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1. Introduction

2. Shallow Foundations

3. Pile Foundations

4. Well Foundations

5. SSI for Deep Foundations
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ERD of Foundations - Modules



Pile Foundations
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Module - 3



1. Piles for Static Vertical Load

2. Lateral Loads on Piles 

3. Dynamic Analysis of Piles

4. Design for Lateral and Dynamic Loads

5. Codal Provisions
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Module -3: Chapters



• Approaches 

• Piles under Vertical Vibration

• Piles under Lateral Load
- Soil-Pile System

- Natural Frequency of System

- Method of Aseismic Analysis and Design of Piles

- Numerical Example
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Chapter 1: Dynamic Analysis of Pile Foundation



Assuming Soil Modulus linearly varying with depth
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Soil-Pile System (Continued…) 



Based on the parametric analysis, nondimensional frequency factors have been
obtained with respect to the basic soil parameters. The variables constituting FCL1, the
non dimensional frequency factor for piles embedded in soils in which the soil
modulus remains constant with depth, is given as:

𝑭𝑪𝑳𝟏 = 𝝎𝒏𝟏

𝑾

𝒈𝒌𝑹

In which 𝝎𝒏𝟏 is the first natural angular frequency in radian per second,
𝑾

𝒈
the lumped

mass at the top of pile, 𝒌 the soil modulus , and 𝑹, the relative stiffness factor,
defined as follows:

𝑹 =
𝟒 𝑬𝑰

𝒌
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Natural Frequency of System



In Figure, the variation of
frequency factor FCL1 with Zmax has
been plotted, in which Zmax = Ls/R.
It may be noted that for the given
soil with pile characteristics such as
flexural stiffness EI, soil stiffness in
terms of k, sustained vertical load,
W and Zmax unique frequency factor
value exist.
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Natural Frequency of System (Continued…)



Similarly in Figure on next page, frequency factors FSL1 and F’SL1 for soils
whose moduli vary linearly with depth have also been plotted for cases
where the pile top is free to rotate and the pile top is restrained against
rotation, respectively. The definitions of FSL1 and F’SL1 for the pile tops free to
rotate and the pile top restrained against rotation are identical and given as:

𝑭𝑺𝑳𝟏 𝒐𝒓 𝑭𝑺𝑳𝟏
′ = 𝝎𝒏𝟏

𝑾

𝒈

𝟏

𝜼𝒉𝑻
𝟐

In which 𝜼𝒉 is the constant of horizontal subgrade reaction for 𝒌𝒙= 𝜼𝒉x

𝑻 =
𝟓 𝑬𝑰

𝜼𝒉
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Natural Frequency of System (Continued…)
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Natural Frequency of System (Continued…)



Figure shows a plot of nondimensional displacement with depth factor z( =
x/T) in the first mode of vibration when the pile top is restrained against
rotation but is free to translate and is embedded in a soil with modulus
proportional with depth. Similarly, the variation of the nondimensional
bending moment coefficient with the depth of the pile in the first mode of
vibrations is shown in another Figure.

It can be seen from bending moment coefficient that for a pile with Zmax ≥ 5,
the maximum negative bending moment coefficient Bme1 = 0.315 occurs at x/T
= 1.30. These data are sufficient for the design of piles, and the entire curve is
not needed.
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Natural Frequency of System (Continued…)
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Natural Frequency of System (Continued…)



Based on the dynamic analysis and the concept of the response
spectrum, the following method of analysis and design of piles
against earthquakes may be used. For this analysis, the following
data must be obtained first

1. Soil characteristics, and boring logs of the site

2. Pile characteristics, size, El, length, and type of pile

3. Lateral load deflection of the pile under static conditions for 
estimation of k or hh
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Aseismic Analysis and Design of Piles



Design Steps

1. Estimate the dynamic soil modulus k or hh based on the principles
discussed earlier. In the absence of realistic data, the values from a
static lateral load test may be modified based on engineering
judgment.

2. Compute the relative stiffness factor R or T.

3. Calculate the maximum depth factor Zmax for a pile; Zmax in most
practical cases will be greater than 5.

4. For the computed value of the maximum depth factor and the pile
end condition, read the frequency factor.
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Aseismic Design of Piles (Continued…)



5. Estimate the dead load on the pile. The mass at the pile top which may be
considered vibrating with the piles is only a fraction of this load.

6. Determine the natural frequency wn1 and time period in first mode of
vibrations using the charts discussed, as follows:

(a) Soil modulus constant with depth:

𝑭𝑪𝑳𝟏 = 𝝎𝒏𝟏

𝑾

𝒈𝒌𝑹

(b) Soil modulus proportional to depth:

𝑭𝑺𝑳𝟏 𝒐𝒓 𝑭𝑺𝑳𝟏
′ = 𝝎𝒏𝟏

𝑾

𝒈

𝟏

𝜼𝒉𝑻
𝟐
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Aseismic Design of Piles (Continued…)



7. Compute the time period 𝑻𝒏𝟏 = Τ𝟐𝝅
𝝎𝒏𝟏.

8. For the computed time period, determine the spectral displacement Sd for
assumed damping from Figure (as given in next slide). This is the maximum
displacement of the pile head. If an accelerogram for a site has been
selected, spectral response is determined for this ground motion. For the soil
pile system, 5 to 10 percent damping may be assumed (Prakash, 1981).

