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Proceedings: Second International Conference on Recent Advances In Geotechnical Earthquake Engineering and Soli Dynamics, 
March 11-15, 1991 St. Louis, Missouri, Paper No. 5.65 

Dynamic Soil- Pile Parameters 

K. Muthukrlshnalah and V. S. Raju 
Ocean Engineering Centre, Indian Institute of Technology, Madras, 
India 

SYNOPSIS: Results of lateral dynamic load tests conducted on precast driven concrete piles at 
two Project sites, one in South India (two individual piles\ and another in Western India (one 
individual pile and two numbers of two-pile groups\ are reported in the Paper. Shear wave veloci
ties were determined from Cross Hole tests at the pile cut-off level at the test pile locations 
at the two sites. These values are compared with those reported in literature for two similar 
types of soils, namely, alluvial clay and alluvial sand. The subsoil conditions including Standard 
Penetration Test data and Static Cone Penetration Test data and also the pile driving record are 
presented along with the results of soil-pile stiffness. 

INTRODUCTION 

Design of pile foundations subjected to dynamic 
loads, and in earthquake zones, requires the 
determination of response of soil-pile system 
under horizontal dynamic loads. The method 
of analysis requires the use of natural frequen
cies of soil-pile system under different modes 
of vibrations, damping coefficient, and also 
overall soil-pile stiffness coefficients under 
dynamic loads. The in-situ test on piles sub
jected to lateral vibrations is the most relia
ble method to obtain the above mentioned data. 

The response of the piles subjected to dynamic 
loads, however, depends not only on the subsoil 
conditions but also on the restraints offered 
by the superstructure at the pile top, the 
sustained load carried by the pile and the 
nature of ground motion. 

Lateral dynamic load tests were conducted on 
precast driven concrete piles at the following 
sites: 

(alA Fertilizer Project in South India 

Tests were conducted on two individual piles. 

(b\A Petrochemical Project in Western India 

Tests were conducted on one individual pile 
and two numbers of two-pile groups. 

Pile details 
and pile cap 
1 • 

and information 
dimensions are 

SUBSOIL CONDITIONS 

on pile driving 
given in Table-

The subsoil conditions obtained from the nearest 
bore hole(s) are given in Figs.1 (a\ to (el. 
The energy for driving the pile for every 1m 
depth, the recorded Standard Penetration Test 
(SPT) values, the ground water table at the 
time of boring and the results of Static Cone 
Penetration Tests 1 wherever available, are 
also presented in Figs.1 (a\ to (e). 

The subsoil at the South India site consists 
of a layer of sand in the top 6. 8 to 7. 6 m 
depth, followed by thick layers of soft clay 
and stiff clay. Ground water table, at the 
time of boring was at a depth of 1.8 to 2.5m. 

The subsoil at the Western 
of a thin layer of sand 
followed by medium stiff 
varying from 4. 2 to 8.1 m, 
layer of silty sand. 

TEST PROCEDURE AND RESULTS 

India site consists 
in the top 1.8 m 

clay upto a depth 
followed by a thick 

Lateral Dynamic Load Tests on Piles 

The test procedure is in accordance with Indian 
Standard 971 6 - 1 981 , "Guidelines for Lateral 
Dynamic Load Tests on Piles". The procedure 
is briefly described below: 

A Mechanical Oscillator was mounted on the 
pile cap in a position which would cause forced 
horizontal vibrations on the pile. The vibra
tion response was recorded using Accelerometers 
(inductive system with differential choke; 
Specifications are given in Appendix-1 \, fixed 
on a vertical face of the pile cap. The res
ponse was found to be very small for frequencies 
less than about 800 rpm. Accelerations were 
therefore recorded for frequencies in the range 
of 800 to 3400 rpm, the maximum running speed 
of the Mechanical Oscillator being 3600 rpm. 
The accelerations were recorded for different 
settings of the eccentric mass. 

Amplitudes of vibration (A ) were computed 
from the recorded accelerftions using the 
following relationship: 

where 
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a 
X 

horizontal acceleration of vibration 
(expressed in the same units as 
Axl' at frequency f (cycles/sec\. 

