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Soil-Pile Interaction Parameters in Vertical 
and Torsional Vibrations 
N. R. Krishnaswamy, Asst. Professor, B. K. Sharas Chandra, Research Scholar, 

Aftab A. Salam and Smt. R. Daniel 
Department of Civil Engineering, I.I.T., Madras, India. 

SYNOPSIS In thia paper, two lum.ped parameter analogues with the inclusion of constant friction 
dalllping are suggested to explain the dynamic behaviour of pile supported footings during vertical 
aa well as torsional aodea of vibrations. Simple theoretical procedures have been described by 
which the constant frictional force and the constant frictional moment of the friction damping 
can be evaluated during vertical and torsional vibrations respectively. The suggested procedures 'ak• into consideration the relevant physical characteristics of the interface be~een the pile 
and the soil, as alao the length to diameter (L{d) ratio of the pile~ 

Field vibratory teats have been carriedout on model pile supported footings under steady state 
vertical and torsional entitation. fhe test data obtained are compared with the values predicted 
by the proposed theory and the agreement between the two is found to be satisfactory • 

INTRODUCTION 

!he dynamic analysis o! pile supported founda
tions find their applications in machine foun
dations and other types of structures exposed 
to vibratory loads from moving machinery and 
dynamic loads such as due to wind, earthquake, 
or waves. During vibrations the development of 
slip in the regions of high shear is quite 
likely. The existing theories of analysis 
overestimate the real response by neglecting 
the damping forces which are inevitable as a 
result of slip at the interface of pile and 
soil. 

The mathematical model& sug6ested by Novsk 
(1977) and Novak ana aowell(l977) to study the 
dynamic response of piles in vertical and tor
sional excitation respectively, are taken as 
the basis for the propsed analytical models in 
this paper. 

PROPOSED THEORETICAL MODELS 

During vertical and torsional vibrations of a 
pile supported foundation, there is a likely
hood of slip in the region of high shear and 
friction can be developed along the soil pile 
interface. The friction so developed is inc
luded as lumped parameter in the analogue mo
dels. The 1u111ping of the soil-pile interact
ion parameters with the corresponding parame
ters tor the footing is done in the same man
ner as attempted by Krisbnaswamy(l972, 1976). 

!hen, the differential equations of motion of 
a pile supported footing during vertical and 
torsional vibrations, respectively, can be 
written as 

265 

.. 
MZ +(Czp + CZP)~ + [Kzp + KZP)Z :_ P .. Q(t) (1) 

I
9
Q +[Cg:p + Ogp)Q ·t- [Kgp + Kgp)Q !.M:pg•T( t) (2) 

where 

.. vertical translation 
= torsional rotation 
s total mass of the footing and the ma

chine together with the mass of pile 
= mass moment of inertia of the footing 

about the centroidal axis of rotation 
= frictional force mobilised during ver

tical vibration 
MFQ = 
Q(t).,.. 
!( t)= 

where 

frictional moment mobilised during 
torsional vibration 
exciting force = m e w2 s~ wt 
exciting torque- i e 1 w sin wt 

0 

m
0 

• eccentric rotating mass 

e = eccentricity of the mass 
1 • lever arm 
w = circular frequency of excitation 

The value of spring constant for the footing 
in vertical and torsional vibration respectiv
ely ill given by 

KzF a 4Gr0 /(l- ~) 

~F • (16/3) G rQ 

where 

G • dynamic ahear modulus of the .soil 
~ • Poisson's ratio of the soil 
r 

0 
• equivalent radius of footing 

(3) 

(4) 



Damping constant for the footing is to be cal
culated from the expressions 

DzF = Ozpl2f(KZF M) a 0.425/'{BZl (5) 

Dg:r "" Cgpl2f(K0 F Ig) = 0.5/( l + 2BQF) (6) 

BzF = (l - 11) M/(4 f r~) (7~ 
Bg:r = Mass ratio .. Ig/Jr~ (8) 

where 

f = mass density of soil 

!he natural frequency wn of the pile-supported 
footing is given by 

wnz = f[ ( .K:ZF + KZP) /M] 

•nQ = f[ (.K:QF + i:gp )/Ig) 

where 

(9) 

(10) 

Kz:r + .K:ZP • combined spring constant of the 
footing and pile in vertical 
vibration 

KQ:p + Kgp = combined spring constant of the 
footing and plle in torsional 
vibration 

Also, stiffness and damping constants for the 
pile during vertical and torsional vibrations 
can be evaluated as described balov. 

