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Figure 6. Pile pier no. 4, taken out from the ground after the 
Niigate earthquake (Fukuoka, 1966)
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Figure 1. Machine Foundation Problem
(Low Strain)
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Figure 4. Uplift of  pile cap and pile tip under seismic loading
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TOPICS

• PILES IN NON-LIQUEFIABLE SOILS

• LOADING
Machine Foundations
Earthquake

• ANALYTICAL SOLUTIONS
Machine Foundations (Single pile & Pile Groups)
Earthquakes (Single pile & Pile Groups)

• GROUP INTERACTION FACTORS 

• DESIGN PROCEDURES

• APPLICATION

• PILES IN LIQUEFIABLE SOILS

• CONCLUSIONS
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LOAD CHARACTERISTICS
Machine Loads 

Periodicity

Load Transmission

structure

low         Amplitude

high (10-500 Hz)        Frequency

infinite cycles          Duration

10

LOAD CHARACTERISTICS
Earthquake Excitation

Amplitude        high

Frequency        low (1-5 Hz)

Duration         few cycles of  significant motion

Earthquake Number of 
Manitude Representative Cycles

8.5 26
7.5 15

6.75 10
6.0 5~6

5.25 2~3
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PILE BEHAVIOR
Machine Loads 

Linear Response

Very small (permissible=0.02mm)

Horizontal displacement 
(x)

Rotation (

Horizontal displacement 
(x)

Active length

Effect of  Frequency and Pile Spacing
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PILE BEHAVIOR
Earthquake Excitation

Non-linear response

Large Deformation

Displacement at the 
pile tip (yg)

Total Horizontal 
displacement (x)

Rotation (

Relative Horizontal 
displacement (x)

Effect of  Frequency and Pile Spacing
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ANALYSIS
Machine Loads 

Analytical Model

Equation of  Motion

tFkxxcxm o sin 

Response

Closed from solution possible 

14

• Earthquake Excitation

Equation of  Motion

)(tymkxxcxm g 
mass of disp.  z  where  gyzx

Response

Use of  numerical procedures is necessary
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STEPS INVOLVED IN THE ANALYSIS

 CALCULATION OF STIFFNESS  AND DAMPING OF SINGLE PILES

 CALCULATION OF STIFFNESS AND DAMPING OF PILE GROUPS

 CALCULATION OF RESPONSE
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DEFINITIONS OF STIFFNESSES

Lateral Stiffness

Rocking Stiffness

Cross-Rocking

Stiffness

 xx kk  
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PILE GROUP EFFECT

 Group Efficiency Factors


gle

group

kn

k

sin*

• Interaction Factor Superposition Approach)

Definition:

Displacement of pile 1 caused by pile 2
Displacement of pile 1, considered individually




n

group

gle

k

kn

1

sin )(
*
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GROUP EFFICIENCY FACTOR

Pile 1 Pile 2

The group efficiency factor and group interaction factor
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BEHAVIOUR OF PILES IN NON 
LIQUEFIABLE SOILS

1. Soil shear modulus degrades with increasing 
strain/displacement

2. Material damping increases with increasing 
strain/displacement

20

NONLINEAR SOIL PROPERTIES
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NONLINEAR SOIL PROPERTIES

Shear Modulus Degradation 
with Strain

Damping increases with Strain 

22

DESIGN PROCEDURE

 Pile under:
 Vertical vibration
 Horizontal vibration, and
 Torsion
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SOIL PROPERTIES

 Shear modulus Gs and Gb

 Shear wave velocity Vs in soil
 Poisson’s ratio n
 Weight γ for the soil both around the pile and

below its tip respectively.

24

PILE PROPERTIES AND GEOMETRY

 Pile length,
 Cross-section, and
 Spacing in the group,
 γ of pile and pile cap and

 Young’s modulus of pile material.
 Vc compression wave velocity in pile
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PILE PROPERTIES AND GEOMETRY (cont)

 In practice, stiffness and damping of the soil
below the pile cap are neglected.

 The stiffness and damping at the sides of the
pile cap is also questionable.

 Cohesive soils may shrink and lose contact.
 Non-cohesive soils may not shrink, but

settle and may provide some additional “k”
and “c” at the sides and may reduce the
response.

26

Novak Model

 Novak (1974) model has been used with
appropriate interaction factors.

