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c Belationships between v\~all friction, 

E. P. HEEREMA* 

rizontai stress a t  the pile/soil interface, 

results of the tests demonstrate 
ring pii': driving i n  sand a silnpie 
5 friction behaviour i s  exhibited: 

Pa friction force i s  linearly dapkident on  
' ~ m a l  stress and independent of velocity. :s  long i.F , onversely, i n  clays, i t  i s  foulid that wal l  

jk i+,  :. iction is, in an unexpected rnannsr, de- 

.!;smond.7:6ndyt :he stress condi i ior~ a: the 
- iby/pll. i..i.rface, on  the undrained shear 

f 3 m 9 u ~  4 tietqth o f  the clay adjacent to  the pile, . . 

tlsh i & d  on tile velocity a t  whish the pile wal l  
,? ~snlaces. f?;io:m . .  . . 
q 8 Cn~.gez:  is g!ve!l o n .  :'% commonly 

.?ins WE! - : i ~ ~ s i d  vevj  rp2t :~m<!uii ir>g . is the 
.. . *a of rhe p1,enon:silon that static fric- 

.$$on eriving i s  lower than bearing 
? ? ' i ~ r s  on;c!bic, .,+ -;.- :CT- set-UP. 
: z  is :: jr 

Description of the test apparatus 
The test apparatus is shown ?dema- 

tically in Fig. la.  In  an GttemPt t o  dis- 
turb the soil SamDle as litt le as possible, 

, . .> 

.- 

tal soil stress, pile wal l  velocity, and soil 
parameters. 

In an effort towards this end, an ap- 
paratus has been developed to simulate 
in the. laboratory the movement of a steel 
pile wall along the soil during driving. 
In this test apparatus, a flat steel plate is 
pressed against a soil sample and moved 
back and forth by a hydraulic oscillator. 
Amplitude and frequency can be varied 
over a wide range; forces and displace- 
ments are continuously recorded. By 
means of these tests, relationships be- 
tween wall friction, velocity, and horizon- 
tal stress can be investigated in sand and 
in  clay. The tests have led to  a better 
understanding of resistance behaviour dur- 
ing pile-driviny; using the derived relation- 
ships for computer back-analyses of obser- 
ved driving behaviour, much can be learnt 
about the magnitude of actual resistance 
duriny driving, so aiding in  future pre- 
dictions. This was thought important in  
view o f  Heerema Engineering Service's 
extensive involvement in  offshore pile- 
driving activities in  the North Sea, where 
correct assessment of pile configuration 
and equipment is essential to  economic 
platform installation. 

The relationships. found between wall 
friction, horizontal soil stress against the 
pile wall, and pile wal l  velocity, as wel l  
a.i the general col~clusions drawn in this 
Paper, hdv.: beer1 prlrnarily iormulated :or 
offshore appl~catiorls. Fundarnenraily, how- 
ever, they are riot l imited t o  that field o f  
fo\~r\dation engineering. 

the steel plate through a wheel mounted 
on a load lever. As this wheel has ball 
bearrngs. ~ t s  friction may be neglected. Be- 
cause of the way i t  is mounted, the hy- 
draulic system cannot withstand horizon- 
tal forces, so that all horizontal load ap- 
plied by the lever arm is transferred to  the 
so11 sample's face. The horizontal load 
can be varied by  altering the load on the 
lever. 

Two series o f  tests were carried our 
- horizontal load variation tests, and vel- 
ocity variation tests. These were carried 
out in  January and November 1976, at 
TNO Delft laboratories, The Netherlands 

Results of friction tests in sand 
The sand samples used in  these tests 

were from Chevron's Ninian Field in  the 
North Sea, the sand be~ng  fine and wi th  
only a small silt content. The sand was 
wetted and as a result i t  remained wel l  
collected Inside the test apparatus. 

it is left in  the s t k e ~  tube in  which it was 
colle.cted. The sampling tube together 
wi th  the sample is cut in  half length-wise. - 
Thus the half-specimen has a face of 
50mm: i t s  height is about 150mm. I t  is 
placed in  a ver?ical positior, in  a half- 
cylindrical sirpport frame. Against the face 
of the soil sample, a flat stiff steel plate is,. 
pressed which covers the sample face al- 
most completely. As  the soil specimen 
is also enclosed from above and below 
relatively high horizontal stresses can be 
applied to i t  before failure. Because of 
the confinement, it does not  dry out  dur- 

, . . ,. 

