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\ . ABSTRACT

r
. . v

,&he»literaturé on pile driﬁing in both uﬁf:ozgn.énd frozép
soils is reviewed. An expefimental program was'deviioped go
drive mpdgl piléé,in artificially prébared ffozen‘soi};, The
goal of the research was to find whigh fasﬁgrglinfluenced
tke~pénetration of piies in frozen sand. zlthough Eeveral
technical problems‘were associated wi;h the,expepiments,

factors influencing the penetration of piggs in frozen sand

‘were identified. These factors are tehpera?ure of the soil,

dertsity of the soil matrix and driver characteristics.

The energy consumed by the soil waskcalculated to

. A R ’ . ,
determine the mode of penetration of piles in frozen sand.

It was found that an elasto-plastic deformation of the soil

took piace atfthé pile tip. Melting does not cause

. i

penetration, it is caused by penetration.

-

/
2

iv



r . RESUME

La littérature du fonqage'des pieuy par vibrations dans les

sols non-gelés et dans les sols gelés est passee au peigne

‘ Y
xee afin d évaluer

1! 1nfluence de différents. ggm :' 

pieux dans les sols geleé.g“R ﬁ?f

fin. Un programme expérimental”f
r la penetqatlon des -
‘a plus1edrs
problémes d'ordre technique 1nherents a 1 appareil d' essal,
les paramétres qui influencent la pénétration des pieux dans
les sables gelés ont eteé identifiés. Ces Paramétfes sont la
température du sol, la densité du sol eﬁ leg
_caractéristiques du vibrateur. '

. o ’ M
L'énergie consommée par le sol lors du foncage a éte
éalculéevéfin de déterﬁiner le méchanisme de pénétraﬁién des
pieux dans le sable géiéf‘ 11 fut déterminé que la
. pénétration de pieux est due a une déformation
élqsto—plaﬁtique du 5ol a ia pointe du pieu. La fonte du
' pergélisol n'est pas la cause de la‘pénéfratioﬁ\m§is p%utét

en decoule.
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" =resonance fregquency

LIST OF SYMBOLS

L)
=acceleration oi vibratory motion
=cross-sectional area of a pile '

=dimensionless displaceﬂfnt coeWicient

4

: ) ‘ P
=f1?th’of footing '
. ' ) -7
=VE/p, velocity of compressional wave in pile material

L

=pile displacement due to vibratory motion

,=displacement amplitude

=permanent plastic soil deformation for one motion cycle
=required pile tip displééement for penetration
=dimensionless amplitude

=dimensionless freguency

=diﬁensionless force

=dimensionless power

=dimensionless damping __

=dimensionless coordinate e

=soil elasticity coefficient

=Young's modulus

=energy to penetrate pile 1 cm

=freguency

=force in pile ‘
e

=oscillator force at a given time

=peak oscillator force

=acceleration due to gravity (8.806 m/s?)
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.mp
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vr
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=depth

=max imum ?enetratidn depth | o
T

=1/K, %lexibility x/’i>‘

-point‘kesistance force of piie_ £

=rigidity (spring constant)

=pile lengfh

=equivalent:pi1e length

=sprung bias\hass B

=pile mass ',

=moment of the eccentric masses of‘theIQibrator

=number of blows per 30°cm in the Standard Penetration

Tést - 9

. =perimeter of pile section

=power

=total instantaneous s¢il reaction

=unconfined compressive strength g
=uniforardamping constant (damping constant per unit
- . N

length) ‘
=penetration rate

=mass of pile/mass of driver

‘=side resisting force on pile

=time

=time required to drive a pile to a given depth
=periodic motion period

=velocity of vibratory motion

=required tip velocity fof penetration

=mbxg, sprung bias weight

* viii



Wp =mpxg, weight of pile

Ws =work done on_ soil

Wt
X
z

Z,

a

.wP+Wb,'tot31 weight of the pile-driver system
=pile coordinate measured downw&rd from the top
=depth from the surface - : ' B
«VSE?E, characteristic impedance of a pile

=oscillation amplification factor

: { .
Arp=change in penetration rate during one motion period

Az
.
o
A

wr

=irreversib;e.piie’penetration

=Blekhman's dimensionless paramefer s
=temperature g ' .
=wavé length o .

"=Blekhman's dimensionless parameter

. : L
=3.1415 926 535

=mass density | \\d)
sreqﬁired pile pressure on soil for penetrat;on
fsoil resistanc; stress on pile wall
=Blekhman.function for penetration rate
=Blekhman function for penetratioﬁ tihé

=27t, angular fregquency

=angular resonance frequency
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CHAPTER 1

INTRODUCTI ON

\
In this era pf dqplet{ng conventional energy and mineral
fesburceé’themboundarieswdf explotation, and development in

‘resqurceajndustry, have'beén pushed northward especially
Qithin‘the'last twenty years. Today, they are beyond the .
discontinuous permafrost meridional limit, well into the
cont inuous permaf&ost zone. ’

The presence of man in these environmentally fragile
areas is not without problems, customary construction
practlce has to adapt to the cllmate and buildings have to
be insulated from the underlying frozen ground to avoid the
catastrophic consequences of its melting. |

Standard practice inlinsulating,a structure from
permafrost is‘to eratt it on a thick gravel pad. When it is
impractica; to have a éravel pad, piles-are used so that
enough air can circulate under the building to dissipate the
heat radlatlng from the floor. |

Traditionally, in the cold reglons of Canada, piles
have been placed in frozen ground .by one of the follow1ng_
methods:

1. inse;ted into an over51zed hole. advanced by steam or hot
water jetting or by dry augerlng, and then frozen back

within a slurry;

2. driven in an undersized hole advanced as above;



3. driven directl& with an impact hammer, in warm
vpermafrost zones.’ |

Now, thé COqcept of vibratory driving, in use for many
ye#rs in the Soviet Union, has been extended and apﬁlied in
North America. It has been proven that tﬁe.pénetration is
astoniﬁhinglylrapiﬂ when the pile is excited at its first
resonance frequenéy with a net downward force of a fraction
of its bearing capacity.

Today, new horizons are bpening'to vibratbry driving
techniques in péfmafrosf. Drilling for oil through
permafrost disturbs the natﬁral ground ther&aljregime.
-Thermal degradation can be such that doWndrég of'thawed soil
cauées rupture of the Weil. Vibratory driving of tasing and
‘multiple caéiﬁg of wells can effectively minimize thermal
disturbance of perma?foséf T

' Discovery of 5ffsh6re 0il in the Arctit, especially in
the Beaufort>Sea, may eventually lead to the construcfioq of
- offshore exploitation'platforms. Presence of sea bottom
“permaffost makes impact driQing a difficult task.
Conventional permafrost ‘piling ;ecHniques, as discussed
earlier, can not be used in submerged conditions for obviou§

reasons. Vibratory driving of platform piles (which are
L3 ) )

large in diameter) is an appealing solution.

At this point in time, vibratory_pile driving in
permafrost is not weli.uhderstood, Exper;;nce in North
America is limited to a few dfiving tests Carried out by

private industry for feasibility studies of pile placement
‘ . P _



methods on large projects. It transpires from the field
tests carried out that pile resqnance is\aséociated with the
best penetratiop,rates.‘ Penetration is also associated to \
melting of permafrost at the pile tip.

Because of the limited experience of resonant pile
driving iﬁ”permafrosp, resonant driving (or high frequency
- driving) in unfrozen soils is reviewed in Chapter 2. The
review is intended to shed light ﬁpon prediction éf the
frequenéy of resonance and upon the mechahics of pile
penetration in unfrozen soils. fhis Chapter shall be ’
treated és pertinenf—background but not as being closely and
directly related to the aims of the present investigation.
Chapter 3 presents a review of all published experience in '
viBrator§ﬂdriving in frozen ground. From that experience,
the experimental program is discussed in Chap‘er 4. Ditails
of faciiities and experimeﬁta} procedure are degqribédlﬁn
Appendix A and B respeétively.‘ Experimental results are
presented and analysed in Chapter 5. .Distributidn(pf energy
and mechanics of penetration are discussed. Results of
recent p?ivate field tests are compared to experimental
findings of this research. Finally, Chapter 6 coricludes the

experimental program and gives recommendations for future

research.



CHAPTER 2

HIGH FREQUENCY DRIVING IN UNFROZEN GROUNDS

This Chapter contains a review of all high frequency
vibratory driving experience in unfrozen ground. The
information contained herein contitutes a pertinent
'background to the general understanding of what vibratory
driving at resonance is all about.

The objective in high frequency driving is to excite
the pile at its first résonance frequency, ordinarily lying
in the range from 85 to 135 Hz. . Wheﬁ the pile is vib:ated
at resonance, the aisplacemeht amplitudes and the induced
forces at tﬁe two extremities of the pile are at a maximum.
‘This facilitates'the‘input of energy‘at‘the top and J
. maximizes the transfer of energy to the soil at the tip of
the pile.

