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Dynamic Behaviour of Soil Supported Foundations

Le Comportement Dynamique des Fondations sur le Sol

W.H.MIRZA

SYNOPSIS

Associate Prof., Dept. of Civil Eng., Univ. of Eng. and Tech., Lahore, Pakistan

This paper discusses the results of experimental and theoretical investigsztions

of the foundations resting on s0ils. The experimental work describes the dynamic behaviour
of model foundations consisting of blocks and pile foundations and enumerates the para-
meters which influence the natural frequency and amplitude of motion.

The theoretical investigations are based on the mathematical models of soil-supported
foundations gensrated in the computer. Vertical, horizontal end rocking modes of vibration
of these foundations have been analysed and simple to use Design Charts have been prepared
for blocks having different possible shapes of bases and plinths.

Te INTRCDUCTION

The problem of dynamic behaviour of foun-
dations supported on soils is of interest
in the design of machine foundations and
resistance of buildings to earthquakes or
blasts. The need to develop effective and
economical design for foundations subjec-
ted to out-of-balance forces has been on
the increase in recent years. The design
considerations include the dynamic be-
haviour of the foundation soil system,
particularly its natural frequency and
the amplitude of motion.

Extensive work has been done on determin-
ing the behaviour of block foundations
resting on soil. Of particular m=ntion
are Richart (1962) and 'hitman & Richart
(1967) who have analyzed different modes
of vibration of a soil-supported block,
their approach being, mainly, tc teke a
lumped mass-spring-dashpot system, Thus
the mass of the foundation, stiffness of
the support and the damping of the system
essentially define the parameters requi-
red for dynamic analysis of foundations.

In this paper, an attempt has been made to
supplement some of the work done already
by experimentzl observations. Behaviour of
pile foundations under dynamic loading has
been studied by model foundations. Model
s0lid blocks with plinths have also been
vibrated and the effect of embedment of
the base investigated.

Some theoretical aspects of the design of
foundations subjected to out-of-balance
forces are discussed. Design Charts,
based on a number of stepped-block

configurations generated in the Computer,
are presented for easier calculations of
natural frequency in the vertical, hori-
zontal and rocking modes of wvibration.

2 EXPERIMSNTAL INVESTIGATIONS

Experimental investigations were based on
the behaviour of model footings resting
on a sand bed and subjected to steady
state vibration. There were a number of
model foundations of various sizes,
shapes and weights yielding different
test systens.

2¢1 SAND TANK & LOADING FRAME

A sand tank was fabricated using metal
sheets with inside dimensions of

135 m x 1.35 m x 1.2 m high. The walls
of the tank were adequately reinforced to
ensure adequate resistance to the lateral
earth pressure.

The soil used was fine to medium R VI
Sand (75 % retained between B.S. Sieves
No.7 and No.100) and was compacted in the
tank in eight layvers of 15 cm thickness
each using a vibratory compactor. Density
tests performed during and after the com-
paction process indicated a density of
105 pcef. The shear strength parameters of
the sand at this density were cohesion =
90 psf and angle of internal friction=320,
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The loading frame was designed so that its
resonant frequency did not lie within the
predicted testing range and the structure
was made ay viepid as possible, The lcad-
ing frame consisted of vertical columns
and 2 cross bear to which the vibrator was
attached. The height of the vibrator in
relatien to the footing was adjustable as
required.

2.2 I'CDEL FOUNDATICIHS

The model foundatiors consisted of three
different types :

i) Steel plates of different sizes.

ii) Steel piles of different diameters
ant lengths with the steel plates
in (i) serving as pile caps.

iii) Concrete blocks (Base and plinth
Combinatiocns).

Block Diagram of the experimental setup
is shown in Pip: 1.

A EXFERIMENTAL RESULTS

This section descrites the results obtain-
ed by rerforming dynamic tests on pile
foundations and stepped blocks.

341 TILE FOUNDATIONS

The changes in natural frequency ani re-
sonant amplitude of a model plate-type
foundation were studied by adding diff-
erent piles to the foundstion. Varistions
in the diameter and length of the piles

provided a number of test results,a
summary of which is given in Tatbtle I.This
table shows that for all cases of addition
of piles, an increase in the natural fre-
quency of the foundation has been obser-
ved. In other words, the natural frequency
of the system appears to be dominated more
by the 'additional' stiffness provided by
the piles rather than the additional
'mass' of both the piles and the 'parti-
cipating' soil mass around them. Ilowever,
noticeable reduction in the amplitudes

of resonant rotion were observed for
different casnn id o reduction of more
than 50 % was recorded by adding four

45 cm lonr piles of 1.25 cm diameter to
the plate. This reduction is mainly due to
the following two factors :

i) TIncrease in the mass ratio.
ii) Increase in the damping.

Tncrease in the rass ratio of the svstem
is due to the increase in thke mass of the
foundation by additional mass of the piles.
Secondly, the effective mass of the system
increases due to embedment effect of the
piles which can be explained by corsider-
ing the efects of skin friction along

the piles. During vibration the particles
of soil sround and beneath the piles also
undergo periodic motion causing a greater
effective mass of the soil.

