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EFFECT OF EMBEDMENT ON VIBRATION AND DYNAMIC SOIL PARAMETERS
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ABSTRACT

Block Foundation is normally used for reciprocating type of machines (e.g- Pumps, IC engines, Compressors
etc). A reciprocating machine is usually associated with six degrees of freedom, viz. Vertical vibration,
Sliding vibration considered separately in lateral and longitudinal directions, rocking vibration considered
separately in lateral and longitudinal directions, Yawing motion. The two most important parameters for
designing the block foundation are (i) Frequency of Vibration and (ii) Amplitude of Vibration, of the
machine-foundation system individually for each of the above mentioned degrees of freedom. The popular
methods of analysis include Linear elastic weightless spring method and Elastic half space method. The
effect of embedment on the above mentioned parameters have been studied extensively by researchers.

This theoretical study, based on Linear Elastic Weightless Spring Method has been carried out on varying
sizes of square blocks 3mM X3mX3m,4mX4mX3m,5mX5mX3m) to determine the effect of
embedment ratio (d>) (defined as the depth of embedment to height of foundation block) on the Frequency
ratio (F) (defined as the ratio of machine frequency and natural frequency of machine- soil combination) and
amplitude ratio (X) (defined as the amplitude of vibration at a particular embedment ratio to the amplitude of
vibration at zero embedment). The effect of variation of dynamic soil parameter (Cy) has also been studied on
the above parameters. The range of Cy has been carefully selected to cover the entire spectrum of soil types
usually encountered at sites. This analysis has been done for Vertical vibration, Pure Sliding and Pure
Rocking vibration. It has been observed that both, the Frequency Ratio and the Amplitude Ratio decrease
with increase in Embedment Ratio, for a particular Cy and the percentage decrease is significantly higher for
smaller sized blocks in comparison to larger blocks. Moreover, the effect of dynamic soil parameter was
significant on variation of Frequency Ratio but negligible on variation of Amplitude Ratio for a particular
block size.
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Based on the noted observations, a statistical regression analysis was done to develop simplified relations
between (F) and (d»), (X) and (d), with variations in Cy. The relations were used to compute the parameters
for additional block sizes(2m X2m X3 m,45m X45m X 3m,6mX6mX3m).The percentage error
introduced, between the values obtained from proposed simplified relations and actual values, have been
tabulated to give a indicative idea about the variations to be expected.

The simplified equations are expected to give a indicative guideline to practicing construction engineers at
site level, where the availability of in-hand simple relations between the controlling parameters shall help
engineers to modify the size and depth of embedment of machine block foundation as per site conditions, if
necessary.

Keywords:

Block Foundation, Reciprocating Machine, Frequency Ratio, Amplitude Ratio, Embedment Ratio, Linear
Elastic Weightless Spring Method, Coefficient of linear elastic uniform compression (Cu), Vertical
Vibration, Pure Sliding vibration, Pure Rocking vibration
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ABSTRACT: This theoretical analysis, based on the linear weightless elastic spring approach, has been made to study
the effect of embedment ratio (d») on the two controlling parameters usually encountered during the design of block
foundation for reciprocating types of machines, frequency ratio (F) and amplitude ratio (X). The effect of variation of
dynamic soil parameter, Cy has also been studied. A parametric study has been done with three square block sizes 3m,
4m, 5m each with 3m height. Statistical regression analysis has been done on the results to develop simplified relations
between the above mentioned parameters, with the error percentages, so as to facilitate easier applicability at site level.

The study has been carried out for Uncoupled Vertical Vibration, Pure Sliding and Pure Rocking Vibration.

INTRODUCTION

In the current backdrop of rapid industrial
development in India and across the globe, the design
and installation of heavy machinery across sites has
gained momentum and is expected to increase. In the
above context, the application of reciprocating
machines (e.g. pump, internal combustion machine,
compressors) commonly supported on block
foundation is also expected to rise.

