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ABSTRACT

During strong earthquake shaking, loose cohesionless soils below the water table develop high pore
water pressures and liquefy leading to significant degradation of strength and stiffness. In such soil
stratum, pile foundations may undergo substantial shaking while the soil is in a fully liquefied state and
soil stiffness is at its minimum. In this paper, an available numerical model formulating the pore pressure
response directly from observed data on undrained tests has been used to study the liquefaction
phenomenon. The Winkler soil model has been used to model the pile-soil interaction. Combining these
two models, a formulation to predict the response of a pile in liquefiable soils in axial vibration is
developed. It is observed that the response of a single pile due to axial vibration in liquefiable soil is
significantly greater than that in non-liquefiable soil, particularly at higher frequencies.
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INTRODUCTION

Damage to buildings, bridges, port facilities and other infrastructure during several major earthquakes
has warranted attention of researchers towards the behavior of foundations under dynamic loading.
Although studies of seismic loading of piles and of liquefaction phenomenon have been performed over
the last four decades, the combined problem of seismic behavior of piles in liquefiable soil has received
relatively less attention. Several experimental and analytical studies of this combined problem have been
presented in the last five years (Finn and Fujita, 2002; Liyanapathirana and Poulos, 2005; Miwa et al.,
2006). Yet much has to be revealed especially regarding the key aspects of influence of flow
characteristic on this behavior. The excess pore pressure generated during liquefaction alters effective
stresses in the soil and changes its mechanical behavior. The numerical formulation of the problem
significantly reduces the computational effort needed for the solution.

During strong ground motion, piles are prone to severe cracking or even fracture. Liquefaction leads
to substantial increase in the pile-cap displacements. 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 (Finn and Fujita, 2002). 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. Seed and Idriss (1971), Martin and Seed (1979)
observed the liquefaction phenomenon extensively and their model was based on the effective stress
concept. Martin et al. (1975) showed that under drained conditions, loose sand would compact due to
shearing.

Novak (1974) was first to use a Winkler model for the representation of a laterally loaded pile in a
visco-elastic material. In Novak’s solution, the soil is composed of horizontal layers that are homogenous,
isotropic and linearly elastic. The soil reaction at any depth is that of an infinitely long rigid pile
undergoing uniform harmonic vibration in an infinite medium and the plane strain conditions are assumed
to hold. The pile foundations are subjected to axial vibration in many situations such as loading due to
machinery and during earthquakes. Most of the initial reported research work on the soil-pile interaction
was for vertical vibration. Nogami and Konagai (1986) and Konagai and Nogami (1987) suggested a
simple mechanical model, which approximates the frequency-dependent behavior of plane-strain Winkler
model used by Novak et al. (1978). El Naggar and Novak (1994) presented nonlinear soil model for axial
pile response. Maheshwari et al. (2005) included the effects of soil plasticity while analyzing the soil-pile
interaction.
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The combined problem of pile-soil interaction and liquefaction has been studied only in the last
decade. The measurements of dynamic p-y behavior for liquefying sand were presented by Wilson (1998),
based on back-analyses of dynamic centrifuge model tests (Katsuichiro et al., 2004). Bhattacharya et al.
(2004) reported buckling instability of pile foundations in liquefiable ground in axial direction. A pseudo-
static approach has been adopted by Liyanapathirana and Poulos (2005), which involves two main steps.
First, they carried out a nonlinear free-field site response analysis to obtain the maximum ground
displacements along the pile and the degraded soil modulus over the depth of the soil deposit. In the
second step, a static load analysis based on the maximum ground surface acceleration is performed.

The objective of this paper is to evaluate the response of a pile subjected to axial vibration in
liquefiable soil taking into account the effects of pile-soil interaction. The analysis has been performed in
the time domain. The degradation of the soil shear strength due to liquefaction is modeled using the
numerical model proposed by Seed et al. (1976) and modified by Liyanapathirana and Poulos (2002a).
Pile-soil interaction is incorporated in the model using the methodology suggested by Nogami and
Konagai (1986) and extended by Konagai and Nogami (1987). Using this new methodology, the response
of pile in liquefiable soils is predicted (Nath, 2006). Here, only a single end-bearing pile is considered.
However, the model is capable of dealing with a pile group.

NUMERICAL FORMULATION

This is presented separately for liquefaction and for pile-soil interaction.

1. Modeling for Liquefaction

1.1 Zone of Liquefaction
It is important to check whether, for a given condition, the soil stratum liquefies. The first step in the
analysis is to find the zone of liquefaction. This is determined by comparing the average shear stress 7,

due to earthquake loading and the shear stress 7 causing liquefaction. The average shear stress is given
by (Seed and Idriss, 1971)

Ty = 0.65am+"‘o;rd (1)

where, a_ . is the peak ground acceleration, o, is the total overburden pressure, and 7, is the depth

X

reduction factor. The shear stress causing liquefaction is given by (Prakash, 1981)

o,), \20,), 50

where, (0, /20,)s, is the cyclic stress ratio (CSR), which can be found from the charts (Seed and Idriss,

1971), provided Ds, of the soil is known. The charts are prepared on the basis of a number of cyclic

triaxial and simple shear tests. Separate charts are applicable for different numbers of cycles causing
liquefaction, which, in turn, depend on the magnitude of the earthquake. Further, in Equation (2), D,

denotes the relative density of soil in percentage, and C, is a correction factor, the value of which

depends on D, .

1.2 Numerical Model

The numerical modeling for the liquefaction of soil is based on Seed et al. (1976), and
Liyanapathirana and Poulos (2002a). The three basic steps are evaluation of (a) rate of pore pressure
generation, (b) pore pressure redistribution and dissipation, and (¢) the stress response analysis with pore
water pressure induced. These steps of numerical formulation are discussed in detail in Liyanapathirana
and Poulos (2002a, 2002b), and are briefly described here.

Rate of Pore Pressure Generation, Ou . / Ot : The rate of pore pressure generation during earthquake

shaking is calculated as follows (Liyanapathirana and Poulos, 2002a):
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Oug Oug ON _ ol oN
ot ON a0V, sin® (w, /2)cos(ar, /2) ot

(3a)

where, u, is the excess pore pressure generated due to earthquake loading; ON / Ot is the rate of

application of shear stress cycles to the soil; Uv/o is the initial effective overburden pressure; and 7, is the

pore pressure ratio, i.e., the ratio of excess pore water pressure to initial effective overburden pressure.
The shear stress rate ON/0¢ can be worked out by first representing the actual stress time-history into an

equivalent number N, of uniform stress cycles (Seed et al., 1976). For harmonic excitation, ON / ot is

simply the frequency of excitation. The value of 7, is given by the following expression:

1

" 2%
p o=t 2o [ij (3b)

O-VO T L

where, N, is the number of uniform stress cycles required to produce a condition of initial liquefaction

(i.e., excess pore pressure = effective confining pressure) under undrained conditions. The value of N,
can be read off from a family of curves (which are developed based on simple shear tests) as discussed by
Seed et al. (1976). Further, N is the number of equivalent uniform cycles, for harmonic excitation

N=N

eq?
the analysis for the best fit.

and can be worked with the magnitude of earthquake. The parameter @ is assumed as 0.7 in

Pore Pressure Redistribution and Dissipation: Considering pore pressure distribution within the soil due
to vertical drainage, the net excess pore pressure Ou/0Ot developed in the soil, in one-dimensional
formulation, is given by (Liyanapathirana and Poulos, 2002a)

0
ou_ 1 i(ka_“}r Uy (3¢)
ot my, 0z\ 0Oz ot

where, k is the permeability of the soil, m, is the tangent coefficient of volume compressibility, y, is

the unit weight of water, and Ou/0z is the gradient of excess pore pressure in the vertical direction. The
value of m, is given by the following expression:

ll”'b

m e’
|
- b 2 2b (3d)
m,, l+ar,+0.5a’r,

where, m, is the tangent coefficient of volume compressibility at low pressure. The values of a and b

are dependent on relative density of soil [, and can be expressed as follows:
a=5(1.5-D,) and b=(3/2)"" (3e)

The value of m,, may be taken as 26.1x10® m*kN and 41.8x10° m’/kN for dense and loose soil,
respectively (Seed et al., 1976).

Effective Stress Response Analysis with Pore Water Pressure Induced: Using Equation (3a) (for
N, <N,) generated pore water pressure, or using Equation (3c) (for N, >N, with r,=1),
redistributed pore water pressure is determined. Thus the excess pressure, and in turn the effective stress,

can be worked out. At the end of each loading and reloading phase, the soil stiffness is degraded based on
the effective stress in the soil as (Liyanapathirana and Poulos, 2002a)

, V!
G| 2 (3
G, o

Here G,, G,, o) and o/, are the shear modulus at time ¢, the initial shear modulus, the effective

vt

overburden stress at time ¢, and the initial effective overburden stress, respectively. Further, 77 is the
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power exponent and is generally equal to 0.5. The shear strength of the soil is also modified progressively
as
T o" !
—”=(—,”J (3g)
Tro O,

First, configuration of the soil-pile system is discussed, followed by numerical modeling.

2. Modeling for Pile-Soil Interaction

2.1 Configuration of the System

The configuration of the soil-pile system is shown in Figure 1. It is assumed that there is a hard
stratum either at the pile tip or at some depth below the tip, so that piles which are not directly resting on
the bedrock can be analyzed using the same methodology as the end-bearing piles by assuming a fictitious
pile, made of soil below the pile tip. The pile-soil system is divided into horizontal slices containing the
pile segment and homogenous soil layer. The Winkler soil model units are assumed to be uniformly
distributed along the pile shaft for modeling the soil medium around the pile.

lP(tj = Pgelt iP(tj = Pgelt l BrY) = Ppel

File Shaft — 2
- w
3

7 7

e N R Y R el e

Soil Medium M-1
N \\*y(‘ P
Hard Strat » :
SRR Fictional Pile Shaft Winkler Soil Model

hMade of 301l

Fig. 1 Soil-pile system divided into horizontal slices

One unit of model is shown in Figure 2; this is shown in horizontal direction for convenience,
although it is attached to the pile in the vertical direction.

¥K1 '{Kﬂ :‘{? f-’

— Y,
1 1] 1] /

7 7 /

(4] Cq Cs II_.-"

Fig. 2 One unit of Winkler soil model for the axial pile shaft response (shown in the horizontal
direction for convenience; this is actually attached to the pile in the vertical direction)

For the axial loading, the values of the model parameters are determined using the following
expressions (Nogami and Konagai, 1986):
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(kl,kz,k3)=GS(3.518,3.581,5.529) (4a)
G,

S

(cl,cz,c3)= (113.097,25.133,9.362) (4b)

Here G,, 7,, and V, are shear modulus, radius of embedded pile, and shear wave velocity of the soil,
respectively. It may be noted that these parameters are frequency-independent.