Addition of piles alco means transmission
of more energy away from the foundation
by the propagation of siesmic waves. This
produces greater radiation damping and
lence results in lower amplitudes of
motion as has been observed.

TABLE T - ZEFTECT OF TILES OF TIZ FREUENCY & ANFLITUDE CT TUT VIBRATING FOOTIVG AT RESONAN-

CEk.

Size of the Footirng Plat~ =

Thickness

Frequency at Resonance cof
Footing without piles

Amplitude at Resonance

Wt. of the FPlate

Bla ot ength ol Mo. ol VMotal mass o
Tiles cm. T'iles cm, Piles. lthe founda-
] { 1ticn systen kg
1 [} 1
: i 3
1 1 1
e e
1.2 15 4 3,8%6
1.25 20 4 4,408
1.25 45 4 5.000
1. 785 30 4 5.209
2.5 30 4 8,182
%.75 30 4 13,182
1425 15 8 4,460
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20 x 30 cm
= 4,75 mm
tle
= 85 H
z -4
= 4’7-5 X 10 mm

= 3.155 kg

Frequency af Reésonaznce H, jAmplitude at Regs=

Piles at Piles =f TThe

lonance mn x 10~

corners. Centre of sides!Piles abt Files at
g 'Corners. the Cen-
y ! ttre of
I N A S do—._._asides, _
89 89 42,5 45,0
90 90 32.5 32.75
92 92 20.0 22.5
o4 92 22.5 25.0
97 97 15.0 16.25
108 108 11.25 15.0
90 22.5
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Fig. 1

Static pile loadinz tests were carried out
on the three 1.25 cm dia piles (15, 30 and
45 cm long) and the_stiffnesseg of these
piles werg 4.0 x 102, 5.5 x 102 and

6.75 x 10¢ kg/cm, respectively. Natural
frequencies were calculated taking into
account the pile stiffnesses with and
without the masses of the piles. Compari-
son of these results are given in

Table II. It is clear from this table

that the consideration of just the pile
stiffnesses (as given by formulas in
Irish & Walker (1969)) yields higher values
of natural frequenciss and it seems advi-
sable to incorporate the mass of the piles
as well.

TABLS 11
%Ti;‘"“1 """""""" Tatural Fregiendcy H, "~~~
Li ¢n 1 EXperi-g Theoretical
ﬁng B ! mental. } Without PiTe] 7ith Pile
il o imass, oo S.masss_____
15 89 110.0 99.5
30 90 127.0 108.0
45 92 144, 0 11445

Block Diagram Showing Instrumsntation

3.2 STYPPLD BLOCK FOUNDATIONS

Three block-type model foundations, made
of concrete, were subjected to vertical
motion to determine the effect of partial
and full embedment. Sizes and shapes of
these foundations are as under :

Block Foun% Base L Plinth
dation. _ 3 ___.size _____ Veo—__.Size____
No.1 22.5 x 22.5 x -
’705 cm
No.2 22.5 x 22.5 % 12.5 x 12.5 x
7.5 cm 7.5 cm
No.3% 22.5 X 22.5 x 12.5 x 12.5 %
15 cm 7.5 cm

The plinths in Blocks 2 and 3 were loca-
ted at the Centre of the base.

Results of the dynamic tests of these
blocks are given in Table III.
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TABLE IIT
Rlock | Natural ! Resonant Amnli-
Foun—- Frequency H,i tude mn x 10-4
dation| Sur-idalfi Full {Sur- 7all | rull
No. ! face !Basel Base Ifacei3ase | Base
! 1Emb-i =mb- | 1Zmb- | Tmbed-
1 jed- y ed- ted- | ment.
g snentiment { :ment!
1 1

1 96 98 100 35,0 30.0 17.5
95 G 100 32.5 - 22.5
95 97 102 32.5 320.0 15.0

Two observations can be made from the test
results indicated in Table above.

Firstly, the effect of ambedment of base,
be it embedded partially or fully, results
in a slight increase in the natural fre-
quency of the system. Secondly, there is a
reduction in the amplitude of motion at
resonance. This behaviour can possibly be
explained by the fact that the effect of
embedment is essentially to increase the
resistance to motion of the foundation.
Thus the effective spring constant is
increased. This is substantiagted by
FALDIIAM's work (1969) who showed that the
spring constant increases with an increase
in the depth of embedment. At the same time
embedment of a founéation block produces
side friction between the walls of the
found~tion and the soil causing an increa-
se in the effective constant area of the
foundation thereby increasin~ the dissip-
ation of energy in the form of interfacial
slip. Increase in the contact area also
means an increase in the particivating
s0il mass and so these factors help to
lower the amplitude of motion. These
observations are supported by Barkan
(1962) and Whitman and Richart (1967).

Thus, the above leads to the conclusion
that the frictional force due to the em-
bedment influences both the spring stiff-
ness and the damping of the system.