The dynamic soil parameters usually encountered for
machine block foundations are Co-efficient of Elastic
Uniform Compression (Cy), Co-efficient of Elastic
Uniform Shear (C.), Co-efficient of Elastic Non-
Uniform Compression (Ce) and Co-efficient of
Elastic Non-Uniform Shear (Cy). The relation
between the above parameters are given in IS-
5249:1992 [1]. The controlling parameters usually
encountered for the geotechnical design of these
block foundations are (i) Frequency of Vibration (ii)
Amplitude of Vibration of the machine — foundation
system. The effect of embedment on above
mentioned parameters are of interest to researchers
Notable findings on this topic were given by
Beredugo and Novak (1972) [2], Stokoe (1972) [3],

Stokoe and Richart (1974) [4] .The main finding was
that with increase in embedment depth, the Natural
frequency of vibration increased, whereas the
Amplitude of vibration decreased .Numerous other
research have been done on this topic (Prakash and
Puri (1971) [5], Vijayvergiya (1981) [6], Swamisaran
[7], etc) and continue to do so .The popular methods
usually used for the analysis of machine foundations
are (i) Linear Elastic Weightless Spring Method
(Barkan 1962) [8] (ii) Elastic Half Space Method
(Richart 1962) [9] .

This theoretical study has been carried out on varying
sizes of square blocks to determine the effect of
embedment on the above mentioned controlling
parameters and to obtain simplified relation between
them using statistical regression. The analysis has
been done in Linear Elastic Weightless Spring
Method for Vertical Vibration, Pure Sliding Vibration
and Pure Rocking Vibration. The effect of variation
of dynamic soil parameter, simply represented in
terms of Cy, has also been studied. The equations
have been developed considering the best fit curves
obtained. The percentage error for the variation in
block sizes and dynamic soil parameter, Cy has been
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discussed, for better applicability. The simplified
equations are expected to give a indicative guideline
to practicing construction engineers at site level,
where the availability of in-hand simple relations
between the  controlling parameters shall help
engineers to modify the size and depth of embedment
of machine block foundation as per site conditions (if
necessary), being well aware of the implications.

METHOD OF STUDY

The entire theoretical study has been conducted in the
Linear elastic weightless spring method , where soil
Is considered analogous to weightless springs. The
damping of soil is not taken into consideration in this
approach. In this particular study, the equations
developed by Vijayvergiya (1981) [6] has been used
for determination of equivalent spring stiffness of the
embedded foundation. The same is utilised to find out
the natural frequency and amplitude of vibration,
briefly discussed below —

For Uncoupled Vertical Vibration , the equivalent
spring stiffness , K, is given by-
K,e = CyupA + 2Crq,(bD + aD) (1)

The natural frequency (w;,.) and maximum
amplitude of motion (4,.) is given as —

VK /m (2)

Aze = Fz/m(wrzlze - wz) 3)

Wnze =
For Pure Sliding Vibration , the equivalent spring
stiffness , K, is given by-

Kye = CpA+ 2CyqybD + 2Cq,aD (4)

The natural frequency (wyxe) and maximum
amplitude of motion (A,.) is given as —

VEKye/m )

Aye = Fx/m(wrzlxe - wZ) (6)

Wnxe =

For Pure Rocking Vibration, the equivalent spring
stiffness , K¢, IS given by-

Koo = Copl — WL + 0.041667Cqqpb (16D3 —
12hD?) + 2Cpaply + 0.5 C,qpDba? ©)

The natural frequency (w,o.) and maximum
amplitude of motion (A,,) is given as —

Wnppe = +/ Koe /My, (8)
Aye = My/Mmo (wrzlcb - wz) (9)
where  C,p,C.p,Cop = Co-efficient of elastic

uniform compression , Co-efficient of elastic uniform
shear, Co-efficient of elastic non-uniform
compression respectively obtained at base of block
foundation embedded at depth D below surface level
.( At ground surface , they are simply represented as
C, , C;, Cq respectively).

Cuav » Crav » Coqy = Average co-efficient of above
mentioned co-efficients (obtained as mean of the
values at ground surface and that of the embedded
depth), a, b, h = length, width & height of the block
foundation respectively, M,,,, =Moment of inertia of
the mass of machine block combination w.r.t axis of
rotation, m = Combined mass of machine and
foundation, (F,, F, M,) = Magnitude of maximum
vertical vibration force, sliding vibration force &
rocking moment respectively. W = Combined weight
of machine and foundation, L = height of the
machine-foundation C.G above block base centre.

ba3 aD?3

Moment of Inertia, I = — ,I, =
12 3

The inter-relation between C,,, C;, Co 1S given as —
1S-5249:1992 [1]

C,=2C,
Co =346 C, = 1.73C,

(10)
(11)

PARAMETRIC STUDY

A reciprocating machine is symmetrically placed on a
concrete block foundation (yeoncrete = 25 KN/m?®). The
operating speed of the machine is taken as N = 150
r.p.m.
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Three square block sizes selected for this theoretical
study are of size 3mby3mby3m,4mby4mby3
m, 5 m by 5 m by 3 m. The depth of embedment is
varied such that embedment ratio (d») (defined as the
depth of embedment to height of foundation block) is
0, 0.167, 0.333, 0.500, 0.667, 0.833, 1.000.