 Main assumption:
 The pile is circular and solid in cross section.

For other then circular section an equivalent
radius is determined in each mode of vibration.

 The pile material is linear elastic
 The pile is perfectly connected to the soil (i.e.,

there is no separation between soil and pile during
vibration).
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Sign Convention of  Novak Model

28

STIFFNESS AND DAMPING 
FACTORS OF SINGLE PILE
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Vertical Stiffness and Damping Factor

1)/( wopz frAEk 

2)/( wspz fVAEc 

Where
Ep = modulus of elasticity of pile material
A = cross section of single pile
ro = radius of a solid pile or equivalent pile radius
Vs = shear wave velocity of soil along the floating

pile

fw1 and fw2 are obtained from the following figure.

30

Vertical Stiffness and Damping Factor

Stiffness and damping parameter of  vertical 
response of  floating piles (Novak and El-

shornouby, 1983)



16

31

Sliding and Rocking Stiffness and Damping 
Factor

 Sliding (kx, cx)

1
3)/( xoppx frIEk 

2
2 )/( xsoppx fVrIEc 

 Rocking (kf, cf) and (kq, cq)
1)/(  frIEkk opp 

2
2 )/(  fVrIEcc sopp 

 Cross-coupling (kxf, cxf) and (kyq, cyq)
1

2 )/(  xoppyx frIEkk 

2)/(  xsoppyx fVrIEcc 

where:
IP = moment of  inertia of  single pile about x or y axis
ro = radius of  a solid pile or equivalent pile radius
fx1, fx2, ff1, ff2, fxf1, fxf2 are Novak’s coefficient and are obtained 
from the following table for parabolic soil profile, with appropriate 
interpolation and for n = 0.25

32

Sliding and Rocking Stiffness and Damping 
Factor (contd.)

1

1 Prakash, S. and Sharma, H.D. (1990) “Pile Foundation in Engineering Practice”, John Wiley & 
Sons, Inc.
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Group Interaction Factor

 To consider group effect, Poulos (1968) assume a pile in the
group as reference pile.

 Pile No. 1 is assumed as a reference pile and distance “S” is
measured from the center of other pile to center of the reference
pile.

Plan an Cross Section of  Pile Group

34

Group Interaction Factor

 For vertical direction use figure below to obtain a A for each 
pile for appropriate S/2ro Values a A’s are function of  length of  
the pile (L) and radius (ro). 

 A as a function of pile length and spacing (Poulos, 1968)
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Group Stiffness and Damping Factor

Vertical group stiffness and damping factors:

36

Group Interaction Factor (Contd.)

 For horizontal x-direction, considering departure angel    (degree), 
and use Figure (Poulos, 1972), to obtain aL for each pile. aL ’s are 
function of  L, ro and flexibility KR as defined in figure and 
departure angle (      ). This procedure will also apply for the other 
horizontal direction.

 Based on calculated aL for each pile, the group interaction factor 
(∑ aL) is summation aL for all the piles. Note that the group 
interaction factor in horizontal x-direction and y-direction may be 
different depending on number and spacing of  piles in each 
direction.
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Graphical Solution for aL (Poulos, 
1972)

38

Dimensions of  Pile Foundation
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Group Stiffness and Damping Factor (Contd.)

Translation along y axis:

Translation along x axis:

40

Rocking about x axis:

Rocking about y axis:

Group Stiffness and Damping Factor (Contd.)
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41

Dimensions of  Pile Foundation

42

Cross-coupling translation in y axis and rotation about 
x axis:

Cross-coupling translation in x axis and rotation about 
y axis:

Group Stiffness and Damping Factor (Contd.)
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GROUP ACTION

EFFECT OF FREQUENCY

44

Equation of  Motion

 Under dynamic loading, the equilibrium of forces is derived
based on the Newton’s second law of motion. This equilibrium
in 2-dimensional analysis will give 4 equations of motion in one
each in vertical and torsion, and two in two horizontal
directions.

Vertical Equation of  
Motion:

Torsional Equation of  Motion:
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Strain-displacement  Relationship

 Because evaluation of shear strain in the field is in
many cases not clear, reasonable expressions must
be assumed and used as the basis for evaluating the
shear strain in each particular case.