4, THEORETICAL I™VISTIGATIONS

This section describes some theoretical
work done on the subject of foundation
vibrations and may prove helpful to the
engineers engaged in the design of founda-
tions subjected to dynanmic loads.

4.1 SPRING CONSTANT

Mirza (1971) demonstrated that an increas-
ing value of spring stiffness increases
the natural frequency of a foundation but
this effect is different on different
modes of vibration. The natural frequency
registers a maximum increase in the
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fundamental mode of vibration but there is
a progressive reduction of this effect
such that the hisher modes (5th anl above)
are hardly influenced by an increase in
the stiffness of the supporting medium,
Hence, in machine foundation design where
lumped parameber approach is preferred

and where only one or two degrees of free-
dom are considered in a particular plane
of motion, the spring constant is a
critical factor.

The commonly adopted formula for evaluat-
ing the spring constant of soils is given
in Equation (1). This was summested by
Timoschenko and Goodier (1951) and is a
constant of proportionately betwern static
load and disvlacement of a circular plate
as determinad from the *heory of
elasticity.

4 G Ty

X = — e (D)
1 -1

Cheung and Zienkiwicz (1965) have used
Equation (2) in evaluating load-deflection
behaviour of soil while carrying out the
static analysis of plates and tanks on
elastic foundations. Equation (2) is called
Bonssinesq equation and gives the deflec-
tion at the centre of a yniformly loaded
rectangular area a x b (Fig. 2).

=% N=b 2\
i %71,~2Pi(1‘v a¢  an
Q. - 2 2 — s 4 v (D
= S abvITE /o=
U

} =0 '1=0

Values of the spring constant were calcu-
lated for various b/a ratios by equations
(1) and (2) and their results are compared
in Fig. 3. Bonssinesq Equation has been
made a reference and the value obtained by
equation (1) are shown as a percentage
difference. This fimgure shows that for
some cases of rectangular base areas of
foundations, equation (1) differs from
equation (2) by more than 20 %.



The author suggests a very simple empirical

relationship for calculating the spring
stiffness which is given in equation (3).

K = E /‘ A e (3

This relationship is easy to use and for a
number of geometrical base configurations
agrees to within 10 % of equation (2). It
is suggested that initial guidance to the
values of spring stiffness may be obtain-
30
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fimed ——= b/a
ed by equation (3) and a more detailed
and rigorous approach be followed to
finalize the value of the spring con-
stant for a particular foundation-soil
system.

4.2 DESIGN CHARTS

The design of foundations subjected to
out-of-balance forces is a trial and
error procedure. Initial dimensions are
governed by such factors as the dimen-
sions of the machinery or the structure
to be supported, the space available for
the foundation and the normal load-carry-
ing capacity of the supporting medium.

In order to facilitate the trial designs
and to avoid excessive nmumber of trials,
design charts for the vertical, horizon-
tal and rocking motion for a stepped
block (Fig. 4) have been prepared. These
charts are shown in Figs. 5.1 to 5.3 and
give frequency paramaters which can then
be used to calculate the natural frequen-
cy by the following equations.

) e
¢ & 1 / K". . g x (4)
_nz = 2_-1—_'r / e e il - - ..

708 il
P - = ) Ky ';; .xﬂ_ ww (5)
ol 3o o MG '

4/23

Thus for a given operating frequency of the
machine, for the known soil and foundation
block material properties and by fixing
the length of the foundation, a suitable
frequency parameter can be calculated from
the equations given above. (The natural
frequency of the block should preferavly
be 30 to 50 % above or below the operating
frequency). The design charts in Figs.5.1
to 5.% can then be used to get the other
dimensions of the foundation block by
selecting suitable length-breadth and
breadth-depth ratios.

It is to be noted that these charts can
also be used to find out the frequency
parameters of foundation blocks whose
dimensions are already fixed (providing
these dimensions fall within the ranges of
of and Q given) and then the natural fre-
?uency can be calculated from equations

4) to (7).

CONCLUSIONS

The experimental work described in the
paper relates to pile foundations and
blocks with plinths. It is shown that
addition of piles to plate type foundation
results in an increase in the natural fre-
quency of the system and a reduction in
the amplitude of motion. Inclusion of mass
of the piles to the mass of the founda-
tion produces better agreement between the
theory and the experiment. The effect of
embedment of a block foundation results in
a slight increase in the natural freguency
of the system and a reduction in the
amplitude of motion. Thus the embedment of
a block increases the spring stiffness as
well as the dissipation of energy.

In the theoretical work discussed in the
paper, the choice of a suitable spring
constant is discussed and a simple empiri-
cal relationship is suggested. Design,
Charts, for various shapes and sizes of
Ystepped' block foundations are presented
to facilitate the calculation of natural
frequency for vertical, horizontal and
rocking modes of vibration.

NOTATION

material
Length of the block

G Shear modulus

I Tauivalent Radius

Ky Kyo K, Ky Spring stiffnesses

?i Deflection at the Centre

a, b length and breadth »f the loaded
area

v Poisson's ratio

A Base area

E Modulus of elasticity

Y Urit weight foundation block

I
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