2.2 Numerical Modeling

The numerical model for vertical vibration (Nogami and Konagai, 1986) is based on Winkler’s
hypothesis, i.e., the soil-pile interaction force is related to the pile-shaft displacements only at that depth
where the interaction force is considered. The pile-soil system is divided into number of layers (see
Figure 1). Applying the boundary conditions at the two adjacent segments, the displacements and forces
at the bottom of the nth segment of the pile shaft or soil column can be calculated as (Nogami and
Konagai, 1986)

Tn]{:f,’}o +{0,} (4c)

where,

~
I

[tl] and {Ql}:[ql]{yi,l} for n=1 (4d)

and
[7,]=[,][7,.] and {Q,} =[t,]{0,..} +[4.]{r..} for n=2 (4e¢)

Here w, and P are the axial pile displacement and applied axial load, respectively, and » indicates the
number of layer. Also [¢] and [g] are 2x2 matrices which are dependent on the material and geometrical
properties of the pile, while y; is a vector. Details of these matrices and vector can be found in Nogami

and Konagai (1986). The values of G, are considered as G, and G, (as obtained from Equation (3f)) for
the analysis of pile-soil interaction in non-liquefiable soil and liquefiable soil, respectively.

Equations (4a)—(4e) are for a single pile; Konagai and Nogami (1987) extended this methodology for
a pile group where displacement in soil at distance » from the source of disturbance (i.e., the pile axis) can
be found. Thus shear strain, and in turn shear stress, developed in the soil medium due to vertical
vibration can be estimated. Here it should be noted that soil is modeled using Winkler soil model which
treats soil as a visco-elastic material, and that parameters are given by Equations (4a) and (4b). Further,
no plasticity or yielding of soil is considered, though degradation of the material is taken into account
using Equation (3f), which is based on the effective stress principle. An advanced plasticity-based model
could also be considered.

VERIFICATION OF THE MODELS

Since a rigorous approach has been chosen for the soil-pile interaction and liquefaction analysis,
verification of the models and computation technique is imperative. This is performed by comparing the
results obtained from the present analysis with well-established results in literature. It may be noted that
no commercial software has been used for the computations, and that a computer code has been
developed in C++ language to compute the results presented here.

1. Verification for Complex Soil Stiffness

Modeling of the pile-soil interaction for axial load has been carried out using Winkler’s hypothesis. A
concrete pile of diameter 1 m, length 20 m, and fixed at the pile tip is considered. Figure 3 shows
variation in dimensionless complex soil stiffness with dimensionless frequency a, (= wr,/V,) due to the

application of axial load. It can be observed that the real part remains relatively constant with frequency
while the imaginary part is linearly increasing. These trends of results are in very good agreement with
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those presented by Nogami and Konagai (1986) and shown in Figure 3. This verifies the computational
algorithm developed.

4 )
6 -
. A
d .
= 54
£ 41
E 3 ®  Real (Present Study)
S 3 1 A hd A Imag (Present Study)
S - . Real (Nogami & Konagai 1986)
E 21 A Imag (Nogami & Konagai 1986)
=
= 14
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&
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Fig. 3 Complex soil stiffness versus frequency: comparison of present study with Nogami and
Konagai (1986)

2. Verification for Pile-Head Stiffness

Figure 4 shows the relationship between the dimensionless pile-head stiffness and dimensionless
frequency due to the application of axial load. In this case also, trends of results are similar to those
presented by Nogami and Konagai (1986). However, the imaginary part of the pile-head stiffness shown
by the present study is significantly greater than that presented by Nogami and Konagai (1986), which
may be attributed to the fact that slenderness ratio of the pile is different in the two cases.

( )
0.8 1

0.7 1 A
0.6 1 M

A ®  Real (Present Study)
0.5 1

0.4 4 A A Imag (Present Study)

0.3 1

A e < Real (Nogami & Konagai 1986)

0.2 1

PILE HEAD STIFFNESS k/ Es.L

....... Imag (Nogami & Konagai 1986
0.1 1

0 L) L} L} L} 1
0 0.1 0.2 0.3 0.4 0.5

FREQUENCY PARAMETR a0 =10 .c0/Vs
g J

Fig. 4 Pile-head stiffness versus frequency: comparison of present study with Nogami and
Konagai (1986)

3. Verification for Liquefaction Model

The result obtained from the liquefaction model is shown in Figure 5. It can be seen that the rate of
generation of pore pressure first increases drastically and then decreases exponentially with number of
cycles. Similar trend of results was shown by Gupta (1979).
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DATA USED IN ANALYSIS

For the given soil profile, it is evaluated whether liquefaction will occur or not. First the zone of
liquefaction is determined; for this purpose, the input data used in the analysis is shown in Table 1. A
homogeneous soil stratum of 20 m depth is considered to be resting on the bedrock.

N

—_
AN N o O

W
2 2 2

RATE OF GENERATION OF PORE )
PRESSURE in kN/ni/sec

[T
2

6

0 10 20 30 40 50 0 70

NO OF CYCLES N,
\_ J

Fig. 5 Rate of generation of pore pressure versus number of cycles

Table 1: Input Data Used to Find the Zone of Liquefaction

Input Data Value
PGA (a,,,) 0.16g
Magnitude of the earthquake (M) 7.5
Equivalent Number of Cycles (N, ) for M =7.5 20
Dy, of sand 0.2 mm
Relative density (D,) 40%
Thickness of soil stratum 20.0 m
Saturated mass density of soil (p,,) 1.804x10° kg/m’

Zone of Liquefaction: Figure 6 shows a comparison of two sets of results, i.e., average shear stress 7,

versus depth (using Equation (1)) and shear stress causing liquefaction, 7, versus depth (using Equation
(2)). It can be observed that for PGA equal to 0.16g and for earthquake of magnitude 7.5, soil stratum will
liquefy for the whole depth. Here the position of water table is assumed at the ground surface itself. At
higher depths, there is a wide margin between the two curves (see Figure 6), which may be attributed to
the fact that relative density of the soil stratum is only 40% (for loose soil) and, therefore, it will be
subjected to severe liquefaction.

RESULTS AND DISCUSSION

The behavior of soil-pile interaction is investigated in the following sections with respect to the
variations in frequency of excitation and pile diameter. Effects of these parameters on the maximum
displacement and interacting forces are evaluated considering liquefaction.

For the parametric study, the data used is shown in Table 2.
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Fig. 6 Zone of liquefaction
Table 2: Input Data Used in the Parametric Study
Input Data Value
Amplitude of harmonic force excitation (P) 100 kN
Dimensionless frequency of excitation (a,) 0.1,0.2,0.3,04
Pile diameter (27) 1.0m
Length of the pile 20.0 m
Modulus of elasticity of the pile (£ p) 25.00x10° N/m>
Shear modulus of the soil (G,) 71.77x10° N/m’
Shear wave velocity (V) 199.46 m/s
Poisson’s ratio of the soil (V) 0.40

1. Effects of Frequency

Axial displacements due to the pile-soil interaction for different values of dimensionless frequency
a, without and with liquefaction are compared in Figures 7(a) and 7(b), respectively.

In Figures 7(a) and 7(b), it may be observed that displacements at lower frequencies are more than
those at the higher frequencies. This is because the dimensionless fundamental natural frequency a, of

the soil is very low and close to the lowest frequency considered (= 0.1), with a, calculated as follows:

a, = or, |V, = 2zx fyxn, [V, = 2axV, x1, [V, x4h = 7xr,/2h ~0.04. Also for all frequencies, the
maximum displacement is observed at the ground surface, which may be attributed to higher interacting
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forces near the pile head. Also the effect of frequencies is diminishing at the higher values of a,. The

overall trend of the results is similar for both non-liquefied and liquefied cases.

( \ ~
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| ——Freq=03 Freg=04 ] | _ —&—Freq=0.3 Freq=0.4 y
(a) (b)

Fig. 7 Comparison of the axial displacements at different values of dimensionless frequency q,

for the (a) non-liquefied and (b) liquefied cases

Interacting forces due to the pile-soil interaction (without and with liquefaction) for different
frequencies are compared in Figures 8(a) and 8(b), respectively. The interacting forces increase with the
frequency of excitation, when liquefaction is not considered. However, for the liquefied soil, the effect of
frequency is not significant and peak value (at the ground surface) is lower than that in the non-liquefied
case. Further, for the liquefied soil, it appears that the effect of liquefaction dominates over the frequency

of excitation.
4 N\ N
INTERACTING FORCES in kN INTERACTING FORCES in kN
0 5 10 15 0 S "
0 4 A
g g s
R=| =
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\ —— Freq=0.3 Freq=0.4 ) \_ —— Freq=0.3 Freq=0.4 )
(a) (b)

Fig. 8 Comparison of the interacting forces for different values of dimensionless frequency aq,

for the (a) non-liquefied and (b) liquefied cases

2. Effects of Liquefaction

Axial displacements for the non-liquefaction (NL) and liquefaction (L) conditions are compared in
Figures 9(a) and 9(b) for the dimensionless frequencies equal to 0.3 and 0.4, respectively. The axial
displacements at higher depths with liquefaction are greater than those without liquefaction. This is
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because of the degradation of soil due to liquefaction. The percentage increase in the displacements due to
liquefaction is observed as follows. For a, = 0.3, the percentage increase in the displacement is 22.76%
and 36.3% at the depths of 6 and 12 m, respectively. Similarly for a, = 0.4, this increase is 12.9% and
42.6% at the depths of 6 and 12 m, respectively. Thus due to the effects of liquefaction, displacements are

increased significantly.

4 N\ [/ N
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a
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et N ——L
. /L y,

(a) (b)
Fig. 9 Effects of liquefaction on axial displacements for two different frequencies: (a) a, = 0.3,
and (b) a, = 0.4

Figures 10(a) and 10(b) show the effects of liquefaction on the interacting forces for a, = 0.3 and 0.4,

respectively. It can be observed that due to liquefaction, the interacting force is drastically reduced. It is
because of the reduction in the shear strength of soil due to liquefaction that lower interacting forces are

(2)

Fig. 10 Effects of liquefaction on interacting forces for two different frequencies: (a) a, = 0.3,

and (b) a, = 0.4

(b)

obtained.
4 ) 4 )
INTERACTING FORCE in kN INTERACTING FORCE in kN
0 5 10 15 0 5 10 15
0 Il Il P | I 0 Il Il o I
6 g 6
g
wn
T as)
H
E 12 % 12
a) a
18 18
e N e [
e N e [
\_ ) \_ J



ISET Journal of Earthquake Technology, March-June 2008 11

3. Effects of Pile Diameter

The effects of variation in geometric properties are considered by changing the diameter of the pile
for the liquefiable soil. The diameters of the pile considered are d = 1 and 0.5 m. The results are shown in
Figures 11(a) and 11(b) for a, = 0.3 and 0.4, respectively. For both frequencies, it can be observed that
the displacements are considerably higher for the smaller diameter pile. This is as expected because
decreasing the cross-sectional area would increase the stresses and thus the interaction forces; this, in
turn, will increase the displacements. Thus a smaller diameter pile may be vulnerable to large
displacements and also to instability failure in axial vibration (Bhattacharya et al., 2004).

