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T H E  P E R F O R M A N C E  O F  T H E  R E S O N A N T  P I L E  D R IV E R

L E  RENDEMENT D E  L A  MACHINE RESONNANTE A  BATTRE LES PIEUX 

P A B O T A  P E 3 0 H A H C H 0 r 0  i lO r p y* A T EJI f l  A/ l fl  3 A B H B K H  C B A f i

A .  F A W C E T T ,  C h i e f  C i v i l  E n g i n e e r ,  G . K . N .  F o u n d a t i o n *  L i m i t e d  ( E n g l a n d )

SYNOPSI S Dat a obt ai ned f r om over  f or t y sel ect ed cont r act s i nvol vi ng a wi de var i et y of  
soi l  t ypes and pi l e si zes i s anal ysed agai nst  par amet er s of  shear  st r engt h of  cohesi ve soi l s 
r el at i ve densi t y and gr adi ng of  gr anul ar  soi l s,  f i l e di spl acement  and r at e of  penet r at i on t o 
i ndi cat e t he r ange of  condi t i ons t o whi ch t hi s met hod of  pi l i ng i s appl i cabl e.  The maj or i t y 
of  t he dat a r ef er s t o sands of  r el at i vel y uni f or m gr ai n si ze wher e appl i cat i on I s wei l -  
def i ned.  The ef f ect i veness of  t he met hod i ncr eases wi t h an i ncr ease i n t he r ange of  gr ai n 
si zes pr esent  i n t he soi l  and decr eases wi t h an i ncr ease i n densi t y,  shear  st r engt h and pi l e 
di spl acement .  Load t est  r esul t s ar e gi ven and vi br at i on st udi es show t he pot ent i al  of  t he 
met hod wher e dr i ven pi l es ar e r equi r ed i n t ha vi ci ni t y of  exi st i ng st r uct ur es.

I NTRODUCTI ON

Tht t  f i i 6t  pr ot ot ype Resonant  Pi l e Dr i ver  
was bui l t  i n t he U. S. A.  j ust  over  t wel ve 
yeat s ago ear l y i n 1961.  Seaond gener at i on 
machi nes i nt r oduced i n 1962 under went  
cont i nued devel opment  i n t he U. S. A.  and t he 
U. K.  unt i l  t he pr esent  ver si on was pr oduced 
i n t he U. K.  dur i ng t he per i od 1967- 1969.

Thi s hi gh f r equency pi l e dr i ver  oper at es at  
t he r esonant  f r equency of  l ongi t udi nal  
vi br at i on of  t he pi l e syst em,  t ypi cal l y 70 
t o 100 Hz,  wel l  above t he much l ower  
f r equency of  nat ur al  r esponse of  t he soi l ,  
whi ch i s gener al l y i n t he r ange 10 t o 30 Hz.  
The r esonant  f r equency of  t he pi l e syst em i s 
cont r ol l ed by t he l engt h and wei ght  of  t he 
pi l e t oget her  wi t h t he speed of  sound i n t he 
pi l e mat er i al  and t he ef f ect  of  cl ampi ng t he 
pi l e t o t he osci l l at or  uni t .  The ampl i t ude 
of  l ongi t udi nal  vi br at i on i s cont r ol l ed by 
t he dampi ng pr ovi ded by t he soi l .  The 
pi l e exper i ences f r i ct i onal  dampi ng al ong 
i t s bur i ed l engt h and t i p or  t oe dampi ng at  
t he end,  bot h of  whi ch must  be over come i f  
t he pi l e i s t o commence and cont i nue t o 
penet r at e t he soi l .

The machi ne can be compar ed wi t h l ow and 
medi um f r equency vi br at or s of  Russi an,  Ger man 
Fr ench,  Pol i sh and Japanese or i gi n of  l ess 
t han 12, 000 kg mass and mor e t han 220 kN 
f or ce usi ng par amet er s of  mass,  power ,  f or ce 
and f r equency as i n Tabl e I .  Ver y l ow 
f r equency vi br at or s oper at i ng at  l ess t han 
10 Hz can pr oduce a maxi mum f or ce of  about  
2 0 0 0  k N .

TABLE I  Machi ne Ci ’axact er i st i es

Par amet er
1

Low and médi um 
f r equency 
machi nes 2

Resonant  
Pi l e Dr i ver  ^

Fr equency Hz
Max.  r at ed 
Out put  kw
Mass kg
Power / mass 
r at i o W/ kg
Max. dr i vi ng 
f or ce kN

10 -  39 : 

155

Up t o 11, 700

12 -  21

750 @ 39 Hz 
1350 0 18 Hz

up t o 135
(a) (b) 
740 370

10,000 6, 610

74 56
*1200 @ 135 Hz 
* 500 @ 70 Hz

(a) U. S. A.  machi ne
(b) U. K.  machi ne

i ncl udi ng conser vat i ve al l owance of  35% 
i ncr ease f or  magni f i cat i on at  r esonance.

CONTRACT DATA

Of  t he many cont r act s whi ch have been car r i ed 
out  wi t h t he Resonant  Pi l e Dr i ver  f or t y t o 
f i f t y wer e chosen t o i l l ust r at e t he capabi l i ­
t i es of  t he machi ne over  a wi de var i et y of  
pi l e si zes and soi l  condi t i ons.  Det ai l s f r om 
appr oxi mat el y hal f  of  t hese ar e summar i sed i n 
Tabl e I I  wher e t he soi l s ar e descr i bed wi t h 
t he ai d of  pr oper t i es whi ch can be 
est abl i shed i n t he cour se of  r out i ne si t e 
i nvest i gat i on wor k.
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TABLE I I PI LES DRI VEN WI TH THE RESONANT PI LE DRI VER

SI TE
AND
PI LE

NUMBER

PI LE TYPE 
AND SI ZE

PI LE
AND
SHOE
C. S.
AREA
m2

DRI VI NG

DEPTH
m

TI ME
mi n

DESCRI PTI ON AND 
THI CKNESS OR 

PENETRATI ON OF STRATUM 
UNDER CONSI DERATI ON

m

RATE OF 
PENETRATI ON

MEAN
m/ mi n

FI NAL
m/ mi n

10 

* w 
%

d20

mm

11

kg/ m3

d70

mm

12

'WL
%

1D70
>20

13

f SPT val ue N 
bl ows/ 300Bi m

14 15
“Ï Ï 3-

kN/ i r?