High-power vibratory drivers will first be described.
Thenﬂ.the techniques for preaicting resonance frequenéies of
pilés will be digcussed. To asSist the reader in
understanding .the méchanics of penetration, the very nature
of the oscillatoryimotiqn will be examined. Following these
studies, the earlier work in vibratory driving techniques
will be briefly reviewed. This wilf leéd the reader to the
mechanism of penetration as it is understood’todaY?
Prediction methods are réviewed'befbre attention is finally

given to the loading capacityfof vibration-driven piles with

4 -



respect to that of impact-driven piles.

2.1 Description of Vibratory Drivers‘

Many vibratory drivers can be found on the market but
most operate only in the low frequency range. Driver
frequencies are classified ba;ically in two ranges: low
range when operating frequencies are around the first
natural frequency of the soil, i.e. 10 to 35 Hz; and high
frequency range when operating frequencies are above the
natural frequency of the soil and into the natural frequency
range of piles, i.e. 40 to 135 Hz. The only high frequency
wdrlver wldely found in North America is the Bodine Resonant
Drxver\whose characteristics are shown in Table 2 1.

A vibratory driver can best be visualized in three
parts as illustrated in Figure 2.1: a sprung bias weight, an
oscillator and a device to transmit the vigrations to the .
pile.

The sprung bias weight is a dead weight added to the
syétem to produce a net downward force and ensure that the
" tip of the pile is well in contact with the soil éuring'the
osciliatory motion. The weight is isolated from the
oscillator by a soft spring or an air cushion in order not
to take part in the dynamic motion, The_dynamic force
developed by the oécillator is shown in Figure 2.2.

The oscillator consists of two counter-rotating

eccentric masses synchronized in such a way that the



Table 2.1 Vibratory pile driver charactertistics.

'l

MODEL FREQUENCY | POWER MASS FORCE AMPLITUDE
Hz kW tonnes kN
BRD-1000 | 40-135 745 “10 1200 @ 135 Hz#
: 500 @ 70 Mz
RDU-400%*] 60-130 298 8.2 1200

* Allows for a 35% increase at resonance.

**Smaller version of the BRD-1000, made in Canada.
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o) force on the pile when the oscillator is at rest;
W is the bias - weight. I '
A FORCE s S
o . : . o
. "TIME :
b) dynamic force developed by the oscillator’ ; ~
. . . ) [ -~
AFORCE
. /\-[:%
W [N
TIME >

~ ¢) total force input at the top o( the pile when the
oscillator is in motion.-

Flgure 2.2 Components of force actlng on pile dur1ng

driving.
L x



i
o norlzontal components of”their‘centrifngalbforceS’cancel and
8 vertical 51nu501da11y varylng force is produced. The
'eccentrlc masses can be changed to ‘produce the de51red peak
—force.‘ }hEII rotatlonal veloc1ty can also be var1ed to
produce the des1red peak force._

Flnally, a clamp strongly sejﬁ;es the, top of the p11e

to the osc1llator to ensure the force. and motlbn of the

oscillator are transfered to’the p11e.

,

2.2 Resonant Frequencies of Piles

The.main objective in resonant vibro-driving is to
excite the p11e at resqnance to maximize the: energy transfer
from the top to the bottom of the p1le Hence, -it is very
1mportant to be able to predlct the flrst resonance
.frequency for a g1ven pile.

Accordlng to elastic theory, the wave length at the
4flrst resonance mode w1ll be tWICG the length\of the‘plle
when both ends of the pile are free. " A pzle w1th one end
fixed and LONe’ free w111 have a wave length of four tlmes its
length;,/STnce~the‘frequency.(f), the wave length (\) and

N

the.elastic_Wavekvelocity,(c) are related by.‘
fxA=c' ’ ' ' . ‘ o ' (2.1)

S

“This equatlon is derlved from fundamental phy51cal
con51derat10ns and is contained in any elementary physics or
dynamics book. See Halliday and Resnik (1967). ' »
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‘a free ended rod with a wave length of twice the pile length
‘(L) gives the resanance frequeney (fr)'as: | »

f@%c/ﬁzaL) B 4 AR . N (2.2)

A‘rod'with,one end fixed and one end free will have a, .

‘resonance freguency of: T .
fr=c/(4xL) | . C o (2.3)

In reality, p1les do not have both thelr ends free nor
their tip fixed and top free. Plles carry at the top a
s1gn1f1cant mass: the sprung bias and the drlver Davisson
(1965) suggested that the analogy of a vibrating pile-driver
system to a v1brat1ng free ended rod: w1th a mass 51tt1ng on
top could be made to approxlmate the first resonance

frequency ofvp11e~dr1ver systems:
~  R={wrL/c)xcotan(wrL/c) o - (2.4)

where R is the ratio of the mass of the pile to the mass of
the driver and wr the angular resonance freqUency;
Slnce the precedlng theoretlcal relatlons are not

"satlsfactory to predlct the resonance frequenc1es; Kovacs

~

(1966) modified empirically an eqguation first presented by

Rayleigh (1926) to take into account thenmass of material

b:ought into play as.a result of the pile motion. He

&

~



<0

‘where'Le is the equivalent piie length, equal to the actual

concludea that

f=(c/2ﬂ?v@;25/(LeXL)' 2 -~ . "(2.5)

7

pile length plus the length of the clamp and driver attached

to the pile, and 5. 25 is an emplrlcal constant. The

equ1valent'length is approx1mately-1.8 meters for the Bodine
' § .

Resonant Driver,

In a continued effort to find an universal expression

for the resonance frequency, ‘Bernhard (1967a) determined -

| experlmentally u51ng model piles that the wave lerigth at the

flrsthresonance mode was three times the length of the pile.

Therefore, the resonance frequency of a pile from

i

experimental results is given by:

)

fr=c/(3xL) ' ‘ : o - (2.6)

Kovacs and Michitti (1970) compared resonance
freguencies’cbmputed from various formulae to observed
frequéncies from field studies. A plot of. resonance

frequency versus pile length, for all the eguations

* This formula was first described in an unpublished report
on file at U.S.A. C.R.R.E.L., Hanover, N. H. Its first and’
only publlcat1on, as far as the author knows, was .in a

‘C.R.R.E.L. report by Kovacs and Michitti (197Q). The

formula in the report is incorrect. The error was never
reported in any publlcatlon or note from the authors.

Dr. Kovacs was contacted personally to acknowledge the error
and obtain the correct expression, -
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- previously presented and Usingﬂxovacs and'Michitti's (op.
cit.) aata; is shown in Figure 2.3. It can be‘seenfthaf the
theoretical free tip and fixed tip5‘££equencies provide ah
upper.and lowe boﬁnd=eetimate while Kovaés' and'Bernha:d'e
eqaationevare the best fits fer the observed frequenéies.
Davissoﬁ's eguation undoubtedly misrebresents the behavior
and should not be used to predict the data.

KovaCS and Michitti (op. cit.) studled other cases as‘
well and came ‘to the forement1oned conclu51on that Kovacs
and Bernhard's equat1ons were the best approxlmatlons of.
f1e1d resonance frequenc1es

| It is very Interestlng to nete that formulae_z.l to
2.6, ekcepﬁ that of Davisson (2 4) thch can be disfegafded,
have only the pile's compre551onal wave velocity (C‘V@7;)
and the length. of . the plle as parameters In other words,
they only take intoaiaccount ‘the phy51cal properties of the

pile. Kovacr!

‘equatlon however contains an emplrlcal
constant to cons1der the mass of the soil brought 1nto play
;along with the pile. ' | o )'
This observation causes one to wonder what éhe
influence of embedmenit really is. Even before the entry on
the market of hlgh freq&%ncy drivers, Eastwood (1955)
‘concluded after a series of tests, that the resonance

freguency: of a pile—soil system could be considered constant.

.‘throughout'the benetration of the pile~into the soil.

* The top of a plle is always assumed to be free.
Therefo;e, free tip designates a free-free end condltlon and
fixed tip a flxed free end condition,

"
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Ghahramani (1967) computed resqgnance frequencies“for
embedded and unembedded plles and found 1n51gn1f1cant
~d1f£erences. Meanwhile, Griggs (1967) demonstrated with his
idealized models that the side re51st1ng forces due to
embedment reduce the displacement magnltude but have no
effect whatsoever on the resonance freguency of the system. .

For completeness;'it should be added that Schmid (1969)
concluded after a serles of model tests conducted at
Prlnceton Un1vers1ty that there exists two types of
resonance: \

" . ‘the first is a rigid body-system type of
resonance which has a rather flad\peak, and the
resonance frequencymdepends on the masses of ‘
vibrator and pile and the properties of the soilf
For, this rigid hédy—type system driving at the
resonance frequency is not essential. The second,
and all h1gher resonance freguencies, are those of
the elastlc rod resonance. They depend only on the
-velocity of sound* in the pile materlal and the plle
length L. "™ |
~While one can satisfactorily predict the résonance

frequency'of‘piles; it is important to‘remember that the
resonance of a pile-driver-soil system depends solely upon
the physical characteristics of the pile. Therefore, use of
equetions 2.5 and 2.6 is recommended to predict the

v

resonance freguency of piles.

‘* Compressional wave velocity (c).