4 ) 4 )
DISPLACEMENTS in m DISPLACEMNTS inm
0 0.02 004 0.06 0.08 0 0.02 0.04 0.06 0.08
0 Il Il Il I 0 Il Il Il I
6 4 6 4
g g
g g
(75} w2
T 12 < E 12
F‘
o, =¥
88| 8|
A g 218
24 24
Dia= Im —&— Dia=0.5 Dia=1m ——#— Dia=0.5m
\_ J \_ J
(a) (b)

Fig. 11 Effects of pile diameter on axial displacements for two different frequencies (in
liquefiable soil): (a) g, = 0.3, and (b) g, = 0.4

CONCLUSIONS

The following conclusions may be derived from this study:

1. The axial displacements developed due to the pile-soil interaction for different frequencies without
and with liquefaction are significant near the natural frequency of the soil stratum.

2. Due to liquefaction, displacements are increased significantly while interaction forces decrease
drastically.

3. Effect of frequency on both displacements and interaction forces is relatively small for liquefiable
soils. It appears that the effect of liquefaction dominates over that of frequency.

4. In liquefiable soils, the displacements for small-diameter piles are considerably greater than those for
the large-diameter piles.

In the present analysis, liquefaction has been considered along with the soil-pile interaction for axial
vibration. This research work has wide practical applications in analyzing and designing pile foundations
passing through liquefiable soil layers.

Here for simplicity, a simple visco-elastic soil model (i.e., Winkler soil model) has been considered in
the analysis. However, the liquefaction being a nonlinear problem, an advanced constitutive model of soil
with yielding of material may be considered. The results presented may differ in the case of the advanced
soil model; nonetheless the paper demonstrates qualitatively the effects of liquefaction on soil-pile
interaction in axial vibration.
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ABSTRACT

Improvement in manufacturing technology has provided machines of higher ratings with better
tolerances and controlled behaviour. These machines give rise to considerably higher dynamic forces and
thereby higher stresses and, in return, demand improved performance and safety leaving no room for
failures. This paper highlights need for a better interaction between foundation designer and machine
manufacturer to ensure improved machine performance. The paper also describes the design
aids/methodologies for foundation design. Various issues related to mathematical modeling and
interpretations of results are discussed at length. Intricacies of designing vibration isolation system for
heavy-duty machines are also discussed. Influences of dynamic characteristics of foundation elements,
viz., beams, columns, and pedestals etc. on the response of machine, along with some case studies, are
also presented. The paper also touches upon the effects of earthquakes on machines as well as on their
foundations. Use of commercially available finite element packages, for analysis and design of the
foundation, is strongly recommended, but with caution.

KEYWORDS: Machine Foundation, Dynamic Response, Seismic Qualification, Design Aids,
Vibration Isolation

INTRODUCTION

The dynamics of machine-foundation system is an involved task in itself and consideration of
earthquake effects further adds to its complexity. The performance, safety and stability of machines
depend largely on their design, manufacturing and interaction with environment. In principle machine
foundations should be designed such that the dynamic forces of machines are transmitted to the soil
through the foundation in such a way that all kinds of harmful effects are eliminated (Barkan, 1962;
Bhatia, 1984, 2006, 2008; Major, 1980; Prakash and Puri, 1988; Srinivasulu and Vaidyanathan, 1980). In
the past, simple methods of calculation were used, most often involving the multiplication of static loads
by an estimated dynamic factor and the result being treated as an increased static load without any
knowledge of the actual safety factor. Because of this uncertainty, the value of the adopted dynamic factor
was usually too high, although practice showed that during operation harmful deformations did result in
spite of using such excessive factors. This necessitated a deeper scientific investigation of dynamic
loading. A more detailed study became urgent because of the development of machines of higher
capacities (Bhatia, 1984).

Machines of higher ratings gave rise to considerably higher stresses thereby posing problems with
respect to performance and safety. This called for development partly in the field of vibration technique
and partly in that of soil mechanics. Hence new theoretical procedures were developed for calculating the
dynamic response of foundations (Bhatia, 2006).

Based on the scientific investigations carried out in the last few decades it has been established that it
is not enough to base the design only on the vertical loads multiplied by a dynamic factor, even if this
factor introduces a dynamic load many times greater than the original one. It should be remembered that
operation of the machines generates not only vertical forces, but also forces acting perpendicular to the
axis; it is thus not enough to take into account the vertical loads only and to multiply those by a selected
dynamic factor (Bhatia, 2006, 2008). It has also been found that the suitability of machine foundations
depends not only on the forces to which they will be subjected to, but also on their behaviour, when
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exposed to dynamic loads, which depends on the speed of the machine and natural frequency of the
foundation. Thus a vibration analysis becomes necessary. Each and every machine foundation does
require detailed vibration analysis providing insight into the dynamic behaviour of foundation and its
components for satisfactory performance of the machine. The complete knowledge of load-transfer
mechanism from the machine to the foundation and also the complete knowledge of excitation forces and
associated frequencies are a must for the correct evaluation of machine performance.

All machine foundations, irrespective of the size and type of machine, should be regarded as
engineering problems and their designs should be based on sound engineering practices. Dynamic loads
from the machines causing vibrations must be duly accounted for to provide a solution, which is
technically sound and economical. Though advanced computational tools are available for precise
evaluation of dynamic characteristics of machine-foundation systems, their use in design offices, which
was limited in the past, has now been found to be quite common. A machine-foundation system can be
modeled either as a two-dimensional structure or as a three-dimensional structure.

For mathematical modeling and analysis, valid assumptions are made keeping in view the following:
o The mathematical model should be compatible with the prototype structure within a reasonable
degree of accuracy.
e The mathematical model has to be such that it can be analysed with the available mathematical tools.
e The influence of each assumption should be quantitatively known with regard to the response of the
foundation.

Vibration isolation techniques have also been used to reduce vibrations in the machines. Isolation
leads to reduction in the transmissibility of the exciting forces from the machine to the foundation and
vice-versa. Use of vibration isolation devices is one of the methods by which one can achieve satisfactory
performance, which in turn can result in minimizing failures and reduce downtime on account of high
vibrations. However, for equipment on elevated foundations, it is desirable to have support structure
stiffness sufficiently higher than the overall stiffness of isolation system in order to get the desired
isolation efficiency (Bhatia, 2008). The support structure, a 3-D elevated structural system, possesses
many natural frequencies. The vibration isolation system, comprising the machine, inertia block and the
isolation devices, also has six modes of vibration having specific stiffness values corresponding to each
mode of vibration. It is of interest to note that the lateral stiffness of an elevated structure is very much
lower than its vertical stiffness. If this lower (lateral) stiffness is comparable to the stiffness of isolators, it
certainly affects the overall stiffness and thereby the response of the machine-foundation system. Hence,
the lateral stiffness of the support structure must also be computed and considered while selecting the
isolators. Finally it may be desirable to carry out detailed dynamic analysis of the complete system
including the substructure.

MACHINE-FOUNDATION SYSTEM

The main constituents of a typical machine-foundation system are
e machine: rotary machines, reciprocating machines, impact machines;
e foundation: block foundations, or frame foundations; and
e support medium: soil continuum, or a soil-pile system, or a substructure that, in turn, is supported
over the soil continuum or soil-pile system.
Dynamic forces are (i) internally generated forces by the machine itself, or (ii) externally applied forces
(that are applied directly to the machine, or transmitted through the support medium/foundation).

Figure 1 shows the schematic of dynamics between various elements of a machine-foundation
system. It is seen that all the three constituents of the machine-foundation system, viz., machine,
foundation and soil, contribute to the frequency of the system. This system, when subjected to dynamic
forces (whether internally generated, externally applied, or transmitted through the soil), results in
response of the system.

MODELING AND ANALYSIS

Every foundation designer should remember that he/she is dealing with machines weighing several
tonnes and is required to design the foundations having dimensions of several meters but with amplitudes
restricted to only a few microns. The designer, therefore, must clearly understand the assumptions,
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approximations, and simplifications made during the modeling and must recognize their influence on the
response. It is this aspect that makes modeling and analysis a very important part of design.

Modification

A

System
Response

O.K.

Fig. 1 Schematic diagram of a machine-foundation system subjected to dynamic loads

For the purpose of analysis, the machine-foundation system is represented by an appropriate
mathematical model with the basic objective that the model should be compatible with the prototype. For
each mathematical representation, a host of assumptions and approximations are made. The extent of
complexity introduced in the mathematical model directly influences the reliability of results. In addition,
simplifications/approximations are also introduced to meet the limitations of the analytical tools. In other
words, mathematical representation not only depends on the machine and foundation parameters but also
depends on the analysis tools.

1. Manual Computational Method

1.1 Block Foundations

For the machines on block foundations, it is good enough to use simple formulations (which are
equations of motion considering block as a rigid body supported on an elastic medium, i.e., soil). Whereas
majority of the machine and foundation aspects are well taken care of by these procedures, there are some
aspects, as given below, that cannot be fully managed by these manual computational methods.

1.2 Foundation Eccentricity

If foundation eccentricity is higher than the permissible value, the vertical mode of vibration will no
longer remain uncoupled from the lateral and rotational modes (Barkan, 1962; Bhatia, 2008). It is
undoubtedly easy to write equations of motion for such uncoupled modes, but getting closed-form
solutions for those equations is not that simple, and computations may turn out to be complex. Further,
getting transient response history may be a tedious task, though it is possible to evaluate transient
response at any of the defined frequencies.

It is therefore recommended to use finite element (FE) analysis, wherever feasible, in order to include
all these aspects. Further, this gives improved reliability on account of lesser number of
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approximations/assumptions. This also permits visualization of animated mode shapes, and viewing of
response amplitude build-up and stress concentration locations.