The resultant loads and moments on the block
foundation are —

Maximum Un-balanced Vertical Force of vibration
(Fz) =3.5kN

Maximum Un-balanced Horizontal Force of vibration
(Fx) = 1.0 kN at 0.5 m from top of block

Maximum Un-balanced Rocking Moment of
vibration (My) = (1.5 + 0.5) x 1 = 2.0 kNm

The general arrangement of the problem is shown in
Figure-1

Figure — 1 : General Arrangement of Problem

The dynamic soil property, in the form of Co-
efficient of Elastic Uniform Compression (Cy) is
varied from 30,000 kN/m® to 1,00,000 kN/m® (at
intervals of 10000 kN/m? ). The variation of range of
Cu has been carefully selected on basis of chart
proposed by Barkan (1962) [8], to include all possible
forms of soil types usually encountered at site level.
The position of Water Table has been kept at greater
depths, so as to neglect it effect. The weight of the
machine is assumed to be negligible compared with
that of the block foundation.

The frequency ratio (F) (defined as the ratio of
machine frequency and natural frequency of machine-

soil combination =%) and amplitude ratio (X)
n

(defined as the amplitude of vibration at a particular
embedment ratio to the amplitude of vibration at zero
embedment) variation is plotted against variation of
embedment ratio, as stated earlier. The plots are
repeated for variation in block size and Co-efficient
of Elastic Uniform Compression (Cy). The
calculations are repeated for Pure Vertical Vibration,
Pure Sliding and Pure Rocking Vibrations with
results and observations given in upcoming sections.

SAMPLE CALCULATIONS

The sample calculations have been shown separately
for Vertical vibration, Sliding and Rocking vibration.
The calculations have been shown for 3 m by 3 m by
3 m size of block at &> = 0.5 (i.e D = 1.5 m) and Cy =
60,000 kN/m® . The values of Cup, Cep, Cop at
embedment depths of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 m
have been assumed to have increased at 5, 10, 15, 20,
25 and 30 % respectively, than their surface values
(Swamisaran) [7].

a=b=h=3m

Cu = 60000 kN/m3
D=15m,ied=(1.5/3)=0.5

Area of block =9 sgm

Weight of block (W) = (3x3x3) x25=675kN
Mass of block (m) = 67500 kg

L=15m
3x33 3X 153
I = T = 6.75 m4 ,IO = = 3.375 m4

Mass Moment of Inertia about a line passing through
CG & in the direction of axis of rotation - Y-axis

(Mn) = =(a® +h?) = £22(32 +32) = 101250
kgm?

My, = My, + mL? =
253125 kgm?

The weight of the machine is assumed to be

negligible compared with that of the block
foundation.

(101250 + 67500 x 1.5%=

Operating frequency (w) = (2IIN/60) =
(211*150/60) = 15.7 rad/sec
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From equation.(10) , C; = 0.5C,, = 30000 kN/m?®
From equation.(11) , Cy = 1.73C, = 103800 kN/m?3
Cup = 69000 kN/m3, Cpp = 34500 KN/m3, Cep =
119370 kN/m? (assuming 15 % increase from surface
level Cu)

Coap = 0.5(C: +Cip) = 0.5(30000+34500) = 32250
KN/m3. Similarly, C,,, = 64500 kKN/M3, Ceqp =
111585 kN/m?.

For Uncoupled Vertical Vibration, Putting the values
in equation. (1) for D = 1.5 m (d&> = 0.5),

K,. = 1201500 kN/m

Putting the values in equation. (2) , (3),

Wnze = 133.417 rad/sec, A,, = 2.954 microns.
Similarly at Surface conditions (d> = 0),

Wnze = 89.443 rad/sec, A,, = 6.688 microns.