The damping coefficient ( :'5 l was determined 
using the following expression !Indian Standard 
5249 - 1977\, Method for Test for determination 
of Dynamic Properties of Soil\. 

where 

frequencies at which the amplitude 
Am 

is=--
..[2' 

maximum amplitude, and 

frequency at which the amplitude 
is maximum (resonant frequency) 

Typical results obtained from the forced hori
zontal vibration tests are presented in Fig.2. 

The dynamic force (F l was then computed for 
each eccentric setting0 of the mass for different 
frequencies of vibration. 

Typical relationships obtained 
dynamic force and the amplitude 
are presented in Fig.3. 

between the 
of vibration 

The static amplitude ( b t \ was then computed 
using the following re~ationship, for each 
setting of the eccentric mass. 

where 

in which 

w 

dynamic 
and 

amplitude of vibration 

magnification ratio, given by: 

damping coefficient obtained from 
free vibration records 
forcing frequency and 

wn resonant frequency 

A typical relationship obtainerl between dynamic 
force and static amplitude is presented in 
Fig. 4. The tangent modulus of the dynamic 
force-static amplitude relationship gives the 
soil-pile stiffness (khp) under dynamic loading 
condition. 

The above interpretation is based on the assump
tion that, for all practical purposes, there 
is a unique variation between 0 t and F irres
pective of variation in forcin~ freque0ncy (wl 
and resonant frequency (wn) as these are taken 

corresponding to larger amplitudes. 

A summary of results of forced lateral dynamic 
load tests on piles is given in Table 2. A 
comparison of the soil-pile stiffness obtained 
for the various piles tested at the two project 
sites is made inTable 3. 

Cross Hole Tests 

These tests were conducted as described by 
Stokoe and Woods (1972\. 

The procedure adopted in the present investiga
tion is briefly described below: 
Three bore holes were made at a distance of 
approximately 20 m from each other to form 
a triangle with the pile at its centre. The 
bottom of each bore hole corresponds to the 
pile cut-off level. Galvanized iron casing 
pipes of 150 mm internal diameter were left 
in place to retain the bore holes. 

An impulse was given at the bottom of the bore 
hole through a hammer blow using a steel rod, 
with a plate welded to it at the bottom. The 
shear waves were received at the next bore 
hole into which an accelerometer was lowered. 
The accelerometer was encased in a stainless 
steel casing to prevent contact with water. 

with the transmitter 
The distance between 

by the time taken for 
waves gives the shear 

The tests were repeated 
in another bore hole. 
the bore holes divided 
arrival of the shear 
wave velocity. 

SOIL-PILE STIFFNESS 

It may be observed from Table-3 that substantial 
variations in the soil-pile stiffness have 
been found for piles even within a particular 
Plant area. The subsoil immediately below 
the pile cut-off level (for a thickness of 
about a metre\ is denser at the Urea Plant 
than at the Ammonia Plant (recorded SPT values 
of 41 and 18 respectively) at the South India 
site. The stiffness of the two individual 
piles is the same. These results, therefore, 
suggest that the compactness of the sand imme
diately below the pile cut-off level for a 
thickness of a few pile diameters (pile widths 
in this case) plays a very important role on 
the soil-pile stiffness. 

At the test pile locations in Western India, 
the subsoil below the pile cut-off level (2m 
below GL\ is essentially medium stiff clay 
for a thickness corresponding to atleast about 
3 pile diameters. Furthe~ at the location 
of the Gas Turbines (East and West\, the two
pile groups with individual piles of 300 mm 
x 300 mm cross-section and at Ethylene Tank, 
a single pile of 400 mm x 400 mm cross-section 
give a soil-pile stiffness of more or less 
the same order ( 20 0 to 30 0 kN /mm \ • However 1 

this order of pile stiffness is lower than 
those obtained for medium dense and dense states 
of sand occurring for a depth of a few pile 
diameters immediately below the cut-off level 
at the South India site. 

SHEAR WAVE VELOCITIES AT PILE CUT-OFF LEVEL 

The results of shear wave velocities presented 
in Table 2 suggest the following general obser-
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TABLE - DETAILS OF PILES TESTED 

Type of pile (all piles tested): Precast driven concrete piles 

Sl. 
No. 

1 • 

2. 

3. 

