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The  rehults reported are ofan  investigationofagrollp of'thii teen 12 in. (3Ocm) di;~meter prrcast 
concrete piles driven through 60ft ( 18 rn) of sensitive marlne ciay tc)lluwed by 10 ft (3 m) of silt and 
s-3 1 1  ( 4  rn) of very d-g~aci~l till. The purpbse of the test is to  
stu* rne arivablllty of the piles through very dense soil and to measure th r  disturhance caused to 
the sensitive clay by the driving of displacement piles. Following a literature review. the paper 
presents the soil conditions at the site and the testing program. The  test r e s ~ ~ l t s  are discussed and 
experience gained from the t o l l o w - u p d r i v i n g  c ~ f  520 pile.; at the bite is presented. 

Visual observations during pile driving, and analysis of' driving records. show that a high pile 
quality is necessary at  the site. The largedrivingresistance enc~,~ . i l t e red  in thc very dense siIt(150 
to 300 blowslft) would prevent low quality piles from reaching the competent glacial till and 
developing the needed bearing capacity., 

Pile loading tests showed the piles to have a n  ultimate bearing capacity exceeding 450 tons (4.0 
MN). It was established that the shaft resistance in the clay dul-ing test loading was between 100 
and 125% of the undrained shear strength of the clay a s  measured by field vane testing. In  cornpari- 
son,  an uplift test to failure showed that the uplift shaft resistance along the pile in the clay was 
only 60% of the undrained shear strength of the clay. 

The  pile driving developed large pore pressures in the clay which exceeded the effective 
overburden stresses. The  excess pore pressures dissipated over ;I period of slightly more than 3 
months. Vane testing within the pile group immediately after driving showed that a shear strength 
reduction of about 15% was caused by the piles. At a distance of 2 ft (0.6 m) outside the pile group, 
no strength reduction was found. The reduction within the group was gradu;~lly regained during 
the dissipation of the induced pore pressures. Laboratory testing on  clay samples obtained within 
the pile group 75 days after pile driving showed a smaller value of the preconsolidation pressure of 
the clay. but no  change in the compression indices. 

O n  presente les resultats d'une etude sur  un groupe de treize pieux de beton prefabrique d'un 
diarnetre de 12 po (30 crn) battus h travers 60 pieds ( 18 m) d'argile marine sensible, suivis de 10 pieds 
(3  rn) d e  silt e t  sable e t  13 pieds (4 rn) d e  silt tres dense,  et s 'appuyant e n  pointe dans  le till glaciaire 
sous-jacent. L'etude a pour but I'exarnen du cornportenlent au battage des pieux a travers un sol 
tres dense e t  la rnesure du rernaniernent d e  I'argile sensible cause par le battage d e  pieux a 
deplacernent. Suite a une revue d e  la litterature, on  decrit le .ite des experiences, le programme 
d'essais, les resultats obtenus, e t  on relate I'exptrience acquise d e  la surveillance du battage d e  
520 pieux sur le rncrne chantier. 

L'inspection du battage des  pieux'et I'analyse des donnees d e  battage dernontrent que des 
pieux d e  haute qualite sont necessaires sur ce  chantier. La resistance eleveeau battage dans le silt 
tres dense ( I50 a 300 coupslpied) ne perrnettrait pas a des  pieux d e  rnoindre qualite d'atteindre le 
till glaciaire dans lequel on  peut rnobiliser une resistance en pointe adequate. 

Des essais d e  charge ont demontre que la capacite portante limite des pieux est superieure a 450 
tonnes (4.0 MN). Au cours d e  ces essais, on a etabli que le frottement lateral rnobilise le long du 
pieu etait entre 100 e t  125% d e  la resistance au cisaillernent non-drainee d e  I'argile rnesuree au 
scissornetre. D'autre part, le frotternent lateral rnesure dans des  essais a l'arrachernent corres- 
pond a 605% seulernent d e  la resistance non-drainee d e  I'argile. 

D'irnportantes pressions interstitielles d e  battage se sont devclopp6es d i ~ n s  I'argile, atteignant 
des valeurs suptr ieures h la pression effective du niort-tcrrain. Cette surpression interstitielle 
s'est dissipee au cours d'une peritxle d'un peu plus d e  trois muis. Dzs essais au scissornetre 
effectuis h I'intPrieur du groupe d e  pieux immediaternent apres battage ont dernontre q u r  la 
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I-er i \ t i~nce non-~lrainee d c  I'~1rgilc nvait huhi alie reduction d e  1 % .  A ilne distance d r  2 pieds (0.6 
m) d u  g w u p e  J e  picux. .lucune climinuti<>n d c  la r6sistcince d e  I'nrgile n ' m  appar rn tc .  Cet tc  pCrte 
d e  rc>ist;~ncc d e  I':~l.gilc .I GtP I-ccc?r~vrPe dur ;~n t  la di \ i ip:~t ion des  pressions interstitielle.; d e  
b ; i t i ; ~ ~ c .  I le \  c \ \ ;~ i* ,  tic I;~hc>~.atoir.c 5111- 6ch;tntillons d';~r-gilc ps i l ev i s  75 jc>rrrs nprks le battnge des  
piells d6riiont1-cnt quc I ' i ~ ~ g i l c  po\\kdc. uric i,:rli.ur plus K;lihlc d e  la presaian d c  preconsolidation 
mai\ aucun c.h;~ngcmcnt clc\ indice5 d c  compl-e.ssihilitC. 

[Traduit  par In revue] 

Introduction which, 'in certain cases, can cause concern. 
Many of the rapidly developing areas on the When piling ill or near a slope, the problem of 

south shore of the St. Lawrcncl: River near slope stability needs to be considered. 
Montreal are located over deposits .of sensitive 
marine clay. Such soil conditions present intri- Literature 
cate geotcchnical problems, particularly for the 
foundations of heavy buildings. 

At Contrecoeur, the extension of the Sidbec 
steel plant will be founded o:: several thousand 
feet of bearing piles, driven through 60 ft 
(18 m )  of sensitive clay, followcd by 10 ft 
( 3  m )  of silt and sand, and about 13 ft ( 4  m)  
of very dense silt to cnd bearing in glacial till 
at depths of SO to 100 ft (25  to 30 m ) .  Cost 
analysis has shown precast concrete piles to be 
considerably more attractive than the low-dis- 
placement steel piles currently used in the area. 
Before selecting the concrete piles, i t  was 
necessary to investigate whetlicr the hard 
driving through the very dense silt and the 
disturbance problems normally associated with 
the use of displacement piles in sensitive clay 

In a classical paper, Casagrandc (1 932) 
discusses theoretically the effect on the soil 
compressibility from the driving of friction piles 
in clay and mentions that this could increase 
settlements rather than decrease them. Al- 
though Casagrande cautions that it will be 
necessary to conduct field investigations to 
study the actual effect of pile driving, the im- 
pact of his discussion has been tremendous. 
"Some engineers even believe that pile dricing 
in soft clays is always detrimental and should 
be avoided" (Cummings et al. 1948 ). 

Results of field investigations were first pub- 
lished in 1948. Cummings et al. (1948) report 
a field test made to determine the extent,of the 
disturbance produced by driving displacement 
piles into a soft clay deposit. The natural 

would allow the use of these piles. structure of the clay was appreciably disturbed 
The technical literature sucrezts that the -. V---- 

~rob lems  with dis~lacerllcnt ~ i l e s  in soft scnsi- 
i g e  clay--night kc of l e ; ~ ? i Y - ~ o ~ t 5 n ~ e  than 
p~e-viously anticipated. Also, it IS be l ievedth t  
the particularlv difficult driving conditions - 
could be overcome by using high quality con- 
crete pilcs. To  verify this, an extensive pile 
test was undertaken at the site to study all 
factors related to the use of precast corlcrete 
piles for the proposed plant extension. 

When driving piles in clay, the clay is re- 
moulded and displaced vertically and horizon- 
tally, and sudden increase of pore pressures 
and latcral total pressures is gcncrated. Thc 
so11 displacements could result in movement of 

close to the piles. At a distance of about 2 pile 
diameters, the clay within a pile group was 
disturbed only by a negligible amount. A 
lengthy and interesting discussion followed the 
publishing of the paper. 

The same ycar, House1 and Burkey (1948) 
and Tsehebotarioff and Schuyler (1 948) pub- 
lished papcrs supporting the findings of Cum- 
mings et a[.  (1948).  