 The shear strain and displacement relationship is not
well defined in practical problems occuring in the
field. However, the relationship has been
recommended by Prakash and Puri (1981) as:

γ = Amplitude of  foundation vibration

Average width of  foundation

For vertical and horizontal vibration

46

Strain-displacement Relationship (contd.)

 Kagawa and Kraft (1980) used following relationship for
horizontal displacement in front of a pile:

Where, n = poisson’s ratio
X = horizontal displacement in x-direction
D = diameter of  pile

D

X
x 5.2

)1(  


 Rafnsson (1992) recommended that, the shear strain due to
rocking can be reasonably determined as:

3/ r

Where, F = rotation of  foundation about x or y axis

 Shear strain-displacement relationship for coupled sliding
and rocking can be determined as:

35.2

)1(  



D

Xv
x
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Non –linear Solution

 Strain (Displacement) Dependent Springs and
Damping constants

 Appropriate Numerical Technique of Iteration
Solution

 Convergence of Solution

48

Non –linear Spring and Damping Constants

EIGHT SPRING CONSTANTS
TRANSLATION

ROTATION

CROSS-COUPLING

EIGHT DAMPING CONSTANTS
TRANSLATION

ROTATION

CROSS-COUPLING

, ,x y zk k k

 kkk ,,

 yx kk ,

zyx ccc ,,

 ccc ,,

 yx cc ,
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Non-Linear Iterative Solution Technique

50

Non –linear Alternate Analysis (Iteration 
Procedure)

1. Assume G1 of soil for any instant of time (if t=0, assume G1 = Gmax)
2. Obtain all k’s and c’s
3. Solve equation of motion for displacement at that instant of time
4. Estimate shear strain in the soil. Appropriate displacement (X, Y or

Z) and shear strain (γ) relationships are used

5. Estimate G2 for strain calculated in (4) above
6. If G1 and G2 are within acceptable range, the solution is OK and go

to step 7, otherwise assume a new value of G1’ in (1) above as
(G1+G2)/2 and repeat step 2 and 6

7. Repeat step 1-6 at other time with G1 in (6) above to complete the
time domain solution
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APPLICATIONS

52

Vertical Response

a. The foundation supported on pile with no pile cap embedment
b. The pile cap embedded in a soil layer
c. The foundation is supported on elastic half space
d. The foundation embedded in a soil layer

52
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PILE GROUPS

zk zcEffect of  pile cap contact on        and

53

54

087,138g
wk mt /

363g
wc sec)//(mt

600,21f
wk mt /

1330f
wc sec)//(mt

Total Stiffness and Damping Values

Total 687,159600,21087,138 g
wk

Total 16941330363 g
wc

mt /

sec)//(mt

54
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Effect of  pile cap contact on      and fk
fc

55

56

Stiffness and damping

kgk g 810469
kgcg 81090.1 

radcm /

radsec/

kgk f 8106.115  radcm /

kgc f 81036.1 

cm

cm radsec/

Total stiffness and damping values are:

Total stiffness

Total damping

810)6.1151.469( gk kg8107.584  radcm /

810)36.190.1( gc kg81026.3 

Pile Cap (only)

Pile Group (only)

cm radsec/

56



29

57

PREDICTIONS  AND 
PERFORMANCE

- PILES UNDER DYNAMIC LOADS -

57

5858
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Experiment horizontal response curves and theoretical curves calculated 
with static interaction factors. (Novak and El-Sharnouby, 1984)

60
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Concept of  Softened Zone

Concept of  Softened Zone Surrounding Pile for Pilay 2 Analysis 
(Novak et al, 1981) 62



32

63

Movements of  Soils

(a) (b)

Movements of  Soils: (a) Sand, (b) Clay
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Shear Modulus

• G-Value is over estimated at       10-6 , 
which gives higher computed 
frequency

• Damping is also over-estimated, which  
gives smaller response at resonance

64
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Figure 6. Comparison of Observed and Computed data
• Prakash and Jadi (2001) reanalyzed the reported pile test data of Gle (1981) for 

the lateral dynamic proposed reduction factors for the stiffness and radiation 
damping obtained by using the approach of Novak and El-Sharnouby (1983). 
The suggested equations for the reduction factors are:

• λG = -353500 γ2 – 0.00775 γ + 0.3244                                                    (1)
• λc =  217600 γ2 – 1905.56 γ + 0.6                                                          (2)
• where, λG  and λc are the reduction factors for shear modulus and damping.