1.3 Frame Foundations

The formulations used for manual computations cover only standard/ideal frames, i.e., frame beam is
rectangular in cross-section having machine mass at its center. Analysis of a single portal frame is based
on the premise that longitudinal beams of a frame foundation are flexible enough to permit transverse
frames to vibrate independently (Barkan, 1962; BIS, 1992). These procedures are only for very ideal
cases, and most of the real-life machine foundations do not fall under this category. Some of the aspects
that cannot be suitably accounted for by the manual computational methods (Bhatia, 2008; Ramdasa et
al., 1982) are

e haunches,
machine mass at off-center locations of the beam,
beams extended as cantilevers on one side/both sides of the frame beam,
beams inclined in elevation supporting heavy machine mass,
no frame beam at column locations,
higher-order frame-column vibration frequencies,
presence of solid thick deck within the frames, and
e depression/recess in the top deck.

Based on many design studies carried out by the author, it has been observed that

1. Variation in natural frequencies of a frame obtained manually compared to the FE method is of the
order of 10% to 20% (Bhatia, 2008).

2. FE analysis confirms the presence of three-to-four additional frequencies between the first and second
vertical modes as computed manually. These additional frequencies lie well within the operating
range of the medium-RPM machines and may significantly contribute to the response.

3. In recognition of the higher reliability of the FE method, and the fact that manual computations give
results that are in variance by 10% to 20% compared to the FE analysis, it has been suggested that no
corrections need to be applied on account of either frame centerline dimensions or inclusion of
haunches, etc.; all corrections put together will easily get absorbed by the available margins (Bhatia,
2008).

It is, therefore, recommended to use FE analysis with appropriate element types for the modeling of frame

foundation. It is, however, recommended to use the manual analytical approach to evaluate free-vibration

response for each frame to get a first-hand feeling of the frequency range of frames vis-a-vis the operating
frequency and their sub- and super-harmonics.

2. Finite Element Method

Finite element method is the most commonly accepted analysis tool for the solution of engineering
problems. Effective pre- and post-processing capabilities make modeling and interpretation of results
simple. It is relatively easy to incorporate changes, if any, and to redo the analysis without much loss of
time. Viewing of the animated mode shapes and dynamic response makes understanding of the dynamic
behaviour of the machine foundation system relatively simpler. Design of machine foundation involves
the consideration of machine, foundation and soil together as a system, subjected to applied or generated
dynamic forces. Development of a specific FE-based package for the design of machine foundation is
generally not feasible on account of (a) tight project schedules and (b) validation of results. Use of
commercially available packages is more effective for design offices. There are many issues that need
careful examination before finalizing the package, e.g., user friendliness, pre-processor capabilities (i.e.,
modeling capabilities), analysis capabilities, post-processor capabilities (related to the processing of
results), etc., but the most important issue is the validation of results. Every package is a black box for the
user and it has its associated limitations, some of which are explicit and some are implicit. Validation for
some known sample cases, therefore, becomes a must before one accepts the results. The author has
himself used many commercially available packages for the analysis and design of machine foundations
during the course of his professional career. Finite element method enables the modeling of machine,
foundation and soil in one go, which brings behaviour of the machine-foundation system closer to that of
the prototype, resulting in improved reliability. Rigid-beam elements are used for modeling the machine
whereas solid elements are used for modeling the foundation. In case soil is represented as continuum, it
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is also modeled using the solid elements. In case soil is represented by equivalent springs, it could be
modeled using spring elements or boundary elements. Modeling of each of the constituent is an art in
itself and is briefly discussed below.

2.1 Machine

Machine is relatively rigid compared to the foundation and soil. It is considered contributing to the
mass, only with its centre of gravity (CG) lying above the foundation level. While modeling the machine,
the broad objective is to represent the machine in such a way that its mass is truly reflected, and CG of the
overall mass of the model matches with that of the prototype. Thus, modeling of the machine with rigid
links or rigid-beam elements is considered good enough. Machine mass is considered lumped at
appropriate locations so as to correctly simulate the CG location. This should be cross-checked with the
mass distribution given by the supplier/manufacturer.

Whether it is a block foundation or a frame foundation, lumping of the machine mass at the top level
of the foundation is not desirable, as this will result in mismatch of the CG of the machine mass (in the
vertical direction) of the model with that of the prototype. Figure 2(a) shows such a lumping for a typical
block foundation (Bhatia, 2006, 2008). Such a representation does affect the mass moment of inertia and
thereby the natural frequencies and the response. It is therefore essential that the CG of the machine mass
in vertical direction must be matched with that of the prototype, as given by the manufacturer. Machine
mass should be lumped at an appropriate level above the foundation, as shown in Figure 2(b). Similar
concept should be used for modeling the bearing pedestals.

For advanced modeling, it is desirable to model the rotor and stator independently. The rotor is
represented using a set of beam elements with corresponding section and material properties that
represent the variation of rotor section along the machine axis, whereas the stator is modeled using the
rigid links, with stator mass lumped at appropriate locations, such that the CG of mass matches with that
provided by the supplier. Rotor support at the bearing locations should be modeled with the
corresponding stiffness and damping properties offered by the bearings (Bhatia, 2008). Such a model is as
shown in Figure 2(c). The bearing pedestals, however, are modeled as the rigid links.

N N N
@ o) ©

Fig. 2 Modeling of machine with foundation: (a) machine mass lumped at the foundation top,
(b) machine masses lumped at the CG level of the machine, (c) rotor and stator modeled
separately—masses lumped at the respective CG levels

2.2 Foundation

Block Foundation: A foundation block is a solid mass made of reinforced cement concrete (RCC) with
required openings, depressions, raised pedestals, cutouts, bolt pockets, and extended cantilever
projections. Solid elements are good enough for modeling a foundation block. A coarse mesh for the
block and relatively finer mesh in the vicinity of openings, pockets, and cutouts is considered sufficient.
Solid model and FE mesh of a typical foundation block are shown in Figure 3. Generally speaking,
modeling the foundation block with 8-noded brick elements or 10-noded tetrahedral elements works
reasonably well and is considered good enough. A higher order solid element would increase the size of
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the model, requiring more computational time and power, while improvement in the results may only be
marginal. Choice of element size is fairly subjective as it is problem-dependent. It is, therefore, not
possible to specify firm guidelines regarding the choice of right element size that will be applicable to all
types of problems. The judgment of optimum mesh density, however, would emerge after experience.

Solid Model A Typical Block Foundation FE Mesh

Solid Model A Typical Fan Foundation FE Mesh
(Portion below Ground Level not shown)

Fig. 3 Foundation block—solid model and FE mesh

Frame Foundation: A frame foundation comprises base raft, set of columns (which is equal to the number
of frames), and top deck consisting of (longitudinal and transverse) beams and slabs. The top deck is
made of RCC with required openings, depressions, raised pedestals, cutouts, bolt pockets and extended
cantilever projections. In certain cases, haunches may also be provided between the columns and the top
deck. There are many ways of representing the model of a frame foundation. One can model using the
beam elements, shell elements, solid elements, or a combination of all of these. Models with the solid
elements as well as beam and shell elements are shown in Figures 4(a) and 4(b) respectively. Each
modeling style, however, will have associated limitations. For example, while modeling using the solid
elements, one may not be able to get the bending moments and shear forces in the columns, beams and
slabs, which are needed for the structural design of these members. When it is possible to get the bending
moments and shear forces in the flexural members like beams, columns, slabs, etc., the modeling would
not permit inclusion of the effects like haunches, depressions, cut-outs, raised blocks, projections, etc., as
shown in Figure 4(c). It may be noted that a FE mesh of frame foundation with all the openings, pockets,
cutouts, notches, etc., though feasible, is basically undesirable. It may unnecessarily add to the problem
size and, thereby, to the computational time without any significant gain in the results. Only those
elements that contribute significantly to the stiffness and mass, like large openings, sizeable depressions,
etc., must be accounted for and modeled in detail, whereas the elements like pockets, small notches, etc.
could easily be ignored while modeling. Since modeling of the top deck and base raft by the shell element
is done at their mid-surface locations, it usually results in increased column heights, thus making the
system more flexible than the prototype. Necessary modifications therefore are necessary to overcome
this deficiency. Similar is the case while modeling the machine. Use of the rigid links is recommended to
cover up such deficiencies. Here again, a coarse mesh for the foundation in general, and relatively finer
mesh in the vicinity of openings, depressions, raised pedestals, pockets, and cutouts is considered
adequate. The judgment of optimum mesh density, however, would emerge only after experience.
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Solid Model (@ solid Elements FE Mesh

2w
4

Geometric Model (b) shell & Beam Elements FE Mesh

Solid Model FE Mesh

(©) A Typical Top Deck View
Openings, notches, cutouts, pockets etc.

Fig. 4 Frame foundation—solid element model and shell-beam model

2.3 Soil

2.3.1 Soil Modeling

Use of the FE analysis has become the state of art for the design of machine foundations. There are
many ways of mathematical representation of the soil. We limit our discussion here only to two ways that
are common in the design office practices for the FE analysis and design of foundations.

Soil Represented by a Set of Equivalent Springs: Two types of representations are commonly used in the

FE modeling of the foundation:

a) The soil is represented by a set of three translational springs and three rotational springs, attached at
the CG of the base, as shown in Figure 5(a). This kind of representation yields results (i.e.,
frequencies and amplitudes) that are found to be in close agreement with the manual computations
(Barkan, 1962; Bhatia, 1981, 2006, 2008; Prakash and Puri, 1988).

b) The soil is represented by a set of three translational springs, attached at each node at the base of the
foundation in contact with the soil, as shown in Figure 5(b). This kind of representation provides an
upper bound to the overall rotational stiffness offered by the soil about the X-, Y-, and Z-axes (Bhatia,
2008).

Soil Represented as Continuum: Soil domain in true sense is an infinite domain, and for analysis

purposes, it becomes necessary to confine it to a finite domain when soil is considered as continuum

(Bhatia, 2008; Prakash, 1981). The broad issues that need to be addressed are

a) the extent of the soil domain to be considered for the modeling; and

b) whether to consider soil domain only below the foundation base (in which case the foundation is not
embedded) or to consider the foundation embedded into the soil domain.
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Fig. 5 Various methods of soil representation for FE modeling: (a) soil represented by a set of
three translational springs, k,, k,, k,, and three rotational springs, k,, k,, k,, applied

at the CG of the base of the foundation; (b) soil represented by a set of three translational
springs, k,, k,, k,, applied at each node in contact with the soil at the foundation base

Al

2.3.2 Extent of Soil Domain

For FE modeling, it is well known that a narrow domain with fixed boundaries is not likely to
represent a realistic soil behaviour, whereas a very large domain would result in an increased problem
size. It is, therefore, necessary to find an optimum value that reflects the realistic behaviour of soil
without significant loss in accuracy. Different designers adopt their own practices based on the rule of
thumb, while deciding on the extent of soil domain to be modeled with the foundation. The extent of soil
domain has been found to vary from three to eight times the width of the foundation, to be provided on all
the five sides of the foundation. It is to be noted that such a consideration is good enough for academic
purposes only. In a real industrial situation, no foundation could remain isolated from other
equipment/structure foundations within this finite soil domain. In other words, many other
equipment/structure foundations would exist within the range of three to eight times the dimension of the
foundation in each X-, Y-, and Z-direction. Thus, in the author’s opinion, the computed behaviour of a
foundation as a stand-alone foundation is likely to differ with the actual one. It is also true that the
modeling of all the equipment and structure foundations of a project in one single go is neither feasible
nor necessary (Bhatia, 2008). Here too, a mesh consisting of the solid elements is good enough. As the
soil domain is very large compared to the foundation, a relatively coarser mesh of the soil is considered to
be adequate. Refinement of the mesh size may be adopted, if considered necessary, for specific cases. The
choice of element size remains subjective.