Hence, at d> = 0, frequency ratio, F' (= % ) =(15.7/
n

89.443) = 0.1755 , Amplitude ratio X; = 1.0.
Atd:=0.5, F=(15.7/133.417)=0.1177
Amplitude ratio, X; = (2.954 / 6.688) = 0.4417

For Pure Sliding Vibration, Putting the values in
equation. (4) for D=1.5m (d = 0.5),

K. = 1181250 kN/m

Putting the values in equation. (5), (6),

Wnre = 132.288 rad/sec, A,, = 0.859 microns.
Similarly at Surface conditions (d> = 0),

Wnre = 63.246 rad/sec, A,. = 3.947microns.
Hence, at d> = 0, frequency ratio, F = (15.7 / 63.246)
= 0.248, Amplitude ratio Xy = 1.0.

Atd>=0.5, F=(15.7/132.288) =0.119

Amplitude ratio, Xx = (0.859 / 3.947) = 0.218

For Pure Rocking Vibration, Putting the values in
equation. (7) for D= 1.5 m (d&=0.5),

Kpe = 1834396.875 kN/m

Putting the values in equation. (8), (9),

Wnope = 85.129 rad/sec, Ap = 1.129 radians
Similarly at Surface conditions (d> = 0),

Wnpe = 52.574 rad/sec, Agp = 3.139 radians.
Hence, at d> = 0, frequency ratio, F = (15.7 / 52.574)
=0.299, Amplitude ratio X¢o = 1.0.

Atd>=0.5, F=(15.7/85.129)=0.184

Amplitude ratio, Xo = (1.129 / 3.139) = 0.360.

RESULTS & DISCUSSION

The results have been presented and discussed
separately for the two controlling parameters — F, X
for vertical vibration, pure sliding and pure rocking
vibration.

Frequency Ratio (F)

For pure vertical vibration, it has been observed that,
the Cy parameter kept constant, frequency ratio
decreases with increase in embedment ratio and the
percentage decrease is predominantly higher for
blocks of smaller sizes (in our study — 3m square
block). The frequency ratio is also seen to increase
with block size, keeping d» & Cy constant. Moreover
at d> =0 (i.e surface condition), the frequency ratio is
independent of block size  (Figure -2) .Curves
indicating variations with Cy are shown in Figure -3.
With increase in ds, the F is seen to decrease with
higher values of Cu. The percentage change is
significantly high for lower block sizes and lower
values of Cy respectively.

For pure sliding vibration, similar trend of
observations have been seen just as in pure vertical
vibration. These have been shown in Figure — 4 & 5.

For pure rocking vibration, similar to the above cases,
the frequency ratio decreases with increase in
embedment ratio, with the smaller sizes having
significantly  higher  percentage changes. An
interesting observation in this case (Figure — 6), is
that for a d- range of (0-0.667) , the smaller block size
has higher values of F (unlike in Vertical Vibration
and Pure Sliding) , at d> = 0.667 all three sizes record
almost same F , for d> range of (0.667 — 1.0) , the
smaller block records lower value of F compared to
higher sizes. All the above observations were based
on constant Cy parameter. With variation of Cy, the ¥
records maximum percentage variation for lower Cy
values , at a particular value of d- (Figure 7).
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Variation of Frequency Ratio with Embedment Ratio
( Sample at C, = 60000 kN/m?)
0.2000 ——Block size
| 3mby3m
0.1800 by 3m
0.1600 s
0.1400 :
0.1200 : ~m—Block size
F o 4m by 4m
0.1000 by 3m
0.0800 -
0.0600
0.0400 - Block size
2 Sm by 5m
0.0200 by 3m
0.0000
0.000 0.200 0.400 0.600 0.800 1.000 1.200
ds

Figure — 2: Sample F v/s d» curves at Cy = 60000
kN/m*® for different sample block sizes in Pure
Vertical Vibration.

Variation of Frequency Ratio with Embedment Ratio for 3m by 3m by 3m Block

with varying Cu
0.4000 -+-Cu=30000
0.3500 -=-Cu = 40000
0.3000 -+Cu = 50000
0.2500 ——Cu= 60000
£ 0.2000
-+-Cu=70000
0.1500
0.1000 Cu = 80000
0.0500 Cu = 90000
0.0000 —Cu=100000
0.000 0.200 0.400 0.600 0.800 1.000 1.200

d
Figure — 5: Sample F v/s d» curves for varying Cy =
30000 - 100000 kN/m?3 for 3m square block in Pure
Sliding Vibration

Variation of Frequency Ratio with Embedment Ratio for 3m by 3m by 3m

Block with varying Cu
0.3000 rying ~+—Cu=30000
0.2500 -=-Cu = 40000
0.2000 =+—Cu = 50000
——Cu = 60000
F 01500 !
==Cu=70000
0.1000
~-Cu=80000
00500 1 Cu=90000
0.0000 Cu =100000

0.000 0.200 0.400 0.600 " 0.800 1.000 1.200

Variation of Frequency Ratio with Embedment Ratio
(Sample at C, = 60000 kN/m?)