(a) Horizontal load variation tests 
in sand 

Horizontal loads were varied from 50 tc 
240kN/m? while the amplitude and fre- 
quency of the plate motion were main 
tained at 12.5mm and 1.6Hz respectivel) 
(sinusoidal motion). Frictions were meas 
ured at zero crossings, so that the velocit: 
there was 2.;;-af=0.126 m/s. The ,result 
of such a, test  are shown .in Fig. 2:.lt car 
be seen ,that , t h e  friction-horizontal srre:, 
relatiorlship is very regular. t h e  frictiu 
angle S between the pile wall and t h  
sand is 25". This is 110 new figure. I t  
customary t o  take A=$-5", whero (, 
the effective angle of internal friction r 
the sand. (4 was not measured for r t l  

sample, but  should be about 30'). 

(b) Velocity variation tests in sand 
Velocities were varied between 7xlC 

and 0.6 m/s, while the horizontal lo 
was kept constant. Fig. 3 sh'ows 1 

results of such a test, the horizontal Ic 
here being 85kN/m?. 

This figure shows clearly that the f: 
t ion force is not velocity-dependent at 
and therefore the sand may be corl. 
ered to behave as a simple Coulc 
material. In  terms of Smith damping 
ues', this would imply J=O. For c~ 
parison the commonly used value c 
for wal l  friction in sand is 0.164 



I and low; many were si l ty o r  sandy. 
samples were  recovered f rom four 

ittons: Kontich, Belgium ( "Boom" 
-;; Chlvron 's  Ninian Field; Occident-  

l o r e  Fteid; and Unionol i 's  Heather c )  latter three locat ions are in  the 
,... . ,~d northern Nor th  Sea. 
nrlrained shear strengths vai ied f rom 
J/m: t o  F20kN/m' and the depths 
:ecovery be iow the sea bed  ranged 
1 2  t o  70m. 

Horizontal load variation tests 
:iav 
,r,zonisl loads were varied f rom 10 to 

r,V,'m: (on  the harder samples), yen- 
.! .o ina point  where the ciav iaiietj. 
.,,,;,,,I,? . i t ~ r i  r r rquzncy w+ra Jcjdln 

. , I , ? ,  , . > , I  1.6H2. ; ~ > u ~ ~ ~ : l ~ ~ ~ l ~ ~ .  b.! 
.t..; i i  ;ucn !esis Jre shown in Fig. 4. 

. l u p r j d r j  :hdt tnz i r tct ion/normal stress 
r,onjhip is not linear in  clay. For shear 
ngths (c,,) u p  t o  about 150kN/m? the 
t fit .of the power  o f  ah i s  0.6; fo r  c,, 
; ~ d  25OkN/rn', 0.7; for  c,, around 450 
rn', 9.8; and f o r  the  hardest c lay (c,, 
V -  GDOkN/rn') the besr p o w e r  is  1, 
::s Sehdviour approachas that of sand 
other "normal" materials. 

':>r c~ rnpu ta t i ona l  s impl ic i ty  o f  the 
:~cnsnip which w i l l  be  der ived iur ther 
' - 1  this article, the value of 0.7 has 
; selected as the "standard" power  
<hi .  horizontal stress. I t  i s  an  average 
r from the tests, and is representative 
i 3 s e  shear s t r ~ n g i h s  mos t  commonly  
;~.nrerod in the  Nor th  Sea. 

load variation tests on 
,us generally described b y  the 

., . - - . . . - j , ~ l y s l s  of dr iv ing pxperiences 
:ci llorizcrntal stresses wh ich  are sen- 

/ !-I or nsar the  rance o i  horizontal 
- s ? s  applied in  t hs  ieoorazory ttes:s. 

; ena t ions  on slip s u b c e  
:aulour during horizontal load 
iarion tests  in clay 
':;:cgh the measured fr ict ion f0rc.s 
, . i . r  change b y  wear  of ;he soil sur- 

j, za-ly a few csci l la i ions werz ma3e 
:,/ar:l load step. The soi l  sw iace  d id  

--: ;(.rn.wh*t ;hiny 3s a consec;uil ice 
.'+ i r ~ : ,  'c,sc~ilarlons. '&hen corlt lnu- 
i Y,i:ilating, J rnoOPf??e : fmpr f3 t t i r t  
of Ins  steel p lats cou id  be ie l i ;  the 