66
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Fig. 6. Measured and Reduced predicted lateral 
dynamic response for pile for lateral dynamic load test 

for pile L1810(θ=2.5°), Belle River site (Jadi, 1999)

67

68

Fig. 7. Measured and arbitrarily reduced predicted 
lateral dynamic response for pile LF6 (θ=10°), St. Clair 

site. (Jadi, 1999)

68
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Fig. 8. Measured and Reduced predicted lateral 
dynamic response for pile LF16 (θ=10°), St. Clair site 

λG=0.321, λc=0.4 (Jadi, 1999)

69
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JADI’s ANALYSIS

The method of analysis used in this study is as follows (Jadi (1999) and
Prakash and Jadi (2001)):

Step 1. Field data obtained from lateral dynamic tests performed by Gle
(1981) on full-scale single piles embedded in clayey soils, were collected.

Step 2. Theoretical dynamic response was computed for the test piles,
using Novak and El-Sharnouby’s (1983) analytical solution for stiffness
and damping constants, with no corrections.

Step 3. The soil’s shear modulus and radiation damping used for the
response calculations were arbitrarily reduced, such that measured and
predicted natural frequencies and resonant amplitude matched.

70
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JADI’s ANALYSIS, Cont.

Step 4. The reduction factors obtained from step 3 were plotted versus
shear strain at resonance without corrected G and ‘c’. Two quadratic
equations were developed to determine the shear modulus reduction
factors (λG) versus shear strain, (γ) and the radiation damping reduction
factor (λC) versus shear strain (γ).

Step 5. For all the pile tests considered in this study, the empirical
equations determined in step 4 were used to calculate shear modulus
and radiation damping reduction factors. Predicted responses before
and after applying the proposed reduction factors were then compared
to the measured response.

Step 6. To validate this approach, the proposed equations were used to
calculate shear modulus and radiation damping reduction factors for
different sets of field pile tests. The new predicted response was then
compared to the measured response, both for Gle (1981) tests and two
other cases.

71
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COMPARISON OF COMPUTED AND 
PREDICTED PILE RESPONSE IN NON 

LIQUEFYING SOILS

Jadi (1999) and Prakash and Jadi (2001) reanalyzed the reported pile
test data of Gle (1981) for the lateral dynamic tests on single piles and
proposed reduction factors for the stiffness and radiation damping
obtained by using the approach of Novak and El-Sharnouby (1983) as:

λG = -353500 γ2 – 0.00775 γ + 0.3244

λc=217600 γ2–1905.56 γ + 0.6

where, λG and λc are the reduction factors for shear modulus and
damping and γ is shear strain at computed peak amplitude, without any
correction.

72
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CHECK WITH DIFFERENT TEST DATA

Fig. 15. Measured vs reduced predicted lateral
dynamic response for pile 1 using proposed
reduction factors, FHWA vibrator, λG = 0.32, λc=
0.54 (Jadi, 1999)

74
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Fig. 10. Measured resonant amplitude vs predicted 
resonant amplitude computed with proposed radiation 

damping reduction factor (Jadi, 1999)

75
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Fig. 9. Measured natural frequency vs predicted 
natural frequency computed with proposed shear 

modulus reduction factor (Jadi, 1999)

76
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CHECK WITH DIFFERENT TEST DATA

77

78

CHECK WITH DIFFERENT TEST DATA

Fig. 16. Measured vs predicted lateral dynamic 
response for the 2.4” pile tested by Novak and 

Grigg, 1976 without correction factors.
78
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CHECK WITH DIFFERENT TEST DATA

79

80

COMMENTS ON PREDICTIONS

Novak and El Sharnouby (1984) have attempted
to match the observed with predicted response
by adjusting, arbitrarily, the group stiffness and
damping values. No guidelines were developed to
modify these values.

80
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COMMENTS ON PREDICTIONS

Woods (1984) used Pilay program with modified
stiffness to match prediction and performance.

81

82

COMMENTS ON PREDICTIONS

Jadi (1999) developed rational correction factors
to both stiffness and damping to match the
computed and predicted responses. She was
reasonably successful in her efforts. Her
approach is more scientific but based on a
limited data. More studies are needed to develop
relationships for the reduction factors for
different modes of vibration, and different soils.