03500 —+—Block size

0.3000 3mby 3mby
3m

0.2500

0.2000 —#-Block size

f 4m by 4m by

0.1500 : 3m

0.1000 \ .
Block size

0.0500 - 5m by 5m by
3m

0.0000

0.000 0.200 0.400 0.600 0.800 1.000 1.200

d

Figure — 3: Sample F v/s d» curves for varying Cy =
30000 - 100000 kN/m?® for 3m square block in Pure
Vertical Vibration

Variation of Frequency Ratio with Embedment Ratio
(Sample at C, = 60000 kN/m?3)

0.3000
—+—Block size
0.2500 n, 3m by 3m by
3m
0.2000
£ 0.1500 -=-Block size
4m by 4m by
0.1000 3m
0.0500 Block size
5m by 5m by
0.0000 3m
0.000 0.200 0.400 0.600 0.800 1.000 1.200

"

Figure — 4: Sample F v/s d> curves at Cy = 60000
kN/m® for different sample block sizes in Pure
Sliding Vibration.

Figure — 6: Sample F v/s d> curves at Cy = 60000
kKN/m® for different sample block sizes in Pure
Rocking Vibration

Variation of Frequency Ratio with Embedment Ratio for 3m by 3m by 3m

Block with varying Cu ~+~Cu=30000

0.4500 e 2000
0.4000
0.3500 ~+~Cu = 50000
03000 ~—Cu= 60000
0.2500

F 02000 ~+-Cu = 70000
0.1500 Cu= 30000
0.1000
0.0500 Cu =90000
0.0000 ~-Cu’= 100000

0.000 0.200 0.400 0.600 0.800 1.000 1.200

d

Figure — 7: Sample F v/s d» curves for varying Cy =
30000 - 100000 kN/m?® for 3m square block in Pure
Rocking Vibration
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Amplitude Ratio (X)

For pure vertical vibration, it is observed that the Cy
parameter kept constant, amplitude ratio decreases
with increase in embedment ratio and the percentage
decrease is predominantly higher for blocks of
smaller sizes — (Figure .8). Moreover, for a particular
block size at a particular value of d», the X is almost
independent of varying Cu (i.e the percentage change
(w.r.t zero embedment ratio) recorded is almost same
for all variations of Cy)- (Figure -9).

In pure sliding, similar observation pattern has been
seen as in pure vertical vibration. The figures 10 and
11 are self-explanatory, in this context.

In pure rocking condition, the amplitude ratio is seen
to decrease with increase in embedment ratio, at a
particular Cuy, with smaller size blocks recording
significant higher percentage changes especially at
higher embedment ratios. For 3m square block (Cy =
60000 kN/m®) at d> =1 the percentage decrease in Xo
was 93.81 % (w.r.t. &> = 0) - Figure 12. The effect of
variation in Cy on, Xo With ds, is shown in Figure-13.
It has been observed that the variation is negligible.
Moreover, upto d> = 0.1, the Xo observed for all three
block sizes is found to almost equal.

Variation of Amplitude Ratio with Embedment Ratio
( Sample at C,, = 60000 kN/m?)
1.2000
1.0000 © —+—Block Size
3mby 3m
0.8000 -| by3m
0.6000 ? —m=—Block Size
X 4am by 4m
0.4000 by 3m
0.2000 Block Size
5m by 5m
0.0000 by 3m
0.000 0.200 0.400 0.600 0.800 1.000 1.200
ds

Figure — 8: Sample X; v/s d> curves at Cy = 60000
kN/m® for different sample block sizes in Pure
Vertical Vibration

Percentage Change of Amplitude ratio with Embedment ratio for varying Cu for

3mby 3mby 3m
0.00 #Cu=30000
-10.00 W Cu = 40000
o -20.00 1 Cu =50000
Cha.nge -30.00 M Cu = 60000
in
Amplitude-40.00 W Cu=70000
ratio

50.00 m Cu = 80000

-60.00
Cu = 90000

-70.00
Cu =100000

-80.00

d

Figure — 9: Sample Percentage change in X; v/s ds
curves at varying Cy for 3m square block size in Pure
Vertical Vibration.

