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ABSTRACT

The dynamic response of the block foundation soil-oscillator system largely depends on the
geotechnical characteristics of the surrounding soil, half-space parameters, and foundation
geometry (shape, size, and depth of embedment). These parameters influence the stiffness of
the soil-foundation system and damping characteristics. The analysis of machine foundations
is carried out assuming that the foundation rests on the surface of the ground. However, in
reality, foundations are usually embedded. The soil resistance is mobilized below the base and
on the sides for an embedded foundation and significantly influences the dynamic response.
Calculating the dynamic response of an embedded foundation supporting a machine is of great
importance and has been the subject of several theoretical and experimental studies over the
past eight decades or so. However, there are only guidelines available in the literature to
analyze and design block foundations subjected to a single dynamic load. Experimental
investigations are still carried out to date for evaluating/refining/modifying the existing
theoretical solutions and improve design practices. The literature also observed relatively little
field confirmation of the accuracy of commonly used design methods for the combined block
foundation subjected to two dynamic loads. Thus, there is a great need to monitor the

performance of prototype machine foundations.

The present study determines dynamic responses of block foundation soil-oscillator systems
subjected to single and two dynamic loads. The behavior of block foundations subjected to a
single dynamic load is identified under machine-induced vertical and coupled sliding and

rocking vibrations in the field. Another aspect of the present study is analyzing the measured
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responses under different vibration modes for the combined block foundations subjected to
two dynamic loads under different machine orientations. To fulfill these objectives, dynamic
vibration tests were carried out in the field on three different surface and embedded block
foundations of various aspect ratios (L/B = 1.0, 1.25, and 1.5) under vertical and coupled
vibrations to determine the frequency-amplitude responses for various excitation forces and
two static loads (Ws = 6.6 kN and 8.6 kN). Another combined block foundation of aspect ratio
L/B = 2.5 was constructed to determine the influence of machine orientations on the overall
dynamic response of the block foundation subjected to two unbalanced forces and resultant
moments. The six possible machine orientations for combined block foundations in the present
study are Vz-Vz, Vz-Hx, Vz-Hy, Hx-Hx, Hx-Hy, Hy-Hy. The effect of dynamic force ratio, static
weight ratio, and embedment depth on the frequency amplitude response is also determined

for the combined block foundations.

The numerical analyses are performed by the theories proposed by various researchers and
approximate methods to determine the dynamic response of block foundations under vertical
and coupled modes of vibration. The geotechnical properties obtained from the in-situ and
laboratory tests are used as input parameters to determine the dynamic stiffness and damping
parameters and the frequency amplitude responses for vertical and coupled vibration modes.
The experimental response curves of the block foundations subjected to a single dynamic load
for the vertical and coupled vibration modes are nonlinear. The response also indicates
nonlinear behavior with the increasing embedment depth, resulting in increased resonant
frequency and a decrease in the resonant amplitude of the block foundation system. Comparing

the theoretical and experimental response curves, a variation of about 5 to 10 % in the resonant
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frequency is observed, whereas an overestimation of damping value is observed from the

different theories for vertical and coupled modes of vibration.

The influence of machine orientation on the dynamic response curves is attributed to the
vibration amplitudes obtained in the various vibration modes for a specific machine
orientation. Due to the nature of the applied dynamic forces, the maximum resonant amplitudes
along the translational X-axis, Y-axis, and Z-axis are obtained for the machine orientations Hx-
Hx, Hy-Hy, and Vz-Vz. The applied dynamic forces in these orientations are additive, and due
to the beating effect, the responses are canceled after some time, whereas the applied dynamic
forces for the machine orientations Vz-Hx, Vz-Hy, Hx-Hy are always out of phase and are
independent of each other. The dynamic responses for the different orientations are studied
and compared with the theoretical results obtained using the theories incorporated in DYNA 6
(El. Naggar et al., 2011). Finally, a comparative study is presented for the effect of machine
orientation and other parameters on the dynamic response of the combined block foundation

resting on the surface and embedded in the ground.