82
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CAMBIO (2012) Model
1. Cambio (2012)  analyzed  the existing available pile test using DYNA5 
and proposed an equivalent linear model to predict response  of piles. 
2. The model incorporates frequency dependent parameters and the 
effects of soil      non-linearity by using strain dependent values of shear 
modulus .
3. To improve upon the computed response a set of reduction factors on 
soil shear modulus and total damping were determined 
4. The predicted and the measured amplitudes and frequencies match .
5. Empirical equations relating the reducing factors with soil shear strain, 
elastic properties of soils and piles, and pile geometry are given below:

λG= 0.912385+0.00165 L/ro-0.0001334 . Ep/Gmax-1.407 x 10-

9.Emax+43.246ϒs

λc=0.573217-119.542ϒs-0.01182fmax
83

Where,
λG =Reduction factor for shear modulus of soil.

λc =Reduction factor for total damping in soil.

L=Pile Strength

ro =Radius of pile or equivalent radius for a non circular 
pile.

Ep =Young’s modulus of pile material.

Gmax =Maximum Shear Modulus of soil

Emax = Maximum value of Young’s Modulus of soil.

Fmax =Maximum value of natural Frequency.

ϒs = Shear strain in soil.

84
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Measured and reduced predicted lateral dynamic response
on pile L1810_θ = 5° (Gle, 1981), using proposed equations.

Figure 5.7

85

Fig 5.10 Measured and reduced predicted lateral dynamic response
on pile 2-exitation kgmm 171 (Marsafawi et al., (1992), using proposed equations

Figure 5.10

86
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Fig 5.28 Measured and reduced predicted lateral dynamic response on pile
GP 13-7_θ = 2.5° (Gle, 1981), from Jadi’s work (1999).
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Fig 5.29 Measured and reduced predicted lateral dynamic response on pile
L1810_θ = 2.5° (Gle, 1981), from Jadi’s work (1999).

Figure 5.29

88



45

Fig 5.30 Measured and reduced predicted lateral dynamic response on pile
FHWA (Blaney, 1983), from Jadi’s work (1999).

Figure 5.30

89

Fig 5.34  Measured and reduced predicted lateral dynamic response 
on pile 1-2 (Sa’don et al. 2010) using Jadi’s model (1999).

Figure 5.34

90
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Figure 5.5 Predicted versus calibrated G reduction factor
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y = 1.0394x
R² = 0.5877
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Figure 5.6 Predicted versus calibrated reduction factor.C.
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Final Comments

• Cambio’s analysis is a bit more general 
than Jadi’s.

• However considerable more work is 
needed for credible prediction.  

93

94

CONCLUSIONS

PILES IN NON-LIQUEFIABLE SOILS
1. Soil-pile behavior is strongly strain dependent
2. Simple frequency independent stiffness and 

damping equations of Novak give reasonably good 
results.

3. Group interaction factors are also frequency 
independent, since predominant excitation 
frequencies may not exceed 6-10 Hz in soft soils.

4.    The proposed concept of reduction factors for 
shear modulus and damping by Jadi (1999) 
appears reasonable but more research is needed 
before this method can used in practice with 
confidence.
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BEHAVIOUR OF PILES IN LIQUEFIABLE SOILS

• Lateral spreading of liquefied ground

• Strong shaking accompanied by the 
development of high pore water 
pressures or liquefaction

96

LIQUEFACTION

Liquefaction may lead also to substantial
increases in pile cap displacements 
above those for non-liquefied case
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LIQUEFACTION

After liquefaction, if the residual strength of 
the soil is less than the static shear stresses 
caused  by a sloping site or a free surface 
such as a river bank, significant lateral 
spreading or down slope  displacements may 
occur. 
The moving soil can  exert damaging 
pressures against the piles, leading to failure.    
Such failures were prevalent  during the 1964 
Niigata and the 1995 Kobe earthquakes    
(Finn, 2004).