= should, of course, cccu r  du r i r g  
31 ;:!I? driving. 
;re was no agpsrsn; ;enouldi.ng of 
;!;v in the tests; :?,d ;sIi5rn of i s 3  

j1 clr?y face d id  not  csznge. The only 
o!.?:?2 is the p( l t . -sci i  in:sri?ce itseli. 
. iv .e,  one could S U ~ F ~ S :  ;hat dne to  
h ~ ~ h l y  superficial ccc:i7rqce the s!ip 

? ::cetis alrnost r o  : m e  i 0  corlsoli- 
, t n t l  the 1iorizon:si 5:rkss ni isht  hc  
. id-rcd t o  be an efioc:i\#e stress. This 
:I:' '-d b y  the f ~ c :  :rat i! tho appar- 

t I t o  rest for zn hour or so w i i h  
~ ~ l u n t a l  load appiisb, :he f r ic t ion 

; 110t iilcrease. 
:wever, the observed nor i - l inrar rela- 
i i~yp between fr ict ion artd applied 
,ontal stress indicates that the effect- 
, irpss does not  increase at t he  same 
2s ih i j  total applied stress. The l ower  
o n  ~ 7 e f f i c i e n t  at high hor izontal  siress 

. - . . . . . 
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/ 
4 , :L ujtcjr's behav~our  1s IN 

piaylng a lesser role 
w s .  
11th regard to  the dtffv 
"I the hor~zontal  stres 
r l lkely that the ts,~ 
]her power  for the I 
gher shear strengths 

- 'ed b y  the decreas~n 

an at tempt t o  learn r 
vlotir, the sl ip plane 
race) was wetted u 
cases. This resulted i 

l g  f r~c t i on  reduction, 
a:cntly soon d r ~ v e n  c 
on returned to  the r 
well-conf~ned envlronr 
p ~ l e  wa l l  IS located. 
Jrlven out of the sl ip 
ne~ther  wou ld  i t  flnc 
olane, so that the wet 
considered to  be a 

*:P 
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fig. 5(a 6 b).  Veloci ty vartation tesis on  a 
,, = 31.5, 87 and 764kN/m?, respectively. 

(111 f 

clay sample c,, = 260kN/m' (Kontich); 
T i n  kN/rn' ,  v in m / s  

+ c ,  = 620 LN.'rn2 (Heatller), nh = 206kNim' 
-U- c ,  .- 390kN/rn3 (Heather], uh = 1504N/m2 
-D- c .  = 230kN/m2 (Heather), ul,'= 1434N/rn2 

-- ' F i g . G ( a  & h). Veloci ty variation iesrs  o n  clay samples w i t h  different shear srrengths 
0.5 v a !and different appl ied loadz). 7 i n  kN/rn? v ;in n ~ / s  

, ; e ,,.I,. 

. ! ?;l..,.e, nl,,,b,: I , . .  . ( .  1 1 , :  7 , . ~ ~ .  a ,<);.c v, ,,< P C-rI. , , I ~ ~ I V I A ~ ~ ' .  

'.,,:,,<r'z ~ , p ~ j ~ , , , c \ ~ j r  15 I!, > > * - * , < .  ' b.l;<,. 1 : :  , . r ,  i , : ) :> i~~, !o ,  1 % .  .I:: !>,,)I.,;, :I,I: IV:I;.)I[~:S 
. . I .  . , ;!;,,ins t lesser Toit 2;. s?>itt, a,apia,>cj I I . : ( : I~C~C~~> i ? ~ . i v , , c r ~  I(\- :  i.nn 13Hz. t o r  r i le , Zrtsses. lowest  velocity, r,nis wou ld  mean a COm- 

,. 7 ' \Vitn reparrf t o  r i le dlftr!rent powers  t o  ple~r;  osci l lat inr~ \~oulc.l lake 28 hours; 10 
'.alfh lhe  horizontal stress musr be raised, prevenr this, rhe amplitude was decreased 

. i s  likely that the tendency towards  and elso most  of the oscil lation was 
i a' higher power  for  the  horizontal stress carried out  at  a higher frequency, making 
I ':,hisher shear strengths is mainly deter-  on ly  the zero crossings at the l o w  fre- 
' "'.l"€d by  the  decreasing moisture con- quency. This was necessary t o  save t ime  
! f,. 
s .-nls. and prevent the sample f rom drying out.  
; In an attempt t o  learn more about th is Only a f e w  oscil lations per  f requency ; 1, &, 

Wour. the sl ip plane (p i le  wal l /soi l  were made. The different frequencies we re  f* &"*ace) was we t ted  w i t h  water  in  a run in  an irregular sequence t o  Cornpen- 
8 ' 'w Cases. This resulted in  a very  short- state fo r  effects o f  wear, i f  there were  any. 