Keywords: Block foundation, Vertical vibration, Coupled vibration, Combined block

foundation, Dynamic force ratio, Embedment depth, Excitation force, Static loads
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Sclleh id fACET- U LRTAATE JUTTell i ITfarefiTel G fshar sy g€ deh 3maard &t fAedr &

-cTehoilehl TARINAT3T, E.FU AUGs! 3R &g SATATT (3R, R 3R T 6
IMEXTS) W TR T 81 T RieAtex Acéaiia gotelr it FoRdr 3R 73 7 fawdnsit #r
THTTA il & | FRMNT &ie ahT {07 Ig HATeTerT [ehaT SITAT & Tob siia STt hl Helg O feehl
g9 & gTelifeh, A #, offa AR W iafafed e &1 ey & gfaer i 3maR & =
3R FoheTRT W) Teh UFaISS #iid oh ToT S[erar SiTaT & 3R arfoeiier gicfshar s Agcaqur &7 &

T AT | Teh AN HT AT et aToll Ueh UFaSS o1d hl aTfaeier afaferar sy arorar

AT IE I Heca 0T & I fAoel 31Ta il # o Hediifaish 3R TaaTcash Jrea & favy
T&T & | BTeliTeh, Tehel ATTQRTel AR & 31T selleh oiid T fAVoT 3 f3aTs et & foIT
qifgcd A hao ey Iuesyr  §1 HAlger  dcuitde  @AMGT &
Hoohal TR ChRIUTARIETST 3R 315t aut3it & Ger o forw 37eft off sraifren Sirer & Sreh
& | Afgear o ar aTfereiier XY & 37efeT Y seiieh oi1d & [T IMHAANR TR 3TATeT 1 SATed arelt

fSotge faferat s Féiendr I 3rdeiTehd el &1 I gfSe 8t S&T | 57 TR, Wietersd Al

A & U 2TeT T AIRTAT i) aﬁrqu TaThar g
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JIHATA 3TETTA Tehel 3R &1 TfLfreT 7R & 31N sclleh oiia TR R T=TaTer yonforay &
afaeirer gfaferamst o fFeTRa Farg | vea aifaeier IR & 31¢fi soifes siig & cIagR &r

uEdle & 7 AMA-IRT FeaTer 3R AT FArsiEan 3 Ufher et & dgd T e 8|

ITHTST AL T Ueh 3o Ug e [a et HENT 31TRTI=ara & g & arfrelier IR & 31efeT
Yl sclleh Hid o Tt [afdesT shuet HIs & dga AT fafharsit &1 faea o I w8 | 51

3CERAT Y T A & [T, AT HTATH TTAThAT3T T TAUTRA et & ol Feaer 3K

AT YT o g Aot Tgef eI (L/B - 1.0, 1.25, 3R 1.5) & et 37T 3el3T HcTe
3R TFASS selleh ofiq W) &1 & arfcrefiel et al1eTor fohu a1v & | fafdiest soeter sat 3k ar
BT 8T (Ws = 6.6 kN 37X 8.6 kN) & foIT| Tge] 31e]dTd L/B = 2.5 T Ueh R HYFT selleh
ofter a1 fAAToT & 3raqfora aelt 3K aRumeT &folt & 3rehet seileh aiia 1 &y afasher
wfcfeham o) et 31T Taare o ws1ra o fTefiRet st oh folT foha a1 AT | ettt 3rege
A GYerc Selleh oi1d o ToT B FHTTA FMT AT G V-V, Vz-Hx, Vz-Hy, Hx-Hx, Hx-
Hy, Hy-Hy.| Sgerd seileh wiia o folT 3T 3mame gicfshar oX arfaeier sof 31gard, R

aoTel 37TTd 3R TFATSaT aTgrs o1 erTe off et Rt fapam e 81

TafPeT QitrendiT3il gaRT JEdTfad [etridl 3N shuel & Ftater IR YTAT AIS & dgd scileh

oAt & aTfereiiel TTcTshaT Y Tt st o ToTT 3T cTent GaRT HEATcH TaReyoT
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TR ST 8 | 37T 3R TANTRITEIT GNETOTH & YT 8] cTeheileht 0T T ITFARMe SHoRdT 3R
faaNeT ATIEsT 3R FeaTer 3R FPAa et A & fov argha 3mare gfafsansit
e et & foIT 3a7qe ATYEST & &9 & 3UANT fhdT SITaT § | FeaTer 3R A Hous

AT & AT Tahd afaLier AR & 37efieT sclieh Ald & YANIMcHS FatshdT dash IRIET &1

gfaferar sed g‘é’alsué o T IRIGRT cTagR Ff HY T AT &, [oras aRumATaw®g

TSTIAT 1T 7 gl gich & 3R selleh ofia YoTTell & FTAATT ATH H FHAT gl B

At 3R wrnfares Gfafshar gt & Jorar #, TTIATT AT 3 IHT 3 F 2oo; I
AT SE ST &, STelfeh shdet o SEaTer 3R AT AIS o Torv fa et [eeridt & feramer

o o1 Teh overestimation SET ST B |

it ufafsrar gt W Aia 1A fa=ara & gsra & ves fafrse AL srfAfe—ara & fow

TaTesT ShUeT HIS H Yo shust IATAT & ATLTH H TSIFAGR SEIT Il & | o] arferefier

ol chT FepTel o ShIROT, TIACIRISTC! TeFH-38T, aTS-3787 3N SI5-3787 & AT 3 eehcld JSTIHATA