2.3 The Pscillatory Motion

The knowledge of the nature and shape of the
oseillatory motion is important not only in predicting the
_ resonance frequencies as ‘seen in the pre&ious section, but
also in estimating the ﬁagnitude of the displacement'at the
pile.tip. -The magnitude of the motion at the tip is used to
calculate the amount of energy transmitted te the soil and, .
to some extent, the penetration of the pile.
| Bernhard (op. cit.) shed some 11ght upon the shape of
the v1bratory mot1on when he reported- that the wave length -
was equal to three p11e lengths, but probably the most
comprehen51ve study was carrjed out by Smart (1969) He.
performed a dimensionless parametr1c study on 3 uniform
section, weightless pile.;ith qniform“viscous damping along
ité‘wail and ﬁo pBint resistance. Hie parameters were
defined as follow: |

1. the dimensionless freguency:

N Df=wxL/c » 7 ‘ (2.7)
note that the first theoretical resonance is at Df=mrand
the se;éqd at 2m;

2.  the dimensionless amplitude:

Da=w?<d;<Z°/Fo : ‘ o ) ’ '(2.8)

‘where Z, is the,charecteristic'impedance of the pile,.



defined as the square root of mass times rigidity,
the peak oscillator force, and d the current
displacement;

the dimensionless force:-

where F is the current force;

the dimensionleés pojer:

where P is the current power;

the dimensionless damping:

ﬁheré r is the uniform viscous damping constant?®;

\ahd finaliy,lthe dimensionless coordinate:

16

F, is

(2.9)

(2.10)

(2.11)

<2-12),

where x is the distance measured from the top of the

3.
DF=F /F,
.4,
Dp=Px2Z o/Fo
’,br=rXi/Z,
/
// s
}
6. |
\k\\»~
‘ /bx=x/L
pile.

Damping or "dashpot" constant per unit length.
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In his analysis Smart (op. cit.) took the pile as fully
‘eﬁbedded in soil. The input force, frequency, total damping
.and the eharacteristicvimpedance of the pile were assumed to
be independent variables. The displacements, internal
forces and.power €onsumption were on the dther hand,
considered as dependent variables. Great care should be
taken in interpreting the results of the analysis. In most
cases, parameters were held constant to find out what the
effect on the othersfﬁould be. ,Iﬁ real cases, they might
not be constant A change in‘section or characteristic
1mpedance for example, has an efféct on the dimensionless
damping rat1o. The results of the analysis are presented in

’

‘Tables 2.2 to 2.5. Before they are discussed, general

.conclusions from inspection of the dimensionless expressions

will be drawn.

v‘Frob,equation 2.8, it can be said, if all else is held
constant, that the displacement magnitude is inversely g;m
proportional to the frequency. The velocity (v) and
acceleration (a) are feSpectively the first and second time

derivative of .the displacement. Hence, from the harmonic

motion equation : v J
o v ;
d=d,xsin(wxt) ' ' " (2.13)

- where d, is the displacement amplitude, it can be shown that

0/

v/d=w ‘ T i - ' (2.14)
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Table 2.2 Influence of frequency and damping ratio on the
peak force in the pile, tip displacement and total power;
after Smart (1969).

Df Dr DF Da . DP |
(peak) (tip) (total)
/3 0.1 1.0 1.2 0.05
1.5 1.0 0.63 0.24
/2 0.1~ 1.0 1.0 0.024
1.5 1.0 0.70 0.23
27/ 3 0.1 1.1 1,2 0.03
. ‘1.5 1.0 0.81 0.30
x 0.1 20 20 9.0
1.5 1.3 1.2 0.79

Table 2.3 Displacement amplitude and force as functions of
damping and position alon?'pil?. for Df=7/2; after Smart
‘ 1869). v

Dx . . - |Dr ' Da : DF
0 0.1 . 0.053 1.0
1.5 0.53 1.0
0.50 0.1 . 0.70 0.70
u ] 1.5 0.52 0.71
0.93 0.1 : 0.12
1.5 - 0.10

1.00 0.1 1.00 0.0
1.5 0.68 0.0.
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' . & n,ﬁ; ! e .
Tab“ﬁ.;i”aﬁiamﬁ:;ment amplitude and force.as functions of

damping and position alon

pile, for Df=57/6; after Smart

1969) .
Dx Dr Da DF
0 0.1 1.7 1.0
1.5 1.3 1.0
0.50 0.1 0.50 1.9
1.5 0.48 1.2
0.975 0.1 - 0.13
1.5 - 0.10
1.00 0.1 2.0 0.0
1.5 1.1 0.0 SR

- Table 2.5 Displacément amplitude and force as functions of
damping and position along pile, for Df= T (resonance); after

Smart (1969).
Dx Dr Da DF
0 0.1 20.0 1.0
1.5 1.3 1.0
0.5 0.1 d.55 20.0
1.5 0.48 1.30
0.975 0.1 - 1.3
1.5 - .0.10
1.0 0.1 20.0 0.0
1.5 1.2 0.0
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and

a/d=-w? (2.15)

;Therefore, the acceleration is directly proportional to the
frequency. ' : h ¥
The power consumption is the input oscillator force

times the velocity of the top of the pile,'averaged over one

time period., In terms of velocity, equatién 2.8 becomes
Da=vxZ,/F, (2.16)

Hence we can say that the power is proportional to the
square of the oscillaﬁor)fqrce. Similarly, from equations
2.8 and 2.10, 1if ail else is maintained constant, it appears
that the displacement and the power are inversely
proportional to the characteristic impedance of the pile,
ZFrom Table 2.2, as the fréquency is increased from
zero, the tip displacement and power delivered to the pile
decrease to a minimum at one half the resonance frequency
and reach a peak at resonance.’ This is true for any amount
of damping, the lower value of Dr representing less damping.
Two values of dimensionless damping are-presented to
illustrate the effect of inéreased damping oﬂ'the motion
shape and néture. The peak force is amplified at resonance,
. The increase in peak force is noticeable from about two
thirds of resonance (Df=22w/3). The amplification of the

peak force is maximum at resonance and decreases again past

s 2
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resonance in the same manner - as it 1n&£eased w1th frequency
before resonance._ ‘The forcg is unchanged between}the,_
o resonance peaksl | o ‘ |
f': It is 1nterest1ng to note on Tables\} 3 to 2 5 that the
fhrces near the tip of the p11e are around 10% of the
lsc1llator force except for the undamped plle at resonance
’In fact, 1n the last 3, to 5% of the length of the plle,\‘h e
forces drop drastlcally from 10% to 0% oﬁ the osc1llator »
force., Thls 1s because ‘the t1p must have zero force to
isatisfy the assamed boundary condltlon. In the case of the
undamped plle, the drop is steeper because the ampllflcatlon
in the center of the’ plle is much larger vm

The d1mens1onless damplng ratio has very llttle .

»

1nfluence\on the magnltude of the forces at any, p01nt along
the plle At resonance, however the forces 1n Lthe p1le'are
hlghly dependent ‘on - damp1ng, see Table 2 5 Damplng lessens“r
resonance of the forces at all p01nts along the plle.- As 1n-
the precedlng cases,,forces qu1ckly drop to zero 1n the last
portlon of the p;le length ' The dasplacements at resonance
are affected by damplng ina 51m11ar fashion as the forces.

«
body d1sp1acement dependlng upon the amount of damping.

, The d1splacement can be a large ampllflcatlon of the rlgld

If a re51stance was offered to the t1p of a plle,yit‘
°can be concelved that the shape of the force dastrlbutlon o
‘along the pile and- hence the dlsplacement dlstrlbutlon would "
be- altered in such a way to make the wave length shorter

than the free t1p wave length Th1s mpdel then clarlfles



f why the free tip. resonancé frequency 1s'an upper bound
,?; value, refer to sectlon 2.2, B
| ‘ ‘Smart (op c1t ) observed on the lower frequenc1es
response curves, ~which are not~reported here, that at leé;
than one quarter of the resonance frequency, the plle
essentlally behaves llke»a rlgld,body. ThlS theoretlcal
finding confirms thetexperimental obServatlons,of Schmid
i (op. c1t ). | |

From Smart' study, gt is 1mportant‘to keep in mind that:

. at resonance

1.. the tip dlsplacement can be a large multlple of the
'r1g1d body dlsplacement,

C2. the‘magnitude of‘theuforces and displacements in the
~pile are hlghly dependent upon the amount of damplng,q

3, the consumed power :is proportlonal to the square of the .
| ‘oscillator force 1f all other parameters are held

onstant, | i

4. the characterlstlcrlmpedance of the pxle has a definlte
'effect on the d1splacements and the amount of power used
to drive the plle | A
Thus w1th this better understandlng of the plle motlon,
the 5011 reactions along the side and at the tip w1ll be:

better v1suallzed. Hence, !he problem of penetratlon can

now be probed.