Bjerruln and Johannessen ( 1960) report 
measurement of pore water pressure induccd 
by driving square 12  in. ( 30  cm) concrete 
piles and open-end hollow S in. (10 cni) square 
steel-box piles. The piles were driven for two 
bridge abutments in a soft sensitive plastic 

nearby existing foundations. in a reduction in clay. h.lcasuremcnts taken at the concrete pilc 
the shear strength of the clay and an increase group showed that 3 to 4 months after thtl 
in its compressibility. driving. considerable exccss pore pressures still 

After the --- pile driving. the clay reconsolidates remained in the clay. Therefore, i t  was decided -- 
grjrdually and regains some of its lost stre-ngth to drive low-displacement steel-box piles at the __ -- 
d z n g  the disslpntlon of the pore pressures. other side of the river. where a slope stability 
Simultaneously, consolidation settlenlents occur problcm existed. The steel piles were driven at 
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of 7.5 diameters and pore pressure 
~~~easurcr i ients  l iere takcn e\  erg. d ~ g . .  The porc 
yrt:\surc ir:crea.rc \sns Inrge, d ~ ~ s p i t e  tlie use of 
the \\idely :,?ac.:d low-displ~lcemcnt piles. After 
pile driving. the pore prcLsurcs were "so great 
s.\i:hin the ccnt::il part vt' t t i ~  pile gi'oup that 
:hc :c.~tz'l c~verburden was carricci b!, the water 
prc-\irre". From 11 di5tance of about 5 dianl- 
~ . ters  \ \ ~ t i i d c  :he pile gri:up, the execs:: pow 
prc\\urc then t:ipered otI to very smali valurc 
at ;i distance of 15 diameters from the pile 
cruup. The induced pore pressures dissipati.~! 
r.~ordly at first. L7ut ~ i io rc  sio\vly with time. One 
\C:IT after Jrivinp. 40% of the excesq porc 
;>lc!,sure measuretl 2 \\'ct.ks after clrivin? still 
renuincd. 

Klohn ( 1961 ) reports measurements of 
larsc ground surface heave and heave of prc- 
\ 11jt1\1) driven piles. when driving end bearing 
timber. piles in clay. The  author discusses the 
;.iigineerir?_c dilficulties cailscd by the heave and 
s.~i;;cst~ remedies. buch as using low-displn~c- 
i i i t .~ir  pile5 and careful rctapping sequences. Ad- 
iitioii:il examples and suggestions are given in 

. ... I: L a di5:ussions tc ?he pipe!. 

t{oltz and Lowitz ( 1 9 6 5 )  studied the cffect 
lr  70 ft (21 rn) long displacenient pilcs i p i n ;  

.. diameter spacing in a lean low sensitivity 
,,L)- on the undraixled shcar strength and com- 
pr'<\siibility of thc clay and found that thc pile 

i~ irlg did rloi cause 5ignilic:lnt loss of s11c:lr 
.!r:ngth o r  change of compression indices. 

1-ambe and Horn ( 1 9 6 5 )  studied the influ- 
<nee on an adjacent existing building from 
groups of partially prcaugercd and partially 
:lrivcii 70 ft (31 in) long concrcte piles. Excess 
,lore pressures developed due to the pile instal- 
!,!tion. mcasurablc at  a distance of 100 ft 
r 30 I n )  from the piles. During the pile iilstalla- 
trori. tlic ground surface within the pile groups 
i~ , . ,~ \c .d  about 0.2 it ( 6 0  rnrn), then settled 
hack about 0.02 f t  ( 6  m m )  during the dissipa- 
~ I O I I  :~ f  tlie induced pore pressures. The  ad- 
i.r<~,nt building foandations, nhich lvcrc Itfss 
L ! I ; ~ I~  10 it ( 3  111) ~l\vn!. h:,aved 0.02 f t  ( o mnl). 
::r:r! ~ i t t l c d  0.03 f t  ( 9  riim). 

Lu 2nd Sternlac ( 1965) invcstigat-d thco- 
rc!lcall!, and uith reference to field studies, 
! I I L  rn,ignitudz and distribution of porc pres- 
,i:ri,c induced from pile driving and shelved 
! t ~ , i t  the niaxinlum induced pore pressure can 
,:icc.ed the el'fective overburden pressure by 

up to 30';; in nc~rninlly or vt.ry sliglitly over- 
ionso1id;lted clays or loosc: ailts. The authors 
hug~cs t  t ) ~ a t  the ili~iuced porL pressures ~vould 
tapes off ovcr n dist;):iic of 16 pile diameters 
fro111 ilic pilcs. 

Orrjc :~ricI I3r.oms ( I Oh7 mi.asirrecl inlluci]ce 
on ui~clrnincd shcilr strcrlgth ;!ncl pore pressures 
I'rorn c!riving ~ r o u p s  o f  ioaicrctc and timber 
piles in >of[ xcilsitivc plaxiic ;lay. The shear 
strength \v:~s sligiitly rcducccl within a zorie of 
1.5 pile di:~rnetcrs around closcly spaced piles. 
The nvern;e \hear strength was not appreciably 
atfcctcd for a pile xp:~cir-~y of 4 pile dia~lleters. 
The inciuced i),)rc pressure. clissipatcd rapidly 
after :hc <!riving. 

DI-L~I!~\ aiid Ijc~incrni;~r-k ( 1967) rcport :I 

failur-c of n slopc in :sensitive clay. The failure 
\vah cauxe~i d r i ~ i n g  tl111lx.r pii* in ihc' 1rpper 
part of the slopc. Tlic soil cli~placcmcnt c:lust.ci 
by rhc piii.5 rc~~rltccl  i l l  ;1 ~ I I L - ; ~ I .  s ~ r ~ n g r l i  I . C ~ L I C -  

tion iri the c l~iy  bj. 7 0  t o  301'; . O n c ~  t l i ~  shcar 
strength \\.as ~.ecluied. the \\eight of [hi. sliding 
mass was sutlic'icnt tu cause ailditional dis- 
placenicn:~ ;~iid u~lclitional reduction of [lie 
shear qtrcngtll alld thus thc slopc failarc. N o  
porc pressure mc:isurc~n~crit\ arc reported. 

FeII;.nius and Bi.oms ( ! 969) report nxea- 
surcments o f  soil hc:ivc wirti depth and in- 
d u c ~ c i  pi,rc pressures from .driving twb single 
I:! in. precast concrete pilcs at a spacing of ' 

30 f t  ( 10 -m ) in ; i  norr~ially cor~solidatcd scnsi- 
tivc clay. The clriving c;~uscd tlie ground surface 
:o hcave iJ.8 in. ( 2 0  mni)  closc to thc piles. 
The  heave tlccreasc~d with increasing depth 
and small scttlcnicnts were measured below a 
depth of 15 ft ( 5  m j .  At n point located 16 
and 36  f t  ( 5  and I I 1x1) away from the two 
pilcs, rcspcctively. the ground surface hcaved 
0.2 in. ( 6  min) ,  which hcave decreased with 
depth. The measured pore pressures closc to 
the pilcs exccecfed locally the total overburden 
prt.ssurc by 20C;~. Thc excess porc prcssures 
dissipntcd in 120 days. Only ncgligiblc esccss 
por'c pi-css~rrcs (one gauge only) were mea- 
sured at ;I di.;rancc ot 16 to 36 f t  ( 5  to 1 1  m )  
a \ r q  !'rorii the j>i!cs. 

D'Appulonia and 1,ambc ( 197 1 ) report 
ineasurcments of porc pressures anti heave 
during driving of concrctcb filled pipe piles in 
prcaugered holes in Boston blue clay. The  
measurements showcd that the preaugering re- 
duced, but did not- eliminate, the development 
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of csccss pore pressures. At a distance of 33 f t  
( 10 m )  away from the piles, however. thc 
induced pore pressures wcre small. Due to the 
pile driving, adjacent structures heavcd 0.01 
to 0.03 f t  ( 3  to 10 ni;n).  ~~leasurablc  he:;vc 
occurred at dist;lncc.s of 100 St ( 3 0  rn) and 
Sreatcr. No damage to the rtdjaccnt structures 
was observed. 

FIagerty and Peck ( 1  971 ) measured heavc 
causcd by driving a group of pilcs in a non- 
sensitive clay and report that 5 0 9  of rhc pile 
volume was obtained as a heave of the grc)und 
surface within thc pilc gror:p. 

Torstcnsson ( 1973) measured heavc. pore 
pressures, and influence on -undraincd shear 
strcngth and compressibility, when driving a 
large shaft bearing timber pile group in a soft 
sensitive clay. The induced heave . of 5 in. 
( 12 cm) within the group corrcsponded to 
about 40% of thc pile volume. The heave was 
shown to be effcctivcly rcduced by  preborinp. 
The excess pore prcssurcs excccded thc total 
overburden pressure and dissipated in 2.5 
months. The shear strength of the clay within 
a distancc from the pilcs of 1.5 pile diameters 
was rcduced by 10%'. No tendency of tinie 
dependent regain of strength was observed. 
Ocdorneter testing on clay sarnplcs taken be- 
fore and 2.5 months after the pile driving 
indicated a sl-nall disturbancc of the soil struc- 
ture and, also that the clay had still not recon- 
solidated fully. During 3.2 ycars following the 
driving, the foundations settled 0.7 in. (17 mm). 
A similar building on a raft foundation settled 
twice as much. 

Bergdahl and Nilsson ( 1974) report incli- 
nonleter measurements of four 12 in. (30  cm) 
precast concrete tcst piles which were driven 
prior to the driving of a large pilc group around 
the test pilcs. The piles werc driven through 
about 30 ft ( 1 0  n ~ )  of clay. Thc Ineasurcments 
s h t ~ v  that the tcst pilcs moved away from the 
advancing group pilcs ly an amount ranging 
from 0.3 to 1.1 it ( S  to 3.5 cm) \s.ith nn a\.cra:e 
of 0.4 i't ( 1 1 cm 1. Thc inclinometer nicasure- 
