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SUMMARY

tne exploration .and exploitation of the world's offshore .o0il and gas reserves

seatinu=2s v both shallew and now deeper water; we believe that there will be an increassz in

emand tur the Jdriving of piles underwater for applications such as the driving of conductor

bes, planing ~of templates, installation of single point moorings, <floating breakwaters,
int bridyges and tension .leg platforms, etc. :

i

has led to the development of a hammer system suitable fo
along with many other piling applications and that can be used ¢
. cperation. It is envisaged that the hammer will operate in both
.pter environments up to depths of 300 metres.

r all the above
or both abeve and
shallow and deep

The design concept and modular censtruction gives a completely flexible system capable
tailored to suit a particular piling requirement. .
This paper is in two parts: Part A discusses the development of the Hydraullc Hammer
and the need to prove its capability, rellabillfy and durability. A rigorous, programne
cand trials were undertaken culwinating in the testing of the 40 ton (H.A) piling

Thils was carried out by driving a 1.22m. diameter steel tube pile of 25mm wall
snickness driven both above and eventually below water. The pile is closed ended and will be
igiven to  refusal. This is taking oplace within a circular cofferdam 6.2nm diameter,
sproximatzly 4.0m deep, through soil conditions consisting mainly of chalk with occasional
ciiat lavers., :

The pile has been extensively monitored and analyses of the results are taking place.

Part B of the paper describes independent measurements made on the hammer and the upper
sortion of the pile, together with the results of associated analyse

The instrumentation includes stress and acceleration measurements on the pile wonitored,
‘uring above water driviag.. The *esul s have been examined with particular reference to:-

l. The performance of the hammer under various modes of operation.

ting the scent information currently available on the driving of 'Large
Piles into chialk. -

The thammer performance has been assessed by examination of stress time spectra and
.stuation of total e¢nergy inmparted to the pile. The results of wave equation and impedence
vpe andalyses have been wused in conjunction with the measurements to establish appropriate
slues for sucu®drivability parameters as quake and damping for chalk.
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Introduction PART A

From the early 1970's it was evident that the exploration and exploivtation of oil and
©

§ feserves was going to enter deeper and denper water, It was, therefore, Lear that an
)er:ater piling hammer would help with the installation nf driven silus into the ses hHad,
-etc. This concept led to tke design of a range of hvdraulic pilin 12 hammers for use. both
and  below water to cors iderable depths. Tt was decided to ion a  hamme
interchangeable nodular systenm, The majnr component of the t-ral system being rhe
actuator which provides the Lifting amechanisa for the ram weizhz., The ac
capacities, aleng with varying size of ram wei s and  guf cage
applications.
The Hydraulic Actuator ) y

The hydraulic actuator. is shown in Fig. 1 and basically nrovides a cvlinder
extendable piston rod which lifts the various ram welghts. Either side of the
low pressure and high pressure accunulators, thus the piston is extended in the
hyvdraulic fluid flows uader hizh pressure f'rom the power source and the
accumulator through ports into the cylinder. Towards the end of the stroke the
Gigh pressure port 1ig shhut 2f7 and tha velocity of the pistan thus slows ta
position and then bezins the dswnward stroke. When this occurs, oil from the av!
transferred froc the full bore side of the cylinder to the other slide of the piston
also {nto the low pressure accumulator and return line to the power source and fluid pressure

is again {ncreased in the high pressure aceumulator ready for the next stroke.

Tests were first carried out on a S5 ton capacity actuatnr to determine its efficivnar hy
varying flow rates, accumulator precharge and back pressures. The 2c¢tuator waeg uge t Tifr a
drop weight of approximately 2.5 tons and this was placed on a set of conventional piling
leaders to drive a 9.457q dlameter steel tube pile. 1In all, eightv tests were recnrded and the
actuator and hammer efficiency under free fall calculated at R39%, From these rtesty o
clearly evident that there would be no major problems involved in scaltng up the 5 ton actuator
to the 10 and 20 ton ‘capacities envisaged. '