!%tino fr iction reduction; ,lie water  M ~ B S  Ultring piit: driving, peak veiocit ies 01 / "?)arenily soon dr iven out  so t ha t  the the pi12 wa l l  can be as high as aboot 

/ j.i;tion returned t o  the  normal value. I n  3 m/s  s t  lovr b l o w  counts. The durat ion 
. "' '+Jell-confined environment in wh:ch a o f  t i le peak velocit ies is however relat ively 
: "al pile wa l l  is located, water  cou ld  no t  very short; the average ve loc i ty  of the  pi le 

driven out of  the sl ip plena so e a ~ i l v ;  wa l l  dur l l lq passage of the most  s i r l r~ i f icant 

velocities, and very weekly veloci ty-de- 
pendent at high veloclric_s. I t  is also note-  
wo r thy  that at veioc:?tss very near t o  
zero, the f r ic t ion is vsry small. 

Fig. 5b shows thar m e  reiationship can 
we l l  oc dascribed b:, 

- 
I he povder 0.2 an7ears  TO be the r ight  

valu? cv5r the V;.:(ZIIS r51i9e o f  tested 
clays 

F I G .  6 snows the -es>lrr- c i  a number of 
ve1oci;y va r i a~ ioc  t i s cs  on  ssmples v;i:h 
d i f i e r ~ n i  s ; . ~ , :  s:rencrtlc (arid diffarent 
app le6  hori-ontal i ca3s) .  Apparent ly a, 
acd zn  i n  Eqn. ( 2 )  are oependent o n  the 
Shear ~ : r€nc?h  V i t U . 5 .  

T r i i  r_l>>e-vt? crrano? veioc~ly-de;~en.?- 
ence g t  iQE rrlc1lon rntp.7; 3 e  exp161nec: as 
foiiows. li the pi in -wa l l  was p e r f r c ~ i y  , 
srnsoih (Fig. ? a ) ,  t he  i r icr ion betweer, 
pi le wjll and soil w o u i i  probably no: 02 
veloci~y-dependen?. 5 u t  -everv pile sur- 
fsce, as was the size, plate used i n  tne 
Iaborztory, is sornewnar r o u ~ h e n e d  2nd 
not  p i r f ec t l y  fiai. ' t i n ~ e :  horizontal strsss 
rhe clay w i l i  a<jus; i l se l i  t c  t he  miqusci l le 
irregu1a;i:ies of the s ~ e d l  surfate (Fig. 
7 b ) .  N o w  when  the sieel  suriace displaces 
(Fis.  ?c) ,  t i ny  gaps w i l l  be  formed loc- 
ally, causing relative unoerpressures. .As 
a consequence of these result ing pressure 
differentials the c lay  w i l l  r ry  t o  adjust  i tself 
t o  the new shape. If the displacemer,: i s -  
slow, there is enough t i n e  fo r  the  cley's 

x i as t i c  reaction, so that the effective i r ~ c - .  
t i on  can also be l ow .  But as veloci ty in- 
creases, the sdjus:ment becomes pro-  
gressively more d~f f icu l t  ( t o o  s l ow) ,  and 
the apparent fr ict ion becomes larger. A t  . 
a certain stage the velocit ies become so 
large that there is almost n o  adjustment 
of the c lay at  al l  anymore - only sl ip- 
page, so tha t  the magnitude of the veloc- 
i t y  becomes relatively unimportant. This 
wou ld  explain the f lst tening of the  f r ic-  
t ion-veloci ty curves at  higher velocities. 

The  harder the clay, the less it adjusts 
itself t o  the roughnesses and consequent- 
l y  i t s  velocity-dependence is less explicit. 

Sand, finally, has relatively large par- ' 
t ic les compared t o  the  minuscule irreou- 
larities o f  the pile's surface, can provide 
ailsv .accesz and flow of water,  and n ~ ' -  
IICLI I ;~~~! ,  lack? p ~ i % s ~ ~ c  f low hehsv~ou .  11, 

i!>? V . . < , ~  7 f I f  C I? ,  1: ~,,;>veslt<r! 10 t1at.t. 