MEAN AT
BASE

No.  3 
U. S. A.

St eel  shel l  
pi l e 356mm di a

. 0994

. 1296

. 1436

10. 68 

12. 81 
7. 62 

13. 97

0. 34
1. 04

sof t  cl ay and si l t  
sand,  gr avel ,  boul der s 
si l t ,  peat ,  l oose sand 
f i ne t o coar se sand,
some gr avel ___________
f i ne t o medi um sand,
t r ace of  si l t
f i ne t o medi um sand,
t r ace of  gr avel
med.  t o coar se sand and
f i ne t o medi um gr avel
f i ne t o medi um gr avel

1 0 . 6 8  

2. 13 
7. 62 
6. 35

31. 40
3. 02

11.20
0. 75

1. 53
<6
56

< 6

56
<20

20

No. 23 
U. S. A.

St eel  pi pe f i l e 
406mm di a.  
cl osed ended

0. 68

9. 18

9. 75

3. 06

6. 69

3. 98

13. 93 

f t .12 

1. 81 

0. 83

not
known

<20
20

No.  24 
U. S. A.

St eel  shel l  
pi l e
305mm di a.

. 0730 9. 75

12. 81

19. 50

23. 48

0. 70

1.20

4. 90

9. 70
7767

17. 67
1. 50
8. 50

25. 60
7. 50

1 7 7 3 5 "

3. 05

T T 5 T  
0. 75 
6. 24'  
0. 43

not
knoyn

18 21

32 36

51 54

74 74
No.  62 
U. S. A.

St eel  H pi l e 
356mm, 174kg/ m

, 0222 25.  60 
33. 10

sand, si l t , c l ay
medi um sand___________
cl ay wi t h sand l enses 
f i ne sand wi t h gr avel ,  
cl ay,  si l t

1. 53
<30
42

“ 40 
80

N9 . 8O
' Uv&. Ai

St eel  pi pe [ He 
324mm di a.  
cl osed ended 
St eel  pi pe pi l e 
406mm di a.  
cl osed ended

, 0024

, 1296

12. 35 
15.  40

Î FT5T
16. 95

TT5T
6.97

TTT2T
1. 71

T 7 T T
( 0. 43

not
known

<11

54
< 11 

62

l l
20- 40

T T
40No.  82 

U. S. A.
sand, sand and gr avel  
si l t y f i ne sand 0. 153

aand f i l l ,  pr ebor ed 
l ami nat ed cl ay 
cl ayey and sandy si l t  
f i ne t o medi um sand

No. 1 
U. K.

I n- si t u 
concr et e 
356mm di a. t ube

, 0994
, 1256

, 0994 
, 1256

2. 13
12. 80
18. 90
20. 40

0
3. 50
8 .0 0

19. 00

}0.  67 
6 . 1 0  

1. 50
TeTTT

1,22

2, 05

3. 05
1. 36

(0. 141
T T J

5. 3
(0. 501

I . S2

<0.  t 5

24 2040 56 
as T. 2.  DRAX 
as T. 2.  DRAX

23 104/ 00 
30—357 
,37-51? 
<2 4/ 00 
87/ 180 
150

104/ CP
30- 35’
37- 50?

No.  2 
U. K.

I n- si t u 
concr et e 
356mm di a. t ube

, 0l 50

16. 46
17. 68 
19. 73
16. 46
17. 68 
19. 81 
11. 28 
16. 16

17. 68

Ô7 7 T 
1. 00 
5. 10 

T T i t

1. 43
7. 65

ver y si l t y or gani c cl ay 
st i f f  sandy Keuper  Mar l  
har d sandy Keuper  Mar l  
ver y si l t y or gani c cl ay 
st i f f  sandy Keuper  Mar l  
bar d sandy Keuper  Mar l

T T 7 T T  
1.22 
2. 13 

Î 1 1. 2 8  
4. 88

1. 52

1 3 . 0 7

7. 18
(0. 3

T 7 7

0. 78

( 0. 69

0. 1$3

55
14

<12

1650
2050
2240

60 26

7 F <¿4/ 0°
87/18°
150

<24/ 00 
87/ 180 
>150 
<¿4/ 0u| 
87/ 18°  
>150

St eel  H pi l e 
305mm 117kg/ m

0. Í 3
T7T3
0. 5

0. 23

55
14

<12

1650
2050
2240

60

60/ CP

34

>56 
< 110 

60/0°  
34 
56

T.  2

DRAX
TEST
SI TE
U. K.

I n- si t u 
concr et e 
406mm di a. t ube

, 1296
, 1595

3. 00
9. 30

1 2 .0 0

l ami nat ed cl ay 
cl ayey and sandy si l t

f i ne t o medi um sand

, 0994
, 1256

11. 28
16. 46
17. 37

T7Z5
3. 75
4. 45

l ami nat ed cl ay 
cl ayey and candy si l t  
f i ne t o medi um sand 
l ami nat ed cl ay 
cl ayey and sandy si l t  
f i ne t o medi um sand 
sandst one at  base

1 1 '. 2S 
5. 18 
0. 91

Tî TTï ï l
5. 19)
3. 04

S' .02
2. 07
1. 30

28 
0. 005 
t o 

0. 014 
0 . 065 
t o 

0. 080

1887
0. 028

t o
0. 052
0. 175

t o
0.220

56
3. 7
t o
5. 6
2 . 2

t o
2. 3

23
3. 0 
t o
4. 0 
1 . 8  

t o 
2. 2

6O/ O0

31

48

60/0°
31
40

T.  7
I n- si t u 
concr et e 
356mm di a. t ube

11. 50 
16. 77 
19. 81

0. Ô1

as
«

afas
—ras

Ias

above
above
above

pi l e
pi l e
pi l e

St eel  sheet  
pi l es,  pai r  
Lar ssen No. 5

, 0255
3. 50
7. 00

4. 80
(0.87) r e­

f usal

above
above

pi l e
pi l e 50- 80 > 100
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TABLE I I  CONTI NUED
LOCK
AND
DAM