The precise decision on the extent of soil domain still remains a question mark. Even the
academicians have provided no definite answer to this issue. It is also true that a practicing engineer, in
view of his/her tight time schedule, can neither afford to search for the optimum domain size nor ignore
the problem. In the author’s considered opinion, soil domain equal to three to five times the lateral
dimensions in plan on either side of the foundation and five times along the depth should work out to be
reasonably good. The finite soil domain is modeled along with the foundation block using the FE
idealization. Appropriate soil properties in terms of the elastic modulus/shear modulus and Poisson’s ratio
are assigned to the soil. If the soil profile indicates the presence of layered media, appropriate soil
properties are assigned to the respective soil layers, with variation in soil properties along the length,
width, and depth of the soil domain.

2.3.3 Unembedded and Embedded Foundations

While modeling soil along with the foundation, two cases arise:

i) Soil domain is modeled below the foundation up to three to five times the width of the foundation
along the length, breadth, and depth of the foundation. This makes the foundation not embedded into
the soil, as shown in Figure 6(a).
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ii) Soil domain is modeled right from the ground level encompassing the foundation up to three to five

times the width of the foundation along the length, breadth, and depth of the foundation. This makes
the foundation embedded into the soil, which is a realistic situation. This representation is shown in
Figure 6(b).

Solid Model . e
Solid Model — Cut View

FE Mesh

Block Un-embedded Block Embedded

(a) (b)

Fig. 6 Various methods of soil representation for FE modeling: (a) soil represented by a

continuum below the foundation base, extending three times the width of the
foundation along the length and the width and five times the depth of the foundation
along the depth; (b) soil represented by a continuum starting from the ground level,
extending three times the width of the foundation along the length and the width and
five times the depth of the foundation along the depth

To investigate as to how each method of soil representation compares with others, free-vibration

analysis of a typical block foundation is performed using each method of soil representation having
same/compatible soil properties (Bhatia, 2008):

Case-1: The soil is represented by a set of six springs attached at the CG of the base of the foundation.
Case-2: The soil is represented by a set of three springs attached at each node in contact with the soil

at the base of the foundation. In total 45 nodes are considered in contact with the soil. Translational
stiffness at each node is therefore 1/45 of k,, ky ,K, as given above.

Case-3: The soil is represented as continuum below the foundation base level, i.e., the foundation is
not embedded. The soil domain considered is 10 m on all the five sides of the foundation.

Case-4: The soil is represented as continuum right from the ground level all around the foundation,
i.e., the foundation is embedded. Here again, the soil domain considered is 10 m on all the four sides
(in plan) of the foundation. The ground level is considered at 0.75 m below the top of the block. The
soil domain along depth is taken as (10 + 3 =) 13 m from the ground level.

The data considered is as under:
foundation block dimensions (along the Z-, X-, Y-axes): 4x2x375m;
coefficient of uniform compression: C, = 4.48x10* kN/m?;

soil spring stiffness (translational): k, = 35.84x10" kN/m, k, = k, = 17.97x10" kN/m;

soil spring stiffness (rotational): k, = 95.5x10* kN-m/rad (about the X-axis), kw = 44.8x10* kN-m/rad
(about the Y-axis), k¢ = 23.9x10* kN-m/rad (about the Z-axis);

=0.33, E,, = 89,218 kN/m?; and

=0.15; E,,,. =2x10" kN/m*

Modal frequencies are listed in Table 1. The comparison reveals interesting observations as

DOt = 1.8M°, v

soil

DPeone = 2.5 t/M*, v,

conc conc

follows:
a) The translational mode frequencies for Case-3 and Case-4, i.e., when soil is considered as continuum,

are much lower than those obtained for Case-1 and Case-2.
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b) Discrepancies in rotational frequencies of Case-3 and Case-4 are also significant in comparison with
those of Case-1 and Case-2.

c) For Case-2, both linear as well as rotational frequencies are marginally lower than those for Case-1.

For block foundations, since soil flexibility is a controlling parameter that governs the response of the

foundation, the author recommends only the use of modeling as in Case-1 and Case-2. In view of the

above observations, modeling of soil as continuum is not recommended for the block foundations.

Designers, however, may take their own need-based decisions.

Table 1: Modal Frequencies (in Hz)

Predominant Mode Direction
X Y Z Oy (0N 0;

Soil Representation Type

Soil represented by six springs (three linear and three

rotational) at the CG of the foundation base 15411091 15 | 56 | 94 | 362

Soil represented by three equivalent linear springs at
2 | the foundation base at each node in contact with the 152 | 11 14 49 | 89 | 3.24
soil

Soil continuum—foundation considered as not

3 embedded 516 | 6.8 | 6.1 7 7.6 | 6.97

4 | Soil continuum—foundation considered as embedded | 6.52 | 5.96 | 6.3 7 73 | 7.23

Whichever modeling criteria are finally chosen by the designer, it is strongly recommended that
validation of the FE results with the manual computations must be done for very simple problems using
the same modeling criteria, before those are adopted for the actual design. Such a caution is essential as
one often tends to feel that whatever results are obtained by using a computer code are bound to be
correct.

PARAMETERS INFLUENCING VIBRATION

Foundation parameters that influence the vibrations of a machine-foundation system are mainly
(i) overall foundation size, (ii) depth of embedment, (iii) sizes of the foundation members like columns,
beam, deck slab, cantilever projections, etc., (iv) dynamic soil parameters or dynamic soil-pile properties,
and (v) dynamic forces, both internally generated as well as externally applied. The three constituents,
viz., machine, foundation and soil, contribute to the frequencies of the system. When the system is
subjected to dynamic forces (whether internally generated, externally applied, or transmitted through the
soil), we get response of the system. If the response is well within the prescribed limits, it is fine;
otherwise, it calls for modifications in the system till the response achieved becomes satisfactory. Such a
statement is qualitative and its implementation requires complete knowledge of each constituent and
experience to precisely identify the modification. At the design stage it is possible to play with the
parameters of each constituent to bring down the response under the control limits. However, if such a
check/modification is not implemented at the design stage, it may not be that simple to apply desired
modifications after the foundation is cast and the machine is placed in position. In either case it may be
desirable to know the uncertainties associated with each constituent before one even attempts the design
or its modification. An effort is made to broadly identify these uncertainties and address those as given
below.

1. Uncertainties Associated with Soil Parameters

There are two distinct types of uncertainties: (i) those associated with the evaluation of dynamic soil
parameters; and (ii) those associated with the modeling of soil.

1.1 Dynamic Soil Parameters

It is seen very often that there is a marked variation in the evaluated soil data when evaluation is done
by different agencies (Bhatia, 2008). It becomes extremely difficult to precisely choose design dynamic



ISET Journal of Earthquake Technology, March-June 2008 23

soil properties from the so-called soil evaluation reports. Such a scenario is practically true for every
project site. Level of uncertainty becomes even higher when selecting the dynamic stiffness properties of
a group of piles, for application to a machine-foundation system, from the single-pile test. This aspect of
soil is also not quantifiable from the point of view of the machine-foundation design. For the design
purposes, the author therefore recommends that higher frequency margins of the foundation be kept vis-a-
vis the machine operating speed.

1.2 Soil Mass Participation

It is a reality that part of the soil mass vibrates along with the foundation (Barkan, 1962; Bhatia, 20086,
2008; Bhatia and Sinha, 1977; Prakash and Puri, 1988). Some of the issues that need to be addressed are
as follows:

What is the extent of the soil that vibrates with the foundation?
Does the vibrating soil mass depend upon the mode of vibration?
Does it have any influence on the soil stiffness and damping?
Can these aspects be quantified?

There are various opinions expressed by different authors regarding the soil mass participation.
According to some, the mass of the soil moving with the foundation varies with the dead load, exciting
force, base contact area, mode of vibration, and the type of soil. According to other authors, the size of the
participating mass of soil is related to a bulb-shaped stress distribution curve under the effect of uniformly
distributed load. Till date no concrete formulation is available giving quantification of the soil mass
participation for different types of soils, and what is lacking is perhaps the validation of the results. It is
generally the view that soil mass participation will increase the overall effective mass of the machine-
foundation system and will thereby tend to reduce the natural frequency. Here again, this aspect of soil is
not quantifiable from the point of view of machine-foundation design. For the design purposes, the author
therefore recommends (Bhatia, 2008):

a) for under-tuned foundations, soil mass participation to be ignored; and
b) for over-tuned foundations, frequency margin to be increased by additional 5%, i.e., natural
frequencies to be kept away from the operating speed by 25% instead of the normal 20%.

1.3 Effect of Embedment

All machine foundations are invariably embedded partly into the ground. Many authors have studied
this effect and have made varying observations (Barkan, 1962; Bhatia, 2008; Prakash, 1981; Richart et al.,
1970; Srinivasulu and Vaidyanathan, 1980; Swami, 1999). Some have reported that embedment causes an
increase in the natural frequency, and some have reported that it causes a reduction in amplitudes. By and
large, it has been generally agreed that embedment tends to reduce the dynamic amplitudes. The reduction
in the amplitudes could be on account of change in stiffness, change in damping, change in soil mass
participation, or their combinations. Here again, this aspect of soil is not quantifiable from the point of
view of machine-foundation design for all types of soils. For design purposes, the author recommends
that it will be on the safe side to ignore the embedment effect while computing the dynamic response.

1.4 Soil Damping

Damping is an inherent property of soil and its influence on forced vibration response is significant
during the resonance or near-resonance conditions (Barkan, 1962; Bhatia, 2008; Richart et al., 1970).
Different soils exhibit different damping properties, depending upon their soil composition and other
characteristic parameters. In the case of embedded foundations, the depth of embedment also influences
the damping properties. Soil damping comprises (a) geometrical damping, and (b) material damping.
While geometrical damping represents the energy radiated away from the foundation, material damping
represents the energy lost within the soil due to the hysteretic effects.