nients showed also that bcnding w:is induced 
in the piles. The test pilcs werc later tcst loadcd 
successfully to a maximum load of 330 tons 
(2.9 M N ) .  

Holtz and Boman (1974) report a failure 
of a river bank in silty clay, whicli was causcd 
by excess pore prcssures induccd from driving 

a group of 61 timber pllcs. The cxccsq pore 
pressures werc r educ~d  by applying drain strlpc 
on the piles before driving. allowing the piling 
work :o be completed. Felicniul; (IY75a) 
qhows In a discussion on the papcr that the 
p11e Jrivins nffected the pore presqur~,? \vrtllir. 
a distance of 66 ft (20 ~n) or SO pile diarnc:en 
away from the pile group. 

Other valuable papers pertaining to the dil;- 
turbance from pile dl~rring in clay have been 
published by Bjerrun~ ( 1973), Brzezinski er nl. 
( 1973 ) , Casasrande and Poulos ( 1 969). 
D'Appolonia ( 1969). De h4ello ( 1  969) ,  Flaate 
( 1972), Hagerty and Garlanger (1972). 
Hansbo ct a[. ( 1973),  Massarch ( 197.1). Mil- 
ligarl d t  al. ( 1962), and Zeevaert ( 1972 j . 

A study of negative skin friction on piles 
dcvelopcd as a result of the reconsolidation of 
the remolded sensitive clay after driving, has 
been published by Fellenius ( 1972), who mea- 
sured the resulting drag load to correqpond to 
a negative skin friction of 15 to 20% of the 
initial undrained shear strength of the clay or 
about 5 %  of the vertical effective stress. 

f n  a dcs~gn manual by the Norwegian Geo- 
technical Institute ( !973), it is mentioned that 
a drag load corresponding to a negative \ k i n  
frictlon equal to 1 0 5  of the vcrtical =ffcctrvc 
stress can be expected due to reeonsoi~darion 
of the srnsitive clay alone. 

Site Conditions 
The test site is located on the Sidbec prop 

erty at Contrecoeur, Quebec, where the soil 
conditions are characterized by a thick deposit 
of marine clay from the ancient Champlain sea, 
a soil formation frequently found in the St. 
Lawrcnce valley. 

The soil conditions at the test sitc conskt 
of a 2 f t  (0.6 rn) surface fill of crushed stone 
underlain by stratified clay and silt to 6 f t  
( 2  rn) depth (Fig. 1 ) .  From 6 f t  ( 2  m)  to 
 bout 60 f t  ( IS m). is encountcrcd a slightl) 
nverconbolidnted banded light and dark grey 
clay, thc thickness of thc bands v;;t-ying fi-om 
0.35 in. to 3 in. ( 6  to 60 mm). The marinc 
clay has n sensitivity of about 20, is highly 
plastic, and has a natural water content of 
about 60%,  which slightly exceedc the i~quid 
limit. Thc clay contains occ~sional silty finc 
sand layers, varying in thickness from O.n5 to 
0.5 in. ( 1 to 12 mm). The percentage of par- 
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Testing Program 

four holes. Four piczornetcrs were placed with- 
( A )  Determination of the dibturbance effect in the pile group and four 6 Et (1.8 m)  outside 

on the sensitive clay, caused by driving a group at depths of 15, 20, 28, and 40 ft (4.5, 6.1. 
of 13 displacement piles, ih terms of pore 8.5, and 12.2 m). All pitazometers were put 
prcssurc increase. soil hcave, reduction in shear down at the latest 1 week prior to pile 
strcngth and change in 1-omprcssibility of the driving and readings were taken to verify that 

the piezometers had stabilized before the pile 
( R )  Detcrrninaticm of thc beliaviour of the driving started. Rcadings of the piczometers 

precast ,concrete pilcs during hard driving and werc taken during the pile driving an11 several 
their capacity in bcaring and uplift. times after driving. 

Test la>.or~t and .roil te.rfiu,q Measurements of ground surface heave wcre 

The test included the driving ;f thirteen taken at one point insidc and two points out- 

12 in. (30 cm) Hcrkulcs I-IS00 concrctc piles side the pile group. The hcave gauges consistcd 

in a group with a ccntcr to centcr spacine of of spiral augers, placed at about 7 ft ( 2  rn) 

4 pile diameters according to thc layout shown dep!h. The auzer stems werc protected hy a. 

in  Fig. 2. Tcn of th,: piles w:ere driven to rc- casing from the influence of frost and upper 

fusal in the glacial t i l l  (about 84 f t  or 26 m )  to granular soil. The measurements were made 

study the driving behaviour and the ultimate by accurate leveling of the auger stem top. The 

bearing capacity of the pilcs. The thrce rcmriin- maximum error in the heave measurements is 
approximately 0.02 ft (6 mm).  The pile head 

D U  elevations were also monitored by l e ~ e l l i n ~ .  
Seven vane borings were carried out a t  

various distances from thc piles: one prior-..to' . . . I ,' 

3 . '  b driving. four 1 to 3 days. and three 79.  to 83 
days after driving. The vane tests wei-e per- 

::; % formed at every 5 ft (1.5 m) to about 40 f t  
, . (12 m) depth using a Nilcon vane tester, size 

0" 5.1 in. by 2.6 in. (130 rnm by 65 mrn). 

0 c:) - , c> . C) Soil was sampled in two boreholes at 5 f t  
( 1.5 m) intervals to about 40 f t  ( 12 m )  depth 

tl 1 ' ;1 3 

11 C) > 10 
using a 3 in. (76 mni) stationary piston 

,:\ p &,,:; ) < , , ? A  sampler. Borehole I was put down prior ru pilc 
driving and Borehole 111. 75 days after driving. 

a= :: a The laboratory testing included water content. 

Atterberg limits,' Swedish fall cone tests, rind 
ocdometcr cons~lidatinn tests. 

The installaiion of the instruments and soil 
testing and sampling prior to pilc driving wcrc 

/-~ ,NO @t ..#M c .#LC ( " 4 , .  7 6 - 1  < -,,:,",,," I 1.10. 70 O"l"l*C 
performed between February 15 and Februarq 

\-.J '.a"" I."'C.'l 

ptL.sw . ,,,,> 21, 1974. A %Mar, w w - o  w r  i w q - - ,  8 - ,  -8 "O",",, ,  
m , O,., ..',. .l.. *Y 

s i  

r o  .., r , . ~ r a u c ~  I ,  o r r o r t  I; rrrr M. ~ i .  m .. a, m n  r r r r .  o*lrmc 
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-qt.rforr-nec! with a drop hammer weighing 4.32 13. 1974 sho\veci the 7 clay strength to be 
i 3 Y  t Y  I .  The hammer height of full ~vhile 5940 to 821 0 psi ( 4  1.0 to 56.6 MP:I) with a ) . '  *: E.,.- pile tip was in clay was maximum 1 f t  weightccl avcrhgc of 7170 psi (49.5 MPa). and . , 

i 30  cm) .  \\'hen the pile tip reached the very the 28 clay strength to fl.onl 7590 to 8895. 
dense silt. the height of fall was increased to psi (52.4 to 6 1.4 h l P a )  ~r i th  a weighted aver- 
7 f t  (0 .6  m ) .  A diesel hammer Link-Belt 520, age of 8380 p.;i (57.8 h l P a i .  The mill test on 
:vas alternritively used. As the ground was the stcel showed a yield point of 86 380 psi 
frozen to a deptll of about 2 f t  (0.6 m ) ,  a 3 f t  (596 MPa). 
( I . 0  m )  hole was prcbored at each pile loca- A ditferencc in  pour dates inaclc a cliifercnce 
tior.. .i :ore dctailcd description of ths tested in thc aSc of :llc pilcs at tllc tinic of driving, 
piles anJ the pile driving equipment i g  given which I-ar1gc.s het\vccn 3 ivceks (pilc No. 7 )  
below.: and 19 \vccks I pile No 6 ) .  

Pile loariinp rests The pilcs arc of l ~ e x ; ~ ~ o r ~ a I  cross SCC, 

Three out of the 10 endbearing piles' were a circun~fcrcnce of 4 

ioai' :ested, pile No. 6, 7, and 13. The reaction of 123 in." SO0 cm 
reinforced 11 ' - '  ' load was obtained from a kcntledge arrange- 
( I 6  mm) I>n tilent, and maximum test load varied from 360 

to 435 tons (3.2 to 4:O MN).  The testing pro- and cracks in the I: 

ccdurc' was a quick hlaintained-Load method bending strcl " '' " 

with load increments of 20 tons (0.1 S M N )  ovcr the lonpirucrina~ 

~pplied every 15 ~ n i n  as proposed by Fellcnius (25 mm ) . 'The 0.2 i r l  

r c i n f o r c c ~ ~ ~ e ~ , .  ' " i i975h) .  For pile No. 6 which was providcd 
of with center pipe, a tell-tali was placed in the 

evenly over ; pilc by which the tip movement and the com- 
pression of the pile were meas'ured. of 3.2 in. ( 8  cm) .  

Two upliir tests were carried out. one on a The Hcrkulcs .pl . . 

tion with 
.2 in. ( I 06 cnl ) ,  an area " :anel ; ~ r c  longitudinally 

vrrn S I X  elcformccl No. 5 2 in. 
rb. To climina~c t l i c b  risk of spailiii_c 

lilc, and to optimize the 
lgrn or rne pile, the concrete cover 

.. 1 '  ' reinforcement is 1.0 in.  
I .  ( 5  m m )  dinmerer spiral 

ir is. uistrihutccl ovcr the entire 
pile segment by 150 turns spaced 

a 40 f t  ( 12 in') Icngth, i.c. a pitch 

iccs co i i s~s~  of two ex- 