Pr e- st r essed 
concr et e 
508mm squar e

. 2580 10. 67 30. 60 f i ne t o medi um sand 
si l t y and cl ayey 
i n pl aces

l o . é 7 ( 0 . 3 9 r e­
f usal

0 . 1 4 "
t o 

0.  38

. 0. 23
t o

0. 80

1 . 5 3
t o

2.10

1 . 5
t o
2.0

13- 28 28

NO.  4 St eel  sheet . 0106 15. 24 2.00 f i ne t o medi um sand 15. 24 7. 62 not 0. 14 0. 23 1. 53 1. 5
TEST pi l e MZ 32 t o si l t y and cl ayey t o known t o t o t o t o 14- 40 40
SI TE 9. 00 i n pl aces 1. 69 0. 38 0. 80 2.10 2.0
U. S. A. ( FRUCO 1964) 28. 62 +20.0 ■1 11 M ft 13. 38 0. 67 n II II II II 32- 68 68

T. 4 I n- si t u . 0994 17. 37 2.00 f i l l ,  peat y cl ay,  t hi n 17. 37 8.68 - >42 <1800 .42/0° < 4 2 / 0 °

No. 3 concr et e sand & gr avel  l ayer
U. K. 356mm di a. t ube . 1256 19. 20 3. 00 st i f f  gr ey si l t y cl ay 1. 83 1. 83 - 16 2180 26 19 132/5° 132/ 5°

20. 42 8. 33 har d si l t y cl ay and t hi n 1.22 (0 .23 0. 038 14 2210 26 17 1 9 1 / 8 ° 191/ 8°
sandst one l ayer s

I n- si t u . 0824 7. 31 0. 35 ver y sandy si l t y cl ay 7. 31 Ì 0 . 9 - 32 1925 39/5° 2 1 / 3  a
concr et e . 1062 19. 51 1. 10 f i ne t o medi um sand 12.20 16. 27 10.68 0. 079 0. 123 1. 55 1.2 15? 27 7

No.  4 324mm di a. t ube t o t o t o t o l ocal l y
U. K. 0. 097 0. 218 2. 25 1.6 37

19. 81 3. 50 weat her ed sandst one 0. 30 (0 . 1 T) 0. 038 200 200
I n- si t u . 1640 7. 31 0. 58 ver y sandy si l t y cl ay 7. 31 l i  . ¿Q - 32 1925 39/ 5J 34/ 3 u
concr et e . 1973 19. 66 3. 17 f i ne t o medi um sand 12. 35 4, 76 3. Q5 as above pi l e 15V 27 V
457mm di a. t ube 19. 81 5. 17 weat her ed sandst one 0. 15 (0.00 0. 038 200 200

4 St eel  pi pe pi l e . 0157 6.00 0. 55 sand f i l l 6.00 10. 9 - 10- 30
No.  9 406mm di a. 17. 00 - dense sand,  si l t  l ayer s 11.00) 55
HOLLAND open ended 21.00 - l ayer s sand si l t  & cl ay 4. 00) 3. 66 - 25- 50

24. 50 5. 60 l ayer s sand si l t  & cl ay 3. 50) 28
594 I n- si t u . 1296 4. 27 0 .12 sand wi t h gr avel  cl ayey 0. 92 7. 66 0. 15 0. 56 3. 73 3. 2 ¿6

concr et e . 1595 i n pl aces 3. 4mpr ebor ed
No.  10 406mm di a. t ube 13. 57 2.00 f i ne and f i ne t o 9. 30 4. 95 1. 53 0 .10 0. 175 1. 75 1. 3 20 38
U. K. medi um sand t o t o t o t o

0. 115 0. 228 2.10 1. 75
13. 65 3. 42 sand & br oken sandst one 0. 08 ( 0. 03 0. 058 > 60 > 60

11 St eel  box pi l e . 0158 6.10 1. 35 f i l l  & sand wi t h gr avel 6,10 4. 52 -
Lar ssen 3B 14. 02 4. 45 medi um sand 7. 92 2. 56 1.68 0. 19 0.  30 1.6 0. 9 26 32

t o t o t o t o
0.22 0. 42 2.2 1. 35

No.  12 17. 07 9. 35 medi um sand 3. 05 0. 62 0.  38 II II II II 45 45
U. K. 22. 57 17. 42 medi um sand 5, 50 0. 70 0. 61 II II II II 35 35

23. 17 22. 60 ver y sof t  sandst one 0. 60 - 0. 019 90 90
D.  2 I n- si t u . 1296 6. 71 7. 3à f i l l  & sand wi t h gr avel ’ 3„ 97 0. 64 1.22 26 26

concr et e . 1595 t op 2. 74m pr ebor ed
406mm di a. t ube 10. 97 8. 83 medi um sand,  t r ace of 4, 26 2. 84 1. 03 0. 19 0.  30 1.6 0. 9 26 32

gr av«l t o t o t o t o
0 . 22 0. 42 2.2 1.  35

14. 62 16. 95 medi um sand 3. 65 (0. 49. 0. 214 " ii II II 45 45
St eel  sheet . 0128 9. 75 0 . 50 6. 1m f i l l , 9 75 I S. 50 - 21- 43 21- 43

No.  14 pi l e 3. 65m sand & gr avel
U. K. Fr odi ngham No. 5 13. 57 6. 50 London Cl ay 3. 82 (0 .64) 0. 153 8 1 /C ? 140/ 0°

at at
10 .0m 13. 5m

I n- si t u . 0824 9. 15 0. 97 si l t y cl ay/ cl ayey si l t ^9. 15 4.  34 - 40- 52 < 25/ CP <25/ 0 il'
concr et e . 1062 11. 58 2. 90 ver y si l t y Sandy cl ay, 2. 43 1. 26 1. 40 14 2230 27 17 10 7 / CP 107/ 0°