Variation of Amplitude Ratio with Embedment Ratio
(Sample at C,, = 60000 kN/m?)
1.2000

1.0000 = ~+-Block Size 3m

by 3m by 3m
0.8000
-=-Block Size 4m
X 0.6000 by 4m by 3m
0.4000
Block Size 5m
0.2000 by 5m by 3m
0.0000

0.000 0.200 0.400 0.600 0.800 1.000 1.200

ds

Figure — 10: Sample Xx v/s d- curves at Cy = 60000
kN/m® for different sample block sizes in Pure
Sliding Vibration

Percentage Change of Amplitude ratio with Embedment ratio for varying Cu for

3m by 3m by 3m B Cu = 30000

0.00
410,00 W Cu = 40000
-20.00 1 Cu = 50000

-30.00
% Change .40,00 M Cu=60000

in
Amplitude ; ggg 1 Cu =70000
ratio OV

-70.00 W Cu=80000
-80.00 Cu=90000

-90.00

R Cu = 100000
100.00 &

Figure — 11: Sample Percentage change in Xx v/s d»
curves at varying Cy for 3m square block size in Pure
Sliding Vibration.
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Variation of Amplitude Ratio with Embedment Ratio
(Sample at C; = 60000 kN/m?3)

1.2000 —Block Size
1.0000 = 3m by 3m by
3m
0.8000
-=-Block Size
X 0.6000 4m by 4m by
3m
0.4000
0.2000 Block Size
5m by 5m by
0.0000 3m
0.000 0.200 0.400 0.600 0.800 1.000 1.200

d

Figure — 12: Sample Xo v/s d> curves at Cy = 60000
kN/m® for different sample block sizes in Pure
Rocking Vibration

Percentage Change of Amplitude ratio with Embedment ratio for varying Cu for
3m by 3m by 3m Cu=30000

1 Cu=40000

0.00
.=
Change  -30.00 1 Cu=60000
in -40.00 ]
Amplituge 000 1 Cu=70000
ratio gggg Cu= 80000
-su:uu Cu= 90000
d

-90.00 -
10000 Cu=100000

Figure — 13: Sample Percentage change in Xo v/s ds
curves at varying C, for 3m square block size in Pure
Rocking Vibration

STATISTICAL APPROACH

Based on the calculations, a statistical regression
analysis was done to obtain simplified equations
between F' and d;, X and d,, in all three modes
referred above. The discussions have been made
separately for frequency ratio and amplitude ratio in
the following sections. The error involved has been
separately calculated to give an indication of
variation.

Frequency Ratio (T)

An regression analysis, using Method of Least
Squares, led to the development of equation of the
form

F=a+bd + cd? (12)

Where a, b, c are variables which have been
considered as function of Cy and can be obtained
from Figure - 14 (Vertical Vibration), 15 (Pure
Sliding Vibration) and 16 (Pure Rocking Vibration).
In case of pure vertical vibration and rocking the
values of a, b, ¢ are distinct, hence the equation.12
which represents a parabola is satisfied .The best fit
curve has been taken amongst the three sizes, with
R? =0.996 (Vertical Vibration), R? = 0.996 (for
Pure Sliding) .In case of pure rocking, the value of c
is very small (close to zero), hence it has been
neglected in calculations, making equation .12 take a
linear form. The plot of ¢ has been shown in Figure-
16, but significant variation in frequency ratio has
not been observed with its inclusion, hence not
considered. The sets of a, b have R? = 0.996 .

The percentage variation obtained by using the above
methodology with original data are given in Table -1
(Vertical Vibration), Table-2 (Pure Sliding Vibration)
and Table-3 (Pure Rocking Vibration), for a sample
value of Cy = 50000 kN/m3, with additional square
sizes just for comparison (2 mby 2 mby 3 m, 45 m
by 4.5 m by 3 m, 6 m by 6 m by 3 m) and to get an
indicative idea about formulae application. It has
been observed that, the percentage variation is higher
for lower block sizes, as discussed in earlier sections.