9. Estimate the maximum bending moment in the pile section.

(a) soil modulus constant
𝐁𝐞𝐧𝐝𝐢𝐧𝐠 𝐦𝐨𝐦𝐞𝐧𝐭 = 𝑨𝒎𝒆 ×𝑲𝑹𝟐 × 𝑺𝒅

The maximum value of 𝑨𝒎𝒆 are given in Table
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Aseismic Design of Piles (Continued…)



17

Aseismic Design of Piles (Continued…)



(b) Soil modulus increase linearly with depth.
𝐁𝐞𝐧𝐝𝐢𝐧𝐠 𝐦𝐨𝐦𝐞𝐧𝐭 = 𝑩𝒎𝒆 × 𝜼𝒉𝑻

𝟑 × 𝑺𝒅
The maximum value of 𝑩𝒎𝒆 are given in Table

The pile section need to be checked against moment
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Aseismic Design of Piles (Continued…)



10. For the computed maximum ground displacement, the displacement all
along the length of the pile may be determined by assuming that the
deflected shape in vibrations in similar to one under static conditions. For soil
modulus constant with depth or soil modulus linearly varying with depth, the
solutions of Davisson and Gill (1963) and Reese and Matlock (1956),
respectively may be used for two cases of soil modulus. The soil reaction is
then computed all along the pile lengths as follows:

(a) For soil modulus constant with depth:

px = k.yx

(b) For soil modulus linearly varying with depth:

px = hh.x.yx
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Aseismic Design of Piles (Continued…)
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Numerical Example- 1
A pile carries a vertical load of 77.6 t and the base shear on the of the pile 
cap is 3 t. If the soil is sandy in character with f = 30 and hh = 1.612 kg/cm3

Under dynamic loading determine the 

1. Maximum displacement of the pile head

2. Maximum bending moment in the pile 

3. Soil reaction diagram along the length of pile

Assume that EI of the pile = 3.8*1010 kg.cm2, that the diameter of the pile  = 
30 cm, and the length of pile groups =  12.2 cm
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Numerical Example- 1 (Continued…)
Solution

Step 1

hh = 1.612 kg/cm3

Step 2 

𝑻 =
𝟓 𝑬𝑰

𝜼𝒉
=

𝟓 3.8∗1010

𝟏.𝟔𝟏𝟐
= 118.7 cm = 1.187 m

Step 3

Zmax = 12.2/1.187 = 10.27

Because Zmax > 5, it is a “long” pile
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Numerical Example- 1 (Continued…)
Step 4 
From Fig, for Zmax > 5 and T = 1.187 m,

FSL1 = 0.65 for free pile head
F’SL1 = 1.00 for pile head restrained against 

rotation
Step 5 Mass

Mt= 𝟕𝟕. 𝟔 ∗
1 t/s2

𝟗𝟖𝟏 𝒄𝒎
Step 6

𝝎𝒏𝟏 = 𝑭𝑺𝑳𝟏 ÷
𝑾

𝒈

𝟏

𝜼𝒉𝑻
𝟐

= 0.65 ∗
𝟗𝟖𝟏

𝟕𝟕.𝟔
∗
𝟏.𝟔𝟏𝟐

𝟏𝟎𝟎𝟎
∗ (𝟏𝟏𝟖. 𝟕𝟐 )2

= 11.014 rad/s
fn1 = 11.014/2p = 1.753 Hz
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Numerical Example- 1 (Continued…)
Step 7 

𝑻𝒏𝟏 =
𝟐𝝅

𝝎𝒏𝟏
=

𝟏

𝟏. 𝟕𝟓𝟑
= 𝟎. 𝟓𝟕𝟎 𝒔

Step 8 

From Fig. for 𝑻𝒏𝟏 = 𝟎. 𝟓𝟕𝟎 𝒔, 𝛏 = 5% spectral 
displacement 𝑺𝒅 = 0.8 in (2 cm)

The maximum deflection of the pile top is 2 cm.

Step 9    Maximum bending moment 

= 𝑩𝒎𝒆 × 𝜼𝒉 × 𝑻𝟑 × 𝑺𝒅

= 0.3𝟏𝟓 ∗
𝟏.𝟔𝟏𝟐

𝟏𝟎𝟎𝟎
* 𝟏𝟏𝟖. 𝟕𝟑 × 2

= 1698 t.cm
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Numerical Example- 1 (Continued…)
Step 10 

𝒚𝒈 = 𝑨𝒚
𝑸𝒈𝑻

𝟑

𝑬𝑰
= 𝑨𝒚𝑩(𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕)

For the soils with modulus increasing linearly with depth, 𝑨𝒚 = 𝟐. 𝟒𝟑𝟓

Therefore, constant in above equation is 
𝟐

𝟐.𝟒𝟑𝟓
= 𝟎. 𝟖𝟐𝟏

Therefore, 𝒚𝒙 = 𝟎. 𝟖𝟐𝟏 ∗ 𝑨𝒚 , 

The solution of deflection and soil reaction along the pile length is 
presented in Tabular form 
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Numerical Example- 1 (Continued…)
Step 10

The soil reaction is given by 

𝒑𝒂 = 𝒚𝒃𝒙
𝟏+𝑺𝒊𝒏𝒇

𝟏−𝒔𝒊𝒏𝒇
=162 x g/cm 
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Numerical Example- 1 (Continued…)
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