2 4 Penetratlon : “

A limited amount of data on p11e penetratlon is
available 1n-the llterature] A thorough literature review
for piles,of smallneross-seetienai area_is presented in

~ Table 2.6. It shduld be noted that ali‘non—scientific
papers WIth 1ncomplete 1nformat10n, such as Rayner (1974%., 0r
Reseigh (1961}, 'have been dlsregarded\Jﬁ&he amount  of data

e dlsplacement piles, like closed . end plles, is

comparaple to the amount presented in Table 2. 6 . The data

preaeﬁjed in Table 2 6 demonstrates very convincingly the ,
\\\\2ﬁﬁjﬂéy of the resonant»drlvers to economically placefplles,
| ;in'any type of soil. »

Catoire (1963)’reviewed the Soviet theory of vibratory
driving.- It is ndta;ntended here tovgive the Russians mere
Credit'than they'deserve but»‘since Catcire's (op. cit.)
paper reports on the early work in v1bro dr1v1ng, is the

" only avallable reference on Sov1et work and has not been
publlshed in the engllsh speaklng literature, it w1ll be the
‘object of a“spec1al sectlon. Following that section on,the

:Soviet theory df.vibro—driuing, the major'landmarks:intthe
mecnanics of penetration and understanding ef‘5011 reactibns

fondd

will be reviewed. ' , Ty

" \ . - . : ‘ .
- ) .. O . . .

2 4, 1 The Soviet Theory of V1bro dr1v1ﬂg

i

The following lrnes nstitute a detalled presentatlon,
of Cat01re (op cit. ; ‘As prev1ously said, thls only

tonstltutes a review of the early work. . .Hence, the?relative



Table_z.G‘Penetration pérformancé of the resonant driver,
for éteel H-piles and open end steel pipe piles.

~
SITE AND PILE SITE TIP AREA DRIVING PESCREPIION OF TRAVERSED PEN PATE . Cu/e ’
PILE KO, 1143 2L N (4[] STRA HEAN FIRAL kPa/® REFERENCE
N -I-ln‘ a/nin Wibtows/30 cm} )
mausa | w-rlle ” 25.60 Sand, sllt, clay 3.34 - <30 A0 Fawcatt (1973)
356 am 33,10 Redlum sangd - 0.5 1.5 2 & .
124 kg/m . » .
2 -k N-Pile 150 16,46 Yery sllty organic clay 13.07 - 24/70°  24/0° Fawcett (1973)
305 W 17.68 $tiff sandy Kevper marl 7.8 - 87/18° 81/18°
117 kg/m . 19.81 Hard sandy Keuper marl” 0.34 0.23 - <150 150"
19-Holland Pipe plis 157 6.00 Sand fiH} ’ 10,9 10-30 Fawcett (197})
406 17.00 Dense sand, silt layers \
e 21,00 Layers of sand, $ilt and clay 3.66 25-50
.50 tayers of sand, silt and cley 28
n-vk -’ Holiow box 158 6.0 Fi11 and sand vith gravel A.52 . . Fawcett (1973}
Larssen 38 14,02 " Medlum sand 2.56 1.68 2% 2
17.07 Hedium sand 0,62 . 0.38 AS A5 -
22,57 Medfum yand . . 0.78 0.61 3% 1S
.. 23.17 .Vary soft sandstone . - 0.019 . 30 90 -
. A13-UsA H-Pile 169 23.16 ' Interbeddcd silt and sand 3-43 T smart {1969)
356 wm ' 2h.38 dense sandy till- - - 1.52 © >80 K
132 g/m c ° . )
116A-USA H-Plle [2 2 A.77 Fit) : 1}0.30 . 734 Smert (1969)
(3 plies) 20) 9.4 Sand & gravel X 2)0.15 .
S 56 kg/m 10. Clayey silt . . 3018
- . sadrock (shale)
.'20;10 USA . Pipe pile » 7.62 ¢ravelly or silty sand 27-63 Smart {1969}
- aus m 9.45 Clay . 3.00
16.15 Gravelly or siity sand )
£20-9 USA H-Pile 39 “', . 10.67 travelly or 311ty sand i 27-’63 . . .'Sur( (5959)~
: . - 356 : ) 11,28 Clay 6.08 |
. 109 kg/m L 16.15 Gravelly or silty sand )
nr Write 19 o L4 1829 Nedium Dens ity sand A)0:61 2-30° . seart (1969)
7 plies) 356 wn . . N0 Dense sand | 2)0.9} . >0 : .
109 k9/m ~ , . 3)1.68
. o)1tk -
5)0.61
. L. €)0.30
. : ~17.62
ne n-rile K <90k Soft sile and clay 16.10 . ) Snart (1969)
(2 pltes) 254 mm 30,50 © ‘Alternating stiff clay 2)6.74 . 17-5% -
N 62 kg/m ) : dense sand and gravel . i
163-USA Herlle 108 © 18,29 bense sand and gravel 5100 . Smart’ (1369)
(3 plles) 254 m to . . !
K T 85 kg/m 24.38 : . v '
187-usA n-rile : 101 4.88 Lacea dredge sand FI1T
305 . _ 610 Lcbsa glluvlys sand . 2-18 Seare (1969}
79 kg/m : 9.1k silzy gloy. tp clavey silt )
' 18.59 Loose 'MQ‘““’ : : 2-18
. 9, N
£92-USA H-Piie . 169 . 33.53 ense ‘sand & gravel 0.26 . . 18-172 Smart (1969)
356 mm . 35.66 Shate bedrock {N=90)

132 ho/m : - e v . S
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size of this_section is not repreeentative:of.the relative
importance of the presented wcrk with respect to the actual
state of.the;art

The work on v1bratory dr1v1ng in the Sov1et Unlon has
_followed two main schools of thought. The first was led by
‘the famous Dr. Barkan and advocated the: v1brov1sc051ty of
the soil, The second, led by Newmark and in parallel by
".Blekhman, Koushoul and Shliakhtin, preached that there 1s.no(
' need to worry about the v1brov1sc051ty of the soxl They
-arr1ved at a theory u51ng usual gnngepts of bearlng capac1ty‘
and soil resistance, assuming that dry ‘friction took place
along. the skin of the‘pile. They also assumed that:there
existedia reiationship between the'fofce exerted by thehtip
of the pile and the penetration of the pile. |

Barkan's theory takes into account the change in
phy51co mechanlcal propertles of the soil but- falls to
explain some 1mportant and fundamental field- behav1ors such
as the absence of penetratlon at small t1p displacements and
refusal at depth

Newmark s work fails to recognlze the change 1n
physico—mechanlcal propertles of the soil but successfully
“accounts for refusal and absence of penetration at small tip
: dlsplacements.4 In certaln materlals like saturated sands,
lsuch a»theoryéls erroneous’because of/pore.p:essgre
'build-up.;‘Newmarkfs theory‘wili be examined in detail
because it mcdetsvsatiSfactorily'the field behavibr,handv

because it has similat assumptions‘to those of his school's
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followers.

2.4.1. 1 Basic Assumptions
Several models were adopted to develop the theory of
"Vibro—dr1v1ng: Theytare illustrated in Figure 2.4. It is
assiymed for‘the-first model that |
1. ‘the pile is a pertectly rigid body;
2; the soil around the pile remeins still at allftimes;
3. the soil friction on the-wali of the pile is dry .. “jf
friction,’i -e. it does not depend upon the veloc1ty of |
.the motion but upSE the nor;al force;
4. the point resistance dOes not depend-upon the
penetration rate;
5. the relationship between the p01nt re51stance and the
ﬂhenetration of the pile is constant.. The same point
resistance holds fot any penetration of pile;
6. the exciter produces’ a 51ﬂu501da11y varying vertical K*
force independent of the pile motion. | ‘
The first model ccn51sts of a rodvsinking in e straight 1'1
" shaft and:held back by a weightless plug neer its.tip;
Newmark’e55umes that the soil resistence at the point ‘and
the resisting‘soil friction can be obtained experime;tally.
The second model 1s different from the first in that
the 5011 elast1c1ty is taken into account.> There are
springs that. bind a weightless soil cylinder to the pile.;‘
The 51de friction and the spring at the tip of the pile keep

the weightless plug at the tip away from direct 1mpacts by.
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the pile. When the pile is excited, the soil ' cylinder stays
,stlyl until the forces in the binding springs eqgual the side
resisting forces. At the tip of the pile, the spring first
compgesses until its force reaches the magn1tude of the
p01nt re51stance force. Then, the plug starts to move down.
. As. can be seen, the models do not consider the inertia
of the soil surrounding the plle. The 1nfluence of the
ine;tia“of the soil is far from belng negligible. This is
why a more appfopriate model such as the one shown:  in F&gqre
2.4c should be used. The soil around thevpile is feplaced
by an- equlvalent mass resting on springs. This equivalent
mass has the same frlctlonal propertles as the real soil.

This model was first imagined by Newmark‘but never used in

any analysis.

2.4.1.2 Basic Equations

. The penetration condition for the first model is at all

4

times: = L I
Fo>S | ' (20

where S is the total side fesisting'fofcé.

For the second'model} the condition becomes
Kxd>S | | - (2.18)

where K is the spring constant of,the soil¥pile elastic
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bonds.