Bovak(l977) and Novak and Howell(l977) have 
reported that following dimensionless parame
ters govern the soil-pile interaction in ver
tical and torsional vibrations: shear wave 
velocit,y vp/vs and vb/v8 ; slenderness ratio, 
l'/r'• mass ratio, tiP ; dimensionless fre-o p 
quency, a ; and material damping ratio, tan 6. 
Here, 0 

v .. 
b 

v -p 
v.-

l' .. 
r' -0 

f' -,p -
ao -
G -v -

shear wave velocity of soil below pile 
tip 
shear wave velocity of plle 
shear wave velocity of soil above pile 
tip 
length of pUe 
effective radius of pile 
maaa density of soil 
aaas density of pile 
r~ w '{(P/G) 
llhear modulus of soil 
angular 'h'equency 

liYellthough the atiff'laees and damping of pUes 
vary with the above listed factors, their weak 
dependence on frequency is fortunate since it 
simplifies the parametric atudy and makes it 
possible to choose approximately constant va
lues of stiffness and damping teras for design 
purposes. 

!rom an examination of theoretical results 
reported by Bovak (1977), it can be observed 
that in the vertical aode of vibratiou., the 
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etif:tneee and damping parameters, f 1 and f 
w v2 

can be approximated to constant values for pi
lee of slenderness ratio ranging between 20 
and 100. Constant values of these parameters 
can be chosen from corresponding graphical so
lutions presented for various values off/¥ , 

p 
vb/vs and end conditions of these piles. Since 
these parameters have been so chosen as to be 
frequency independent,the stiftnees and damping 
of piles evaluated from these parameters can be 
lumped with the corresponding teras of the fo
oting or pile cap to flll'm single equivalent 
spring and dashpot terms. 

Prom an e%&111ination of theoretical results re
ported by Novak and Howell (1977), it can be 
obse~ed that for the torsional mode of vibra
tions, the stiffness and damping parameters for 
reinforced concrete piles can be approximated 
to constant, frequency independent values with
in the r,nge of frequencies, 0.5 <a

0 
< 1.5, for 

given values off /Pp and tan 6. Hence, the 
stiffness and dampi~ of pUes, evaluated from 
parameters f'f,l and 'f, 2 can be lumped with the 
corresponding terms for the footing or pile 
cap to form single e'uivalent spring and dash
pot terms respectively. 

!he solutions of lqns. (l) and (2) for the case 
of vibrations under frequency dependent sinu
soidal excitation can be obtained by a similar 
procedure reported by .Anandakrishnan and Xrish
naswamy (1973) for vertical vibrations and Kri
shnaawamy (1976) for torsional vibrations. The 
theoretical solutions are presented in nondi
meneional graphical form in Figs. l and 2. 

Bvaluation of Friction Parameters 
For a pile embedded in a c-¢ soil, the total 
amount of interfacial friction that would be 
aobilised during viDrations can be vri•ten as 

P. [0.5 k
0 

y 1'
2 ~f + Cal'] L 

where 

(ll) 

k
0 

~ lateral earth pressure coefficient at 
rest 

~f • coefficient of kinematic friction 
C • vall adhesion under dynamic condition 

a 
L • 2xr~ • perimeter length of embedded pile 

y • density of soil 

For a pUe elllhedded in a C-(J soil, the total 
frictional moment can be written as 

MFQ • F r~ (12) 

where F is obtained from Bqn. (11). 

!he above equa'\ions have been deTeloped by 
adopting the •-e aeaU111ption111 as Anandakrishn
an and Xrishnasvaay (197:5) and Xrishnasvuy 
(1976). F and MFQ can be obtained from Pig. :5 
for 'Various pile slenderness ratios. 



JUPBRIMDTAL INVES'f IGn ION 

Field vibratory tests on two piles of reinfor
ced concrete, were conducted to obtain data to 
check the validity of the theoretical approa
ches mentioned above. 

The e~erimental program and the test proce
dure have been described in detail by Rosamma 
(1980) and hence not reported here. The re
sults of the tests for vertical and torsional 
vibrations are given in Tables 1 and 2. 

SUMMARY AND CONCLUSIONS 

!he fi.ld test data obtained from the present 
experimental investigation are compared with 
tha values predicted by the proposed theoreti
cal models using Pigs. 1 and 2. Proa an exa
mination of the results tabulated in Tables 1 
and 2, it is evident that there is good aggre
aent between the behaviour of the proposed 
theoretical models and observed results. 

5·0~------~----------------------, 

= 0·0 

Ol<ll N 0 
~ E 

'- 3·0 
0 

-----

Pig.l Typical Theoretical Response Curves. 
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~ABLB I: Vertical Re•ponse - Prediction and 
Compari•on. 