i
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¢ tests were undertaken to compare the efficiency of the hammer in water with
¢ in air, and determine the best shape possible. Firstly, theoretical calculations were
sdertaren. An ssessment of a piling haumer operating in atir is very simple, the energy
apacity availuble from the falling ram weight at iampact being generally the criteria used and
’ te calculated by simple laws of wmottion. Experience has shown that frictional loss {is
However, Iln water other factors are laovolved and the initial series of tests were to
establish these factors, relevant to assessing the kinetic enecgy of a drop ,welght
Jiling threugh water, which will allow the actual energy capacity of a hammer system to be
and aiso enable the design of hammer to be chosen that will minimise the effect of
HERR R
The theeretical approach has boen concentrated on an idealised cylinder which is easier
pvsiuates. The variables under considaration were- the drag covefficient, the physical
vrtivns of the falling weight, the mass of water entrained with the falling weight tofether
L eéntovnal friction effects. '
Alt various factors were considered and €flnally by using a simple numerical
the motion of the body 1is advanced in increments, ~and coasidering a
free-falling, unguided weight in water, the formula for the equation of equilibrium
becomes )
- N - - 1 1 P : A PR A 2 3 2
Y Ao S FT 2 .10 0 x (dy)- = 1,128 x MAsSS x (d Xl
(ds) (de-
ere VT Zxternal Fricrion Forces
Cg = Drag Coefficient
- = CGravity
Sudstitution of the wvalues 1nto the above equation then enables wus cCo obtain a
cuvretical guide to the efficiencies of a falling welght through air or waterc.
To o try und prove the above, model tests were undertaken with various shaped unguided
aich were allowed to fall from rest within an 800 gallon rectangular tank. The
aent of the falliang weights and duration of fall from rest were monitored for three
¢ shapes.

e cbmparison of the performance of differing shaped welghts of the same

sectional area falling through water are summarised in Fig. 2. and indicate the
in performance to be quite insignificant. This infers that the drag coefficiant
f does not play a wajor part in the performance of the falling weight. A further
spmptinn was made that the falling body carries with it a volume of water no greater than the
coiame of the body.
Cisplacemrant 1.3
v o ) -
1.9
X
1.4 . 3
1 Lon~ Cvlindrical ;
7.0
1.~
[S Zlipscid
noa
0.2 '
¢
T L ,T‘ - R
.4 0. 3.6 1.0 Time 8 (9)
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From all the results the following can be ascertained:-

L a) The. value of the external friction Fforce {(Ft) 'is evidently clearly contributory ton the
) ma jor deviance In the results expected, the solution worsening as the mass of the falling
welght was reduced. This problem of the frictional forre> resulted from the tes:
arrangement used f{or these particular experiments. In. the case of a full size piling

hammevr, neéither the frictinonal forces acting on the falling welght, nor. the forces

tetarding the weight, caused by back pressure 1in the hydraulie cylinders, should be
ignored.. The. affect of the latter can be minimised by the choice of suitahle hydrauli
return hose, whereby fluid friction loss in the hose can be kept to a ainimum. As the size
and weights dincrease the performance should accurately reflect .that which conld ¢t
anticipated.

fo%

e . , . . .
)  The value of drayg coefficient (Gd) was found to have minimal effects ona the shapes chosen.

€) It 1i1s noted that for .the value of ‘the effective mass (Ma) no leprovement resulted in the
: predicted perfocmance L€ one considers that less water was entralned with the Ffalling
weight. ' ’

d) The relationship of length to diameter is eritical and altering proportions caused

H
performance variation.

In conclusion, whilst the actual results of the series of tests hava been somewhat
distorted by the scale of the ‘model s used, we have been able to recognise the major factors
likelv to effect performance of a weight falling in water. The next sevies of .tests involve a
full scale trial and should be able to confirm the conclusions without inherent distortions.

Testing -of 9 Ton Drop Weight.

As before {n the model tests the'procedure is to monitor the fall of the drop weight

from .rest with respect to a time bhase. The wmeasurements of the slope of the curve of
displacement against time provide us with the veloclty of the falling wetght of any particular
point. : . '

The téSES -were conducted with a 9 ton hammer operating " in air and {in water and
) subsequentlv rnpeated in order to check on the constistency of the results. . M

The tests wefe carried out within a water filled cofferdanm. The coff erdam was, formed
from 50 sections of Larssen 2 sheet piles, each 10 metres long, pltched tnside a template to
fora a eircoles A;jthé centre a 762mm diameter, 50 metre long, tubular pile, had alraady been
driven, . the base:of a. Lotferdam Wwas excavated to a depth of 1.5 metres below ground lavel.