3T 7T INNCSLUT TIUag-TITFy, TIAS-TIars, 3R des-dias & forw grea fhw

ST & | 31 31fATaearat 7 oy arfeivel Sof Qatcaeh &, 3R Usehed THTE o T, Hiafshamd

$O GHY 916 I6g T &1 STl &, STeffeh HMT IMRTEAT Vz-Hy, Vz-Hy, Hx-Hy & foIT oty
aferefier I gARI TROT A aTeR 21 €1 3R ve g A T § | e siffaearat & faw
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arfereiter ufaferar3ii &1 3reaae fohar Srarg 3R DYNA 6 (El. Naggar et al., 2011) # enfae

TReEridl 1 3YAT tah TTed Hetrifcres IROMAT & G Jelel Sl STl &1 37 #H, Telg N

ITRTH A IR THAT H urd2s Hgdrd solTeh aita i arfaeiier ufaferar . aha rfd g

3R 31T AT & FHTE & [T Teh JolalTcH e HETLeT FEIl fehaT I TR |

g3 Selleh BISSU, oieldcl shul, FTTH hiel, HIekcl selieh aitd, ITARM Tof 3eIUTe,

TFIS IS, 3ol ad, R AR
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(d) Coupled Response - Translation Amplitude Ay and Rotational
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oscillators (O1 and Oz) on the block foundation under Hx — Hx
orientation

Schematic of the field vibration test setup for Hx — Hx orientation
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Typical recorded time acceleration response from the six
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(L/B = 2.5, W1/W> = 6, F1/F2 = 3 and h/H = 1):

(@) Accelerometer Az; (b) Accelerometer Az; (c) Accelerometer
Asz; (d) Accelerometer As; (e) Accelerometer As;
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XXVii

146

147

153

156

159

160

166



Figure 5.22

Figure 5.23
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Experimental frequency versus amplitude response curves of
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Typical recorded time acceleration response from the six
accelerometers (A1 to As) under Hy — Hy orientation
(L/B = 2.5, W1/W, = 6, F1/F2 =3 and h/H = 1):
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Experimental frequency versus amplitude response curves of
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Unbalanced forces and moments induced by a mechanical
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Figure 5.29

Figure 5.30
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Figure 5.34
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Response - Translational Amplitude Ax and Rotational
Amplitude Agy; (d) Coupled Response - Translation Amplitude
Ay and Rotational Amplitude Agx
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Figure 5.35
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Figure 5.38

Figure 6.1

Figure 6.2
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Figure 6.11
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ao Dimensionless frequency

Ax Translational amplitude of vibration in X-direction

Ay Translational amplitude of vibration in Y-direction

A, Translational amplitude of vibration in Z-direction

Ay Rotational amplitude of vibration in Z-direction

Ax First Resonant Amplitude of Vibration along the translational X-direction

Ax2 Second Resonant Amplitude of Vibration along the translational X-
direction

Ayt First Resonant Amplitude of Vibration along the translational Y-direction

Ay Second Resonant Amplitude of Vibration along the translational Y-
direction

Agxt First Resonant Amplitude of Vibration along the rotational X-direction

Asx2 Second Resonant Amplitude of Vibration along the rotational X-direction

Asy First Resonant Amplitude of Vibration along the rotational Y-direction

Agy2 Second Resonant Amplitude of Vibration along the rotational Y-direction

Ay Rotational amplitude of vibration in Z-direction

bo Mass ratio

B Width of the block foundation
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C¢ze
Cuoye

Cypre

D,

fy, f2

Modified mass ratio

Viscous damping coefficient of the foundation system
Translational static damping of surface foundation along X-axis
Translational static damping of surface foundation along Y-axis
Translational static damping of surface foundation along Z-axis
Rotational static damping of surface foundation along X-axis
Rotational static damping of surface foundation along Y-axis
Rotational static damping of surface foundation along Z-axis
Translational Damping of embedded foundation along X-axis
Translational Damping of embedded foundation along Y-axis
Translational Damping of embedded foundation along Z-axis
Rotational Damping of embedded foundation about X-axis
Rotational Damping of embedded foundation about Y-axis
Rotational Damping of embedded foundation about Z-axis
Coupled damping of embedded foundation about XY plane
Coupled damping of embedded foundation about YX plane
Damping ratio of the soil

Dashpot coefficient

Height of the block foundation

Embedded depth of footing,

(h/H = 1 fully embedded footing and h/H = 0 surface footing)
Eccentric angle of the oscillator

