 and ¢, is the undrained cohesion at the base of the
pile, A, is the area of the pile base and « is the adhesion factor and c,, is the average undrained
cohesion along the length of the pile, and A; is the outside area of the pile. So, that means for this
particular case pile must go at least 5D inside a bearing stratum. But, if [ use the tip resistance then

the pile has to be inserted inside a bearing stratum upto 5D.

(Refer Slide Time: 10:27)



Values of reduction factor a

¢, (kfa) consistency Source : Ranjan and Rao, 1991
0-125 very soft
12.5:25 soft
2550 medium
50-100 stiff
100-200 very stiff
>200 hard

« value

Bored ples Driven cast in situ piles

Softtoverysoft <4 07 10
Medium 48 05 07
Stiff 815 04 04
Stiff fo hard >15 03 03

So, you will calculate the adhesion factor from the data given here. So, that means for soft to very
soft clay, adhesion factor for bored pile is 0.7 and driven pile is 1, for stiff to hard soil the value of
alpha is 0.3 for both bored and driven piles and when you can say this soil is soft, very soft, medium
stiff, very stiff or hard. So, as for undrained cohesion value that can be classified, so, that table is

also given.

So, if you have the undrained cohesion, then based on that you can understand whether the soil is
soft or very soft or stiff then based on that you will decide what « value you will choose.

(Refer Slide Time: 11:18)

+ Piles in cohesive soil [15:2911(Part1): 2010+
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Similarly, IS code also gives the same type of expression where this is cN, and then the frictional
resistance which is summation of the frictional resistance the pile is getting for different layers and
here the adhesion factor chart is given for different undrained cohesion values. So, if undrained
cohesion value is less than 40 kN/m?, then you take the @ = 1, alpha is the adhesion factor. So,
you can say if it is less than 40 kN/m? then you take 1 otherwise you can take the adhesion factor
according to the undrained cohesion value.

(Refer Slide Time: 11:56)
Pile Load fest

+ Itis the only direct method for defermining the allowable load on piles.

+ IHis an in-situ test and the most reliable one also.
+ IHis very useful for cohesion less soil.

+ However, for cohesive soil, data from pile load fest should be used with
cavtion because of pile driving disturbance, pore water pressure
development, and inadequate fime allowed for the consolidation

seftlement.

Next one I will discuss about the pile load test because previous case was how to calculate the tip
resistance and the frictional resistance theoretically, now, here I will get the load carrying capacity
and the settlement of the pile by pile load test. So, it is the only direct method for determining the
allowable load on piles it is an in-situ test and most reliable one also because here these things we

will get from the field directly.

So, it is very useful for cohesionless soil. However, for cohesive soil you have to use these pile
load test data very with caution because the pile driving disturbance, pore water pressure
development and inadequate time allowed for the consolidation. So, these are the factors because
this pile load test is a short-term test but that means you are not allowing the consolidation or the
full consolidation. So, we have to use these pile load tests data with caution for clay.

(Refer Slide Time: 13:05)



Types of load test

.
l {

Verfical load fest Lateral load fest Pull out test
(compression| (Tension|

So, pile load test can be done under three different loading conditions vertical load or compression
then the lateral load and the tension load. The pile load test can be done in the compression it can
be done in the tension and under lateral load also.

(Refer Slide Time: 13:21)

Its to be carred out on test piles to estimate the allowable
load, or fo predict the settlement af working load. It does
not cary any load coming from superstructure.

Where there is no specific information about subsoil sirata and no
past experience, for a project involving more than 200 piles, there
should be minimum twao inifial fesfs.

The minimum load on fest piles should be fwice the safe load or the load af
which fotal settlement attains a value of 10% of pile diameter for single pile
and 40 mm in group.

Then pile load test when you are doing we have to do it for the two types of pile, one is called
initial test, all those tests are carried out on the test pile. So, that when these piles are test piles,
where the initial tests are carried out. So, what are the test piles? Test piles are used to estimate the
allowable load and to predict the settlement at working load it does not carry the load coming from

the superstructure. So, that mean test piles are used for testing purposes only.



So, these piles will not be used for a real load carrying purpose. So, no superstructure load will
come on the test file. So, these test piles are used for testing purpose then there is no use of these
piles. So, I mean when specific information is given about the sub-soil data or there is no past

experience for a project involving more than 200 piles, there should be minimum two initial test.