.As anticipated: f:omiearly experiments,  the results obtained in the case of this full
size test were. quite ‘emcdouraging when compared with those anticipated by the theoretical
analysis. 7 This  fs mainly ~accounted for by the frictional losses being much smaller in
propéftion to the "size.of the falling mass than in the carlier model tests. At the typlcal
rated stroke of 1.37 metres -the following performance data is extracted.

VELOCITY M/S

AIR WATER
Theoretical . - 5.18 442
prerlnental ’ 5.16 ) 4.130
%7 Error’ L= : 1% 2.8%

The reduced 1mpdct en rgv is given by:-

T.162 which equals 69% for the same mass of falling weight.
If the mass of Eafling-vweizﬁf. is’ increased to utilise the sanme available energvy from the

hydraulic cylinders’ chen increased mass equals 7.83 which equals 1.146 x Mass. -
‘ 3 ; 6.89

The reduced impact energy bécbmésf691 x 1.146 and is, therefore, 79% efficidnt below water.

) - 8
( i 777 The results obtalned fndicate thact in general the shorter cylindrical sthaped drop
welghts give sultable efflciencies both above and below water.

e
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Of The Use of Water As a Drive Cushion

Froa the previous experiments, we can he reasonably cartain of the veloclty of a body

cce its motion ls arrvrested by impacting on a face. At impact, particularly in water, we are

(\ i,oling through water. This enables us to assuss the kinetic energy of that body at a point
.

-eyre as to the efficiency with which the kinetic energy is transmitted through to the pile {n
vhe fura o of Jwmpact eunergy. 1t (s, however, desirable to afford some protection to both the
iling drop welght and the top of the pile from excessive inpact forces.,
Conventionally in air this 1s doae by transmitting the impact forces from the hammer to
c%: pile by a resiliént material, such as timber or coiled wire rope. Altertnatively in
..raivticated hammers the drop weight impacts onto the elements supported by hydraulic oil
r ;a8 prassure.

when 4 hammer operates submerged we suspect Cthe efficiency by which the winetic ,energy
E i r ig di patad into the pilé is impared by the rate in which the water contained
cetween the closing impact faces can bhe displaced .radially to the surrounding water.

the hdamuoe

Our next set of experiments were set to assess the degree to which this water film
_wiluences the build up of the impact forces *in the pile and to set out to optieise this, by
carving the geometry of .the impacting faces, to render the need for a resilient material to
Jritect the hammer and pile from excessive impact forces uinecessary., :

as with the earlier test to ascertain the best shape of the ram weight, we firstly
¢razined the behaviour of small scale models and extended the experience gained to full 'scale
tests involving the 9 ton hammer, inmpacting on the pile already described. The model tests
.ere ailmed at observing the effect of three variables on the impact stresses by a weight
izlling onto a surface whilst underwater:-
3, The effect of the impact velocity by varying the height from which the weight has fallen.
;3 Vertations in the geometry of the falling welght.
) Variations ia the geometry of the impacting surfaces.

Some of the results obtained can be seen in Fig. 3.

The results of the tests show clearly that the standard drive cap would be unsuitable
f.rouse underwater where water would be present between the impacting faces, the degree of
sttenuation of the peak forces being unacceptable., If one considers the results of the tests
s:wducted with the special form drive cap, then in terms of maximising the peak stress, then
ign tested, provides us with the best results we could expect, but at the same time the rate
oi iacrease of stress on the pile has been effectively reduced whereby the risk of damage to
:ze piie head and the chassls of the hammer {s minimal.

Generally, it 1is suggested that the hammer will operate satisfactorily underwater
cithout the need for an air bell providing the marginal reduction in. impact performance of
. 15% is acceptable. If this {s not the case then the stroke of the hammer could be increased
.: increase the 1impact wvelocity and/or wmass of the drop weight increased to increase the
vinetic energy at fmpact, and also utilising more fully the available horsepower.