full length cnd bearing pile (No. 5 ) ,  and the tremely plane heavy steel plates, each con- 

on a short shaft-bearing pilc (No. 9 ) .  nccted to the p ~ l e  sgment  by S I X  20 in. (50 cm) 

shaft bearing pile was driven to 59.5 ft long bars of the 5ame type a\ the longitud~nal 

18 nl) depth and protected bv a casing from reinforcement and threadeel and bolted to the 
g\. Thc p~ lc  tip (bottom end of 

'thc soil:lri~h~s, leaving-52 f t  (16 m )  in contact tlrst seymcnt) is provided 'with a rock shoe 

with .the ':spil;. Also the uplift test procedure consisting of a I in. ( 7 5  rnm ) thick stcel plate 

was. performed- according to the quick Main- with a separate centrically located point of 

thinid-Load'method. hardened stccl alloy-hardncss 590 Brir~cll- 
S in. ( 20  ern) in lenyth nnd 2 in. ( 5  cm) .  in 

6 in. (15 cm)  tubc with 
lar sumorts. Pile No. 6 

diameter, placed in a 
Piles and Driving Equipment heavy latcr;ll triangu 

a 1 

I 
"' .3,Y+ 

Pile description ccas provided with a 1.7 in. (42 mm) centcr [-wq! 
All test piles were standard 12 in. (30  cm)  pipe eivinc ~ICCCSS to the uilc end. {-':?& - .  - - 

Hcrkules ~ 8 0 0  precagt concrete piles. They 
were' piclid at random from the contractor's l l r i i i t ~ ~  t~q~1i/)t)1etlt . . .  
stock and delivered to the site in 7-0 and 40 f t  Thc driving was alternativelv perfornlcd with 
(6  and ' 12 'm) . lorig segments, which were a drop hammer and n dicsel hammer. 
spliced in the field with Herkules mechanical The drop hammer weighed 4.32 ton (38 k N )  
steel joints castat.the ends of the pile segments. and was useci with a stcel llclnlct (saddle type) 

7'hc cohcrctc was specified to have a mini- weightin.? 600 lh (2 .7  kN ) .  The cnp .block 
rilum 7500 psi (57 h1Pa) 2s day strength. and consisted of S in. ( 2 0  cm) of hardwood and 
rhe rcinforcenii.nt steel,.a yield point of 56 000 the cushion p:~ci of 2 in. ( 5  cm) (8  laycrs) of 
psi ( 593 'klPi).; '  T a r s  on concrete cylinder hard muson.itc. During driving, the head 01' thc 
specimens from the 'c.uncrete pours varying pile was protected bv thc fcmalc part of the 
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' bLJWS PER FOOT SUM OF BLOWS BLOWS PER FmT 

3 - a. 2 - 7  ICOP*."",. 0 - L l . 7  ""C.",Y,,<" 

63 - I >  l r T  O l r l s ~ v ~ ~ w c ~  

P!LE "l 2 

FIG. 3. Driving diagrams of pile No. 2 and 6. 

kept low. This was required to minimize tensile 
The diesel hammer was a Link-Belt 520 forces in the pile, which otherwise would de- 

with a rated maximum energy of 26 300 ft-lb velop due to lack of end resistance. When the 
(35.7 kNm). The impact was softened by the pile tip had reached the silt layer, the drop or 
same cushion pad and steel cap, as was uscd pressure was increased. The maximum drop 
with the drop hammer. The total weight of the height was specified to 24 in. (60 cm) which 
dicsel hammer is about 8 tons (7  1 kN)  and according to relationships presented by Broms 
the ram weight is 2.5 tons (22 kN) .  The diesel and Hellrnan (1970) gives a maximum dy- 
hammer has a capacity of about 80 blows/'min namic stress in the pile during driving in the 
at full pressure. approximate range of 2000 to 4000 psi (13.8 

to 27.6 MPa).. At termination of driving, the 
Results stress near the pile tip could be larger due to 

Pile driving reflection of the shock wave in the very dense 
Figure 3 shows the results from the driving glacial till. The range of stresses in the pile, 

of pilc No. 2 and 6. The diagran~s arc Lypical induced by the diesel hammer,. is about the 
of the driving of the 10 cnd bearing piles. The same as for the drop hammer. 
driving resistance is given in terms of blows The driving diagrams show that the driving 
per foot of penetration and thc accumulatetl resistance was smail or nonexistent through the 
sum of blows. The chanse of hcight of fall of clay down to about 60 f t  ( I S  m )  depth. In  the 
the drop hammer or change of pressure in thc loose to compact clayey silt to about 70 ft 
diesel hammer have heen marked in the dia- . (21 m) depth, the resistance was quite small. 
grams at the location of the pile tip whcn the about 10 to 50 blows/ft. Tlie variation of re- 
change occurred. On termination of the driving, sistance is more due to small variations of the 
and for the retapping series. the spring of the height of fall of the drop hammer or of the 
pile for each blow and the set (penetration) for pressure in the diesel hammer, than to the 
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the driying records and th 
holes, the glacial till wa 

The total number of blows required to drive have shown ultirliate f;~ilurcs approximately in 
the ranged from 2100 3900 with the agreement with this value, when the ?haft re- 

number '' for the sistance in the reconsolidntcd clay is deducted. diese1 driven piles deterioration any However, as shdwn beloiv, the capacity the test piles was observed following this hard of the piles drivcn into the glacial t i l l  grcatly 
driving. exceeded the predicted capacity. The discrep- 

Pile N?. 1 '0 7 were drive' in a gr"lP wit", ancy is due to the fact that thL. drivillg 
pile '0. 7 driven last and in the center of '1'' in the till is nlorc reprcsentativc for the three- 
group in order to if any dimension;,l probienl of the pile  
effect in the very dense silt was obtained from into the t i l l  and conlpacting the soil the i o u s l ~  driven neighbouring piles' No such tip, than to the ellecrs of f r ic t ion  forces 

f:...i'ence was nor did the retappine and dampenillg, which is assumed i n  the one- 
of each pile after the neighbouring piles were dimensional wave cquatiori analysis. 
driven show any noticeable loosening or den- 
sification in the soil around already driven piles. ' Pile loading tests 

The driving records have been analysed by Testing r~zrtttoti and (irrnngrnirnt. As part 
means of the wave equation. The computer of the testing program, three piles (pile No. 6, 
program used in thz one dimensional analysis 7, and 13) were tested to high loads and con- 
is presented by Edwards (1967),  and the siderably beyond twice the design load. A 
analysis confirms the stated approximate rBnge quick Maintained-Load test method (M.L.- 
of driving stresses given an average'maximum test) was adopted consisting of small load 
stress over the pile area of 2600 psi (18 M P a ) .  increments applied in short constant time in- 
The wave equation analysis was also used to tervals, and measuring the pile movements in- 
predict the ultimate bearing capacity of the duccd by each applied load. The time interval 
piles. The predicted bearing capacity vs. the can be as short as only a few minutes. How- 
driving resistance is shown in Fig. 4. ever, this can be difficult to achieve with 

The computed ultimate bearing capacity manual pumps. For this reason, 1.5 min inter- . 
shown in Fig. 4 has an asymptotic maximum vals were uscd. The nurnbcr of load increments 
value of 155 tons ( 1.38 MN),  when the driving beforc reaching tiic ultimate pile capacity in . 

recistanze approaches infinity. At a resistance the quick h1.L.-test should be between 15 and 
of 15 to 20 b lo \~ '~ i i n . ,  which is representative 20. Therefore, as ultimate pile capacity was 
of the resistance obtained in the very dense anticipated lu be at least 400 tons (3.6 MN),  
silt, the predicted bearing capacity is about increments of 20 tons (0.18 MN) were chosen. 
1 10 tons ( 1.0 MN).  Previous testing at the The test loads were applied using two 285 
site of piles terminating in the very dense silt ton (2.54 M N )  capacity 14 in. (35.6 cm) 
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diarnctcr !~ydraulic jacks reacting :~gnirlst ,I 
kentlctiec cc?nsistinc o f  5tec.l ingots to a tot:11 
weight of nbol~t  1 5 0  ton.; (1.0 .\IS). Pilc 
rnovemcnts \ \<re rccll!ti2ci h! t\vo ~ i i~11  c.\ti'ii- 
son1ekl.s *\\,i:li :! ;:~:~<II~::II\)!I of 0.00 I In. ( 0 . 0 2 5  
nim) 2nd ~~l:~c.;:t! ~'iam;.i~.ic:~ll!. c)pl>o\</ o n  
t\vo nlci~s~~:i!i;! ~ J C : I I ~ ) . ~  \tiiJ!l )rt;.{: on -.?~LC< 
d r i v c ~ ~  in[,o ~ I I L  ; ~ . o ~ i r l i i  o t i~hi~lc  (11c i i ~ ~ ~ i ~ i c ~ i ~ c  
limits and at 8 f t  ( 1 . 4  111) ctist;~nce f r ~ n l  the 
11c:ircst kentlcdyc s ~ ~ l l p o r i  

'4s n ~ c ~ ~ . t i ~ ~ ~ i t c \ .  pile Yo.  (> \{,:I? pfc~\,idcd ~~vitll 