In the context of machine-foundation design, the contribution of geometrical damping to rocking
modes of vibration has been reported to be of low order compared to the translational and torsional modes
of vibration. Damping in the soil has been observed to be both strain- and frequency-dependent. Same soil
exhibits different damping characteristics at different strain levels and similar is the variation with the
frequency of excitation. In other words, soil damping not only depends upon the stress, strain, or contact
pressure distribution but also on the frequency of vibration. Representation of frequency-dependent soil
damping has not found appropriate place in the design industry for real-life design problems (Bhatia,
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2008). On the other hand, representation in the form of equivalent viscous damping has found larger
acceptability.

It has to be remembered that damping plays a role only during resonance. If one is able to avoid the
resonance of foundation with the machine excitation frequencies at the design stage itself, the significance
of damping could be felt only during the transient resonance. In the author’s opinion, considering strain-
and frequency-dependent geometrical or radiation damping in design office practices is not only difficult
but inconvenient too. The commonly available mathematical tools with the industry, in general, are not
geared to accommodate this type of damping. Further, the use of high-end analytical tools is not
recommended for design purposes in view of tight project schedules. In the absence of any specified data
for the damping value of a site, the damping coefficient equal to 8% to 10%, i.e., { = 0.08 to 0.1 could

safely be considered for computing the response at resonance.

2. Uncertainties Associated with Foundation Parameters

Elastic Modulus: The basic question is whether to use the static elastic modulus or dynamic elastic
modulus of concrete for design. Some authors and codes of practices recommend the use of dynamic
elastic modulus, whereas some suggest the use of static elastic modulus of concrete. The difference is of
the order of about 20%. As the dynamic elastic modulus is strain-dependent, and since stresses developed
in the foundation during the normal operating conditions are relatively of lower order of magnitude, the
author recommends the use of static elastic modulus for dynamic analysis and design (Bhatia, 2008).

Cold Joints, Cracks at Beam Column Interface and Honeycombs: At times cold joints and honeycombs
are encountered in the super-structure of a frame foundation. In addition, cracks have also been witnessed
at the beam-column interface. Such cracks have a tendency to result in lower stiffness and thereby lower
frequencies. Epoxy or cement grout is used for the repair of such cracks. Loss of stiffness on account of
this phenomenon is well known but this still remains unquantifiable. In view of this uncertainty, it is
recommended to keep slightly higher margins for the over-tuned foundations.

3. Uncertainties Associated with Machine Parameters

Dynamic forces furnished by machine suppliers, at times, contain a fictitious multiplying factor that
results in very large dynamic forces (Barkan, 1962; Bhatia, 2006, 2008). This not only makes the life of
designer miserable but also adversely affects the reliability of design. It is, therefore, desirable for the
designer to evaluate the dynamic forces in line with the balance quality grade of the rotor and to cross-
check the same with the given machine data. In addition, phase angle of the dynamic forces pertaining to
different rotors may be 180° degree out of phase as shown in Figure 7.

When the forces are 180° out of phase, i.e., ¢ = ¢ and @, = 180 — ¢, the total maximum reaction
along the Y-axis will be F,, —F, =F, —F, (forsing = 1), and the total maximum reaction along the

X-axis will also be F,, — F,, =F, —F, (for cos¢ = 1). In addition, the unbalance forces will give rise to

two couples with reference to the moment at any point, say at Bearing 1 (at the distance a, along the Z-
axis, from the center of Rotor 1). The maximum value of this moment about the Y-axis is MW:

F,,(L+a)—F,a and about the X-axisis M ,= F, (L+a)-F a.

This phenomenon is common to practically most of the machines. Thus, the rotational modes of
vibration of the foundation get excited and may significantly contribute to the enhanced response. Thus, it
is clear that though the generated unbalance forces have components only in the X- and Y-directions, these
will also generate moments about the Y- and X-axes. Hence it becomes obvious that it is not enough to
compute amplitudes for the vibration modes in the Y- and X-translations; amplitudes must also be
computed for the rocking (about the X-axis) as well as the torsional modes (about the Y-axis) for the
moments thus generated.

VIBRATION ISOLATION SYSTEM

In machine-foundation design, the term ‘isolation’ refers to a reduction in the transmission of
vibration from machine to the foundation and vice-versa. In other words, it means control of transmission
of dynamic forces from machine to the foundation, and thereby to the adjoining structures and equipment,
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or from the adjoining structures and equipment to the machine through its foundation (Bhatia, 2008;
Bhatia and Sinha, 1977; Prakash, 1981; Singh and Bhatia, 1989; Srinivasulu and Vaidyanathan, 1980).

Rotor 2

Bearing 2B

Bearing 2A
Bearing 1B F,

T '
Bearing k/ Rotor 1
(b)

Fig. 7 Machine having two rotors with unbalanced forces out of phase in each rotor: (a) X-
component of unbalanced force 180° out of phase; (b) Y-component of unbalanced force
180° out of phase

Principle of Isolation: Whether dynamic excitation is applied at the mass and the force is transmitted at
the base of the foundation, or dynamic excitation is applied at the base of the foundation and the force is
transmitted at the mass, the transmitted force should be the least. The ratio of the transmitted force to the
excitation force is termed as transmissibility ratio (TR). A plot of transmissibility ratio versus frequency
ratio is shown in Figure 8.

Isolation Efficiency: Isolation efficiency 7 is given as n = (1-TR). It is clear from this equation that
lesser the transmissibility ratio, better is the isolation efficiency 7. A plot of isolation efficiency versus
frequency ratio is shown in Figure 9.

Isolation Requirements: Generally speaking, for machine-foundation applications one would be
interested in the isolation above 85%; otherwise the very purpose of isolation gets defeated. In view of
this, let us view the isolation plot for 77 > 80%, which obviously means that # > 2, as shown in Figure 9.

It is noticed from the plot that even for zero damping, one requires £ =3 for 7 =88% and f =5for n

= 96%. This gives an impression that one can achieve as high isolation as desired just by increasing the
frequency ratio. In reality, this impression, however, does not hold any ground. It is evident from Figure 9
that there is hardly any appreciable gain in 7 for # > 6, which corresponds to77 = 97%. This implies
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that one can, at best, aim for the isolation efficiency of about n = 97%, knowing that the presence of
damping in isolators, if any, shall reflect in a reduction of 7. It is obvious that higher the value of 7,
higher will be A and lower will be the frequency of isolation system, f (= @w/f). It is also known that

lower the value of f, lower will be the stiffness of the isolation system, k, and that this lower stiffness
would result in higher static deflection o under the self-weight of the system. A plot of isolator system
frequency versus static deflection of isolator is shown in Figure 10.
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Fig. 8 Transmissibility ratio (TR) versus frequency ratio (5)
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Fig. 9 Isolation efficiency n (> 80%) versus frequency ratio g (> 2)
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Inertia Block: Inertia block, generally made of RCC, is provided to support the machine. It is made
heavy enough (with mass two to three times that of the machine) so as to keep the overall centroid in a
stable position. It should be rigid enough so as to have its natural frequencies much above the machine
speed and its harmonics.

Isolators: These are commercially available devices (as per the required specifications) to be installed
between the inertia block and the support system. There are many types of isolators available
commercially. We limit our discussions here to only two types: (a) mechanical isolators (spring type with
or without damping), and (b) sheet/pad type isolators (cork, rubber sheets, etc).

Selection of Isolator: It is totally dependent on the machine excitation frequency, target isolation
efficiency, and the overall mass of machine plus the mass of inertia block. There are many ways one can
arrive at the specification for the required isolators. A typical machine system supported on isolators is
shown in Figure 11.

A )
: |7 F Machine H Fg
Machine E Pad type

Inertia block Isolator Inertia block
. 4
Mechanical Fr
L_] |__] |_—] |__]' Isolators | Support system | v
: : : : Ar
| Support system | v T
(a) (b)
Fig. 11 Machine foundation isolation system: (a) mechanical isolators; (b) sheet/pad type
isolators
EARTHQUAKE EFFECTS

Significant damage to machinery has been reported for many earthquake occurrences the world over.
Majority of this damage, however, pertains to static electrical/mechanical equipments, and only in rare
cases damage is reported for rotating electrical/mechanical equipments. In the context of machine-
foundation systems, earthquakes not only influence the foundation but also the machine. Earthquake
forces get transmitted from ground to the machines through their foundations.

In the absence of any specific code for earthquake-resistant design of machine-foundation systems, it
is recommended to use the provisions of IS 1893 (Part 4) (BIS, 2005). The horizontal seismic coefficient

A, should be computed as per Clause 8.3 of these provisions. Unlike other structures, the author

recommends that the vertical seismic coefficient be considered same as the horizontal seismic coefficient
in the applications to machine-foundation systems.

Unlike the buildings and structures where ductility plays an important role in bringing down the
design seismic coefficient, there is practically no provision for ductility in the design of machine
foundation systems. Thus, even controlled damages to the foundations are not permitted. Hence, the
seismic coefficient for a machine-foundation system should be computed using the reduction factor R = 3,
as applicable to the ordinary moment resisting frames (refer Table 3 of IS 1893 (Part 4) (BIS, 2005)).
Since the importance factor assigned to a machine varies with the machine functionality or use in the
plant cycle, it is recommended to use the same value as that assigned to the industrial structures but not
less than 1.5 (refer Table 2 of IS 1893 (Part 4) (BIS, 2005)).

Dynamic interaction between the machines, their foundations, and the soil during the earthquakes is
of prime importance. It must be borne in mind that there are no codal provisions to avoid failures of
machine-foundation systems during earthquakes. Air gap (or clearance) between the rotor and stator could
be as low as 1 to 2 mm and could also be as high as tens of millimeters. The basic objective is that there
should not be any rubbing of rotor with the stator. This makes the seismic qualification of machine-
foundation systems a shade different from that of the other structural systems. It is recommended to use
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the same mathematical model (i.e., the same FE model) as that used for the dynamic analysis of the
machine-foundation system under consideration. As mentioned earlier, it must be ensured that the
machine is modeled along with the foundation and that its masses are lumped at appropriate centroid
locations. It is not only desirable but essential to model the rotor and stator separately. This helps in
ensuring the safety against rotor-stator rubbing.

In the event of foundation design requiring structural changes on account of seismic safety, the entire
dynamic computations need to be redone. This includes free-vibration analysis, and the analyses for
forced-vibration response and transient response, in addition to the analysis for seismic safety.