The soil models‘for the point resistence are shown in
Figure 2.5. The resistance for the first pile model is
purely plastic. The_point resistance is always the same
regardless of the pile penetration. The resistance_go; the
second model is elasto-plastic. The elastic. portion of the
relationship correspondeJto the compression of the binding
-soil-pile spr{ngs; -

Newmark stated that the irreversible pepettation (az)
of a pile of.mass (mp) hitting‘the soil et a velocity (v),

"is for the elasto-plastic model:
=((mpxv2/3)-@)/2 ° A (2.19)

whe;e J is-the pointvresistance force.

| -In practice, the point resistanee is often larger than
the weigﬁt’of the pile. It is therefore‘o§vious thaf
penetratlon can only be achieved if the‘dlsplacement at the
tip of the plle is larger than the elastlc settlement under
-‘the pile welght. The point" resistance can then be oveicome-
by the shock effect of the loadlng in dry soils or by taking
advantage of‘the effective stress'reductlon in saturated
soils; Hence the aaditiohal condition:

Wp/Fo<a . - : - (2. 20)

where Wp is the weight of the pile and a the oscillation

Y
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amplification factor. The parameter a is highest at
resonance and about 1.0 at low freguencies. From that
equation; the ratio Wp/F, has to be less than 1.0 at low

frequencies but can be higher than 1.0 at resonance as long
as it remains less than «.

2.4.1.3 Driving Equations
A§ previously‘stated, a pile driving solution that
takes into account both the élasticity and inertia of the
'soil does not yet exist. The sécond model, Figure 2;4b[bwas
analyied by Newmark using théiharmonic equiiibrium method.
Koushoul and'Shlfakhtin;uSed the''initial parameter method to
solve the same p}oblem‘. Their solutions are very complex
in spite of the sweeping assumptions made to simplify the
problem. The solutions are interesting to the extent that
phey.allow'a qualitative estimate of the infl

g .
.s0il elasticity during driving.

uence of the

As far as the*first.mpdelj Figufe 2.4a, ié concerned,
Newmark and Blekhman obtained simple equations giving the
maximuy depth of pehefrat@on,'the'ave:age rate 6ﬁ
penetratibn and'thé time required for driving the pile,
These relations are sufficiéntland-;atisfactory'in cases
‘Qhere oscillatory displacements and penetraéion rates are

large, Néwmark‘states that these two conditions are

fulfilled when

i

¢ The author, Boris Catoire, does not give any further
information on these two methods of analysis. '

Y
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S<<Kxd ‘ (2.21)

and

e

d<<rp/(2xf) ‘ ‘ (2.22)
J/ | | ' |

where rp is the penetration rate of the pile in the soil.

' Only the final results of Newmark's and Blekhman's work
are presented in the following lines..'The method of
solution for this model, the first, is not given. To
calculate the magnitude of thé‘ﬁile oscillatory

d&splaceﬁent, Newmark proposed:

a=(M/wp)\(1-(4S/(TF,))?) : | (2.23)

where M is the moment of the eccentric masses of the
_ _ .
vibrator. M is related to F, in the following manner:

Rigrrr

F°=M>£wz/g ’ | | . ' (2.24)

when the side resisting force S is much less than the.
vibrator force F,, the magnitude of the oscillatory
- displacements becomes édual to M/Wp or exactly what it would
be without any soil‘surrounding the pile.

if (S+J)>Wt>(S+JfF°),ABlekhman proposed an expression
to caiculate the penetration rate:. |

i
4 ]

rp=(Mxw/(TxWt) )xP(N\',1)xsgny ' (2.25)
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where Wt is the total weight of the system (Wp+Wb),A' and

are dimensionless parameters gi%dhwby the following

expressions: ™ | \
=(S+3/2)/F, | (2.26)

1=(Wt-3/2)/F, _ (2.27)

¢(X’,1) is a function of the dimensionless- parame ers N and
1, and is given in Figure 2.6. sgni is equal to +1 when v is
greate? than ‘0 and to -1 when 1 is less than 0. sgni's only
purpbse'is to give the formula the abi;ity to rebresent
either sinking or extraction of piles.. Extraction rates are
of course negative, |

Formula 2.25 is valid when there 'is no point
_resistance. In most cases where the point resistarce 1is
small compared to other forces in the systeﬁ, the eguation 2{
would apply. The existence of a significant point
re51stance reduces the penetratlon rate. .

~

For small X and 1, an approxlmatlon of equation 2.25

. can be used: *

rp= (TxMxwx (We-J/2) )/ (2Wex(S+3/2)) o (2.28)

Bfekhman also proposed an expression and a graph-teo

determlne the time requ1red to drive a pile to;a given

~

depth:
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.
& |
4 *

_where w(X',x) is a functlon of the prev1ously defined

. d1mens1on1ess parameters)c and 1, th 1s the requ1FEd tzme to

carried out. In sudh a case, z becomes the thlckness'of ‘the .

-

jdrlve a p11e to depth h. The functlon m 1s shown in F1nge’

2 7 To get that eQUatlonz equat1on 2, 25 was 1ntegrated

VThe p01nt resxstance was, assumed constant Wlth depth whereas

the side resxstance was assumed to vary l1nearly w1th depth .

(z):'> - ,vf" _ B

)

& ' .

Cs=Bwxpxz T (2.30)

where bw is the 51de re51st1ng stress glven 1n ‘Table 2 7 for
dvar1ous p1le and soil condltlons and pis the perimeter of

the\plle sectlon._ Where there 1s more than one stratum, a

summatlon of the side re51stance in each stratum has to be
considered stratum.,~
Thefmaximum depth of penetration, hm, is given by:

3
o

jhme(Fq+Wt-J)/(px5w)l o ’ . C2.31)

During'driding,‘energy:is spent to overcome thglside

wall frlctIOﬂ and the p01nt re51stance -Tond;iviia/pile, a

drlver must at least supp~ the consumed:energy:

- . : N
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P=((2xSxMxu/ (MxWE) ) x\(1-8x8/(AxF o)) ) #dxrp - (2.32)

All the s1mp11f1ed theoretlcal relat1onsh1ps that were

reported in thlS sub—sectlon are useful to- make a

L]

'_comparatave study of the various types of v1brators,
according to Catoire (op. c;t.). |

2.4.1.4 Conditions for Driving -

The conditions for successful‘driving of piles in soil,

‘as brlefly seen h&‘ﬁ‘;!previoua section, are that

1. the v1brat6§¥@fht%$~bevlarger than the soil resistance
for the con51dered depth. introducing a coefficient e _
‘to take into account the elasticity of the soil,

equation 2,17 becomes.

F;=wa’/giexs_

vhere O.SSeéO.B for low }féduenty vibraedrs, e=1.0 for

high frequency vibratore and 0.45e<0.5 .for variable |

frequency‘Vibraters operating in theVVeri low'frequenty

range, 5 to 10 Hz. S is calculated as pef EQUation

2.30. '_. _ | L

2., the oscillatory;displacements must be amplified edoughf'
touovereome the soil elastic displadementSQ When the
displaeement is close enoughlté-the‘undamped value M/Wp,
the cond{eion can mathematically be_expressed as: |

@
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S
bxM/Wp2dr : | L (2.38)

o
- \

. N o s ; . B} )
where dr is the required tip displacement and b a

dimensionless pile displacement coefficient. The

‘coefficient b is'taken as 0.8 for reinforced‘concrete

piles and 1.0 for any other type of p1les. Values of dr-

‘are given in Table 2 8 for dlfferent types of soils and

I1f b is neglected, eguations 2,14 and 2.24

substituted for 4 and F,, and equation 2.34 blended with

equation 2.33, the second condition expressed in
equation 2.33 is obtaimed in terms of frequency:

)

w2exgxS/(Wpxvr) t\ _ - (2.35)

where vr is the required oscillation velocity which can

- be taken as 0.§Mtou0.8 m/s for anfirst estimate.

the resultant\df-all external forces applied to the pile

B4

guarantees penetration: ' ;ﬁﬁﬂ o X

We2Brxa . | . (2.36)
and - . ' o

n‘1<Fo/Wt<nzﬂl o A ' ) . s (2.37)

where 6r is the requ1red average t1p pressure on the

soil, n, and n, are coeff1c1ents that depend upon the

, nature of the pile. n, and n, take the . followlng values.



40

/

o1-9

ZL-8

Ot-9

sa|0y pelliJp-edd U} UdALJIP
ncOmmvno 83845U0D0 pBldJojuUl e
Jeingny LO«QEuoU abue

oT-Si

S1-Zt

WO 000T cn:« nuon uoi }oe
40 ‘euoBAiod_Jo auenb
‘sl 1d 83940U0CD padUoULL

oiL-8

G -Tt

z+-04

WO 008 uURYy} S$S8|
co_«umm J0 saiid (ei8w Jv|INgNY
pus-peso|d pur s9|id USPOOM

TL-0}

0oi1-8

. 1wd 05} 03 00} uvy) Ss8i|-
uo| 30088 Jo so|id pue s&|d
Jeingni nc0|cdno .nop_n —uuoz

sT-0T

L°91-E"E}

L bL-L"9

§2-0T.