a center pipes tl~rougil rlic pilc to nic,a!.urc the 
pile colnp:c\hioi: I.c~i\c:,~i ~ h c  yili. licatl and 
the pile tip. Tlii. \{;I\ :icilic.\.~.ci 135. irlwrting :I 

roti through the pipc and plrtcing a dial extcn- 
soriletcr on the I.~JL! at :hc pile 11,c;id  nil mcu- 
\tiring nlovcrncnls hct \vc~~n the rod and the . 
pilc hcnd at the cdge c ~ f  tlic ccntcr pipe. 'Thc 
difference 1~etu.cc.n the prlc head movcmcnt 
and the pile c o ~ ~ l p ~ . c s s i n ! ~  gives the movement 
of the pilc tip. 

Resrrltv. 7'hc i.ext~lts of the tcst on pilc No. 0 
are  prcsentcd in Fig. 5. -1.; shown. tlic move- 
ment of the pile heail f(lllo\vs a sligilll!~ ctli.\.cd 
line up to n load of 420  tons (3 .74  h1K'). kvhen 
thc kcntlcdge pl:~tform lil'tcci ;111d tlie pilc haci 
to be unloaded. 7'lie net mo\.emcnt inlrnedi- 
atcly after unloading \vas 0.345 in. (8 .76  mrn ) .  
and when the cx tc~ l~omctc r s  \vcre removed 
13 h Intcr, thc pile Ilcad had rccovcrcd to  
0.241 in. (6.17 nlrn). The pilc tip stnrtcd 10 
move at 160 ton ( 1.43 RIN \ lolid nntl nt the 
maximum Ioad of 420  tons ( 3 . 7 4  VIN), the 
tip rnovement ?as 0.709 in. (5.31 mm). Tllc 
pilc tip returned to 0.01 1 in. (0 .78  111111) rict 
movcrnent following unloncling. Had greater 
reaction capacity hccn a\~ailahlc, the pile tcst 
would'have been carried furtlicr, as tlic 320  ton 
(3 .74  MN) load is lcss than the ultiriiatc 
capacity of thc pile. 

The max in~um tip pcnvtrntion o f  0.109 in. 
(5.3 1 m m )  is lcss than tiic penetration rlcccs- 
sary to reach soil failure at thc piie tip. This 
statcrncnt is verificcl b!. the almost complete 
rebound of the tip :o n n2t <cttlcrncnt nf 0.01 I 
in. (0 .25  nim) '  rollo\vins t~nlc~atling. 

13c!.ond about 300 ton (2 .7  h l N )  load. all 
the addi~ion3ll!. np!-rlic.cl load foes unrcstrnincd 
by shaft friction to the pilc tip, as judgccl from 
the [incar hehaviour of the mcnsurcd pile com- 
prcssion. Thus. the rnca.;urcJ pilc cnmprcssion 
beyond the 300  ton (7 .7  M N )  load can bc 

FIG. 5 .  Results of test loading pile No. 6. 

uscd to calculate the elastic modulus of the 
piic. This calculation gives E = 4.3 x 10'' psi 
(3.0 s 10'" P a ) ,  which is in agreement with 
tlic range of values rcported in the literature 
for precast concrete pilcs (Fellenius and Eriks- 
son 1969). The  load-movement diagram of 
Fis. 5 has brlen completed with the computed 
clastic line of the pile, i.e. the compression of 
the total pile le!l_cth, had i t  been free frdni thc 
shaft SI-iction and resting on at1 unyielding 
bottom. 

From t h e ,  above observations, a minimum 
~ a l u c  of the pile tip load can he  cstinlntccl. Thc 
pile tip startcci to move at a load of 160 tons 
( 1.43 MN), and at  about 270 tons (2.0 M N )  
thc tip nlovcment becamc appreciable, about 
0 .02 in. (0.5 m m ) .  At this latter load, the 
slope of the pile head cilrve bccomes pariill~l to 
the elastic line, indicating that the larger por- 
tion of thc hereafter applied load rcachcs the 
pile tip. As derived previously. bcyond the 
300  ton (7.7 MN) load. all thc applied load 
is transmitted to the pilc tip. Tlius. the mini- 
nirlnl pilc tip Ioad at the n~as imuni  tcst load 
of 420 tons (3 .7  XfN) can be estimated to bc 
the larger portion of the npplicd load bet~veen 
270 and 300 tons (7.0 a~ici 3.7 MN). and a 
minimum of 5 0  tons (0 .45 > I N ) .  plus all of 
thc load from 300 to .  420 tons (2 .7  and 
3.7 hlN). Conservatively, the, ,tip load is then 
estimated to be at  least about 170 tons (1.5 
M N ) .  

Thc calculated elastic modulus and the mea- 
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U I L . ~  pile compression for each lorid incrcnient Tlic shaft resistance at  120 tori (3 .7  M N )  
hale bccn used to calculate an  average load in load at tlic pilc 1ic:tcl crln Ilc morc closcly 
the pilc. The :cstilt of this calculation has hccn cstimatcil tllart hy thc htraiglit load distributio~i 
used i l l  Fig. 6 to vbtain an  approximate ioad lines slioivn in Fig. h. A new pile load ciistribu- 
cli5tribution during the t ~ s t  by plotting tlie cxl- ' tion iiuc sorrcsponding to :I skin friction on 
culurcJ a\c!.ag; 1c.la~l at rnidpnint of tlic pile 2nd thc upper 70 f t  ( 2 1  m )  uf tlic >haft. cclual to 
conriecting thc plottcd pile hcati loads anci niid- thc slicar .htrcngth of the clay ( c  = 870 -i- 
poin, itvcrage loads a.itli  straight lincs to the 8.6; psl'). is ~ l r a ~ v i i  ds :I dottcd linc in the 
i'iic :ip ( in  itaii;!.. tlic load distribution lincs diagram of Fig. 0 .  Tlic dot tc~l  liiic distrihation 
arc slishtiy curved, as thc unit shaft friction warrants a very high shaft rcsista~lce in the 
~ricre~~sc's  with depth) .  Thus,  an approximate soil hclo~r; 70  t't ( 2  I m ) clcptli ( a b o ~ ~ t  30 000  
thrin~atc of the pilc tip loads is obtaincii. Also, psf or  1.5 'hIPa) and a n  ~rnrcalistically iow tip 
in  Fis. 0. the mcasurcd tip penetration h i s  hecn resistance ( 0 0  ton.; or  0.5 VIN ) .  SLICII high 
~il:l~,c.cl against tile pile tip load so determinccl. shaft resistance and Icrw tip rc.sistiirice arc 

I - l i t :  c:tilnate~l tip loads on Fig. 6 are the mutually inconil>atil>lc. 'flic clotted line dis- 
rilaxiniurn tip loads. Cunscquently, the actual tribution is derivccl from the condition (cvalua- 
tip load at the test load of 430  tons (3 .7  k IN)  tion principle aft.:r Fcl lcni i .~~ 1969) that, in 
can bc bracketed bct\vecn the above conserva- order to givc the saliic pile dcformatiori as 
t i i t ,  n~inimum value of 170 tons (1 .5  X1N) and mCasurc~d dirrirlg thc tcst, the arc:) ti) the right 
tlic ~ i i~iuinium llaiur: of 220 tons (2 .0  h, lN)  of tlic stl-aight load-clistrib~~tiori line from 420 
obtained from Fig. 6. Thus. a total shaft fric- tons (3.7 MN) at the pile tic:itl nlust be equal 
tic111 iorce of nlininiurrl 200 tons ( 1.8 h l N )  and to the ;irca to tilt' left 01' tlie sariit' straight load- 
!.iiasimum 350 tons (2!3  M K )  was acting on distrihution linc, as mcasurcd to the dotted 
~ 1 1 ~ ~  pi';' during the test, corresponding to an tlistribirtion line. 

I3asccl on tlic t,anlc principle, a ne\v shaft 

shown as n ilashed line in thC cliagrani. The 
dashcti Ioati clistril>ution givcs a nlorrJ realistic 
value of the shaft r.c,r;istance i l l  tlic silt ( 8 3 0 0  
psf ur 400 k P a ) .  'Tlie new line corrcsponcls to 
a shaft resihtancc in thc clay with the erluation 
c = ! I 0 0  t 10.0; psf. This equation tor- 
responds t o  a unit shaft rcsistancc in the clay 
that is grcatcr than tlic initial undrained shcal- 
strcnsth of the clay by ahout 2 5 % .  

'The cl:tsliccl IvaJ rli~tr.ihutior~ givcs a pilc tip 
load i,f 100 tons ( 1.7 MN ) ,  which lies within 
tho 'rang~s rilcntionccl carlic,r. Thc  above dis- 
cussion \ r C  tllc shaft rcsistancc has aimcd to 
c ~ ~ a b l i s l i  thi5 lo:id \c:rlut-. In, [lie process 2nd :IS 

a first uppl-c!~irllntio~i. the autllor.s used the un- 
clrainc~l shc:~.r slrc~igtli ol' thc cl:~!. as givcn,by 

-* ' . I -  -., w1 t l i c  v:inc [~-ht~.r-. In \ i o i r i ~  \o. tlic :1utl1or3 d o  ~ i o t  
1c1. . I . .  L: -2 r ..... l c1;111ii [ I i i ~ t ,  III!: \ l i ; ~ t [  rc\i\~;iriec of the pile: is 

. sovcrlic~l Iy tlic ~rnctrainc~l shear strength. 
. LO.c D,IIII.UICI c.lcYLIr10 ,-I .CIIUm PC[ COY.IS30* t l ~ \ \ c \ . ~ * r - .  a rlctailcbil ctfective stress analysis of 

-C olsme.~-o* .:CIO~NS 10 I U + ~  m r r , n r - c r  c e r r  - r 6 r .,, the :ictual sliaft r c s i~ ta r~cc  is heyu~id  the scope ----- -;1D :.I-' t v 'o *  . c i . - 1 ~  70 s * l r T  * ~ Y n h * C f  i t  . , D O +  nooz  

I o c p - H  FROM bloUwO IYRT.CC of this paper. 
FIG. 6 .  Approxinlatr load distribution dur.ing test The above discussion assunlcs that there is 

IaatI~ng on pile No. 6.  nu locketl-in cc~mpressiori in the pile. However, 
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dur-ins the 43 days. ivhich elapsed between the 
pilc ctricirig nntl tlic tc%.st loading of pilc No. 5, 
sonic rsci~n>olidation of tl:c clay and subse- 
~ i l t n t  :i=ga!ive skin friction must have resulted. 
As i1ii'iitioncil in the literuture review, Fel- 
leniuc t 1'3'72 ineasurcd negative skin fi.iction ;,rs r1.i . . t ' .  L i i l  di.s>ijlatic~n of thc por.c prcssurcs ( 150 