The benefit of using the water film as a cushion,  however, must not bhe forgotten,
sartfcularly when compared with the complexity of the construction of other hydraulic
_sdersater ‘hammers, or the tediousness of replacing timber cushions, used in conventional above
vater steanm hammers driving through the follower system.

‘1l the tests proved that with the special drive cap most piles could be effectively

srives unlderwater. As aill the pravious tests and experiaents proved successful and effective
<as decided. to continue with the development programme.

“gderwater Trials

. fter completion of the land based trials it was decided to take the 10 ton ram weight
ranaer offshore to drive a pile on to the sea bed. The trials took place at Loch Linnhe,
scotland, in approximately 120 metres of water.

2

>
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The pile used in th{s instance was for consideration of pontoon stabilicy, only 10 metrce
overall lenzth % 762nm diametar, but the durarion of driving was intended ¥
d

r
flange 2 metres from the top of the nile being arreste
o T b o

il
to be extended by 'a
a
greater area in contact with the bed of the lake.

by the pile guid y whleh has a auch

fFul'ly instrumented. Tha dapth af

The hanmmer size used was the 19 ton version which was
2 ced was measured hy using the pneuma’ ¢thometar

water in which the pil and hammer wervre pla
method,.

The opile frame, winches, =sowar onack and hammer were all scared upoAn A
S I

swacially
designed barge, as can ba seen in Fig. 4. The pile and onile temniate 11l
wirTes to the se: hed and than the Maaa:r was guided down the same wires wiinh
the top of the pila.
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A camera observed the apprwach of the hawner to the pile and the picsture wasg
sizultanecusly ralayed to a monitor on the barge so that the operator could fully negotiate the
-;ting of the plle {n the cone.

The drive cap resting on rthe pile was indicated by the firsc proximity switeh on the
litrol panel lighting up. : :

The whole systewm is controlled by a temote 2lectric hydraulic system which allows for
Len Caliuda le blow operation and for an autonatic sequence. This enables the gtroke
. curtic from U.3 metres to 1.5 metres during operation and allows for the blow count tc be
te sult individual circumstances.

all times and

ht of stroke and blow count wiil be indicat i T
ope and prevision is wmade to {ndlcate the
t

impact was vtecorded on the oscillasc
cnoner nuader of blows with the manoweter sys

~lthough the verLi"dlicy of the pile at Loch Linnhe was checked by a signal from an
which was situated at the top of the hammer, the extra weight on the pile when the
interlocked caused the pile. to be pushed 4.6 metres imto the bed of the  lake.
then given several blows with the . haunmer aﬂd was quickly drive to the remaining

ile test length, until the flange met the pile guide.
Hard driviag coniition: 22002 now  bSe attained. However, the operations had to be
crreibed isorthe pile and pile guide tilte to such an angle that driving was no longer

sesibles The hawmer syster spant 3 total of X& hours in sea water and no ingress of water was
cted within the hydraulic actuators at the end of this period.

sl

Lhaouga the tesos snable to continue, enough information had been gained to
that the o tammer and in particular the hydraulic cylinders would operate
tiy wu=ll fn a roasonabie depth of water, and {t was envisaged that no prabl ems would
cuar it rven greater depthy.

tal pac

Frum the successful underwater trials, 1t was decided to link up 20 ton actuators with a
Loten rem welght and guides ‘and also manufacture a drive cap and cushion, etc.
.. Ton Kam Welght Hammer
) at wour original test site within the cofferdam it was decided to ascertain the overall

wabil.ty, veliability and durability of the 40 ton hammer systen by driving a 1.22m closed

sied s‘c'l tube pile into material wmainly consisting of soft to hard chalk. The sections of .

te driven are between 4.0m and 5.0m long, and are extended by welded joints.

he hamsuer is shows Fig. 3 and the driving record Fig. 6. At present the plle has
cwd ) depth of 43.3%a and as yet, refusal conditions ‘have not been reached, but this is
Csepcoted shortly. The hammer has performed approximately 14000 blows on the plle at various
~-}5m helights. Generally at the coame ncement of each drxving period we have attempted to use

luiget strouke, hence reaching high energy at the start of the drive. This has caused a “set

s wn" effect to appear on the driving record. Monitoring of the pile has continued throughout
driviag period, and some of these results are discussed in Part B of this paper. At