L'94-E €}

L -G

ANINAI>OCNDUOLu.

s8110S AeAw|D

$110S Apues

- e« 8dA} __ow

(ww) Jp

um>h ®lid -

‘gdi3 erjd jo juswedwidsip A4O3i@||}ISO >memmomz

" (E961)84F038D 48348

8z s1qael




41

a. - for metal pil n,=0.15 and n,=0.50;

b. for light pifes, n,=0.30 and 'n,=0.60;

c. for heavy piles, like cohcrete piles, and tubular

_caissons, n,=0.40 and n,=1.0. :

The recomménded values for;5r are

a. for small diaﬁeter metal piles (AS150 cm?):
1.556r<3.0 kg/cm?®; -

\

b. for wooden and closed end metal pipe piles. (A$800
cm?): | ¥
4,055r35.0.k§/cm’;

c. fqrv;einforded concrete piles of fectangular or
square crdss-sectional area'iess than 2000 ém‘:
6.0SErS8:O kg/cm?., |

. 2.4.1.5 Practical Use of Driving Equations

©

~

To properiy.use the eqguations of section 2.4.1.3, the 

following stéps must be taken: .

1. 'find‘sifor:the desired driving depth as pek\equaﬁion

o 2.30, partihé_the soil into strata if;pecéssary;

2. knowiné the weight of the pilé\andéits type, determine M-
\froﬁ condition 2.34, After, find o from equation 2.33.
If it is not known in wﬁich frequency.fange w will be,
"equation 2.35.has to bé used to find w. |

3. Using equation 2;36 to find the minimum Qeight‘reQUired
fo; penetration, the bid weight can now be dgducaiﬁ? B
Equétion 2.37 also has to be-safisfied. If the ratio

F,/Wt is too low, the vibrator force has to be increased
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and if the ratio is too high, the bias weight has to be

increased.

_The final values of eccentr1c moment, angular frequency

‘-

and total we1ght are picked and verified follow1ng the |

method of section 2.4.1.4.

The power can be-.calculated from'equation 2.32 or from
Sinelnikov's formula (in kilowatts):

o

P=3X107'XMf&w‘/Wp L (2.38)

Where M and Wp are respectlvely in Newton meters and in
Newtons. The formula 1ncludes a 20% allowance for the

t

.energy.spent-to excite the surroundlng_501l.

2.4.2 Soil Reactions and Penetration

After the work of the3Soviets; no engineering theory

was derived to. predlct the penetration rate and depth of

piles driven by v1brat10ns. Probably because of the llmlted

access to Soviet thgory, the predlctlons in the western

world, at least if° North America, have always been based

£

chieEIY.on experience. "It 1is true though that several

attempts were made to fit egquations to penetration versus

-

time curves. Undoubtedly the most noteworthy of such

attempts is that carried out by Littlejohn and Rodger -
(1980). | ' |

=

SOme'explanations of penetration like the

Vvibroviscosity of the sufrounding_soil are appealing,
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L
academically speaking, but have shbrtcomiﬁgs when time comes
gtpk@xplain some field behaviors as was discussed in the
‘ptevious secgﬁont ﬁé;;:;é;:;to provide a good understanding
of the mechanics'pf’penetretion, the efforts of Smart (op.
cit.) are firSt examiffed. The discussion then goes on with
the findinés of the*Prjnceton group of researchers whO’shed
light upon the soil reactions_at the tip of a pile. This
prepares the reader for the cl;ss1f1cat10n of V1bratory
driving proposed by L1tt1ejohn and Rodger (op. c1t.),
Flnally, to conclude the section, a brief dlscussion on the
latest elasto-plestic‘penetration theory is presented.
BecauSe the'predictions are based primarily on’

experlence, Smart (op citf) tried to provide a theoretical
..framework for an 1ntelllgent use of ‘the acqu1red field
experience,}whlch‘ls summarized in Tables 2.9 and 2.10. For .
that,.hevlooked at.the impulse and momen tum reiation of thev

~

driver-pile-soil syste’:

t+T ” . .
(-1/T)| Psxdt= mbx(g Arp/T) , (2.39)

t .

"where Arp.is the‘change in"penetratien rate”over one motion
perlod Ps the total 1nstantaneous soil reaction and mb, the
mass of the system, conszdered to be the. bias mass for all
pract1;al purposes. " The crane reactlon is assumed to be
Zero and the term Arp/T represents the acceleratlon of the

translatory motion. By 1nspect10n-1t can be seen that the

weight of the system, represented by the right hand side of
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the equatlon, is equal in magnitude but opposite in
d1rect10n to the total 1nstantaneous soll reactian averaged
over one motion time period. If the penetration rate
increases, the average soil reaction decreases aad
vice-versa. |

To explain ﬁenetraeioh with equation 2.39, Smart (op.
cit.) discussed gqualitatively the average reactione from the
pile walls and from the pile t1p Elasto-plastic soil
behavxor was found to be the most satlsfactory model for -
’expla1n1ng penetration. It wab also found that elastic’ 5611

‘.-

reactions along the walls aﬁdf or, at the tip explained
e ) _ . :

refusal. Hence the need of large enough displacements to

% v

ensvrevpenetration.
smart's (op. cit.) conclusions were that:

1, wviscous soil behavior eo explain pile penetration;has no
basis;

2. the soil needs.to be straiﬁea to a poi~ ~f plastic.
deformatlon for penetratlon to occur; \

33 the correlation ef soil conditions, and vibratory drlver iﬁ%ﬁ

' per formance 1s~probablyvthe best approach if it is N

properly guided by a theory .of oscillation and
tfanslation'

4., minimum tip double amplltudes of about 3. 8 mm are
requ1red for penetration in granular mater1als,

5. 1ncomplete data and experlenc% in cohesive soils
1nh1b1ts definite conclu51ons about the necessary tip

displacements.
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Littlejohn and Rodger (op. cit.) went further in their

review of vibratory driving. After formulation of an
elasto-plastic penetrative motion for vibration-driven
piles, they claim that‘it is not necessary t? exactly
‘exblain the mechanics of penerraqion. Penetration will
occur.as long as the total dynamic and surcharge forces are
larger than the 5011 re51stance./ The elasto- plastlc
reaction mechanism, first pointed out by Smart’%op cit.),
was substantiated by Schmid (op. c1t ) after the work of
Ghahramani (op. cit.). They 1dent1f1ed three domains of
dynamic soil response: ' 2 .

-

1. The .Sinusoidal Resistance Domain in which the elastic

soil resistance is larger than the dynamic driving
force. No plastic metion is allowed and hence no
penetrarion occurs. The dynamic soil response varies
sinusoidally in phase with the dyhaﬁic loading force.

2. The Impact Domain in which the dynamic driving force has

exceeded the elastic resistanceythreshold but still

remains below an impact, threshold. The notion of impact

threshold will_clarify itself as the r moves on.

The dynamic response of the 5011 at th P'le tigg

- contact with the 5011

.3, The Instability Domain in which the maxlmum t1p i

re51stance is reached The dynamic dr1v1ng force has

exceeded the totai«dynam1c soil re51staﬁ%e%§r 1mpact-,

o
7

L
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threshold. The wave form is short impact peaks
separated by longer periods of loss of contact with the
éoil.' A phase difference occurs betweenJQQg tip
resistance and the driving forqe.' Further increase ©
the dyn;mic-force beyond the impact threshold only
increases the kinetic gngfgy of the pile, hénce

s

.increasing its acceleration. .

The impact threshold sinusoidal force was fouﬁd to vary
with frquency and surcharge, Ghahramani (op. cit.). The
higher the frequency, the lower the threshold is and the
higher the surchgrge, the higher the threshold. He also
found that the impact time duration did ﬁot vary
significantly with force, surcharge or frequency for a given
soil. Hence, it'cag be considered as a soil property.