No.  20 324mm di a. t ube gravf t l  t r aces t o t o
U. K. 167/ CP 167/ 0°

15.  85 5. 12 II II II II 4. 27 1. 92 1. 31 16 2210 29 17 81/CP 86/ 0 °
18. 90 11. 45 II It II II 3. 05 0. 48 0.  354 14 2230 > 96/0° >120 / 0 °

appl i es t o cohesi ve soi l s,  + appl i es t o gr anul ar  soi l s and r ock,  v based on st at i c cone penet r omet er  r esul t s



TABLE I I  CONTI NUED

SI TE
AND
PI LE

NUMBER

PI LE TYPE 
AND SI ZE

PI LE
AND
SHOE
C. S.
AREA

m 2

DRI VI NG

DEPTH 
m

TI ME
mi n

DESCRI PTI ON AND 
THI CKNESS OR 

PENETRATI ON OF STRATUM 
UNDER CONSI DERATI ON

RAI E OF 
PENETRATI ON

MEAN 
m/ m i n

FI NAL
ra/ mi n

10

w

%

+ D
20

mm

11

kg/ m3

70

12

Ç70
020

13 14
¿u

15 
—tf~

I pT vai ne N 
bl ows/ 30Qmr a

MEAN AT
BASE

T. 4 I n- si t u 
concr et e 
356mm di a. t ube

. 0994

. 1256

No. 16 
U. K.

4. 75
15. 23

19. 81

2 1 . 0 2

23. 32

0. 55
1. 45

4. 00

4. 17

9. 33

, 0089 3. 66
9. 15

11. 60

ó . 4o  

7. 67

13. 47

f i l l  t hen l oose Sana 
sof t  si l t y cl  ay/ cl ayey 
si l t  wi t h sand l ayer s 
f i ne sand

sof t  mar l  wi t h har d 
i i arl  f r agment s (f eeuper) 
f r i abl e mar L wi t h har d 
rcarl  f r agment s (Keupar )
mi xt ur e cl ay sand geavel  
f i ne t o medi um sand 
gr avel  i n t pp 1. 5m

London Cl ay

4. 75
10. 48

4. 58

1. 21

2. 30

8. 64
11. 03

1.7-9

7*12

( 0 . 4 9

7. 62

2. 28

1 0 . 6 6

0. 114

0. 08 
t o 

0. 16 
20

11

0. 22
t o

0. 29
2085

2277

1 . 6

t o
3. 0
25

25

2 . 0

t o
2. 4
17

17

11

7

14

30

11
7

14

30

TTëS'
5. 49

2. 45

" Ö757
4. 32

( 0. 43

200/ 14°  
N=70

3 F
26

124/ 0 
at - 

9.  45m

N> 100 

T7- -3 / 1 /

No.  17 
U. K.

St eel  sheet  
pi l e
Lar ssen 3/ 20

7. 62

0. 153

0. 11 
t o 

0. 15

0. 24 
t o 

0.  32

2. 14
t o

2 . 2 0

2. 5
t o
3. 0

26

191/ d 3
at

11. 5m
TTI f

7. 32

0. 33

1. 70
No.  18 
U. K.

St eel  sheet  
pi l e
Lar ssen No. 3

. 0079 1 . 2m f i l l  t hen sand and 
gr avel ,  cl ayey l ocal l y

sandy f r i abl e 
keupar  Mar l

5. 18

2.  .4

15. 70

1 . 5 6 0. 762

rôï ï l ï "
. 1062

T T I F
2. 25

f i l l  s f i r m sandy cl ay'  
sandy f l i nt  gr avel

weat her ed chal k angul ar  
f r agment s i n sof t  mat r i x 
har d chal k f r agment s 
some put t y chal k 
cl osel y f i ssur ed chal k.

6Í Í 0
3. 05

6 «08 

6 . 1 0  

1. 84

T755-
2. 85

9, 35

4. 69

2. 30

4. 00
t o

8. 50

16
t o
18

28. 0
t o

80. 0

2213
t o

2120

57Ö
t o
9. 4

4. 0 24- 56

60- 90
81/ 26'
t o

120/ 10'

24- 56

60- 90
81/26°
t o

1 20/1 0 °

T. 2 I n- si t u 
concr et e 
324mm di a. t ube

No.  19 
U. K.

6 . 1 0

9. 15

15. 23

21. 33

23. 17

90

20

00

Ö 7 5 T sof t  peat y si l t y cl ay 
sandy si l t y cl ay )
wi t h gr avel  )
a? above but  )
l ami nat ed i n pl aces ) 
sandy si l t y cl ay 
l ami nat ed i n pl aces 
f i ne t o medi um «and

5, 18

6. 40

3. 65

0. 31

20.  ’>2

3 . 6 6

3.51

Û . 6 2

3. 66

10. 15

5. 06

1. 92

0. 60
t o

19. 0

30

16. 0
t o

45. 0

1940

2. 25
t o

45. 7

3. 0
t o
4. 5

50

1 0 -2 0

25- 30

30- 40

42 

< 20 

25- 30 

40- 50
33Ö"

20

23

24 

0. 127

T. D. l I n- si t u 
concr et e 
324mm di a. t ube

7Ô52T
. 1062

No.  23 
U. K.

T7HT
7. 17

11. 58

15. 23

15. 54

. 00

. 42

. 92

3. 66

1. 40
r e­

f usal

2060 

2000 

2000 

0.  330

39

31

47

2. 6

21

16

2 2

3. 5

9 3/0°  

67/0°  

81/0°
t

47

81/0°

4 7

T. P. 2 I n- si t u 
concr et e 
324mm di a. t ube

. 0824

. 1062
12. 98
16. 46
16. 47

TTT
. 83
. 17

l oose sand .& peat y cl ay 
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Fi g . l  d e f i nes  t he t e r ms  D70  and D2 0 / t he 
r a t i o  of  wh i c h  i s  a u n i f o r mi t y  c oe f f i c i en t ,  
and  Cr  t he me a n  s l ope  of  t he g r a d i n g  c u r v e  
b e t we e n  t he 5% and  95% po i n t s  me a s u r e d  i n 
un i t s  o f  s oi l  f r ac t i on .  The ma i o r i t y  of  
t he d e t a i l e d  da t a  p r e s e n t e d  r e l a t es  t o  U. K.  
ex pe r i e n c e  wh e r e  i t  has  b e c o me c ommon 
p r a c t i c e  t o  c a r r y  ou t  St andar d  Pe ne t r a t i o n  
Tes t s  i n 150 mm and  200 mm bor eho l es .  
Bo r eho l es  of  75 mm t o 90 mm ar e  mo r e  c ommon

Fi g . l  THE SLOPE OF THE GRADI NG CURVE

Fi g . 2 DI SPL ACEMENT PI LES I N CLAY

i n t he U. S. A.  and  i n an a t t emp t  t o c o r r ec t  
f or  t h i s  v a r i a t i o n  a l l  S. P. T.  r es u l t s  f or  
U. S. A.  s i t es  hav e  be en  r e d uc ed  by  20%.