days after driving) on the order of 15 to 20% 
ot the initial undraincd shear strength in the 
clay, or 5 %  of thc effective i~verburden pres- 
sures. Applying the. same vall~es for pile No. 6, 
~ihicli i \  consitlcrcd cr~nsc.ri,*~tivc. an estimated 
!()(a! drag load (if ahout 2O tons (0.18 MN) is 
dcrivctl. An initial drag load of this magnitutlc 
acting on the pilc prior to tcst loading would 
move ali tile average loads in Fig. 6 a corrc- 
sponding tlistnr~cc to the right. The dottcd 
load distribution would rhcn become more 
realistic and tlic resulting estimated tip load 
hccome about 230 t o n  ( 2  MN). 

Thus. in  conclusion. thc shaft rcsistancc in 
the clay is betwec.n I00 and 125% of the 
initial undraincd shear strength of the clay, and 
the tip load at the maximum test load is be- 
tween 190 ,and 230 tons ( 1.7 and 2.0 M N ) .  

The remaining compression of the pile of 
0.23 in. ( 5 . 8  mm)  after unloading corresponds 
to an average load 'of 60 tons (0.54 hlN) in 
the pilc. This is the effect of the shaft friction 
from the soil preventing th'e f u l l  rebound of 
the pile. 

The maximum test lond, of 420 tons (3.7 
M N )  is not the failure load of the pile. Maxi- 
mum shaft resistance of the pile was rcached, 
but thc glacial t i l l  at the pile tip was still being 
loadcd within the pscudo-elastic range nntl the 
maximum tip resistance was not reached. 

Rcsults of test loadins of pile No. 7 and 13 
to 445 and 360 tons (4.0 and 3.2 MN).  
respectively. do not show any significant dif- 
fcrencc of load movement bchaviour froni the 
results of thc test or1 pilc No. 6. n ~ r  was the 
ultirnatc soil rcsistancc reached. Pile No. 6 arid 
7 had a driving resistancc at rcfus;il of 9 mm 
per 50 blows ( 1  700 blowsift). Thc driving of 
pile No. 13 was purposely stopped at the three 
times smaller driving resi.\tancc of 27 mrn per 
50  blows (560  blows/ft). However, the test 
loading results show no difference bctwecn the 
piles which can be rclated to the difference in 
refusal rcsistancc. 

Pi!? zrplift tests 
7'esring nzethod. End bearing pile No. 3 and 

shaft-bearing pile No. 9 were tested for uplift. 
The reaction was obtained from two adjdcent 
piles through a b e a ~  resting on these piles. X 
q u ~ k  M.L.-test method was used also for the 
uplift test. As the 1,)ad increments had to be 
5mall (6  ton or 53  kN increments were chosen) 
and ordinary readings of jack pressure manom- 
eters often are inaccurate in the low pressure 
ranse. n load cell was used to measure the load. 
Thc load cell was vibrating wire dynamometer 
type DL of Telemac International Inc. As ex- 
pccted, the load cell measurements show that 
the load increments of the 285 ton (2.54 MN) 
jack deviated from the intended value, due not 
only to thc manometer inadequacy in the low 
load range, but to the difficulty of reading the 
exact prcssure. However, the load cell was slow 
in reading and thus the load increments were 
applied by referring to the jzck pressure ma- 
nometer, whereas the actual load was measured 
with the load cell. The mentioned inaccuracy 
of the jack pressure gave variations in the 
magnitude of !he individual load increments. 
which, however, did not impair the test. 

Previous uplift proof-rcsting of the Herkules 
14800 pile has been carried out to a maximum 
load of 90 tons (0.8 MN) and the ultimate test 
load has been reached in failure of the pile 
head by snapping of the reinforcement due to 
unavoidable eccentric pull. To mlnimimize the 
effect of eccentricities and to ensure a greater 
pull than otherwise anticipated, the pilc head 
of pile No. 3 was reinforced by casting a re- 
inforced concrete pile cap around the pile 
head. The pull was then applied through a hori- 
zontal bar inserted through the cap. Unfor- 
tunately, the pile cap proved to be the weakcst 
point, and at a pull of 67 tons (0.60 M N )  a 
sudden failure of the cap occurred. 

Resrtlts fror~l pile No. 9. The results of the 
uplift tcst on shaft bearing pile No. 9 are prc- 
sented in Fig. 7a. This pile was lor:ded in tkvo 
cycles, because in a first test, the clamps, which 
held the dial extensometers measuring the p~le 
head movement, loosened at a load of 38 tons 
(0.43 M N )  and the pile had to be unloaded 
before thc extensometers could be fastened 
again. In the second cycle, performed 4 days 
later, soil failure occurred at 5 1.4 tons (0.458 
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M N ) .  Be>'ond this peak value, three equi- tance in the clay was 100 to 125% of the 
librium load points were obtained on the curve initial shear strength of the. clay. 
by keeping a constant load for a while then Anothcr comparison is obtained from the 
letting the load on the pile release to a stable compression tcst loading of a 55 f t  (17 m )  
value. Each time this was repeated, a smallcr long identical shaft bearing pile as a ,pa i t  of a 
iquilibrium load was obtained. The dashed later investigrition in 1975. This test .was ,car- 

).e combining the peak value and the three ried out about 600 f t  ( 180 n ~ )  irom p i l ~  No. 5. 4 ~lllbrium values correspond approximately The test resuii. are shown iii Fig. 7bi'Tht:pile : :' 

to the test loading curve, which would have failed at a load of 90  tons (0.80, MN).  Sub- . .  

. . .  , . . .  

applied load w3s brought further down the found in these tests. 

cantly affected by the previous loading cycle. 

- . . , . . . . 
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diameter for nn average ccimprcssio~i load of 
350 tuns (3.1 h,IK) can hc calculated , to  be 
.0.1 mm. The  decrease of the pile dianlcter for 
an  average rcnsion lo:ld o f 3 5  tolls (0.3 M N )  
is 0.01 mm. I 

The  tffectivc latcr;tl pr-c.ssurc dcpencis also 
on the vertical pressure in the soil, In a com- . 

z. pression test, thc \,crtical .prcssurc: increases - 9 - 1  

and thus, thcorctically. the shaft resistance -. 
.P 10 

m' .I z= - increases correspontiingly. while in an upliit ' I 11s 

tcst t11e reversu c?ccurs. T l ~ c  ilufllors bclicvc that o t  rn M a 

a combination of the two ctfects could have 
caused thc diffcrcncc ohccrverf In t l ~ c  present 
test. 

Soil distrir1~rrnc.e 
Heave t1zea~rrreruolts. As shown in Fig. 2, 

the ground surface lic:~ve caused by thc pilc 
driving was mcasurcd at .three points. The 
heave measurements are given in Tahle 1, and 
show that at  gaugc S-l the soil Ivithin the pile' 
group heaved totally 0.23 ft (70  m m ) .  Gauge 
S-2 shows a heavc of 0.14 f t  (30 m m ) .  : ~ n d  
gauge S-3, 0.1 1 f t  ( 3 0  111t-11). It can bc assumed 
that the heave is caused by thc soil being dis- 
placed by the pilcs to a volume equal to the 
volume of piles for the: full depth of the clay 
of about 6 0  f t  ( 18 111 ) .  i.cl. 670 cu f t  ( 19 in:'). 
Takirig that the avcrage hcnve withir~ thc pilc 
group is 0.23 ft ( 7 0  mm) and that ' i t  linearly 
tapers off away frorn the pile group. one cal- 
culates a maxinluin zone O F  influence of 30 ft 
( 9  m )  distance from the pilcs. Thc literature 
rcfercnccs stat? that ahout 5 0 %  (of the dis- 
placed soil could be obtained as a heave. Ll'hen 
using this value. OI-IC C ; I I C L I I ; I ~ C S  the z011e of 
influence to be rnaximt~ri~ 30 f t  ( 6  In) distance 
from the pilcs. The  nc~ua l  obscl-vations indicate 
that thc zone is yrcatcr than 8 ft (2.4 11-1). 

T h e  levelling of the pile heads s l~owcd  that 
the piles did not Iiea\lc \vitli the clay. 

Thc  heavc y u g c   catli lings t a k n  until April 
! 1 ,  36  days af:cr cnci of pile driving. show that 
nc., additional licavs rior xcttlcrncnt took place 
after the pile driving. 111 mid-April. work 
started a t  the sitc for thc pile test Ionding, caus- 
ing unavoidable disturbance to the heave 
gauges. and preventing further study of pos- 
sible ground movements. 

Pore pressrtre. Figure 8 shows the cxGess pore 
pressures mcasured from the start of the pile 
driving on Fcbruary 27, 1974 ~hrough  May 

Dl., . T I L "  ST."' or .,LC D"I"I*P 

FIG. 8. Total pore pressures in the clay inside and 
outside the pile group during 90 days. 

28. 1974. 9 0  days later, i.e. 82 days after the 
end of the pile driving. T h e  piezomcter at  15 ft 
(5  in)  depth inside the pile group was dam- 
aged by the piles. Four  of the other piezom- 