98

%9.539.65 D

Dilatancy effects are predominant
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Damage to a pile under a building in Niigata caused by 
about 1m of ground displacement is shown in Fig 2    

(Yasuda et al 1990)

100

TANK TA72
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DISPLACEMENT OF QUAY WALL

102

The quay wall moved approximately 1m towards
the sea. The seaward movement of the quay wall

was accompanied by lateral spreading of the
backfill soils resulting in a number of cracks on the

ground inland from the waterfront. The lateral
ground displacement was plotted as a function of

the distance from the waterfront. As indicated in the 
Fig. 9, the permanent lateral ground displacement
corresponding to the location of Tank TA72 is seen
somewhere between 35 and 55 cm (Ishihara 2004).
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103(Kobe 1995 EQ)

104

DAMAGE TO PILES

To inspect the damage to the piles of the oil 
tank site after Kobe (1995) event, 70cm wide 
and 1m deep trenches were excavated at 4 

sections and the upper portion of the pile was 
exposed. The wall of the cylindrical piles was 

cut to open a window about 30cm long and 
15cm wide. From this window, a bore-hole 

camera was lowered through the interior hole 
of the hollow cylindrical piles to examine the 

damage to the piles throughout the depth 
(Ishihara, 2004).



53

105Kobe 1995 EQ

106Kobe 1995 EQ
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The design of pile foundations in 
liquefied soils requires a reliable 

method of calculating the effects of
earthquake shaking and post

liquefaction displacements on pile
Foundations (Finn 2004)

DESIGN

108

KEYS TO GOOD DESIGN

1. Reliable estimates of environmental loads

2. Realistic assessments of pile head fixity

3. The use of methods of analysis that can 
take into account adequately all the 
factors that control significantly the 
response of the pile-soil-structure system 
to strong shaking and/or lateral spreading 
in a specific design situation
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1. The force or limit equilibrium analysis and

2. The displacement or p-y analysis

3. Dynamic analysis

DESIGN (Contd.)

110

The Force or Limit Equilibrium Analysis

• Estimation of lateral soil pressures on pile for 
evaluating the pile response.

The non-liquefied top layer is assumed to expert passive pressure
on the pile. The liquefied layer is assumed to apply a pressure

which is about 30% of the total overburden pressure

Fig. 7. . Schematic Sketch Showing Pressure Distribution  
Against the Piles due to  Lateral Soil Flow associated

with  Liquefaction  (JWWA, 1997)
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This estimation of pressure is based on back 
calculation of case histories of performance 

of pile foundations during the Kobe 
earthquake( Ashford and Juirnarongrit, 

2004 and Finn and Fujita, 2004).The 
maximum is assumed to occur at the 
interface between the liquefied and 

non-liquefied  soil layer.

112

Displacement or p-y Analysis

This method involves making 
Winkler type  spring mass model
shown schematically in Fig.8.The 

empirically estimated post  liquefaction
free field displacements are calculated. 
These displacements are assumed to 

vary linearly  and applied to the springs 
of the soil-pile system.  

Degraded p-y curves may be used 
for this kind of analysis.



57

113

Fig.8. A Schematic Sketch for Winkler Spring Model 
for Pile Foundation Analysis (Finn and Thavaraj, 2001)

114

motionsIItypeorItypetheupondependingorcRcR

onLiquefactiagainstFOSF

wLw

L

2.011 


DESIGN

(See code for details)
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North American Practice is to multiply 
the p-y curves, by a uniform 

degradation
factor p, called the p-multiplier, which

ranges in values from 0.3 - 0.1

DESIGN

116

Discussion

1. The force based method is based on the 
observation of pile damage during Niigata 
and Kobe earthquakes and the pile 
performance may be influenced by

a. earthquake parameters
b. variation in the soil profile and 
c. the pile geometry

How far are these factors accounted for in this 
method?
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Discussion (contd.)

2. The displacement method requires 
the prediction of surface 
displacements estimated empirically 
and the development of the p-y 
curves for generating the post-
liquefaction behavior

This introduces certain amount of 
uncertainty

118

PILES IN LIQUEFIABLE SOILS
1. Liquefaction may result in large pile group 

displacements.
2. Lateral spreading of soils may cause large bending 

moments and shears on the pile, which may result  
in failure of piles below the ground level ( as in 
Niigata and Kobe earth quake).

3. Japanese and North American design practices 
may not give identical solutions because of the 
uncertainties and questions described above.

4. Considerably more research is needed to refine 
design methods.

CONCLUSIONS (Contd.)
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THANK YOU

NOT AN EASY PROBLEM

PLEASE ASK ONLY SIMPLE QUESTIONS

120
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