Tn: se iilci13rs C C . I J I ~  e k o l h ~ n  w n y  s a n d  
I r ~ c r ~ o n  is nor velocity-dapenoeni. 

In ;he tests i t  was nored that samples 
w i t h  sand and ciay in iermixed in  pockets 
had an intermediate behaviour. 

A s  regards the pile wa l l  surface, test  
pi les have shown that the steel surfacp is 
polished- b y  the soil ' t o  some extent, re-  
mov ing the roughness caused by rust. 

Derivation of the general skin 
friction relationship for clay 

The aim of the veloci ty variation tests 
is 10 find an expression fo r  veloci ty-de- 
pendence which is suitable f o r  use in rhc 
wave-equat ion computer program. I t  is 
logical t o  start w i t h  the common  relation- 
ship for  dynamic and stat ic f r i c t ion  (7, 

and T , , )  introduced b y  Smith: 



In EGII, ( 1 ) .  a ,  is a corlstant assumed 
l o  be dependent on the displaczm2nt 
vcllacity 2nd on the coheslve shear 
strength. 

If Ean. ( 4 )  i s  re-wr i t ten in. the f o r m  of 

then the f ~ c t o r  c,,,".i determines the rela- 
t ~ o n s h ~ ~  w ~ t h  hor~zonta l  stress, and the 

r, To J 
terms - and - are on ly  determined 

<,lL0 ; 
U i 

Ull 

b y  the shear strength c,,. T o  f ~ n d  their 

r e l a t~onsh~os  w ~ t h  c,, the values - and 
#ria I, i 

- / 
. ,II,JS[ 3e ' I ~ ~ ~ I ~ I ~ I ~ I T , ~  t r o t ~ 7  in.! 

:I:, " 

. l . ~ ~ v ~ c l u a l  iesrs 2nd d rawn  2gdlrist c,<. 
Each velcciry rest provides a number of 
.frictrori values through wh ich  a l ine can 
be drawn described b y  Eqn. (2) .  Com- 
parison 01 Eqns. ( 2 )  and (5) shows that 

Jo 
the value - from each test is equal t o  

(rl,".' 

a, r,, J 
and the value - is equal t o  

uhO.i 

a:: 
-. 

.: 
Figs. 9 and 10  show the reiationships of 

T , >  7" J t' r- a:icl - against c,, as c!e:er~ 
C .i 

(T;1 .=, 
r l i ined from the veloci ty tesls: -?. 

The horizonrai ,c=d vsr iat ion ti.sis hav r  
so far oi i ly b?5n osed t o  derzrmine :he 
power  0.7 of  ,,. 

From Eqns. ( 7 )  3 r d  (5) fo i lows - 
( I ,  

7 ,  J 
--- T - v1Q.2  =?2 2 .  

0 i 0.7 
(rlr !-. - .  ' ,, - 

,',;s,,minq :nt: rYrm ---- :o b+ ' t ? o v ~ n  
' ,  3 

f rom the r,oia:iorsni~ o f  Fig. 9, a value of 

u ,. 
zontal load v2r;aricr-I iesrs: v ice versa, as- 

:,, J 
surning - :a be k n o w n  f rom the 

'I T 
c;. 

J,> 

relationstlip ci ; : c ; .  :G, a v31ue ~f - 
C i 

<Ti! . 
can be dete~.-ir:c. The ho r i zon ;~ I  load 
variation tests :?us s i r v e  mainly as con-  
f~rniat ior i  of the  ~ i r ~ a d y  determined rela- 

' ,  r ,  J 

t ionships ~f - and - w i t h  c,,. 
'7;: "' C T ~ O . ~  

58 Ground Enyinearing 

Fig. 7. Pile wa l l  - soi l  in terac t io r~  (s impl i -  
fied suggestion) 

Figs. 9 and 10 show a large scatter in  
values. This is however not  uncomlnon in 
soil tests; an irnport3ni f3ctor in  the scat- 
ter is, for exainpie, th.: shear : ; t re~~gr i l  
\ ~ a l u e  U S P ~ .  Soil r ~ l r ~ o r t ~  i I I l . l ~ t r ~ t 9  th* 
' r i ~ ( ) r f  , c ~ ~ : l j r .  ::-;il,n~ly :UIIII,~ ; , I  , i l r ~ ~ r  
, [ (U, '< j i>7 ~ l l ~ . l ~ , , l - l l l - ' l ~ ' < .  