eters ceased to function for unknown- reasons 
at various times after the pilc driving. Due to 
pile testing activities and construction work at 
the sitc, further measurements were prevented 
until the end of July, 5 months after the pilc 
drivins. These latest mcasurcmcnts taken at  the 
remaining three piezometers show that no  ex- 
cess pore pressure remained. 

Thc pore pressure measurements taken 
during pile driving are shown in the diagram5 
in Figs. 9a  and.  b. Thc pore pressure? arc 
plotted against time afrer thc start of pilc 
driving. The  diagrams also show the distance 
of each tcst pilc to the particular pair of pi- 
czometcrs, plotted at  the date of driving. The 
open dots indicate the driving of about the last 
15 f t  (4.5 m )  of pile No. 1 and 2. 

As  shown in Figs. 9a  and..b. most of the 
pore pressure increase occurrcd after  thc driv- 
ing of the first piles. The occasional rapid dis- 
sipation of the induced pore pressurcs is an 
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FIG. 9. Pore pressures during pile driving and the distance of each Lest pile to the p:irticular 
pair of piezorneters. The two open dots indicate the driving af about the last 15 f t  ( 5  n ~ )  of 

indication of occurring fracturing of the clay.. Vatlc~ sllerrr strcvzgth. The results of the vane 
Figure 9b shows that already, the first two shear tests are plotted in Figs. 1 1 and 12. Fig. 
piles (No. 1 and 2 ) ,  driven at a distance of 1 1  shows that the pilc driving caused a small 
6 to 8 ft (1.8 to 2.4 m )  from the piezomcter reduction of about 15741 of thc shear strength 
pairs, caused the maximum pore pressure in- of the clay inside the pile group, but no shear 
crease. The continued pile driving did not strength redcition could bc observed outside 
induce additional pore pressures, but seem to the pilc group even at a distance as close as 
have slowed the rate of dissipation. 2.3 f t  (0.7 m)  from the nearest piles. 

As would be expected, the pore pressures Vane testing at 79 to 83 days after the end 
rncabured 6 ft (1.8 m )  outside the pile group of the pile driving (tcst No. 111-1 and 111-2) 

sures were caused by the pile driving. In fact, bee11 carried'ciut o11 undisturbed clay samples 
a11 gauges but one (15 ft or 5 m depth outside) obtained at the site prior to the pile driving 
n1easurt.d pore pressures, which exceed con- anti compared \ \ : i ~ I i  thc results on samples ob- 
sidrrahly the initial total overburden pressures, tained from a I>or.ehole put down ilisidc the pile 
vs sho\\.n i n  Figs. I(!a and b. group 75 days after the end of pilc driving. 
The dissipation of pore pressure was rapid at Visual examination revealed that the palc 

first. but became slow with time. The nieasurc- and dark bands and occasional silt se:ims. 
rnrnts show that about 3 months after pile which \\.ere horizontal prior to the pile driving, 
driving, complete dissipation had not yet been were occasionally distorted and inclined in the 
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PRESSURE I T  S F l . 

FIG. 10. \'eriical distribution of original pore piesrure, total overburden pressure and 
measuied pore pressures ( a )  inside the piie group, and ( b )  outside the pile group. 

TABLE I .  Heave measurements in ft (mm) 

. . 

Feb. 27 0 .00  0 .00  0 .00 Before start of  pile driving 
(Pile No. 1 and 2 to 70 ft or  20 n ~ ) .  

Feb. 28 0 .07 0.01 0 .02 Pile No. 1 and 2 completed. 
(21) (3) ( 6 )  

March I 0.16 0 .07 0.07 Piles No. 3, 4, 5, and 6 driven. 
(49) (21) (21) 

March 4 0 .  1.5 0 .07 0 .06 Morning: no driving March 2nd and 
(46) (21) ( 1  8) 3rd (weekend). 

March 4 0.  15 0 .08 0 .07 Evening: retapping of pile No. 1 to 6.  
(46) (24) (20) 

March 5 0.21 0.12 0.11 Pile No. 7, 8, 9, 10, and 1 l driven 
(64) (37) (34) and retapped. 

March 6 0.23 0 .14 0 .  I I Pile No. I2 and 13 driven and 
(70) (42) (34) retapped. 

March 28 0 2 1 0.13 0 .  I 2  ' 22 days after pile driving. 
(64) (40) (37) 

April 1 1  0,. 22 0.  I? 0 .  12 36 days after pile driving. 
(67) (40) (37) 

average value of 0.9 tsf (90 kPa)  at  the tested 





Ftc .  13.  I'hoto o f  samples ohla 
and  after  piie d r i \ ~ n g  ( r i g h t ) .  - 
I:-:.- L -.-. ., ..- 

incd f r o m  .I tlcpth of 36 ft 1 1  1 rn) prior to pile driving ( l e f t ;  
Phe clay snrnplcs :\re photographed when air dried and {he 

1 1 1 1 1 1 1 5  orLween rne dlrlerc.lt bands and  layers have been accentuated by a marker.  

W E S S U I E  i ' n ~ s  r . 2 1  serics of 5 0  blows witli a maximum penetration 
t 1 . ,  

.. 
. . . ' "  of 1.5 in. ( 3 5  mni)  was to bc performed when 

ncighbouring piles have been driven. Thc driv- 
ing was performed by a diesel hammer t!.pe 

--. Link-Belt 520  at full driving pressure. 
The hard driving neccssitaced a very hrgh 

-.A quality oC piles and pile components. such as 
splices and rock shoes. T h e  quality used in the 

- .  investigation was specified for the foundation. 
In the summer of 1974, the piling for  he 

S, . 1171,W, ,,,.,% Sidbec plant extension started in two areas. 
Near the test site, 148 piles were' driven 3111; 

aboul 1500 ft (450  m )  away from the test site 
an additional 372 piles were driven. The piles 
lnct r~-fusal in the glacial t i l l  within 3 f t  ( I  m )  

? i 1~112th variation as cornpnrc,d to adjacent pile>. 
- .  The pcnciration during the last serics of 50 

FIG. 1-1. Reslilts from c x t ~ n n ~ c r e r  tests o n  clay blo\\.s was generally 1.0 in. , ( 2 5  m m )  or 
sanlples f r o m  3.. it i i 1 n i )  dr.p:h i a i i o r m e d  o n  smaller. The retapping series sho~ved generally 
samples obtained (1)  before i i r i ~ i ~ l c  :ind (111 1 7 5  days a smaller , than obtained for :be 

, . after  pile driving. P,.: preconsolida~ion pressure, P,,: 
initial effective ver:ica~ pressure. last driving series and several piles gave zero 

. . penetration in retapping. However, for one 
5 0  blo\vs with a niarinium peiic~ration of 2.0 group of about 5 0  piles, one-third of the piles 

.. 
I '  

in. ( 5 0  rnm) cacb, ft~llo\ved b y  a ihird series showed a surprising difference and moved . *. 
r: of 5 0  blows with n n i i l ~ i ~ i ~ u r ~ i  penetration of  several inches for a few blows in retapping. 

1.5 in. (38 m m )  In addition. ret:lppinp by onc before reaching a new refusal. This effect is 
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believed to be caused by these piles stopping cracking of thc pilcs with Ioqs of driving energy 
on Iboulders in the glacial till a n u  the subsc- and thus a ~c>-i.allcd t'alsc rcl'r~snl. I.!ltim;~tcly. 
que;:t driving of adjacent piles dislocated the piles \vo~~l i l  break during driving. T o  a\.oid this, 
bnulders at the pile tip of the first pi!es. In a i i ~ h t e r  dl.iving woulcl Ilt I-cquired. Ho\vevcr. 
rctappins these piles. they were brought to re- t ! ~  large dricrirlg rcsistancc.. .ranging frorn I50 
nt.\\i'd contact with the boulders. The occurrence to 3 0 0  hloivs 1.1 to pe~lcirate the vcry dense 
proved the retapping schcdule to be \yell worth silt and tlcvclr>p cnd hcaring in thc glacial t i l l .  
undertaking. does not pcrnlit s u c l ~  ~ ~ J u c ~ i o n  in thc present 

Onl!. seven of thr 520 piles broke (luring case. 
driving. N o  single direct cause of the pile Thc pile tests s h o ~ v  the piles to have an 
breakage could be established until a careful illtimate I7earing capacity of at Icast four times 
r.eview of the inspectiori reports revealed that the currcnt allo\vable pilc load. A lighter rc- 
23 pilc segments out of about 1500 segments fusal criterion woul f '  thus serLm possible. I-low- 
u5c.d for the piles had n concrete strength, as eyer. in tlic Fl'eSCIli .<. the rcsistancc to penc- 
determined by cylinder tcs:ins, of IOOCJ to tratc thc very dLilsc silt is :ihout 3 ir1.;50 blows 
1500 psi ( 7  to 1 1  M P a j  lower than the sprci- (75  m m / 5 0  b lv \ \ s )  and the refusal set in the 
ficd value of 7500  psi (52  M P a ) .  All seven ~laci; l l  t i l l  mus: . bc distii~guishahlc Smm the 
piles which brvke had one or  more'se,ments driving resistance in the silt. Therefore, only 
of the inferior concrete strength. This observa- a minor: slackening of thc refusal criterion is 