Description 

Single pile or pile group 

Cross section of individual 
pile (mm x mm\ 

Driven length (m\ 

4. Concrete mix 

s. Total energy used in driving 
the pile (MN.ml 

6. Weight of hammer (kNl 

1. Height of fall of the hammer(ml 

8. Time interval between date of 
driving the pile and date of 
test (days) 

9. Pile cap dimensions 

10. Coated length of upper portion 
of pile (m) 

South India Western India 

Ammonia 
Plant 

Single pile 

400 X 400 

22.7 

M 25 

59.6 

43 

1.2 

72 

(El 

12.0 

Urea 
Plant 

Gas Turbine Gas Turbine Ethylene 
(E\ (W\ Tank 

Single pile Group of two Group of two Single pile 
piles (A&B\ piles (C&D\ 

400 X 400 ~00 X ~00 300 X 3QQ 400 X 4QQ 

22.7 

M 25 

56.4 

43 

1.2 

74 

(E\ 

12.0 

12.3 (A\ 
14.5 (B\ 

M 35 

20.5 (Al 
27.2 (Bl 

40 

1.0 

39 & 38 

(Fl 

6.1 & 7.0 

13.9 (C\ 
13.3 (Dl 

M 35 

22.8 (Cl 
20.6 (Dl 

40 

1.0 

41 & 41 

(Fl 

6.9 & 6.3 

17.55 

M 35 

60.9 

so 
1 • 0 

69 

(E\ 

7.0 

Size (El = 1250 mm x 1250 mm x 600 mm thick Size (F\ = 2400 mm x 800 mm x 1000 mm thick 

TABLE - 2 SUMMARY OF RESULTS OF FORCED LATERAL DYNAMIC LOAD TESTS 

Sl. Description South India Western India 
No. 

Ammonia Urea Gas Turbine Gas Turbine Ethylene 
Plant Plant (E\ (W\ Tank 

1. Natural frequency from Free 1500 2/.00 .6000 2000 6660 
horizontal vibration tests (rpm\ 

2. Damping coefficient from Free 0.16 0.1 6 0.1 4 0.17 0.08 
horizontal vibration tests 

3. Natural frequency from Forced 11 40 ( 48°\ 1770 ( 48° \ 1740 ( 32°\ 1610 ( 32°\ 1800 ( 32° \ 
horizontal vibration tests (rpm\ 1230 (6~ \ 1670 ( 64° \ 1740 (64° \ 1380 ( 64°) 1600 ( 64°\ 

1170 ( 800) 

4. Damping coefficient from Forced 0.1 45 ( 48° \ 0.065 ( 48°\ 0.046 (32°) 0.084 (3~ )0.053 ( 32° \ 
horizontal vibration tests 0.1 22 (64"\ 0.048 ( 64°) 0.023 (64°) 0.065 (64°)0.078 (64°) 

0.103 (800) 

s. Shear wave velocity at pile 170 - 185 at 220 - 265 at 135 at 145 at 1 25 at 
cut-off level (m/sl 2.0 m depth 2.0 m depth 2.0 m depth 2.0 m depth2.0 m depth 

6. Depth of ground water table at 1. 0 0.45 1.2 1 • 2 1.6 
the time of test (m\ 

Values in parantheses refer to eccentricity of mass 
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TABLE-3 SOIL-PILE STIFFNESS OBTAINED FOR 
PILES TESTED 

Sl. Site Plant Dynamic Soil-pile Nature of 
No. loca- designa-force stiffness soil* 

tion tion range 
(kNl (kN/mml 

1 • south Ammonia 0 - 8.2 800 Medium 
India Plant dense sand 

2. south urea 0 - 8.0 3330 Dense sand 
India Plant 

3. Western Gas 0 - 5.0 370 Medium 
India Turbine stiff clay 

(E) 

4. Western Gas 0 - 8.0 190 II 

India Turbine 
(W) 

s. Western Ethylene 0 - 3.0 310 II 

India Tank 

4 for a depth of a few file diameters, below 
the pile cut-off leve 

vations depending on the nature of the soil. 