, . 
r<, .~l l l  :[:#I=. i ~ !  .,11,1 ;?,l ;IS ,I;,>I \ * : ! ' 8 -  

cio,~siiro i ~ c t ~ i v r d l ~  : , r ;c i io~~, ~ ? U ~ I L * . J I I ( O ~  

stress, uispiacarrle~lt velocity, arlu coileslve 
shear strength fo l lows: 

Min .  range of va l i d~ ty  ( tested range): 
55 < c,, < 620 kN/rn2, 
8 x I@'.< v < 1 m/s, 
10  < ,, < 490 kN/m2. 

Note: for conversion of these. factors 
t o  another measuring system, mul t ip ly  
0.0041 and 0.0029 b y  (f)-O.' (g)-".?, and 
4.44 and 0.32 b y  ( f )  + " 3  (g)-".' in  which: 
f is the cor~version factor: 1 kN/m'  = f 

o f  the oth+r system; 
g is the conversion factor: 1 m / s  = g 

of the other systtlrn. 
Eqn. 1 7 )  can replace Smith 's "damping" 

factor ill the wave  equation computer  
prograni. Input for  each pile part should 
no  longer t;e r,  and J, but  0,, and c,,. 

In sand layers, a f ic t i t ious c,, of 1 0 8 3  
k N / m m u s t  be pu t  in t o  eliminate all 
velocity-dependence of the fr ict ion. Eqn. 
(7 )  then becomes 7 = 2.82 cTI,o.i, SO for  
,;,"' i n  the computer input the  value 
0.355 T must  b e  used. 

Figs. 11, 12 and 13  i l lustrate the wa l l  
f r ic t ion behaviour o f  c lay according t o  
Eqn. (7)  as funct ions of horizontal stress, 

o f  velocity, and of shear strength resR 
tively. The tested ranges (drawn 
thicker lines) should be kep t  in  mi 
~ v h e r ~ ,  ror exaniple, interpret ing :he v 
condi t ion in  Fiq. 13. The negative fric;: 
f o r  svir ,:iav i s  of course In ur~roali; ?i 
-;tt,l.-.;~,,.t,l::t: q f  I ;jrnuiiiie,l ;orrr\t,~a:t.. 
,.$tit i <  ,I) ; A ~ < Y I I I C ~ ~  .'..?w ,;siOs:tty : 2  . .. 
i \ j lb nr,s &,r 7 rnin,nrJ ;ne r r ~ c t ~ u n , )  
cornzs posirlve io r  c,, = 0, ?nu dt 1-74 
hr  the fr iction becomes posit ive f o r  c; 
25 kN/rn"very sof t  to  so f t  clay). ..: 

I t  should also be. kept in  mind :$ 
these tests were primarily intended 
studying fr ict ion behaviour during p 
driving, so that the ful ly static situah 
is  not  important i n  this context. Nei 
theless some conclusions can  be dm 
about soil condi t ions under static bea, 
situations, and these wi l l  b e  considei 
later i n  th is article. . ., c, 

new relationship (curved line) 

Smith's "damping" values ar 
o f  correlations between obsen, 
behaviour and measured stat 

500 Cu 
. . - - 500 

+ r: : Clayri~ore Open symbols: Black symbols: 
A : Heather velocity horitontal load 
o : Niniatl variation tests variation tests 
6 : Kontich 

Fig. 9. "Static" co t?~ponent  of general Fig. 70. "Dynamic" component of  gend. 
f r ic t ion forrr~ti la f r i c t ion  formula 



r ) c,73CilY, Snlith's der ivat ion procedure 
be Expected t o  have been the fo l low-  

m3)l drive a test pile: perform comprcs- 
c,,Y, and tensile load tests on  it; intr-O- 

. .rvce 
nieasured resistance valucs in 

' :?, equation computa t io~ l ;  b y  trial 
error, find a value for J that leads t o  

:hs 
measured b l o w  count. 

, nerefnre, the values fo r  J that have 
derived in th is w a y  a r ~ d  are com- . 

conly used today are a 1,neans t o  j ~ r l np  ,=,, s:atic fr ict ion in bearing t o  dynarnic 
r;crion during driving. They do  not repre- 

g c t ~ a l  corldit ions d u r i n i  driving; a 
. ( ; ~ o  high) static v a l ~ ~ e  dur ing dr iv ing 

fi used. 
~h~ application, therefore, of the r 

.-smith". damping valoes is t o  rnako a 
G:relaticn herween observed b l o w  count 

.- . F,.-j the staric bearing CaDiiClly that n lcy 
cxFected later. Recognising rhe fact  

:t,t the costs of offshorc stat ic load 
, !tsts are usually prohibirive, the method 
L+oulJ be given fair consid9ra:ion. 