tion coniirnis the necessity for the specified possible, :I.; compared to the driving resistance 
high concrete quality for the piles for the soil used fo r  the test piles. Uy specifying for the 
conditions at  the site. founclntion pilcs, l\vo co~~scci!t i \c sets of 2.0 in. 

( 5 0  mni)  nlasiulun~ pcnctrntion per -50 hlows, 
Summary and Conclusions followed by ;i thircl scrics uf 1.5 in. ( 3 8  ~ n m )  

maximuni penctratic>n. co~nplc tc  assurance is f'ile dri\,itlg clnri pile qrrc~lity 
- q-he pile driving during the testing progranl ~ h h i c v ~ d  tli:~! the pilc tip is well seated into thc 

1s hard and lengthy. The driving time with colllpetent @I;1ciili t i l l .  @ ;,. 
.:,le diesel hammer was f o ~ b ~ ~ f f f l i ~ l f  -- 
tQ time needed when using the drop - hammer, E#c,ct ot1 .soil frotrr pile d~ . i r~ t l , v  
mainly due to the higher blow rate ! f G X E e T  -l'hc current litcraturc reports [hat I;~rgc cx- 
harnmcr provided: SO blows, min 2s compared ccss pore pressures dcvelop when driving pilcs 
with 35 blows/niin for the drop hammer. in clay. Mos: of these pvrc pressure> dissipate 

Each pile received a total number of blows within a few nionths after the pile driving. 
ranging from 2100 to 3900 blows to reach end t-fuwcvcr, the dissipation could r c s ~ ~ l t  in scttle- 
bearing in the glacial till. with the lesser nunl- mcnts of existing shallow fountlations. The 
ber required for the diesel hammer. In  driving lileraturc also confirms thc generally acccpted 
(hrough the very dense silt, the diesel hammer valuc of grpund hcavc within a pile group cor- 
rey~lired an average of about 170 blo\vs"ft and responding to -about SO';* of thc soil volume 
the drop I-ianimer an average of 250 blows/ft. displaced by clri\.cn pilks. l 'he reported dis- 
Both hammers produced dynamic peak stresses turbance of thc clay I)etwcen thc piles in terms 
i n  the pile in the range of 2000 to 4000 psi of r ec l~~c t io~ i  of unclr;~incci shear strength is on 
( 14 to 28 M P a ) .  the order vf I 0  to 30C;-. This sn~al l  reduction 

\'isual observations during driving and cal- docs not sigriitica~ltl!: utt'ect the design of ad- 
cul:!tions performed on the driving rccc)rds j;lcc'!lt sh;~llo\\g f o t ~ ~ l ~ l : r t i o ~ l l r  o r  :he lutcr;ll c:1- 
; I I ~ I L ; I I ~  th:~t the high pilc quality was nezcssnr>, pacity n i  tlic pile>. Jlo\vcver. i n  ;i St'\\.  apt'^^. 

1,3 rc'sist :hi. hard dri\.ing neccieci to.rcac.11 the contlicti~ls vie\\> ; I I - ~  cxl~l-cssc~i 3s to tlic pos- 
glacial t i l l  stratum in which the full structural sible dt.ti.illiental clfcct (if dl-ivirlg displaccmcnt 
bearing capacity of the pile member can rc- ~<cs_jisc:lsitivc c!;~y, particularly \vi:h refcr- 
liabl! he mobilized. The  necessit! for high cnce .... to gr-Cave. Intcral ci~s~laccrneii i . - ind _- -- . . -. 
concrete quality ,is confirmcd by the driving sett lenicrl t~cTuri!i~ c~iss~pntlon ot the Induced 
performance of the first 5 2 0  foundation piles pore pressures. 
at the site. In the prcsent investiption, very high pore 

---.-. _ 
4 lesser pile quality would result in severe pressures wCE gcncritcd during pile driving, 



which excccd~d thr. ciTcctivc --- ovcrhurclen stress - 

v a  factor of 3 \vithin a distance of 6 pilc 
-. _ . 

diameters outside the p~ l c  group. Thcsc pore 
pressures tlisc;ipateil i n  3 to 5 month5 timc after 
thc pile driving. T l ~ c  g:.ound surface hcave~i 
0 , 2 3  t t  ( 7 0  mm ) irisidc the pile group i?nd 
0.12 f t  (30  lilnl! at I; dista~lcc of S: pilc dianl- 
etcrs outsid? t l~c  pile group. I-lowever. thc 
heave r-neasurcments arc limitcd , and the pile 
group is small, which limits thc conclusions 
that can be dralvn from thc mcasurements. In 
tcrms of undrained shear strength, the , i '  1 s t ~ ~ -  
bance of the pile ilriving ~V:IS limited tu the 
clay within the pile groiip, whcre a reduction 
of 1 5 % -  :;.was measured immediately after the 
pile driving. This strcngth reduction was re- 
gainer1 during thc dissipation of induced pore 
pressures. Oedonlctcr tests performed 75 days 
after the pile driving showcd :i small reduction 
of the overconsolidation value in - the clay, 
which rcduccd from about 1.3 to about 0.9 tsf 
( 130 to 90 kPa) .  

The prescnt investigation on thc cffcct of 
the driving of displaccment piles sl~ows that the 
resulting disturbance in tcrms of changes of the 
soil properties is limited to the zone within the 
pile group and is partially rcstorcd following 
the dissipation of induced cxccss pore pres- 
sures. Thus, thc driving of displaccment pilcs 
at the site of the investigation does not prevent 

.footings or other, shallow foundations fro111 

.. ' being placcd near thc pile foundations, pro- 
vided that there is n timc la? of 3 to 5 months 
botwecn pile driving and applying the building 
load on adjacent shallow foundations, to allow 
for the full dissipation of excess pore prcssures. 

Piles driven close to existing shallow founda- 
tions or floors on grade could cause unaccept- 
able h.caving. Howcvcr, footings at a distance 
of 20 ft ( 6  m )  or more from a pile .group 

'.would be little affcctcd. For pilcs driven closer 
than 20 i t  ( 6  m) from an existing footing or 
floor on grade. the displaccment of the clay 
must be prcvcnccd hy special mcasurcs, such 
as preboring through the upper 30 f t  (9  ni) of 
the soil. , ., 

T.hc rpconst>lidatiun of thc clay after the pile 
briv'ing ~vill cause a drag load on the piles due 
to ,.nq,ative..skin friction. This drag load is 
gradually applied to the pilc during the recon- 
solidation ~e r io t i  s,f the clay which in the 
present case 'is about 3 months. Therefore, thc 

drag load will be obtained before the Cull 
working load is applied on the piles and it wdl 
only have the beneficial effect of preloading 
tl;e pile. It will bc eliminated as the working 
load is iipplied to the piles and compresses the 
pilc elastically. Thus. measures to eliminate or 
reduce negative skin friction caused by the 
rcconsolitiation of the clay after drivin; is not 
nccessary, nor even desirable in this case. 

S u ~ ? ~ r ~ l a r y  
In summary, the investigation has shown 

that: 
1. It is possibie to drive the piles through , 

the very dense silt and into the glacial till, 
nhcrc the full structural bearing. capacity of : 
the piles can reliably be mobilized. 

2. The wave equation prediction of ultimate 
pile bearing capacity is approximately correct 1 

\ i n  the silt layer,. where driving resistance is 
j about 15 to 20 blowsiin. H o w e v 9 : r , t h e ~ e _  
j equation analysis grossly underestimates the ---_____-____----- 
ITiQTn~ate pile bearing c a p 3  In the glacial till, 

i w E r ~ ~ d f i v i n i i ~ ~ F s t a n c i s _ 5  0 t~ 1 00 i bro-6-s-,-i-n 

I T-Sr^The pile loading tests show the ultimate 
j bearing capacity of the 12 in. (30 cm) Hcr- 

I kules H80O pile to exceed 450 tons (4  M N ) .  
The ultimate shaft capacity of the pile in the 
clay and underlying silt and sand is about 200 
tons ( 1.5 MN),  and the maximum applied pile 
tip load in the test is within a range of 190 to 
230 tons (1.7 to 2.0 M N ) ,  which, however, is 
less than the ultimate value. 

4. At  the site, the pile shaft resistance in 
compression in the clay is about 50 to 100% 
greater than the shaft resistance In uplift. 

5. The ground heave within the group of 
13 piles is 0.23 ft (70 mm) and influences the 
area around the pile group to a distance of at 
least 8 f t  (2.5 m ) ,  and probably 20 ft (6  m) 

6. Large excess pore pressures develop in- 
side and around the pile group. The induccd 
pore pressures exceed by a factor of 2 the 
initial effective overburden stress in the coil 
Most of these pore prcssurcs dissipate over a 
period of 3 months, and aiter 5 months no 
excess pore pressures remain. 

7. The pile driving causes a reduction of 
about 15% of the undrained shear strength of 
the clay inside the pile group immediately after 
the pilc driqing. However, no shear strength 
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reduction could be observed outside the pile Thc driving of the tcst piles, building of 
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80 days after the driving, when most of the by Franki Canada Ltd. 
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