Chart for determination of variablesa,b,c

(Vertlcal Vlbratlon) a-constant for 3m /
03 4m / 5m Square Block
a R?=0.9956 b - 3m Square Block
0.2
# ¢-3m Square Block
01 fo . R?=0.9957
. ’ . .
]
- b- 4m Square Block
0
0 20000 40000 60000 80000 100000 120000
¢-4m Square Block
0.1 . [
& X

# b - 5m Square Block

-0.2 RE=0.9956

¢-5m Square Block
-03 Cu
Figure — 14: Determination of variables a, b, ¢ used
in the computation of frequency ratio (For Vertical

Vibration)
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Chart for determination of variablesa, b, c

Table 2: Percentage Error Recorded Using Proposed
Regression (Sliding Vibration) (Cy = 50000 kN/m?)

(Pure Sliding Vibration) v Size (in meters) Embedment — Percentage
05 m,SquuareBIocl.( RatiO y dx Val'latiOn(/O)
04 a R b - 3 m Square Block 3 m X 3 m X 3 m O '7.183
03 = “ - — R?=09956 0.5 -0.776
02 ; TRl Tt s amsquenin 1.0 8.990
01 R7=0.0956 AmX4dmX3m 0 -7.183
° 0 20000 40000 60000 80000 100000 120'1)00-h.4'TISCIuarE e 05 -10384
01 1.0 -3.150
02 FEsee ue i Sauare Block 5mX5mX3m 0 -7.183
03 b ’T =L R?=0.9956 b - 5 m Square Block 0'5 -16'679
04 T 1.0 -11.227
05 . c-5m Square Block 2 m X 2 m X 3 m 0 '7183
c~ 5 i
!:lgure 15: D_etermlnatlon of var_lables a, b_, c used ISmXA5SmYX3m 5 =183
in the computation of frequency ratio (Pure Sliding) 05 13.822
1.0 -7.548
_— ' 6mX6mX3m 0 -7.183
Chart for determination of variablesa, b
(Pure Rocking) 0.5 -4.385
05 a-3m Square Block 10 -17048
0.4 a b-3m Square Block
0 Ri=09956 amsaaretioe| 1 aDle 3: Percentage Error Recorded Using Proposed
0 e SlESE e amsueesosr. REQTESSION (ROCKiNg Vibration) (Cu = 50000 kN/m®)
‘ Size (in meters) Embedment Percenta%e
m ¢ b dmqaresiod Ratio, d>  variation(%)
0 % % X % + 4 % 4 ¢-4 m Square Block 3 m X 3 m X 3 m 0 _15980
_010 20000 40000 60000 80000 100000 120000 2-5m SquareBlock 05 ‘8632
02 . -—-*""1"’7(!7—7-7 = b- 5m Square Block 10 10949
03 b Rt=0.9957 5 mSaare Bock IAmX4mX3m 0 4.7255
! 0.5 0.893
" b : : 1.0 -1.060
Figure — 16: Determination of variables a, busedin T mX5mX3m 0 20.343
the computation of frequency ratio (Pure Rocking) 8(5) 97}3%%
Table 1: Percentage Error Recorded Using Proposed 2mX2mX3m 0 -40.652
Regression (Vertical Vibration) (Cu = 50000 kN/m?) 0.5 -16.637
Size (in meters) Embedment  Percentage 1.0 33.911
Ratio, d,  variation(%) 45mX45mX3m 0 12.780
SmMX3mX3m 0 -1.188 0.5 5.251
0.5 4.726 1.0 -4.911
1.0 8.542 6mX6mX3m 0 32.936
AmX4mX3m 0 -1.188 0.5 48.835
05 -1.802 1.0 -11.865
1.0 -0.503 Note: (+) indicates proposed value higher than actual
S5mX5mX3m 0 -1.188 value
0.5 -5.936
1.0 -6.348 ) .
ZmX2mX3m 0 -1.188 Amplitude Ratio (X)
0.5 16.681 From previous sections, it has been inferred that
1.0 24.716 variation of amplitude ratio at a particular embedment
45mX45mX3m 005 411(%2? ratio is negligible with variation of Cy. Utilising this
1.0 -3.678 property and using regression analysis from best fit
6mX6mX3m 0 -1.188 curves, the following power equations were
05 -8.784 developed between X and d».
1.0 -10.423
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The vertical amplitude ratio, X, , for all values of Cy,
is given by equation (13) with R? = 0.9725

X, = —0.6668d:® + 1.6594d% — 1.6723d; +
0.9971 (13)

The sliding amplitude ratio, X, , for all values of Cy,
is given by equation (14) with R? = 0.9853

X, = —5.1796d:5 + 16.343d:* — 20.183d:3 +
12.609d:2 — 4.4442d; + 0.9999 (14)

The rocking amplitude ratio, X, for all values of Cu,
is given by equations (15) & (16) with R? =
0.9667 & 0.9831 respectively. Since the variation
recorded with a single formulae was quite high for
smaller block sizes, equation (15) is suggested for
square block sizes greater than equal to 4 m, equation
(16) is suggested for square block sizes less than 4 m.