Care must be taken, however,  when 
'rl.!siing. driving behav io~r r  t o  stat ic bcar- 
jmg capacity using Smith's damping fac- - ;tors. The validity is l imi ted for several ..--. - Lrcasons. Difference i n  p i le  plugging be- 
'kaviour during 'driving and in  the static 
ibar ing  condit ion is, fo r  example, one 
reason. (Detailed discussion of these as- 
p:cts is beyond the scope of th is article; 
we 4 ) .  P.nother argunlent against relal ing 

) j . .  
c:rvrng behaviour t o  bearing capaci ty is 

. m a :  i t  assumes the fr ict ion set-up factor 
:a!!er d r i ~ i n g  t o  be equal t o  that of the 
'lest piles from wh ich  the "damping" 
'rslucs were derived, regardless of shear 
, ss.:ngth, penetration, o r  horizontal stress 
:to:idiiior~s. 

The relationships i l lustrated in this 
~:t,cle do not prov ide an answer t o  the 

Nvcstion as t o  what  the bearing f r ict ion 
!will be after set-up. On  the contrary, they 
isiustrate that fr ict ion during driving and' 
'friction after set-up are who l l y  different. 
, k s u ~ ~ e  that i n  Fig. 14 the straight line 
lc?resents an application o f  Smith's 
- "~p ing "  relationship such that it corre- 
L:=s vie11 w i th  bo th  the static bearing 

,c-'ll,adt~ after set-up a n d  the b l o w  count 
cJ:i% driving o f  a given case; the newly  

:&nved relationship represented b y  the 
't2'.'rd line i n  the trgure c o r r e l ~ t ~ ?  re?:. 

I _ .  I I 

:' :veil L ? , I T ~  thr " ~ i n ~ r > ; ~ c "  , < . i + l s , l r ,  

. '. 21 idn ";-vs.r,:rlr" \ r , v , r , - < ? ;  !: 7:. 
i. . . - . c?:,>Tltc l',c:lo:l: b r k  !!;I. s<-,, : 

1. ..-: . . 
% S:?~IC l r ~ c ~ i @ n  o u r 1 1 1 ~  CI-<\',I,~ 

*Orcing to  the new relationship appodr.s 
"" be ~ n l y  roughly o r ~ e - f ~ f i h  o f  the sraric 
'v"J5 !hat wi l l  be valid after set-up. This 
'"x of one- f~ f th  is val id only fo r  this 
 strength, and i s  dependent on  the 
v"idit~ of. Eqn. (7) fo r  v=O. 
Of course, i t  is also assumed that the 

.kb:ator~ test arrangement i s  s(rfficiently ' 'v3:~sent2tive for  actual  pi le-driving cir- 
". ."?~ances. But as an indicat ion this 

of One-fifth i s  significant. This case 
!-kas2ates that static f r ic t ion dur iny d:iv- 
.in a in:c1ay is considerably smaller ;han 

4 '"" set-up. As the horizontal load vari- - 
--------" . . "On tests have pointed out  that  fr ict ion 

a determined by  horizontal stress, vde ns, 
"'I conclude that apparently horizontal * . . ~  

400 - ' I Tested I aqi$d 

Fig. 7 7 .  Derived relationship between wa l l  
f r~c t ron  and hor izontal  stress, for 
2,' = 3OOkN/rn' and v = Irn/s. 
T and ,,, in kN/rn-' 

( the regii ln of C:ictron after p~ l r -d r i v i ng  
has stopped).  The phenomenon that the 
s lat ic value dur ing dr iv ing  is lower  is 
conlmonly at t r ibuted t o  clay remoulding. 
It is reasoned that in  th is manner the c l ~ y  
loses strength and, therefore, exerts loss 
fr ict ion o n  the pile wall. 