Wher e  p i l es  wer e  d r i v en  t o r e f us a l ,  d e f i ned  
f or  t he pu r pos e  of  t h i s  pape r  as  l es s  t han 
300 mm/ mi n .  , t he mea n  r a t e  of  p e n e t r a t i o n  i s 
s hown i n b r ac k e t s  i n Tab l e  I I  t o  i nd i c a t e  
t ha t  i t  i s  a f f e c t e d  by  s l o w d r i v i ng  at  near  
r e f us a l  c ond i t i ons .  The ma x i mu m power  us ed 
i n t he d r i v es  v a r i e d  f r om 150 k W f or  t he l ov^ 
d i s p l a c e me n t  s t ee l  p i l es  of  l es s  t hai f  0 . 0 2 5 m 
c r os s  s ec t i o n a l  a r ea  t o 260- 3 30 k W f or  t he 
l a r ger  d i s p l a c e me n t  p i l es .

ANAL YSI S OF RESULTS

The po t en t i a l  o f  t h i s  me t h o d  of  d r i v i n g  c an 
be  a p p r e c i a t ed  f r om Tab l e  I I  wh e r e  r a t es  of  
p en e t r a t i o n  of  7. 5 -  20 m/ mi n .  ar e r ec o r ded  
and t o t a l  d r i v e  t i mes  of  on l y  a f ew mi n u t es  
a r e  s een t o  be  a c h i ev e d  wi t h  s u i t ab l e  
c omb i n a t i on s  of  s o i l  and p i l e  t ype.  The 
i n f o r ma t i on  ob t a i n e d  c an  be c ompa r e d  
g r a p h i c a l l y  f or  eac h  of  t h r ee  ma i n  s o i l  t y pes  
t o ob t a i n  ap p r o x i ma t e  p e r f o r ma n c e  c r i t e r i a  
f or  d r i v e  t i mes  o f  up t o  t i en mi nut es .

CL AY SOI LS 
Di s p l a c e men t  p i l es

The  p a t t e r n  of  d r i v i ng  i n c l ay  s o i l s  s hown 
i n F i g . 2 i s  b a s e d  l a r ge l y  on t he r es u l t s  
ob t a i n e d  f r om Dr ax  U- . K-  wi t h  l ami na t ed  s i l t y  
l ak e c l ay  of  h i g h  p l as t i c i t y ,  Cu = 57 t o 
105 k N/ m 2. The s ugg e s t e d  c r i t e r i a  hav e  been 
ex t ended  an t he bas i s  o f  t he ej yDer i enc e 
g a i n e d  wi t h,  we a k e r  a l l uv i a l  c l ay s  and  o t her  
s t i f f a r  g l ac i a l  c l ay s  of  l ower  p l as t i c i t y .  
L i mi t ed  t r i a l s  i n Lo n d o n  Cl a y  i n d i c a t ed  
c o n s i d e r a b l e  d amp i n g  wi t h  p o s s i b l e  p e n e t r a ­
t i ons  v a r y i n g  f r om 2m.  t o  3m.  as  t he p i l e  
d i ame t e r  i s  r ed uc ed  f r om 450 mm t o 300 mm,  
s ub j ec t  t o  Cu  at  t he  f i na l  t oe l ev e l  no t  
e x c e e d i n g  100 and 170 k N/ m’  r es pec t i v e l y .

L ow d i s p l ac e me n t  Pi l es

Sheet  p i l es  c an be d r i v e n  2. 5 t o 4. 5 m 
i n t o  Lo n do n  Cl ay  i n und e r  t en  mi nut es .  The 
c l ay  i nc r eas es  i n s t r e ng t h  wi t h  de p t h  and 
pe n e t r a t i on  appear s  t o be l i mi t ed  t o t he 
de£>t h at  wh i c h  Cu r eac hes  140 t o 170 k N/ m2 . 
Res u l t s  f r om Dr ax  i nd i c a t e  p o s s i b l e  p e n e t r a ­
t i ons  of  l ami na t ed  c l ay s  and g l ac i a l  c l ay s  
of  12 t p 14m.  and  5 t o 8m.  yher e Cu = 55 t o 
60 k N/ m and 9 5 t o 100 k N/ m r es pec t i v e l y .

GRANUL AR SOI LS

The s uc c es s  wi t h  wh i c h  p i l es  c an  be d r i v en  
i n t o  g r a n u l a r  s o i l s  i s  d ep e n d e n t  upon  t he i r  
g r a d i ng  and r e l a t i v e  d e n s i t y  and t he p i l e  
d i s p l ac emen t .  The  ma j o r i t y  of  da t a  r e l a t es  
t o f i ne g r a i n e d  g r an u l a r  s o i l s  wi t h i n  t he 
f o l l owi ng  g r a d i ng  l i mi t s .
D20  = 0 . 08 t o 0 . 16mm,  D70  = 0 . 175  t o 0 . 42 mm 
D70 / D20  = 1* 6  t o  2 . 6 , Cr  = 1. 1  t o  2. 4 
Un i f o r ml y  g r a d e d  s ands  at  nea r  ma x i mu m 
r e l a t i v e  d e n s i t y  ar e v i r t u a l l y  i mpos s i b l e  t o 
p e n e t r a t e  wi t h  d i s p l a c e me n t  p i l es ,  ev en  as  
t h i n  l ay er s ,  bu t  t he d e g r e e  of  p e n e t r a t i o n  
i nc r eas es  wi t h  a r e d u c t i o n  i n p i l e  d i s p l a c e ­
me n t  and r e l a t i v e  d en s i t y  as  s hown  i n F i g . 3.