Nature of Soil Average Shear Wave Velocity 
Medium stiff clay below 135 m/s 
ground water table (Gas 
Turbines East and West; 
and Ethylene Tank at Wes-
tern India Project site\ 

Medium dense sand below 175 m/s 
ground water table (Ammonia 
Plant at South India Project 
site\ 

Dense sand below ground water 250 m/s 
table (Urea Plant at South 
India Project site) 

The shear wave velocities obtained in the pre
sent investigation are compared with those 
reported in the literature in Fig.S wherein 
the shear wave velocity is correlated with 
the SPT values for alluvial clays and also 
(seperately) for alluvial sands. Eventhough 
the scatter is large (considering that the 
shear wave velocity is presented in a logarith
mic scale\, the results obtained by the authors 
confirm the trend in the relationship between 
the shear wave velocity and SPT values reported 
by Imai (1977\ for clays and sands. 

The shear wave velocity for commonly occurring 
deposits of sands and clays is in the range 
of 100 to 300 m/s, as against values of the 
order of 700 to 800 m/s for weathered rock 
obtained by the authors at some other sites 
in western India as well as for clayey sand 
stone and very hard clay reported by Rodrigues 
(19811. 

CONCLUSIONS 

The following conclusions are drawn from an 
analysis of the results obtainedinthe present 
investigation as well as from a comparison 
of the shear wave velocity with those reported 
in the 'literature. 

( i) The compactness of sand or stiffness of 

2102 

clay immediately below the pile cut-off level 
for a depth of a few pile diameters plays a 
very important role on the soil-pile stiffness. 
(iil '!'he soil-pile stiffness in medium stiff 
clays for precast driven single concrete piles 
of 400 mm x 400 mm cross section iind f.or tVIo
pile groups of 300 mm x 300 mm each pile, i.s 
m.1:.··~ •)C less the same. It is of the o c•le c 
or: ?.00 i:o 300 kN/mm. 

(iii) '!'he soil-pile stiffness for a pile cross 
section of 400 mm x 400 mm in medium dense 
sand in the top few diameters below the pile 
cut-off level is of the order of 800 kN/mm. 
( ivl '!'he soil-pile stiffness for a pile cross 
section of 400 mm x 400 mm in dense sand for 
a depth of a few pile diameter! below the pile 
cut-off level is of the order of 3000 kN/mm. 
(v) '!'he shear wave velocity for medium stiff 
clay below ground water table is about 135m/sec 
whereas it is of the order of 175 m/sec and 
250 m/sec for medium dense and dense sands 
(respectively), below ground water table. 

(vi) An approximate estimate of the shear wave 
velocity for clays and sands can be obtained 
from an empirical relationship suggested by 
Imai (1977) which is presented in Fig.S. 
Results obtained by the authors further confirm 
the validity of the above mentioned empirical 
relationship. 

ACKNOWLEDGEMENTS 

The authors thank the organisations of the 
two Projects in South aPd Western India 
(for whom the authors are consultants\ for 
permission to publish the data reported in 
the Paper. The co-operation of Dr.V.G.Idichandy 
and Mr.M.Santhanam in conducting the field 
tests is acknowledged. 

REFERENCES 

Imai,T.(1977): "P- and s- wave Velocities of 
the Ground in Japan", Proc. 9th International 
Conference on soil Mechanics and Foundation 
Engineering, 2, 257- 260. 

Indian 
for 
of 
New 

Standard: 5249 
Determination 

Soil". Indian 
Delhi. 

(1977). "Method of Test 
of Dynamic Properties 
Standards Institution, 

Indian Standard: 9716 (1981\. "Guide for Lateral 
Dynamic Load Test on Piles". Indian Standards 
Institution, New Delhi. 

Rodrigues,L.F. (1981\: "Shear Wave Studies 
by Crosshole Method", Proc. 1Oth Inter
national Conference on Soil Mechanics and 
Foundation Engineering, Stockholm, 3, 283 
- 286. 

Stokoe,K.H. and Woods,R.D.(1972l: "In-situ 
Shear Wave Velocity by Cross-hole Method", 
Jl. Soil Mechanics and Foundations Division, 
Proc. American Society of Civil Engineers, 
443 - 460. 