So, that means how much load we can apply on a test pile. So, minimum load on a test pile is twice
the safe load or the load at which total settlement is 10% of pile diameter for single pile and 40
millimeter in group pile. So that means we have to first calculate theoretically the safe load for a
particular pile? Then you have to apply the load during the pile load test twice of the safe load or
before the settlement the pile attains as a value of 10% of the diam for single pile or 40 mm for

group pile.

(Refer Slide Time: 15:29)
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It is camed out as a check on working pile to assess the
displacement comesponding fo working load.

The minimum no. of routines tests should be half percentage of the
piles used. It may vary up fo 2 percent or more depending upon fhe
nature of soll strata and importance of stucture.

A working pile is driven or cast in situ along with ofher piles to carry the load
from superstructure. The load on such piles should be up fo 1.5 times the
safe load or the load at which the total setflement attains 12mm for single
pile and 40 mm for group pile , whichever is earlier,

So, now, next one is the routine test which is conducted on working pile. So, working pile means
this pile will be used in future also that means the superstructure load will come on this pile. So,
after the testing also this pile will be used for the real load carrying purpose. So, these tests are
carried out to check on working pile to assess the displacement corresponding to the working load

the minimum number of routine test should be half percent of the pile used.



So, it can go to up to 2% depending on the nature of the soil strata and the importance of the
structure. So, how much load we can apply on a working file. So, we can apply maximum 1.5
times of the safe load or the load at which the settlement attains 12 mm for single pile and 40 mm
for group pile, whichever is earlier. So, in the initial test or the test pile, then we have to apply at

least 2 times of the safe load.

But here we have to apply maximum 1.5 times of the safe load we cannot go beyond 1.5 times of
the safe load because these piles we have to use after the test or load at which the total settlement
attains a value of 12 mm per single pile or 40 mm for group pile, whichever is earlier?

(Refer Slide Time: 17:01)

Pile load fest

Types of Load test

Continuous loading

Continuous increment of load is applied
on the pile head

Load is raised fo a parficular level
and then dropped to zero, again
increased to a higher level and
reduced fo zero.

Now, pile load test can be of two types, one is the continuous loading and another is the cyclic
loading. So, continuous loading means the continuous increment of load is applied on the pile
head. And in cyclic loading; so, loading is raised up to a particular level and then dropped to 0
again increased to a higher level or reduced to 0 and so, on. So, the purpose of the cyclic loading
that by cyclic pile load test we can determine the tip resistance and the frictional resistance
separately by pile load test.

(Refer Slide Time: 17:38)



Procedure: As per IS: 2911 part IV (1979)

+The fest shall be canied out by applying the
load on a RCC cap over the pile.

+The load is applied in increment of 20 % of
the safe load.

+ Settlements are recorded with at least three
dial gauges.

* Each stage of loading shall be maintaining
lill the rate of movement of pile fop is not
more than 0.1 mm /hr,

) € < <

So, the continuous loading or the pile load test procedure is that it is carried out by applying the
load on a RCC pile cap, load is applied in increments of 20% of safe load because first you have
to calculate the safe load then first increment will be applied as 20% of the safe load then the 40%
of the safe load then 60, 80, 100 to 2 times or 1.5 times or up to the specific settlement. Then
settlements are recorded at three dial gauges and average values are used as a settlement of a pile
corresponding to a particular load. Then at each loading stage, each increment is kept on the pile
till the movement of the pile top is not more than 0.1 mm/hour.

(Refer Slide Time: 18:35)
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The allowable load on a single pile shall be lesser of the following: .

a;"ax
+ 2/34 of final load af which the total settlement attains a value of 12mm, & [a, |

If nothing is specified, then the permissible settlement =12mm. If any

other permissible value is specified, then load shall corespond fo
actual permissible fotal setflement. %&,

+ 507% of final load af which the tolal sefflement equals fo 10% of the pile
diameter in case of uniform diameter piles and 7.5% of bulb diameter in

case of under reamed piles. i ds -
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Now, once you complete the pile load test you will get a load versus settlement plot. So, this is the

load and this is the settlement. So, we will get particular load versus settlement plot. So, once we



get this load versus settlement plot then we can apply this recommendation which is given by the
IS code. So, by giving this recommendation, we can determine what would be the allowable load

on a single pile

So, that recommendation is the 2 of final load at which total settlement attaining a value of 12 mm.
For example, suppose this is a 12 mm value. So, we will calculate corresponding to this load Q,
so we will get take g Q4, corresponding to 12 mm, if other permissible value is specified, then you

have to go for that value if nothing is specified, then we will consider 12 mm as the permissible

settlement for single pile.