CONCLUDING REMARKS

This paper is based on the long experience (of about 3 decades) of the author on design, testing and
troubleshooting of machine-foundation systems. Salient observations may be made as given below:

1. Generally speaking, machine-foundation design has been associated with the civil engineering
discipline. Whether it is a soil specialist or structure specialist, depending upon his/her specialization,
the designer studies and analyses all the data connected to his/her specialization and takes the rest of
the data as a black box. This is neither desirable nor adequate. This paper recommends a higher level
of interaction amongst all the concerned disciplines, which should result in an improved machine
performance.

2. The paper highlights various issues related to the mathematical modeling of machine, foundation and
soil. The gray areas have been specifically highlighted. The influence of various assumptions and
simplifications on the response has also been discussed.

3. From the point of view of dynamic response, limitations of the manual methods of computation have
been discussed. It is observed that not only the dynamic behaviour of foundation as a whole but also
its elements, viz., beams, columns, pedestals, etc., show strong influence on the machine response.

4. Necessary design aids/methodologies for the modeling and analysis of machine foundations,
including various issues related to the mathematical modeling, are provided. Basics of the vibration
isolation system for heavy-duty machines are also described.

5. The paper also touches upon the effects of earthquakes on machines as well as on their foundations in
view of the reported damages for many industrial systems. Use of commercially available finite
element packages, for the analysis and design of foundations, is strongly recommended, but with
some caution.
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ABSTRACT

Evidences from the field and full-scale laboratory tests suggest that soil nail walls perform
remarkably well under seismic conditions. In this study an attempt has been made to study the
performance of a soil nail wall supporting a vertical cut of 8 m height under seismic conditions. The wall
is designed in conventional manner by using the allowable stress design procedure. The response of the
wall is then simulated numerically by using a finite element analysis. Seismic data from Bhuj and
Uttarkashi earthquakes is used for the pseudo-static and dynamic analyses. To assess the performance of
the soil nail wall, parameters such as maximum lateral displacements, development of nail forces,
important failure modes of soil nail walls, have been studied under both static and seismic conditions.
Results of the numerical analyses indicate that the use of soil nail walls is desirable to impart stability to
the retaining systems under seismic conditions.

KEYWORDS: Soil Nailing, Conventional Design, Seismic Performance, Numerical Analysis

INTRODUCTION

In areas of high seismic activity, earthquake effects on the stability of retaining walls assume
considerable importance, and soil nail walls are considered as useful options in this context. A review of
literature shows that soil nail walls have performed well during strong ground motions in contrast with
the generally poor performance of gravity retaining structures. After the 1989 Loma Prieta, 1995 Kobe,
and 2001 Nisqually earthquakes, it was reported that soil nail walls showed no sign of distress or
significant permanent deflection, despite having experienced, in some cases, ground accelerations as high
as 0.7g (Felio et al., 1990; Tatsuoka et al., 1996). These observations indicate that soil nail walls appear to
have an inherent satisfactory seismic response. This has been attributed to the intrinsic flexibility of soil-
nailed systems (which is comparable to that of other flexible retaining systems, such as MSE walls) and
possibly to some levels of conservatism in the existing design procedures. Similar trends have been
obtained from centrifuge tests performed on reduced-scale models of soil nail walls (e.g., Vucetic et al.,
1993; Tufenkian and Vucetic, 2000). However, any detailed analysis on the performance of soil nail walls
is not brought out in the above studies. It is also desirable that a detailed numerical analysis is conducted
with regard to the application of the technique in Indian context using appropriate earthquake data. The
results presented in this paper fulfill this requirement.

In this study, a typical soil nail wall of 8 m height, that is representative of typical heights of retaining
walls, is designed in conventional manner by using the allowable stress design approach presented in the
Federal Highway Administration report for analyses, design and construction of soil nail walls (Lazarte et
al., 2003). The external failure modes of soil nail walls namely, global stability and sliding stability, are
studied under static, pseudo-static, and dynamic conditions. Plaxis (2002), a two-dimensional finite
element based computational tool, is used for numerical simulation of the (conventionally designed) soil
nail wall and for studying its stability under static and seismic conditions. Additionally, influence of
seismicity on nail forces, maximum horizontal displacements, and important internal failure modes such
as nail pullout failure and nail tensile strength failure, is also studied and compared under static and
seismic conditions. Table 1 shows the recommended minimum factors of safety, modified after Byrne et
al. (1998), for design of permanent soil nail walls based on the allowable stress design (ASD) method,
where loads are unfactored.
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Table 1: Minimum Recommended Factors of Safety for Permanent Soil Nail Walls
Mini R Fact f Saf
Failure Mode | Resisting Component | Symbol inimum Recommended Factors of Safety
Seismic Static
. Global stability FS; 1.10 1.5
External stability
Sliding FS 1.10 1.5
. Pull-out resistance FS, 1.50 2.0
Internal stability - -
Nail bar tensile strength | FS, 1.35 1.8
. . Facing flexure FS,. 1.10 1.5
Facing failure - - -
Facing punching failure | FS,, 1.10 1.5

MATERIAL PROPERTIES AND DESIGN PARAMETERS

It is assumed that the in-situ ground constitutes a deposit of sandy soil. Terrain is considered to be
generally flat and the elevation of ground water table is significantly below the bottom of the soil nail
wall. Table 2 shows the material properties and other design parameters adopted for the study. For
dynamic simulations, the January 26, 2001 Bhuj earthquake record at Ahmedabad and October 20, 1991
Uttarkashi earthquake record at Uttarkashi (Shrikhande, 2001) are used.

Table 2: Material Properties and Other Parameters Adopted for the Conventional Design

Parameter

Value

Vertical height of wall, // (m)

8.0

Face batter, ' (degree)

0.0

Slope of backfill, B (degree)

0.0

Wall-soil interface friction angle, o (degree) | 15.0

Cohesion, ¢ (kPa) 1.0
Friction angle, @ (= ¢") (degree) 30.0
Unit weight, 7 (kN/m”) 16.0
Modulus of elasticity of soil, £ (MPa) 20.0
Yield strength of nail, f, (MPa) 415
Modulus of elasticity of nail, £, (GPa) 200.0
Nail spacing, S, x§,, (mxm) 1.0x1.0

Nail inclination (with horizontal), i (degree) 15.0

Drill hole diameter, D, (mm) 100.0
Compressive strength of grout, f,, (MPa) 20.0
Ultimate bond strength, g, (kPA) 100.0
Modulus of elasticity of grout, E < (GPa) 22.0
Horizontal seismic coefficient, &, 0.106
Vertical seismic coefficient, &, 0.0
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CONVENTIONAL DESIGN

The conventional design of the soil nail wall is carried with reference to the allowable stress design
procedure stated in the report of Federal Highway Administration for analyses, design and construction of
soil nail walls (Lazarte et al., 2003). The design is carried out in two stages: (i) preliminary design, and
(ii) final design.

1. Preliminary Design

The preliminary design involves use of simplified design charts and tables to arrive at the design nail
length and diameter. Following are the general steps in the preliminary design:

a) For the specific project application, obtain general parameters such as face batter « , back slope £,
effective friction angle @', and ultimate bond strength ¢, , and calculate the normalized allowable
pullout resistance u using Equation (1):

D
p=—lo ()
FS.yS,S,

b) From the relevant design chart, obtain the normalized length L/H and normalized force ¢

max—s °

¢) Evaluate and apply suitable correction factors to the L/H ratio and ¢ values obtained in the

previous step for the drill hole diameter other than 100 mm, normalized cohesion value ¢" other than
0.02, and global factor of safety other than 1.35.

d) Determine the maximum design load in the nail, ¢ (in kN) using the value of corrected ¢ as

max—s 2 max—s

in Equation (2), and calculate the required cross-sectional area of the nail bar, 4,, from Equation (3):

Tmax—x = tmax—s?/HSHSV (2)
At — 7—;“nax—sF'ST (3)
1

e) Finally select the closest commercially available bar size that has a cross-sectional area at least equal
to A,, as evaluated in the previous step.

2. Final Design

The final design includes analysis of external failure modes (such as global stability and sliding
stability), analysis of internal failure modes (such as nail pullout failure and nail tensile strength failure),
design of permanent facing and verification of important facing failure modes (such as facing flexure
failure and facing punching shear failure), and influence of other site-specific considerations, such as
seismic loading, on global and sliding stability. In the present study only the important external and
internal failure modes are considered to assess and compare the performance of the (conventionally
designed) soil nail wall under static and seismic conditions.

According to the conventional design procedure used in this study, whenever seismic considerations
are involved, a pseudo-static approach is adopted for determining the factor of safety for global stability,
F'S , and factor of safety for sliding stability, /'S ¢,. However, the global stability analysis (for FS; ) is
generally carried out by using a computational tool for slope stability, and major emphasis is laid on the
selection of suitable seismic acceleration coefficients (&, and k, ). While analyzing the sliding stability

(for FS§, ) of a soil nail wall under seismic loads, the total active thrust P, during an earthquake due to

the earth pressures behind the soil block must be considered. This force is a combination of the static and
dynamic active lateral earth pressures that are induced by the inertial forces. The lateral earth force,
including the seismic effects, is evaluated using the Mononobe-Okabe (M-O) method, which is an
extension of the Coulomb theory (Kramer, 2005). Table 3 presents a summary of important design
variables determined for the soil nail wall based on the conventional design procedure.
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Table 3: Summary of Conventional Design Results

Design Variable Value

Nail length, L, (m) 4.70

Nail diameter, d (m) 16.0

Maximum axial force innail, 7 (kN) 32.56

Axial force at nail head, 7, (kN) 19.53

Pullout capacity of nail per unit length, O, (kN/m) 31.41

Maximum axial tensile load capacity of nail, R, (kN) 83.44

Factor of safety against pullout (on ultimate bond strength), FS, 2.00

Factor of safety against nail tensile strength, FS, 2.56

Factor of safety against global stability, FS, 1.56 (1.11)

Factor of safety against sliding stability, FS, 2.21(1.74)
Permanent cast in-place R.C.C.