The results obtained f rom the labora- 
to ry  tests po in t  out  that  c lay remoulding 
cannot b e  the main cause o f  fr ict ion de- 
crease during driving: 
( 7 )  If the c lay is remoulded, leading t o  a 
lower  shear strength, the  f r ic t ion which i t  
exerts at  the high average velocit ies oc -  
cu:ring during the pile wa l l  displacement 
(1-2  m/s) does not  decrease as long as 
t l ie horizontal stress remains the same 
(see Fig. 13).  
(2) The considerable difference between 
static fr ict ion during driving and bearing 
fr iction after set-up wh ich  was d?duced 
in  the previous sect ion (1:5 f o r  tha t  par- 
t icular example) is t o o  large t o  be attr ib- 
uted to  remoulding o f  the clay only: shear 
strengths of Nor th  Sea clays d o  no t  
reduce t o  tha t  extent when  remoulded. 
(3) Of course,' the c lay is  remoulded t o  
some extent when  a pile t i p  is forced into 
it, but  after tha t  the c lay is probably not  
further remoulded significantly, the sl ip 
plane being the pile/clay interface itself 
as in the laboratory tests.  

I t  could be suggested that  water  i n  the 
shear plane might bear a large proport ion 
of :hc. to ta l  horizontal around stress, so 
tnilr t ic.  t y ~ c i ~ o r l  is r e d ~ r c r d .  Hovd~ve r ,  if 
I I < L  ! , , ,? I* ;  I >  erit..cle,; l.nn., Tne ? t ~ r r o ~ r n t i -  
,I)<-. r1/, rt,..1,. 1: , > f  , , : . - . , ,a ,  ,,!,l,, ;!>,$ ,;c,+.s 
l l c , i  F r 3  0 C C U :  t", !fl, li~:3:?rFlOi!' I t - S l S .  

Aric 11 canno1 bt 1.SSlJmt.G tha; ssa w a ~ e r  
finds access t o  large depths along the 
p!le shair sgains; the soi l  pressure. 

A final argument i n  favour o f  the hypo- 

,I-- , ; -  

0.2 C.4 0.6 u.2 : .  I.? 1.4 v 

Fig. 12. Derived relar;onsit:o je iween wall 
iric:ror! and veioci:~, :or -., = 300kN/m' . 
and cri, = SOOkNlm:. - rr! ~lf!m!', v in m/s  

Tnests rna i  l r l c i l on  oeotztst: our~r ic~  artv- 
ing IS caused b y  h3 r ;~3n ta l  stress de- 
c re ise  can be i s t ~ n d  5y examining t!le 
beni\.,ioar o f  ~ i l e s  c r lven in sand. Open- 
ended s t re l  pries or iven who l l y  in  sand, 
f rom which rne soii p iues are removed. 
shew l o w  510 ;~  coun:s efrer restarting, 
even beyond the d e p ~ n  wnere point  resist- 
ance may Se smsl i  due to  sand disturb- 
ance by rhe plug removai  we ra t i on .  Back- 
analys'es o f  such o r i v i n ~  cases show tha: 
during driving the pile's outside fr ict icn 
is considerably smal;er rhan the bearing 
fr iction wh i ch  may  be expected later. in  
sand, a lower  outside i r i c t ion  during driv- 

. 

ing definitely proves the occurrence o f  a 
iower  horizontal stress. I f  a lower horiz- 
o%al stress occurs  in  sand during dr iv-  
ing, there is  no reason w h y  this wou ld  

' no t  also be the case i n  clay. 
The redvct ion of horizontal stressss 

against the ,pile wa l l  dur ing driving may 
be explained mainly b y  irregularities o f  
the pile wa l l  pushing the soi l  outwards 
and taking some soi l  downwards, and b y  
elastic expansion and  transverse vibra- 
t ion o f  the .pile, pushing the soil ou t -  
wards. A horizontal soi l  arch may thus be 
formed around the pile, temporarily, as 
any static load tes t  po in ts  out.  

A s  the fact  tha t  stat ic f r ic t ion during 
dr iv ing is lower  than after set-up, is not  
caused b y  remoulding, it is  fundamentally 
incorrect t o  use the remoulded shear 
strength o f  the c lay fo r  driveabil i ty pre- 
dictions. This r i c l r :  not  mean l o  say r h ~ i  
no  zc: :epl~hlr  p r ~ - d t c t ~ n n ~  can b t  n1ic.- 
j I I J : > ~ R '  slr+l)i:i. , '  c:' 

wirn  remoulded shear srrenglh me). prnvr. 
10 work  satistactori ly. But the  incorrect 
sttirring poinr should provide a warning 

(concluded on  page 65) 