Frequency-dependent displacement functions
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fnl

fn2

fn3

fn4

fn5

fn6

Fx1

Fx2

Fv1

Fv2

Fz

Fz

F1

Resonant frequency for vertical vibration

Resonant frequency for torsional vibration

First resonant frequency for coupled vibration in translational X-direction
and rotational Y-direction

Second resonant frequency for coupled vibration in translational X-
direction and rotational Y-direction

First resonant frequency for coupled vibration in translational Y-direction
and rotational X-direction

Second resonant frequency for coupled vibration in translational Y -
direction and rotational X-direction

Amplitude of dynamic force applied by mechanical oscillator 1 along X -
direction

Amplitude of dynamic force applied by mechanical oscillator 2 along X -
direction

Amplitude of dynamic force applied by mechanical oscillator 1 along Y -
direction

Amplitude of dynamic force applied by mechanical oscillator 2 along Y -
direction

Amplitude of dynamic force applied by mechanical oscillator 1 along Z -
direction

Amplitude of dynamic force applied by mechanical oscillator 2 along Z —
direction

Dynamic force produced by mechanical oscillator 1
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F2 Dynamic force produced by mechanical oscillator 2

F(A) Restoring force

g Acceleration due to gravity

Gmax Shear modulus of soil (p Vs?)

I, Mass moment of inertia about a horizontal axis passing through the center
of gravity

I Moment of inertia of the block foundation assembly

p Mass density

) Poisson’s ratio of the soil

k; Spring coefficient

Kxs Translational static stiffness of surface foundation along X-axis
Kys Translational static stiffness of surface foundation along Y-axis
Kss Translational static stiffness of surface foundation along Z-axis
Kgx Rotational static stiffness of surface foundation along X-axis
Koy Rotational static stiffness of surface foundation along Y-axis
Kz Rotational static stiffness of surface foundation along Z-axis
Kxe Translational stiffness of embedded foundation along X-axis
Kye Translational stiffness of embedded foundation along Y-axis
Kze Translational stiffness of embedded foundation along Z-axis
Koxe Rotational stiffness of embedded foundation about X-axis

Kogye Rotational stiffness of embedded foundation about Y-axis

Kogze Rotational stiffness of embedded foundation about Z-axis

Kxgye Coupled stiffness of embedded foundation about XY plane



Kygxe Coupled stiffness of embedded foundation about YX plane

& Dashpot coefficient

L Length of the block foundation

m Mass of eccentric rotating part in oscillator

Meft Effective mass of the system

M Total mass of the block foundation system

My Unbalanced moment about X-axis

My Unbalanced moment about Y-axis

M, Unbalanced moment about Z-axis

N SPT value

01 Mechanical Oscillator 1

02 Mechanical Oscillator 2

Qo Dynamic force amplitude acting on the surface of the foundation
Ro Average equivalent radius

Rn Equivalent radius for horizontal translation

Rv Equivalent radius for vertical translation

Rix Equivalent radius for horizontal rotation about X-axis
Rry Equivalent radius for horizontal rotation about Y-axis
Rrz Equivalent radius for horizontal rotation about Z-axis
Vs Shear wave velocity of the soil

0} Circular frequency

W Static weight of the foundation and steel plates along with the weight of

the oscillator



We

Wml

Wm2

Zel

ZeZ

L

Static weight of the block foundation

Static weight of the machine assembly 1 along with the weight of
oscillator

Static weight of the machine assembly 2 along with the weight of
oscillator

Static weight of the mechanical oscillator 1

Static weight of the mechanical oscillator 2

Height of the dynamic excitation force from oscillator 1 above the center
of gravity of the system

Height of the dynamic excitation force from oscillator 2 above the center
of gravity of the system

Height of the center of gravity above the base of the foundation



ASTM
BEM
BH
C.G.
CVS
CVE
DC
Deg
DOF
Eq.
FE
FEM
G.L.

Hz

KN

L.L.

mm

M.P.F

LIST OF ABBREVIATIONS

American society for testing and materials
Boundary Element Method

Bore Hole

Center of gravity

Coupled Vibration Surface theory
Coupled Vibration Embedded theory
Direct current

Degree

Degree of Freedom

Equation

Finite element

Finite element method

Ground-level

Hertz

Indian Standard

Kilo Newton

Liquid Limit

Meter

Millimeter

Mass participation factor



P.L.

Rad

RPM

SDOF

S-wave

USCS

u.U.

VVS

VVE

2-D

Plastic limit

Radian

Revolutions per minute

Single degree of freedom

Shear wave

Unified soil classification system
Unconsolidated Undrained

Vertical Vibration Surface theory
Vertical Vibration Embedded theory
Two dimensional

Three dimensional
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