Facing facing 200 mm thick

Note: Figures in bracket indicate the corresponding values from seismic considerations (with &, and

k, taken as 0.106 and 0.0, respectively)

In Table 3, the maximum axial force T is calculated from Equation (2), whereas the axial force

max-—s

at the nail head, 7, is given by Equation (4). Based on the measurements of forces in nails at the head,

the nail head force, T, is expressed as

T, =T [ 0.6+0.2(S, [m])-1] (4)
The pullout capacity per unit length, O, (also referred to as the load transfer rate capacity), is given by
Equation (5):
0, =74,Dp, )
The maximum axial tensile load capacity of a nail, R, is given by Equation (6):
Ry =4/, ©)

The factor of safety against the nail pullout failure, FS,, is calculated as the ratio of pullout capacity R,
of the nail to the maximum axial force developed in the nail, i.e.,

R OL
FS =—2£ —=u’P 7
; Tmax =S Tmax —-S ( )

where, L, is the pullout length of the nail. The factor of safety against the nail tensile strength failure,

F'S,, is calculated as the ratio of maximum axial tensile load capacity of the nail to the maximum axial
force developed in the nail, i.e.,

Fs, = (8)

max—s

The factor of safety against the global failure, FS,, is expressed as the ratio of the sum of resisting

forces, 2R, and the sum of driving forces, 2D , which act tangent to the potential failure plane:

FS, = 2R ©)

-5
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Similarly, the factor of safety against the sliding failure, F'S, , is expressed as the ratio of the sum of the

resisting forces, XR, and the sum of the driving forces, 2D, which act along the potential horizontal
sliding failure plane at the base of the soil nail wall:

DR

D

FS,, = (10)

NUMERICAL SIMULATION

As stated earlier, Plaxis (2002) is used for simulating and analyzing the response of soil nail wall
under static and seismic conditions. Numerical modelling is carried out assuming the plane strain state of
stresses. The 15-node triangular elements with medium mesh density are used for the finite element
discretization. The in-situ soil is simulated as Mohr-Coulomb (MC) material for the static and pseudo-
static analyses and as hardening soil with small-strain stiffness (HSS) for the dynamic analyses. Various
inputs parameters for the HSS model are judiciously adopted from the manual of Plaxis (2002) after
calibration for the Houston sand. The advantage of using HSS model is that it accounts for the increased
stiffness of soils at small strains (Benz, 2007). For the dynamic analyses, strong motion records, as shown
in Figures 1(a) and 1(b) for the 2001 Bhuj and 1991 Uttarkashi earthquakes respectively, are used. Soil
nails and wall facing are simulated as the linear elastic materials. Plate elements are used to model the
nails and facing. Figures 2(a) and 2(b) show the outline and finite element model of the 8-m high vertical
soil nail wall. Construction sequences are simulated as the staged construction with 2-m excavation lift in
each stage.

120

Horizontal acceleration (ms '2‘,:

-1.0 -

time (sec)

(a)

3.0+

Horizontal acceleration (ms .z)

-3.0-

time (sec)

(b)

Fig. 1 Strong motion records for the Bhuj and Uttarkashi earthquakes: (a) Bhuj earthquake
record at Ahmedabad; (b) Uttarkashi earthquake record at Uttarkashi
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Fig.2  Soil nail wall supporting the 8-m high vertical cut: (a) outline of the designed soil nail
wall; (b) the numerically modelled state

Numerical simulations are conducted for various parameters to assess the performance of soil nail
wall system under static, pseudo-static, and dynamic conditions. Table 4 presents a summary of some of
the important results obtained. For determination of factors of safety against the internal failure modes

(i.e., the nail pullout failure and the nail tensile strength failure), the corresponding values of T

max-—s
obtained from the numerical simulations are used in Equations (7) and (8).

The strength reduction technique (also known as the phi-c reduction technique (Matsui and San,
1992)) is typically used for the determination of factor of safety in numerical analysis in geotechnical
engineering. In this technique, the strength parameters “tan ¢” and “cohesion ¢” of the soil are
successively and simultaneously reduced until failure of the structure occurs. Though this method is
advantageous (Dawson et al., 1999) as it identifies the critical failure mechanism automatically, which is
generally assumed in the conventional analysis, it excludes the stress-dependent stiffness behavior and
hardening effects of the soil. To circumvent the above difficulty and to obtain the factors of safety
corresponding to the results of dynamic analyses, a regression analysis procedure is used. To obtain the
relationship between the global factor of safety and the maximum displacement (for the determination of
global factor of safety), several numerical simulations of the soil nail wall are carried out for the static
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case by varying the values of cohesion ¢ and friction angle ¢. The results are presented and discussed in
the following sections.

Table 4: Summary of the Results of Numerical Simulations

Analysis
Analysis Parameter Static Pseudo-Static Dynamic
Bhuj | Uttarkashi | Bhuj | Uttarkashi
Horizontal seismic coefficient, k, - 0.106 0.241 — -
Vertical seismic coefficient, &, - 0.00 0.00 - _
Maximum axial force in nail, 7, , . (kN) 22.34 | 34.50 40.73 34.98 33.06
Maximum axial force at nail head, 7, (kN) 19.96 | 27.80 32.46 29.17 28.86
Maximum horizontal displacement of soil nail 061 | 329 594 113 0.82
wall (%)
Factor of safety against global stability, F:S 1.23 | 0.95 0.81 1.10 1.17
Factor of safety against nail pullout failure, S, 1.78 | 1.15 0.98 1.14 1.21
Factor of safety against nail tensile strength
. 3.73 | 242 2.05 2.38 2.52

failure, FS,

RESULTS AND DISCUSSION

Important results of the conventional design and the numerical simulations (for the static and seismic
conditions) of the soil nail wall are summarized in Tables 3 and 4, respectively. It is evident from the
factor of safety values for the important failure modes considered in the present study that the soil nail
wall is stable under the static as well as seismic conditions used for the analyses.

To study the response of dams under dynamic conditions, Sivakumar Babu and Rao (2005) obtained a
regression relationship between the global factor of safety and the maximum displacement obtained from
the dynamic analyses. To obtain this relationship, the use of phi-c reduction technique was made. A
similar procedure is adopted in this paper. For the static case with actual soil strength parameters (i.e.,
cohesion ¢ = 1 kPa, friction angle ¢ = 30°) a factor of safety value of 1.23 is obtained. This value
according to the phi-c reduction technique corresponds to reduced values of strength parameters (i.e.,
cohesion ¢ = 0.83 kPa, friction angle ¢ = 25.51°), resulting in a factor of safety value equal to unity.
Hence, by varying the soil strength parameters between the actual and reduced values, factor of safety
values and the corresponding horizontal displacements are obtained. Finally, a power law is fitted, as
shown in Figure 3, between the factor of safety and the maximum horizontal displacement, with an r-
square value of 0.9714 indicating a good correlation, and is given by Equation (11):
x)—0A2013

FS; =2.7346(h (11)

where, IS denotes the global factor of safety and /4 the maximum horizontal displacement (in mm).

It may be noted that the values of global factor of safety F\S; (see Table 4) obtained from the

pseudo-static analyses are less in comparison to those obtained from the dynamic analyses using actual
time history data for the earthquakes. This is due to the limitation of the pseudo-static approach, which
assumes that the earthquake force acts continuously on the wall, whereas time history data of the
earthquake shows that the earthquake force acts for a short duration. The duration of strong ground
motion can have a strong influence on the damage caused by an earthquake. A motion of short duration
may not produce enough load reversals for damaging response to build up in a structure, even if the
amplitude of the motion is high. On the other hand, a motion with moderate amplitude but long duration
can produce several load reversals to cause substantial damage (Kramer, 2005).
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Fig. 3 Relation between the global factor of safety and the displacement of the soil nail wall

The factors of safety values in Table 4 show higher values of factor of safety for the Uttarkashi
earthquake motion that has higher ground accelerations and shorter strong motion duration (equal to 8 s)
in comparison to the smaller factor of safety values for the Bhuj earthquake motion with lesser amplitudes
of ground accelerations and longer strong motion duration (equal to 25 s). This trend in the factor of
safety values is in accordance with the above explanation and hence justifies the factor of safety values
given in Table 4. Thus, it may be stated that the soil nail wall is stable under static and seismic conditions
and fulfills the minimum recommended values (see Table 1), as necessary for the stability of the
permanent soil-nailed structures.

Theoretically, the average maximum tensile force in the nails of the wall is calculated as
T..=K,7HS,S, . However, the tensile force in the lower portion of the wall decreases considerably to

max

approximately 50 percent of the value in the upper part. Alternatively, Briaud and Lim (1997) suggest that
the average maximum in-service tensile force in the top row of the soil nails can be calculated as

T..=0.65K yHS S, . For the subsequent soil nail rows, Briaud and Lim (1997) also suggest that the

max
maximum in-service tensile force is only half of the force in the upper nails. Figures 4(a) and 4(b) show
similar trends in the variation of maximum axial force in the nails with the depth of inclusion. Those
illustrate that the average in-service nail force is smaller than that calculated by considering the full active
earth lateral pressure distribution.

According to Juran (1985), the maximum lateral displacement of the soil nail walls does not generally
exceed 0.2% of the vertical height. Additionally, according to the conventional design procedure adopted
in present study, for a vertical soil nail wall with sandy soil behind, the maximum horizontal
displacements at the top of the wall should not exceed 1/500 of the wall height. From the numerical
simulations under the static and seismic conditions, it is observed that the displacement values of soil nail
wall do not satisfy the maximum displacement limitations. Figures 5(a) and 5(b) show a comparison of
the maximum horizontal displacement of the soil nails with the depth of embedment, as obtained from the
static, pseudo-static and dynamic simulations of the soil nail wall. It is evident that the pseudo-static
analyses predict very conservative estimates of the displacements.

The trends in the development of bending moments and shear forces in nails obey the established
research findings. Compared to the axial forces, development of the bending moments and shear forces in
nails is not significant. Elias and Juran (1991) have found that the shear and bending nail strengths
contribute less than 10 percent to the overall stability of the wall. Due to this relatively modest
contribution, the shear and bending strengths of the soil nails are conservatively disregarded in the
conventional design procedure.
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Fig. 4  Development of the maximum (tensile) axial force in nails with the depth of
embedment for (a) the Bhuj earthquake record at Ahmedabad, and (b) the Uttarkashi
earthquake record at Uttarkashi
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Fig.5 Variation of the maximum horizontal displacement of nails with the depth of
embedment for (a) the Bhuj earthquake record at Ahmedabad, and (b) the Uttarkashi
earthquake record at Uttarkashi

CONCLUSIONS

In the present study, the stability of a typical soil nail wall under seismic conditions has been
examined using the conventional FHWA procedure and via numerical simulations. An overview of the
various important failure modes suggests that the factor of safety values obtained conventionally as well
as from the numerical simulations for different cases (i.e., static, pseudo-static and dynamic) satisfy the
corresponding minimum recommended values. This implies that the soil nail wall under consideration is
stable under the seismic conditions similar to those used in the present study. This is in accordance with
the previous research findings about the performance of soil nail walls in seismic conditions. It has been
also observed that the pseudo-static analyses result in conservative estimates of displacements and factor
of safety values compared to those obtained from the time histories of the considered earthquake motions.
The results show that the soil nailing technique provides a feasible, efficient, and economical alternative
to the conventional retaining structures under seismic conditions, particularly for supporting vertical or
near vertical cuts made in soil for various slope stability applications in geotechnical engineering.
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