Littlejohn and Roéger (op. cit.) confirmed the above
findings in their expe;iments.' From there, they claséiff

vibratory driving as fast. and slow. Fast driving is when i

LY

P ]

the penetrative motion is dﬁe'to the progressive compactive
collapse of the voias in the soil, assuming that any'
resistance is aﬁtgibutable to reduction in shgar‘strehgtﬁ/6f:'
the soil. Fast driving is»gbar%pteristic%of‘loose grangla;
soils. Slow driving, on the ogger-hénd, occurs when an |
elasto-plastic impact situation arises. The end resistance.
is elasto-plastic whereas the side resistance is viscou;.
Slow driving is typical of dense granular”soils. -

Under the assumption of fast and slow driving,

Littlejohn and Rodger (op. cit.) arrive at t%bimostv
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. : . i - . e "‘)f

;1nterest1ng mathemat1cal models, one for each type of
!"drzvxng. For‘tast vxbratory dr1v1ng, they treat the
.';v1bratory and penetratlve motion separately. They assumed
that the sole purpose of the vxbratory mot1on 1s to reduce 3
‘ire51stance to penetrat;on. The shear resistance per unit

‘h‘lepgth of p1le is assumed 1ndependent ‘of depth and end

‘re51stance 1s ass med proportlonal to depth - The authors

farr1ve~at,two d1f erent1al equat1ons.of mot1on: one for€the

penetrative motiop and one for the vibratoryémot&on.‘

-.Because faSt‘vibr tory dr1v1ng is rarely encountered the )

solved. The mot1on con51dered in the
&

:relasto plast1c madel of slow v1bratory dr1v1ng 1s more

equatzons are not
'Lcomplex.‘_It congists of periods of penetrat1on.dur1ng whichQ
vfestt?hceeiSrpl st}c,wseparatedhhy phases of,réVersal»af
nmotiOn:andbrecot.rY aéainst elastic soileresistanCe; The -
-dreversal:motionivay be large ehgggh to cause a loss of
»contact betseen the plle andﬁthe soil. 1If loss of contact
occurs},there'is na end resistance durlng ‘part of the
reverSal phase}‘ The model for slow dr1v1ng con51sts of one
'differential'eQLat;on.wh;ch satlsfxes statrc equ111br1um of"
thelpenetratiue motlonfcurse at all times;{'This equation is
.»conplek"in form‘since.it involvesdaﬂtime dependent‘sidei
créSistance_and»%kdisplacement}andtime dependent‘éna.
react1on. L - l
To so%ve the complex differential equation, the authorsh
resorted to numerlcal methods. Their approach to the )

solutdon of thefproblem was to develop an- 1nteract1ve
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computer s1mulat10n of the theoretlcal equations and then
sFerform a parametr1c study. The theoret1cal s1mu1at1on was

fitted to the results of the parametrlc study ' Hence, the

solutlon is semir emp1r1ca1 in nature.

thtlejohn and‘Rodger (op.' y*undertook an

exper1menta1 p11e drlvxng progy

)!7’

werify'the tﬁeory;

Soil re51stance parameters were‘watied~to‘fit‘the'Computer
.model‘to‘the test results.' Theksimulation proved3succeasful
“and Showed that soii'reéistance increase5~ex§onentially with

)depth. Lack of knowledge about the initial soil paéameters

and their exact elatlonshlp with depth acceleration and
'dlsplacement am'lltudes 1s the 11m1tatlon of the model as of -
noy.

/ .
2.5 Bear1ng Capac1;y

"To f1nd out wether there are any disadvantages to‘place
avpile'by‘reSOnant-drivi , Smart (op cit ) conductéd.a_o
»tev1ew and carrled out a study of comparat1ve bearing
capac1ty tests between 1mpact driven and v1brat10n dr1ven

'plles from wh1ch the £ollow1ng conclu51ons>were drawn

2.5.1 In Granular .Soils

The ultimate total capacity in granular soils are'about
L ‘ : _

'.the.same regardless of tne driving method. When brokén down

EN

()



. . P v"J. . N : ' s -+ . ° .
into its two components, the skin f¥iction’ and the point

[N

”

bearing,.yibratiohfdrivenIpilés geflaflérger,pOrtion of
ktheir ultimate capaGity from>§g§n friction compared to
im@act?dr£§en piles. This Waé'alﬁp‘SUbStantiaﬁed by Hunter
and'Dévisson (1968). - _fé%b'“ : ‘f N
It 'is bélieﬁéd that while particleéjjar,ioose beneath
' =pi1és dﬁring_vibratbry dfiving;”they reafrange toAa denser
state around-fhem} éOnQerseiy, soil beneath impattfdriven 

piles dénsifies. The ¢ombined'action of these two effects

is,'aévpreviouSIy,sta;ed, tonincreageqlhe relative
contfibut%gg%%f skin friction to the toé%} beéring Capaéity
for vibration driQen piles, or tb'iﬂCreaée the point beéring
in the'togélvbéaring cépacity forvimpébt-driven\piieé with:

N respect'fo vibration-driven piles. .
v _ . _ -

©2.5.2 1In Cohesive"SOils'

Inmcohesive soils, less data is available than for
"gganula; soils.. However, pipe piles driyén'in clays by

vibrations were observed to have a higher bearing capacity

Mo
an

' ‘than their impééiedrivehvéounterpafts in the same material.

The high freqﬁEncyvvib:ations'og%§esbnance\are’thought‘to‘
o s - S v . e )

improve the adhesion of the SOil'tc-thé#pile&wall,wheqce the

increased bearing capacity. _

' Resistance or pa:t of bearjhg gapacity.due to the friction
at'the‘pﬂTé—soil interface.There is no soil adherence to the
pile in granular materials. : » :
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2. 5 3 Point Bearxng Piles .

" point. bearing plles, particularly on weathered bedrock
have not performed as well when driven. by v1brat10n as when
driven by impact. Tgls is attrlbuted to the fact . that p11es
sunk by v1bratlon can not as effectlvely d1splace large
chunks of weathered or broken rock to 51t ‘securely on a f1rm
base as impact- drzven plles. It should be recalled that
partlcles beneath an 1mpact drlven pile. dens1fy, hence the

J

better performance than the v1bratlon -driven plles.

0
2.5.4'Conciusion

From the -above observatlons, it has-been‘shown that the
bear1nc capac1ty of vibration- driven plles ‘is better than
that of 1mpact -driven p11es ‘in cohes1ve 50115, equivalent to
that of 1mpact dr1ven piles in cohes1onless materlals and

,1nfer10r to that of' impact- dr1ven p1les under point bearing.

é.G-Summarz_of Actual Understanding
k The present status of theoret1ca1 understanding of high
- frequency Or resonant v1bratory dr1v1ng in unfrozen ground
‘is summarlzed in the following 11nes "':JT" AL L
| Theiresonance frequency of a real pile dr1ven in any "
type of soil lies between the theoret1ca1 free tlp and flxed

tip resonance frequenc1es. “'The actual resonancevfrequency

can be predicted w1th fair accuracy u51ng equatlons 2. 5 or

2.6. i@’”

Ed
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\ second&%1th elasto plast1c tip react1ons
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A p11e soil-driver System has a flat peak resonance

! o

"associated with r1gld body motxon of the p11e ahd resonance

freguency of the so1l Durlng rigid-~ body motion the p1le

does not deform or in other words, the tip d1splacement 1s'
unchanged from the top. Most of the low frequency dr1v1ng
takes place in the range of frequenc1es assoc1ated with
rlgld body motion. Rigid-body motion of plles occurs when
the exc1tatlon frequency is lower than about one quarter the
resonance frequency At resonance, t1p dlsplacements can be:
up to twenty times larger than 1nput dlsplacements., |

. Vibratory driving can be classified into fast and slow

&

*dr1v1ng The first is associated with he,progressive

'\compac&lve collapse of soil vo1ds beneath\the pile and the

*A

ast vibratory

driVing is a condltlon for Wthh resistance/to penetrat1on

'1s attr1butable¢to a reduction in shear strength of the

material in Whlch the pile is driven. Slow v1bratory

driving occurs when’ an elasto:plastlc reaction occurs at the

tpile_tlp. Then, 51de reactlons are viscous and small when

RS

compared to tip reactions. The ‘elasto-plastic reacthﬂvat
s _ v
pile tips gan be classified in three ranges depending upon

“the magnitude of the’driving'force: "_ ' :

1.. the Sinusoidal Resistance Domain,

2, the Impact Domain,”

.3. the Instablllty Domain.

EY

EThese three Domalns were descrlbed 1n detail in Section

72.4.2.
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Finally,_thé total béaring capacity of Qibratidn—driﬁen'
friction piles is the same or larger than the total bearing
. capacitymof impacé?driven“friction~pile§u ~This, however,
”Eéﬁ“ﬁét’ﬁé’said of point bearing pileé because of the
inability of vibratory drivers to displacg'lafge chunks of

rock to sit firmly on unweathered bedrock.
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CHAPTER 3 : ‘ =

HI1GH FREQHENCY DRIVING IN PERMAFROST

The need for dr1v1ng large numberS‘of piles in permafrost

belgﬁ ﬁgifly recent, resonant dr1v1ng was first tried in the"
late 66&@‘early 70's by Raymond Internatlonal Inc. for the'
;'Alyeska Plpellne Co.. The method proved to be the most time
effect1ve in plac1ng p11es directly in permafrost fOllOWlng

a serles o% fleld tests conducted at various sites in

Alaska. However, there were a few drawbacks: the ‘high rate
of breakdown of the driver and’tﬁe unreliability of dr£§ing
in cold coarse gralned\hater1als (Huck and Hull (1971) and
Hull (1977)).

The technigue. of dr1v1ng at resonance 1svalso applied.
to the retrieval of‘statigraph1ca;ly intact but structurally
disturbed permafrost cores in the Arctic (Huck and Hull (op.
cit.), Hayley (1979)).' Since the pipe sizes involved are .
much smaller (less fhan 200 mm) and the powers much lower
(lésé thaé 75 kW), coring of éoil samples will not be dealt
with in this discussion.

The Sov1ets do not use resonant drl;lng to place their
piles in permafrost. Thelr technlque is a blend of impact
. and low frequency driving assoc1ated w1th’pre\dr1lled.holes;
A section of»this chapter will outline the technique used in

' the SOVlet Union. Befofe this is done;-con¢lusions“from

fleld observatlons on the resonénce freéueﬁcy,fthe

(w557
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penetration and the temperatures at the tip of piles driven

invpermafrost will be reported under separate headings.