Xe = 0.3414d:* — 0.2456d,3 + 0.1985d,2 —
1.1651d; + 0.9983 (Size >= 4 m) (15)

Xp = —3.1823d:* + 7.48d3 — 4.7204 d:2 —
0.5347d, + 0.9979 (Size < 4 m) (16)

The variation of ‘proposed X’ and ‘actual X’ for
different block sizes have been represented in Figure-
17 (Vertical Vibration), Figure-18 (Pure Sliding) and
Figure-19 (Pure Rocking), with additional square
sizes just for comparison (2 mby2mby3m,45m
by 45 mby3m,6mby 6 mby3m)and to get a
indicative idea about practicability of formulae
developed. The firm line represents the developed
equation. It clearly shows that maximum variation
from proposed expression is obtained for smaller
block sizes.

Plot of X, v/s d» showing variation from Proposed formulae

1.2 s3mX3mX3m

s4mX4mX3m

0.8 ?
S5mX5mX3m
X, 0.6 X 4
S

0.4 * . Hw'w":"“-n,:, 2ZmX2mX3m

X s — %

X | ]

x
0.2 % 45mX45mX
3m
0 6mX6mX3m
0 0.2 0.4 0.6 0.8 1 1.2
o

Figure — 17: Plot of X; v/s d> showing variation from
proposed formulae (For Vertical Vibration)

Plot of X, v/s d showing variation from Proposed formulae

1.2
=3mX3mX3m
1 Y
+4mX4mX3m
0.8
S5mX5mX3m
X, 0.6 . g
o 2mX2mX3m
0.4 « %
i S 45mX45mX3m
0.2 2 - —4___ 3
x ; ;—*7- 4+
0 5 6mMX6mX3m
0 0.2 0.4 06 d, 08 1 1.2

Figure — 18: Plot of Xx v/s d> showing variation from
proposed formulae (For Sliding Vibration)

Plot of X, v/s dy showing variation from Proposed formulae
12

N N b Size less than4 m "3mX3mX3m
Size greaterthan4 m

— EdmX4dmX3m
0.8

X SmX5mX3m
0.6

0.4 ImX2ZmX3m

0.2 45mX45mX3m
0 LI 6mX6mX3m
0 0.2 0.4 06 d 08 1 12

Figure — 19: Plot of Xo v/s d&» showing variation from
proposed formulae (Pure Rocking Vibration)
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CONCLUSIONS

The theoretical study conducted above was an effort
to establish simplified relations between Frequency
ratio (F) and Embedment ratio (d»), Amplitude ratio
(X) and Embedment ratio (d»). The important findings
are —(i) both (F) and (X) was found to decrease with
increase in (d), (ii) the percentage decrease in both
(F) and (X) was significantly high for lower block
sizes (iii) the effect of dynamic soil parameter was
significant on variation of () but negligible on
variation of (X),at a particular (d>) for a particular
block size. The above observations were made for
uncoupled vertical, pure sliding and pure rocking
vibrations. These observations have been utilised to
develop the regression equations, which shall give
simplified indicative response of both (F) and (X)
with variation of (d»), with varying dynamic soil
parameter (Cu), whose range has been carefully
selected to include the spectrum of all available soil
types encountered at site level (Table-4). It has been
observed that maximum variation in proposed
findings are for smaller size blocks compared to
higher sizes. In this case, the maximum variation was
found for 2 m square block, compared with 3 m, 4 m,
4.5 m, 6 m square blocks with same height of 3 m.
The proposed graphs and equations presented in
simplified manner may be used at site levels. Future
scope may include refining the above equations to
minimise the percentages of error especially for
smaller size blocks. The same may also be developed
for Yawing, Coupled Rocking and Sliding vibration.
Similar study with development of simplified
relations may also be done for other shapes (e.g:
rectangular) of block foundations.

Table 4: Recommended values of Cy for A =10 m?
(Barkan 1962) [8[, Swamisaran (2006) [7]
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