CLAY S L T G R A V E L

[ 2 0  D 7 0  

P a r t i c l e  d i a m e t e r  m i l l i m e t r e s

4 5 7 m m

4 0 6 m m  d ia  t u b e  

3 5 6 m m  d ia  t u b e  

| 3 2 4 m m  d ia

2 0  6 0  I O O  1 4 0  1 8 0  

C o h e s i o n  o r  s h e a r  s t r e n g t h  k N / m 2

93



The f our  z ones  i n F i g . 3 r e l a t e  t o eas e  of  
d r i v i ng  as  f o l l ows

Zone A t o t a l  p e ne t r a t i o n  of  10m -  15m 
Zone B t o t a l  p e n e t r a t i o n  of  7 . 5 m -  10m 
Zone C p e n e t r a t i o n  l i mi t ed  t o  abou t  3m 
Zone D r e f us a l  at  l es s  t han l m pe n e t r a t i on

Gr av e l l y  s p i l s  wi t h  a g r ea t e r  r ange  of  

pa r t i c l e  s i z e s how h i g he r  S. P. T.  r es u l t s

IO O  

9 0  

8 0  

7 0  

2  6 0  

I  5 0  
>

4 0

£  3 0  

10
20 

I O
0 0 8  0 2  0 4  0 6  0 9  - 2 0

• 0 1  - 0 3  0 5  0 7  IO  - 3 0

C r o s s  s e c t i o n a l  a r e a  o f  p i l e  o r  p i l e  

s h o e  — m e t r e 2

Fi g . 3 DRI VI NG I N UNI FORM FI NE- MEDI UM SAND 

1 2 0

N O

IO O

z 9 0

« 8 0

> 7 0

^ 6 0
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4 0

3 0  

20
• 0 0 8  - 0 2  0 4  - 0 6  0 9  2 0

•O l 0 3  0 5  0 7  - IO  - 3 0

C r o s s  s e c t i o n  a r e a  o f  p i l e  o r  

p i l e  s h o e  -  m e t r e 2

Fi g . 4 DRI VI NG I N SAND AND GRAVEL
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t han s andy  s o i l s  f or  t he s ame r e l a t i v e  
dens i t y .  I n ag r e eme n t  wi t h  t hi s ,  ex p e r i enc e  
wi t h  t he Res ona n t  Pi l e  Dr i v e r  s hows  p i l es  c an 
be d r i v e n  i nt o s and and g r av e l  wi t h  r e l a t i v e  
eas e wher e  S. P. T.  v a l ues  i nd i c a t e  near  
r e f us a l  c on d i t i o n s  f or  un i f o r ml y  g r aded  
s ands ,  F i g . 4.  The  g r a d i n g  l i mi t s  of  t he 
c o a r s e r  s o i l s  ar e v e r y  a p p r o x i ma t e l y

D20  = 0 . 3  t o 0 . 5mm,  D- ^q = 4 t o 28mm.
D70/ E>20 = 3 t o 60,  Cr  = 3 t o 6

Wh i l s t  t he n umber  of  c as e  hi - s t or i es  f or  
u n i f o r ml y  g r a de d  s and p r o d uc e  r e a s onab l y  
ac c u r a t e  l i mi t s  t he l i mi t s  s hown on F i g . 4.  
ar e o b v i o u s l y  l es s  d e f i n i t e  and r equ i r e  
v e r i f i c a t i o n  by  f u r t her  obs er v a t i ons .

Si nc e  t i p  r es i s t a n c e  d e t e r mi n es  wh e t h e r  t he 
p i l e  wi l l  be g i n  t o pen e t r a t e  t he s oi l  t he 
a r ea of  any  o v e r s i z e d  p i l e  s hoe s hou l d  be 
us ed wh e r e  a p p l i c ab l e  whe n  ' r ef er r i ng t o 
Fi g s . 3 and 4.

Gr o u p  e f f ec t

Al t h o u g h  d r i v i n g  by  h i g h  f r eq u en c y  v i b r a t i on s  
p r od u c e s  l es s  g en e r a l  8 i t e  c o mp ac t i o n  t han 
t he r epea t ed  quak e  c aus ed  by  pe r c u s s i v e  
d r i v i ng ,  t he p i l e  d i s p l a c e me n t  i nc r eas es  t he 
d e ns i t y  of  t he  s o i l  i n t he v i c i n i t y  o f  t he 
pi l e.  I f  p i l e  s pac i ngs  ar e s uc h t ha t  t he 
z ones  of  i nc r e as e d  d e ns i t y  o v e r l a p  and 
p a r t i c u l a r l y  o v e r l a p  t he p i l e  pos i t i ons ,  
d r i v i n g  wi l l  b ec ome mo r e  d i f f i c u l t .

Th i s  g r o up  e f f ec t ,  or  t he i n t e r f e r e nc e  of  one 
p i l e  wi t h  anot her ,  c an be  a p p r o ac h ed  t h e o r e t ­
i c a l l y  us i ng  ap p r o x i ma t e  r e l a t i o n s h i ps  
b e t ween  t he S. P. T.  v a l ue ,  r e l a t i v e  d e ns i t y  
and t he ang l e  o f  i n t e r na l  f r i c t i on.  Th i s  has  
be en  done  f or  a g r oup  of  f our  p i l es  i n f i ne 
sand,  See F i g . 5,  us i ng  max  = 43°  wh e r e  N =40  
or  mo r e  at  ma x i mu m r e l a t i v e  dens i t y ,  t ak i ng  a 
z one o f  i n f l u en c e  of  d i a me t e r  7D c e n t r ed  on 
t he p i l e  pos i t i on .