$ hours driviag has taken place and the 2 ¥o. 20 ton actuators being used have

.0 problems. They were rewmoved and examined after approximately 8000 blows and

Loeed 0 sizn of wear. After further driving of the pile, using the full stroke of 1.37a at
c.fgsal coanditioas, we will then be aware .of the hammer capabilities above water. It 1is

Cvisaged that after completion of the above water trials, the cofferdam will be flooded to try
sttain underwater driving conditions., Further monitoring of the pile and hammer will then

Cine plrace.
PART B
The instailation, by Jdriving of a 1.22m diameter pile to a depth of about 50m completely

L2li ocresents a uaique oprevtunity to axamine the response of chalk to driving action.
ti.es o such size are rarely driven onshore although they are common place on offshore
Lerultures.

in wrder to examine iandependently the performance of the BSP 40 ton hammer whilst at the
. tine gaining valuable data on piling in chalk, Fugro Limited offered to make measurements
- the test plle. The measurements were secondary to BSP International Foundations ma-in aim of
.. talling a pile which would provide a realistic test bed for their hammers. Measurenents
r¢e only made at one depth of penetration but further measurements are planned. )
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~asuring Technioues

v

B ¢ on thne outer surface of the pile at a
he driven hea se was made of bolt-on transducers’ obtained
sensors were mountaed {n palrs diagonally opposite each other,
the pile the appropriate diagonal to wminimize the effects of

dremenls wera mad

Wl
o

ed signal conditions which, in addition to

cnnnected te a4 Fugro

i voltange, permits amplicaticn averaging of signals and
cignals were fFed into a seven track FY re corder. Two
were simultanecusgly ono o dizital oscillose cope.,
;Lst Secuvnug . *

At the time of making the measurements the pile had penetrated 3lm below the ground
tevel within the caisson. At this stage the sensors were about 2.5m above ground level, the
total stick vp being about brm. ]

The 40 ton hawmer was Fitted with a 2 cushion on end grain. Driv ng was carried

Lot ovaricus set e lerngthe during whics the seusors were untlnuoley monitored.
« v ths nature tesd programne no measuroments were possicvle inmediately osefore and

Typival recovrds for lhammer strokes of U.68m, 0.84m and 1.02m have been examined in

cetall. The analogue records wsre digitized and stored as computer data files. Using an
voach 4kKin to that described by Dolwin and Poskitt (Ref.l) an attempt was made to establish’
acceptable mathematical model of the driving. In their paper Dolwin and FPoskitt describe

independent measuremencs made on the same pile and the same hammer, but using a-
cushion.

The 21lm cushion fitced during the tests described here proved considerably softer than
w;bsai which influenced both the magnitude of the initial peak forece in the pile and the rise
3 ):u this peak., As a consequence the measured peak acceleration and stress were influenced
Aie arvival of reflections from the upper - ievels of the chalk. Any model set up to describe

<is part ol the blow had therefore to include this 501l influence.

Preliminary anal indlcated that the soil damping and quake parameters noritally used
s

inappropr for this site. Use was made of the side and end quake and damping
ished by Jin  and Poskitr. The opariod of iaterest for assessing hammer
. {(the first illiseconds) is relatively insensitive to these values.

Wave equ ﬁtinn 1w1vlses were made for 4 wide ‘range of cushion stiffaness, cushion
sestitution hammer efficiency and soil resistance distributions. A manual optimization process
btain the best fit between nredl ted and measured stress and acceleration profiles

r stroke blow. The values established for these parameters for the fit shown on
. were:

Cushion Stiffness’ 1250 xN/am

Cushion Restitution 0.3

Hamaer Eifxcx ency 65%

1 N

Soil resistance ~ triangular distribution of side friction totalltng 3000 kN with
ittional 4000 WY apsliied to the pile tip.

Led

Tt sheuld bhe noted that the effiei ency quoted represents the fraction of the total
crey o oavatlable ac rawm ifpact frem a free fall through the full stroke of 1.37m. Since the
Toacs To7 this blow was censtrained to be 1.02m the "effective”™ hammer efficiency amounts to

used for a range of ‘hammer efficiency values
=ade for the 0, ‘8" and 0.234z strcve blows.
N - vElose cf Tim i iia
.- = -z - - -’ s LS e -
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