6000.-----------------------~~~ 

Addl. 
wei
ght•. 
added 
kg 

:lr1ction 
factor 

F/m
0

ew! 

Predicted 
Dz values 

:X:or wr 

mm rad/eec 

Experimental.ly 
observed val.ue 

:X:or •r 

mm rad/eeo 

Pile length = 100 em•. 
223.0 0.488 0.0415 1.~27 98.40 0.530 226 
327.0 0.614 0.0400 0.618 91.20 0.485 218 
425.0 0.733 0.0394 0.384 91.07 0.455 211 

Pile length = 125 ems. 
223.0 0.593 0.0425 0.855 114.00 0.545 222 
327.0 0.745 0.0412 0.408 113.36 0.490 214 
425.o o.888 o.0402 0.266 111.11 0.420 214 

Veight of Vibrator + eccentric mass = 40.6 kg 
Veight of base plate = 32.0 kg 
Veight of 100 om length pile = 18.9 kg 
Veight of 125 om length pile = 23.6 kg 
Veight of footing al80.0 kg 

4000 

L. 

0 

.....,0 

~ 2000 
u. 

--- Cast-in situ r.c.c. piles 
-----Pre-cast r.c.c. piles 
-·-·-·-Cast -in situ ( ~ = 2cf)as 

welles pre-cast(~:4cf) 
piles 

40 60 80 
Slenderness Ratlo, l'trb 

100 

:Fig.3 Bvalua.tion of Frictional Force or Moment 
for :rues in Coheeionl.eee Solie 

TABLE II: Tor•ional Reaponse - Prediction and Comparison. 

0 
Adell. ihth V1tn- wn M.FO M~(m0 wei- mat. out el w!) ghte damp- mat. kg. em 
added ing damp- rad/ 
kg ing •eo 

Bxperiaentally Predicted results 
observed values wr(rad/eec} Aor(dimenaionleae) 

wr An with without with without Torque 
wr mat. mat. mat. mat. factor 

rad/ (dimenei- damp- damping damp- damping 
aeo on leas) ing ing kg.cm.ae~ 

Pile length - 100 oms. 
113.5 0.078 0.048 317.5 1606.5 0.301 176 3.71 317.5 317.5 4.1 6.4 
223.0 0.064 0.034 263.3 2009.0 0.550 163 4.05 283.1 263.3 2.6 4.3 0.0529 
327.0 0.057 0.027 231.3 2393.4 0.850 201 •• 50 312.2 283.3 1.5 1.7 
113.5 0.078 0.048 317.5 1606.5 0.230 176 4.60 317.5 317.5 5.0 7.3 
223.0 0.064 0.034 263.3 2009.0 0.410 163 4.50 263.3 263.3 3.8 7.1 
327.0 0.057 0.027 231.3 2393.4 0.630 157 4.30 259.0 238.2 2.4 3.8 0.0706 

113.5 0.078 0.048 317.5 1606.5 0.162 176 2.58 317.5 317.5 5.8 8.3 
223.0 0.064 0.034 263.3 2009.0 0.296 157 2.70 263.3 263.3 5.2 9.2 
327.0 0.057 0.027 231.3 2393.4 0.457 138 2.72 231.3 231.3 4.0 8.o 0.0979 
425.0 0.053 0.023 209.8 2750.2 0.638 144 2.89 237.1 218.2 2.2 4.3 

Pile length • 125 cma • 
113.5 0.078 0.048 316.6 1681.5 0.317 100 3.60 316.6 316.6 4.0 6.2 
223.0 0.064 0.034 262.6 2084.1 0.572 88 3.13 286.2 262.6 2.5 4.1 0.0529 
327.0 0.057 0.027 230.6 2468.3 0.877 82 2.70 315.9 288.3 1.4 1.5 
113.5 0.078 0.048 316.6 1681.5 0.238 106 3.37 316.6 316.6 5.0 7.2 
223.0 0.064 0.034 262.6 2084.1 0.428 100 3.07 265.2 262.6 3.5 6.6 
327.0 0.057 0.027 230.6 2468.3 0.657 94 2.95 265.2 241.0 2.2 3.6 
425.0 0.052 0.022 209.2 2825.0 0.914 88 2.84 297.1 272.0 1.3 1.5 

0.0706 

113.5 0.078 0.048 316.6 1681.5 0.171 106 2.76 316.6 316.6 5.6 8.2 
223.0 0.064 0.034 262.6 2084.1 0.309 94 2.75 316.6 316.6 5.1 8.9 
327.0 0.057 0.027 230.6 2468.3 0.474 82 2.28 234.1 230.6 3.8 7.7 

0.0979 
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