If any other value is specified, then you have to go up to that settlement, but here nothing is
specified. So, you are taking 12 mm. So, 12 mm corresponding @ is % Q1. Next one is 50% of pile

diameter for example, if diameter of the pile is say 500 mm, so, 10% of that will be the 50 mm.

So, we will go to 50 mm settlement for this particular case, if the diameter of the pile is 500 mm.

Then this is the corresponding load. So, this is the Q. So, you will get 50% of that Q, So, you will
get half of Q;. So, the Qailowable Will be minimum of g Q4 and % Q.. So, in this way we can determine

the allowable load carrying capacity of the pile form pile load test data. So, this 10% is for uniform
diam pile and 7.5% of the bulb diam in case of under reamed, under reamed pile means where we
provide the bulb, so, we will discuss the under reamed pile load carrying capacity when I will
discuss the pile in expansive soil. So, that time I will discuss that.

(Refer Slide Time: 21:38)



The allowable load on a group of piles shall be lesser of the following:

+ Final load af which the tofal setflement aftains a value of 25mm. The

permissible sefflement is 25mm.

+ 2/39 of the final load af which the total sefflement aftains a value of

40mm.

So, now for the group pile, the criteria are that final load at which total settlement attains a value
of 25 mm, if nothing is specified then 25 mm is a permissible settlement for the group pile or % of
the final load at which total settlement attains a value of 40 mm. That means, you will take full
value corresponding to 25 mm full load and % of the load corresponding to settlement of 40 mm

and minimum of these two will give you the allowable load carrying capacity of the group pile.
So, initial recommendations were all criteria for the single pile and this is for the group pile.

(Refer Slide Time: 22:24)

Example: The following data was obtained in a vertical pile load test on 300 mm diameter pile.
Defermine the allowable or safe load as per IS 2911 part IV (1979).
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So, now, I will determine the load carrying capacity of the pile based on this plate load test. So,

following data was obtained for a vertical pile load test on 30 mm diameter, determine the



allowable safe load as far IS 2911 part 4 1979. So, as far this IS code means recommendations that

I have discussed previously. So, this is the load versus settlement and I have drawn this curve.

So, this is settlement and this is load. Now, first recommendation was % of the load corresponding
to settlement of 12 mm. So, 12 mm will be around here and value will be 230 kN. So, first criteria
will be g of 230, so, that is 153 kN, second criteria is 10% of diameter because it is a uniform pile.

So, 10% of diameter means diameter is 30 mm, 10% of 300 mm, so, this is 30 mm. So, 30 mm is

here.

So, corresponding value is 400, this is 410 and that load we have to take 50%, so, % 0f 410, so, this

1s 205. So, minimum of these two is 153. So, Qatlowable 1S 153 kN. So, in this way we can determine
allowable or safe load carrying capacity of the pile based on the pile load test.
(Refer Slide Time: 25:12)

Analytical estimation of load-settlement behavior of piles
Load-Transfer Method (Coyle and Reese, 1966)

So, the next part that I will discuss in detail that how analytically we can estimate the load
settlement behavior of the piles. So, previous problem we can see these load settlement behaviors
of the curve that is generated. It is based on the pile load test. So, in the next class, I will discuss
that how I can generate this type of load settlement curve a similar to this type of load settlement

curve analytically by using the equations not by the plate load test.



Because we have the soil properties and based on those properties, we will try to develop a load
settlement curve for a pile in a particular soil. So, that I will discuss in the next class and then I
will discuss basically two methods and then I will also solve one numerical problem to show you
how we can determine the ultimate load by using that theoretical approach. Where we will get the

load settlement curve as well as the settlement.

And the ultimate load or settlement means settlement at ultimate load point or we can get our
simple load settlement curve and ultimate load and the settlement by theoretical approach. Thank

you.