~ 
....... 
0 
~ 

Energy used in driving the pile!MN.m/ml 

0 1 2 3 ,. s 6 7 ~17~ 0 

11 
2 1- -all: I AIYIIYIUNIA I Tt:..:L 18 

43 
4 1- : l >-

... 
= .J:J 

52 
a. ... 41 

6 ~ ... ... 18 I Dynamic Force Soil- pile 05 
8 1- ' I range, F0 stiffness,khj 45* 

lkNl lkN/mml 
10 1- \ I 0 - 8· 2 800 

49* 

\,_,,,(a) 100 

"t ~14 
34 

0 16 
37 

"l ~ 
Ill 37 
Ill 

20 Ill 40 

t1'l 27 
22 Ill 

41 

24 1-- 48 
N = Recorded S PT Values 

2 6 1-- f = Ground Water Table 79 

* Vane shear strength in kN/m2 58 
2 8 1-- Ill 66 

Ill 
30 L ( 9-1-86to Ill 63 

16·1·86) Ill 

1 

., 
2 t:: 

..... ..... 

..9!. 
4 >-

..0 

6 

,: ~ 
-12 

} 
.§ 

!: 14 
Cl. 

~ 16 

18 

20 

22 

24 

26 

28 

30 ~ 

2 

I UREA p~ 

Dynamic Force Soil- pile 
range,F0 stiffness,kh 
lkN l lkN/mml 

0 - 8·0 3330 

a. o- n 4 860 

( 24-3-87to 
29·3-87) 

Static cone 
resistance IMNtm2) 

0 10 20 30 
tJ "'=:I I I I I I 

FIG.1. SUBSOIL CONDITIONS NEAR THE TEST PILE LOCATIONS AND PILE DRIVING DATA 

[] So.nd . ;~~~Silt 
""" OJ] Clo.y 

I 



-E 

~ -Q, 

l:..:l ....... 
.. 
0 

0 
11:>-

Energy 
1 0 0 -----. 

BH129N 

• 
130.11.19)1 , ... , Jl.(210.) 

T '·· T 89 
2 

4 

6 

8 

10 

12 

14 

16 

18 

' 
20 

I GAS TURBINE (E >I 

(c) 

Terminated at 14-1m IAI 

Terminated at14-5 m (81 

Dynamic Force Soil- pile 
range, F0 stiffness, khp 

(k Nl 

0 - 5 

5 - 8 

lkN/mml 

370 

220 

[27- 9·19 to 
2 · 10-8 9 I 

1111-15 
lltll4/6/9) 
Ill 
111~04 
lll(llll/3) 
Ill 

I tll-01 
lllll0/110 ) 

"' ~19 
:: :~111111) 

·'· 
.. 'l-21 
: ?: \16/8/13) . .. 

I) I 
11 ll-81 

22/34/47) 

! 

Energy used In driving the pile I MN.•Im I 

oo~~-,r-~-rz~~,~~~~r-~~5--~~-~~~· 

2 I GAS TURBINE (W) I 
4 

(d) 
6 

8 Terminated at 13-9 m I C I 

~ 10 Terminated at 13·3m IDI -Q, .. 
0 

12 

Dynamic Force 
range, F0 

I k N I 

0 - 8 

20 }\:: :1 Sand msilt 
~ 

Soil- pile 
stiffness, khp 

I kN /mml 

190 

[ill] Clay( 27·9-89 to 
2·10·19 I 

1111-15 
111(14/6/9) 
Ill 

Ill ~04 
" 1k11113) 

"' Ill 
1111-01 
Ill ko/1/0l 
Ill 
Ill 
~19 
• "k111n1) 

:<< 
:: :l-21 
.. ·11618113) 
.,/ . 
:;,:1-n 
.. ·1113/19/20) 

"'f44 ::: 11123/21) 

: .. 51 

II 
l{i~81 

1(22/34147) 

FIG. 1. SUBSOIL CONDITIONS NEAR THE TEST PILE LOCATIONS AND PILE DRIVING DATA 



0 0 

2 

4 

6 

I 

.! 10 

.c ... 
~ 

"' 0 12 

~ 14 1-' 
0 
01 

16 

11 

20 

22 

2lt 

FIG. 1. 

Dynamic 
range,F 0 

(kNI 

0 - 3 

3 - 8 

A sand u 

used in driving the pile (HN. m/m I 

Force 

m " 

4 5 6 7 BH101 

Ill 
1)..1 

t2·12· 891-111 I I I ETHYLENE TANK • ..,. IJ..II-6 
Ill 
I J.1 
Ill 

I 3· 4-119l..sz. L!..U l-7 r 1::: :.;.: 
8 .,.. 