6)
«1
E
O
T3

Q.
II

Q

c  t» 
u

a

R e l a t i v e  d e n s i t y  ° / o

F i g . 5 MAXI MUM RELATI VE DENSI TY PRODUCED 
BY PRI OR DRI VES I N A ZONE OF DI AMETER = 4D 
CENTRED ON THE REMAI NI NG PI L E POSI TI ON
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[ t  i s  a s s ume d  t hat  t he ma j o r i t y  o f  f l ow 
pat hs  or  f a i l u r e  p l anes  p r od u c e d  as  t he t i p 
r e s i s t a n c e  i s  ov e r c ome  ar e  l oc a t ed  wi t h i n  a 
z one of  d i a me t e r  4D a l s o  c en t r ed  on t he p i l e  
pos i t i o n  and  t ha t  i f  t he d e n s i t y  i n t h i s  
z one r eac hes  t he c r i t i c a l  v a l ue  i nd i c a t ed  
on  F i g . 3 t he r es i s t a n c e  t o  d r i v i n g  wi l l  

i nc r eas e  and may  p r e v e n t  pene t r a t i on .  For  
ex amp l e  a s i ng l e  p i l e  wi t h  a s hoe a r ea  of  
0. 1 0m c an  be d r i v en  t h r ough  t h i c k  depos i t s  
of  s and wi t h  N v a l ues  of  up  t o 30.  I f  on a 
g i v en  s i t e  N=2 0  F i g . 5 i n d i c a t es  t ha t  s e r i ous  
g r ou p  e f f ec t  i s  no t  l i k e l y  t o oc c u r  i f  t he 
p i l e  s pac i ng  e x c eeds  a b o u t  3D.

SOFT ROCKS

Ve r y  s of t ,  we a k l y  c ement ed ,  f r i ab l e  r oc k  
whos e  s ur f ac e  s t r uc t u r e  i s  o f t e n  a f f ec t ed  
by  r e l a t i v e l y  deep  we a t h e r i n g  c an  be 
p en e t r a t e d  f or  a l i mi t ed  d i s t an c e  ( 2. 5 t o 
4. 5m)  by  d i s p l a c e me n t  p i l es  of  up  t o 
0 . 1 2 5 m2 i n ar ea.  No t i c e a b l e  e x a mp l es  of  
s uc h  r oc k s  ar e Keuper  Mar l ,  t he v e r y  s i l t y  
c l ay s  of  t he Has t i n gs  Beds ,  po s s i b l y  t he 
V7eal d c l ay s  and c hal k ,  s ee U. K.  s i t es

Nos .  2,  3,  16,  18 and  19.  On s i t e No . 19 U. K.  
a s t ee l  H p i l e  was  d r i v en  i n t o  t he c ha l k  t o a 
t o t a l  dep t h  of  2 3 . 17m i n 2. 58 mi n . Tr i a s s i c  
s a nds t one  and we a t h e r e d  Coa l  Mea s u r e  s ha l es  
and s a nds t one  c an be p e n e t r a t e d  0. 5 t o 1 . 5m 
wi t h  l ow j l i s pl ac ement  s t ee l  p i l es  but  
d i s p l a c e me n t  p i l es  r eac h  r e f us a l  a f t er  
a pp r ox i ma t e l y  0 . 2  t o  0. 5m.

TRANSMI TTED VI BRATI ONS

An o p e r a t i n g  f r e qu e nc y  at  l eas t  t v/ i ce t ha t  of  
mos t  s o i l  t y pes ,  i . e.  g r ea t e r  t han 60 Hz,  
i s  d e s i r a b l e  i f  s o i l  r e s p on s e  or  r e s onanc e  
i s  t o be av oi ded.  I t  i s  a l s o  we l l  abov e  t he 
n a t u r a l  f r equenc y  of  n o r ma l  c e i l i ngs  and 
f l oo r s  wh i c h  t end t o be t he f i r s t  bu i l d i n g  
memb er s  t o r e s po n d  t o t r a n s mi t t ed  v i b r a t i ons .  
I n t h i s  r es p ec t  t he Re s o n an t  Pi l e  Dr i v e r  has  
a v e r y  r ea l  a d v a n t a ge  ov e r  o t h e r  v i b r a t o r y  
d r i v er s .  I t  has  bee n  us ed  and o f t en  
s p e c i f i ed  on  s i t es  i n t he U. S. A.  and t he U. K.  
wh e r e  p i l es  wer e  r e q u i r e d  3m and o f t e n  
1 . 5m t o 1 . 85m awa y  f r om a d j o i n i n g  pr oper t y ,

61
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Fi g.  6

S u g g e s t e d  l i m i t s  f o r

l o n g  p e r i o d s  o f  m a i n t a i n e d  V i b r a t i o n  a t  7 0 H z
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TABL E I I I  TYPI CAL  PI L E TEST RESULTS