(e) .,. .. 13 

Silt 

Soil-pile 
stiffness, k hp 

(kN /mm I 

310 

130 

./• 

20 

:?: 
:: t"-12 

. " I 
27 

•/· r-32 

:~: t- 59 

:-r. 
:(.1-B 3 

1 ·v I :-:: r.Tfl Clay ( April19891 :; : l.l...!iJ .. ' L 8 1 

SUBSOIL CONDITIONS NEAR THE TEST 
PILE LOCATIONS AND PILE DRIVING DATA 

BH133 

:;..: I 
• • • /3/5) 

,...60 

Cll 
"0 
.a :a. 20 
E 
<l . o. 

ETHYLENE TANK 

~\ 
I ' I ~ 

0 

0 

oo 
0 

j ' e = 32• ., .... . _......... .... ....... __ .. _ ... 
:;.: 21 
: : : ( 1/10/11 
·/· 

00 1200 1600 2000 2400 800 400 
::: 22 Frequency (rpm) 
· • • (5tn1111 

::: 21 FIG.2. A TYPICAL RELATIONSHIP BETWEEN 
FREQUENCY AND AMPLITUDE OF 

FORCING 
VI BRATtON • /' (6110111 i ... 

::: (6/9/11) 

.•. 32 
• • • (6n2120 l :;,-: 
... 14 

80.-----------------.-------------~ 
ETHYLENE TANK 

::: ~20 

::: (8/8/6) 
-e6o :.(: L62 

::: ~ 9/23/39 .3-

... ~67 ::: (13/28/39 

:;-: 511 a. 
• • • <nt21137 E ... <l 

(31156 f 
140mm: 

(OCT. 19891 0 0 100 200 300 400 500 600 700 800 
Dynamic force ( kgf) 

FIG. 3. A TYPICAL RELATIONSHIP BETWEEN DYNAMIC 
FORCE AND AMPLITUDE OF VIBRATION 



50 

•- for e = 32' ....... 40 o -for e = 64' E 
~ 

<II 
"C 
:J 

a. 
E 
0 

u 

0 
iii 

30 

20 

10 

0 0 100 200 300 400 500 600 700 800 
Dynamic force ( kgf) 

FIG.4. A TYPICAL RELATIONSHIP BETWEEN 
DYNAMIC FORCE AND STATIC AMPLITUDE 

APPENDIX-1 

SPECIFICATIONS OF ACCELERATION TRANSDUCER 

Make Hottinger Baldwin 
Messtechnik, GERMANY 

1000 
800 

....... 
ell 400 -E 

;t' zoo 
:>: 
u 
0 
a; 100 
> 80 
<II 
> 
0 
3: 40 ... 
0 
<II 
.c 
If) 

20 

Clay (lllai,1977> 

BR OR 
0 R R eS 

[ 

1113 deter11inationsl 

s --s s s s s.__- o,.. 
S V V V , R A oA 

v vs -- c; 0 

-- •! 

Clay Sand 

Sand llmai,1977) 
1151 determinations) 

® o A = Authors 
o o. R =Rodrigues 11981 I 
v • S =Stokoe and Woods (19721 

10~--~~L-~~~u_--~~~~~~wu 
1 2 3 4 5 6 8 1 0 20 30 40 60 100 

Standard Penetration Test Value 

FIG.S. RELATIONSHIP BETWEEN Vs AND SPT 

Linearity error including : .( ~ 2 % 
hysteresis related to nomi-

Measurement principle High tuned spring-mass 
vibrator 

·nal output signal span 

Natural frequency 200 Hz 

Measuring frequency 0 - 100 Hz 
range 

Damping D at reference: 0.6 ~ 0.1 
temperature 

Nominal acceleration ~ 200 m/s 2 

Temperature error of ~ ~ 0.2 % 
the output signal per 
10 K related to the 
actual output signal in 
the nominal temperature 
range, typical 

Temperature error of ~~ 0.25 % 
the zero point per 10 
K related to ~~~ nomi-
nal output signal in 
the nominal temperature 
range, typical 

Transverse sensitivity 

(directional factor) 

Relative side load limit 
related to the nominal 
acceleration 

Electrical measurement 
principle 

Reference temperature 

Nominal temperature range 

Service temperature range 

2106 

100 % 

Inductive system with 
differential choke 
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