2 3 4 5 6 7 8 9 10

Si t e . Pi l e  
L eng t h

m

Nomi na l
Pi l e

Di ame t e r

mm

Dr i v i ng
Ti me

mi n

Co n t r a c t
Wo r k i n g

Load

W 1
kN

Max .
Tes t
Load
w2
k N

Pi l e  Se t t l e me n t

at

w l

mm

at
z er o
l oad

mm

at

w2

mm

at
z er o
l oad

mm

No.  3 USA Cambr i dge ,  Mas s . 12. 52 356 7 1. 04 700 2100 3.  30 - 18.  30 8. 50
No . 82 USA St . Gabr i e l ,  Lou i s i an a 17. 08 406 t 6. 97 450 900 0. 89 0. 25- 14. 98 12. 95
Dr a x  Tes t  Si t e 17. 68 400* 12 . 00 1000 1900 3. 38 0. 51 12. 25- 5. 38
En g l a n d  UK 17. 37 350* 4. 45 600 2000 1. 46 0. 25 11. 16 5. 06
No.  1 UK Dr ax ,  En g l and 18 . 20 400* 8. 0 1000 2400 2. 67 0 . 18 16. 30 7.  63
No.  2 UK Av onmou t h ,  En g l a n d 19. 73 350* 5. 10 600 900 2. 87 0 . 25 5. 40 2. 11
No.  3 UK Has t i ngs ,  En g l and 20. 78 350* 10. 47 500 1050 4. 75 - 18 . 20 6. 45
No.  4 UK Sel by ,  En g l a n d 19. 52 330* 4. 63 600 900 2. 46 - 4. 29 € . 53
No.  7 UK Sout hampt on ,  En g l a nd 15. 40 350* 2. 65 300 1000 1. 90 - 6 . 00 1. 35
No . 10 UK Gl as gow,  Sc o t l a n d 11. 60+ 400* =4. 0 700 x 1900 2. 70 - 18. 46 13 . 40
No . 12 UK Bl ac k l ey ,  En g l and 13. 72 400* 10. 83 800 2600 4. 50 - 18. 48 8. 94
No . 12 UK Bl ac k l ey ,  Eng l and 25 . 60 b o x  p i l e 15. 15 1300 2600 11. 63 1. 98 32. 90 12. 13
No . 13 UK Swans ea,  Wa l es 17. 38 400* 8. 50 600 900 1. 93 1. 02 a . 81 1. 52
No . 16 UK We s t o n - S- Ma r e , Eng l an d 21. 96 350* 3. 58 620 9 30 1. 83 0 . 51 3. 22 0. 84
No . 19 UK Can t e r bu r y ,  En g l and 19. 82 330* 5. 02 520 800 1. 17 0 . 25 2. 03 0. 25
No . 19 UK Cant e r bur y ,  En g l and 21. 35 330* 1. 33 520 1300 1. 78 0 . 0 0 11. 4 7. 11
No . 21 UK We s t o n - r - Ma r e , En g l a nd 24. 10 350* 6. 28 580 920 2. 21 - 5. 08 2. 49
No . 23 UK Cr os t oi  Eng l and 16. 47 330* 4.  J7 300 450 1. 50 - 2 . 90 0.  50
No : 23 UK Cr os t on ,  Eng l an d 15. 25 330* =5. 0 300 450 2. 40 — 7. 0 2 . 00

Not es :  Pi l e  l oads  g i v en  on t he  b as i s  o f  1 t on  f  * 10  k N
V She l l  Pi l e  t  Pi p e  Pi l e  * Cas t  i n - s i t u  Pi l e

+Spec i a l  t es t  p i l e  c on s t r u c t e d  wi t h  c o mp r e s s i b l e  bas e,  de s i g n e d  t o me a s u r e  f r i c t i o n  onl j  
x Wo r k i n g  l oad  f or  n o r ma l  p i l e

s e r v i c es  or  e q u i p me n t  wh i c h  we r e  s ens i t i v e  
t o  v i b r a t i on .

F i g . 6 p r es en t s  t he r es u l t s  of  f i v e v i b r a t i on  
s u r v ey s  ma d e  whe r e  c on d i t i ons  v a r y  f r om s of t  
s o i l s  and  r ap i d  d r i v i ng  at  Si t e  No . 3 U. K.  t o 
v e r y  dens e  s and p r o h i b i t i ng  p e n e t r a t i o n  of  
d i s p l ac emen t  p i l es  b e y o n d  6m at  t he Ho l l and  
t f est  s i t e.  The  l ev e l s  o f  v i b r a t i o n  v ar y  
ac c or d i ng l y .  The  l i nes  r e f e r  t o ma x i mu m 
r ec o r d ed  v a l ues  of  pa r t i c l e  s o i l  v e l o c i t y  
wh i c h  oc c u r  f or  s hor t  p e r i ods  of  5 t o 10 
s ec onds  du r i n g  a dr i v e,  t he r ema i n de r  o f  t he 
d r i v e  be i n g  c o mp l e t ed  wi t h  v e l o c i t i e s  of  
a bou t  5 0 % of  t he ma x i mu m v al ues .  At  a g i v en  
d i s t a n c e  t he  ma x i mu m t r an s mi t t e d  v i b r a t i ons  
ar e t y p i c a l l y  30% t o 15% of  t hos e  as s oc i a t ed  
wi t h  a l t e r na t i v e  f or ms  of  p i l e  dr i v er s .

TEST RESULTS

The r edu c t i o n  of  s o i l  r e s i s t an c e  p r od u c e d  by  
t he h i gh  f r equenc y  v i b r a t i ons  i s  on l y  
t empor ar y  and as  s hown i n Tab l e  I I I  p i l es  
ant l er  t es t  ex h i b i t  n o r ma l  l oad / s e t t l e men t  
c h a r a c t e r i s t i c s .

ADVANTAGES AND DI SADVANTAGES

I n common wi t h ot her  v i br at or y  dr i ver s t he 
equi pment  demands a l ar ger  base machi ne t han 
r equi r ed f or  s i mpl e dr op hammer s.  Hence 
l ar ger  cont r act s or  pot ent i al l y  di f f i cul t  
soi l  or  env i r onment al  condi t i ons ar e r equi r ed

t o o f f s e t  t he c os t  of  e s t a b l i s h i ng  t he 
e q u i p me n t  on s i t e.  I n  t he  o o r r ec t  s o i l  
c on d i t i o n s  t he me t h o d  of  p i l i n g  o f f e r s  
a d v an t ages  o f  s peed,  l ac k  of  g r ou n d  quak e  and 
r e d uc ed  d a n g e r  f r om t r a n s mi t t e d  v i b r a t i o n s , 
v i b r a t e d  c o nc r e t e  t h r o ug h ou t  t he l eng t h  of  
i n - a i t u  p i l es ,  eas e  of  e x t r a c t i o n  of  s t ee l  
p i l es  or  p i l e  t ubes  t oge t he r  wi t h  l ac k  of  
d ama ge  du r i n g  d r i v i ng  s t ee l  pi l es .

CONCLUSI ON

Cont r ac t  ex per i enc e demons t r at es  t he s uc c es s ­
f ul  appl i c at i on of  hi gh f r equenc y  v i br at i ons  
t o t he pr obl em of  pi l e dr i v i ng.  The penet r a ­
t i ng power  i n bot h c ohes i v e and gr anul ar  
f . oi l s i mpr oves  not i c eabl y  as t he pi l e 
d i s pl ac ement  i s r educ ed but  i s s er i ous l y  
l i mi t ed by  s t i f f  c l ays  and uni f or ml y  ‘gr aded 
sands  of  hi gh r el at i v e dens i t y .
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