£ |
3.1 Resonance'Frequengy s \

A study of longltudlnal resonance frequenc1es by Kovacs
and Michitti (0p cit.) reported field data of piles drlven'
in permafrost. The data reported from frozen and unfrozen
soils were very similar, Therefore, this allows a 51m11ar‘
coéclusion as was drawn 1in chapter 2 to be applied to plles
driven in frozen soils. It is that the resonance frequenoy

depends solely upon the physical properties of the pile.;

~ ' L2

3.2 Penetration ' . \ ’

Huck and Hull~(op oit.) reported on the resonant
~dr1v1ng tests performed at various sites 1n Alaska. The
ba51c soil prof1les at the sites are shown in Figure 3.1 and
the test data are presented in Table 3.1. The result show
that resonant plle dr1v1n§ is feasible in each type of 5011
tested. The rate of penetration in coarser materials is
lower than in. the finer materials, Cobbles and boulders can
jnhibit pile"penetration. Massive ice bodies do not,offer a
major obstacle ds a rate of 9.2 m/min was reported when
driving through such a layer at the Alaskan Field Station;

: During penetration, itvwas observed that a slurry was
expelled along the sides'ofbthe piles as the pile advanced.

Hence, it is believed that penetration is associated with
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a) ALASKA FIELD STATION

0.0
3.05

11.58
14.63.

17.58

b) GOLDSTREAM

Surface
Actlve zone: organic silt

Silt (vs) occasional bands
of organic material

---------------------------------

----------------------------------

(Nb)

End of hole
CREEK BRIDGE

1;?. 0.0

2.74
4.57
7.62.
10.67
12.80

Pigure 3.1

Surface :
Active zone: organic silt

--------------------------------

---------------------------------

----------------------------------

-------------------------------

.End of hole

sites, after Hugk and Hull

Basic so11 profiles at Alaskan test
(1970).
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c) CHATANIKA VILLAGE

Sur face

0.0 ‘ b
‘ Active zone: sand & gravel LAY ‘%%"
1.83 .............................. N ‘s ' Q.‘
. : Gravel and cobbles to 150 mm . - LR
cemented with fine sand & silt (Nb) e
TN 792 [ e : : .jﬁ
‘ ‘ End of holes | g T
" d) EIELSON AIR FORCE BASE o * M
’ . . . 5
0.0 Sur face i
- . Sand and gravel
LI .
: Sand & gravel to 50 mm (Nb)
S T
, Sand & gravel w1th cobbles to.
125 mm
-
End of hole

Note: Temperatures were estimated between -2.80C

and

-0.6°C; depths to permafrost varied from

'0.6 to 3.35 m.

Figure 3.1(Cont’'d) Basic soil’ profiles at Alaskan

test sites, after Huck and Hull
(1970) .
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1

‘melting at the t1p of the pile. Mechanical energy changes °

'? t‘:?thermal energy at the tip of the pile. The extent of
%ﬁ%haw on retrieved 1nner cores was measured to be 3 mm thick
on average with occasional depths of 10 nmﬂ'
9,

#} w
3. 3 Temperature at lee Txp

Tip temperatures dur1ng resonant driving in permafrost
have not been measured. The only indication of their order
of magnxtude comes’ from the~Sov1et exper1ence in dr;v1ng

A

piles with low frequency v1brators. They 1nstrumented, with
" thermocouples, piles that were driven at freguencies ranglng
from 8 to 17 Hi/{ith input double aﬁplifudes of %p to 30 mm.
The next section giQes more details on the method they l
currently use. 1t is just necessary to point out that the
piles wefe dr1ven by vibration in an undersized: hole whose
core had pnev1ous1y been extrlcated by a v1brat1ng leader.
| Vyalov and Targulyan (1968) and Vyalov et al. (1969) repor,//
‘ Atempe;atures of up to 40°C near the tip of the leaaer and
%'{vary"mg between 1& and 30°C on the ‘skin of the plle and
¥leader.v . O A

2B
¥
- B
3 v, 4.
Ly

3 4 Sovxet Exper:enceu

.

CE L Vyalov et al: (op cit.) and Vyalov ahd Targulyan (op.
'*C1t ) report on the vibratory driving method used 1n the
permafrost areas of the Soviet Union. It is to be noted

‘Z that most of the permafrost in which the work reported was
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ecarriedrout.uasﬂwarm (e>¥'°c)‘~ ‘The vibratory»method'has%one :
S . |
N var}ant- a‘cuttxng po1nt leader 1s added to the t1p of the.

pile. Th:s warlant 1s termed the 1mpact v1bratxon method
because of its. penetrat1on mechan1sm as it w111 be seen
later. ﬂ‘ ‘ ( , | |

A low frequency v1brator, é”to’17 Hz; intenseiy'
transmlts -energy torthe p11e andvfurther to the” so1l ;heu
?h;nput»osc1rlatron amplitude range-from 20 to 30 mm. JThe"
"energy'isuiﬁpenged'to raise the tenperatUre'of the"‘ ”
surroundlng 5011 by heat transfer at the tip and by fr1ctlon:gé
'along the 51des The friction along ‘the sides creates a
f}lm of llqu1f1ed thawed%permafrost. Hence, the fr1ct1on
oppoding gpe pile motion along the 51de of the plle is W
reduced to a very low leve;, just expendlng enough energy td\>v

ma1nta1n the slurry The method is most successful w1th

open end p1pe plles because of the1r small po1nt re51stance,l

S e

a direct result of thelr small cross sectlonal area »

The var1ant 1s,_as br1efly ment1onned before, to add a 5
‘ cuttlng p01nt leader to the tip of the hollow p1le.v Then,?%//~
thevmajor portlon_of the energy,xs spent toupushxthe cutting :
point into the froaen soil The cutting point'partly‘r‘_‘ L

: loosens the sozl whlch thaws near the p01nt. A slurryis

P

N

formed near the polnt and pushed to»the surface through the
thawed fllm along the 51des of the p11e as “the p1le v
advances. Hence the 1mp§ct v1bratlon name. Because of the’
- h1gh frequency of the 1mpacts w1th respect to convent1onal

llmpact dr1v1ng, the energy can not - be all d1§fused through

o~



. 64

-

the thawed f11m and therefore concentrates near the sk1n of
the'pxle. The effect is to 1ncrease the teﬁperature of the
skin of the p1le.¢- L 4: : ]‘ 1] 5ﬂf' S _‘{
D To drxv% p1les, a hollow plpe Wlth a cutt1ng p01nt 1si
5 1ntroduced 1n the 5011 The core of ‘the p1pe is extracated
as the assembly is pulled out of the hole. A p11e'of a
sllghtly larger dlameter than the hole is then v1brated 1nto
place.‘ The p11es need not be. round in sect1on nor hollow
51nce they are drlven in a hole.w In fact, square re1nforced
concrete plles are often used in the Sov1et Unzgp % ‘
3 5 Conclusxon’, x‘_ ",E ‘ tédh “ gan

-

Both the Sovzet excerlence w1th low frequency dr1v1ng
and the North Amerlcan experxence w1th resonant v1bratory -
i © dr1v1ng led reporters to ébnclude that mechanzcal energy is

’hdchangedi1nto thermal energy at the t1p of the plle to allowxl
, penetratlon by meltlng 1n frozen 5011 | Although thlS
. gmechagésh is)u cle&b and undef1qed/ there\ls a cqpscengus-‘
‘pbout it 1n the fﬁtera,ure. | | v
| '1f the. meltlng explanatlon 1s accepted it can be w'
';‘reasonned that low frequency dr v1ng is nat as effectlve 1n
permafrost cooler than 1n the S viet reports because 1t can
tnot del1ver enough energy to tha the so11 and. hence permlt
‘the p11e to advancer‘ ThlS 1s ex‘ctely what the Alyeska

f1e1d tests concluded

4

' N . Lo
\ N f - )
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To say that thaw:ng only governs penetrat1on of p1les@f"n
rn permafrost 1s to over51mp11fy the problem.t Thaw1ng 1s
| 11ke1y to be an 1mportant consumer ogaenergy because of the
Exlstence of the thawed fllm, but enengY spent to d15place°
“the materlal has to be cons1dered espec1ally as. penetratlon
1ncreases. All aspects to be con51dered to clarlfy the" '

'penetratlon mechanlsm of- p11es dr1ven by v1bratlons in

permgirost w11L be dlSCUSSEd in the next Chapter.




< _ CHAPTER 4

. , v o
EXPERIMENTAL PROGRAM » ’
- : -
o Following the discussion of Chapter”3' the glozsl energy
' balance of a pile-soil-driver system has to be carefully
_examlned. Before thlS is done and that an exper1mental -

",program is drafted' it is good to medltate on the energy'

-whlch cap effectively be dellvered to the'501l in both cases‘
of model plles and “full 51ze or real plles Thls w1ll allow-
fgeneral concepts of plle soil behavzor to be brought
.forward At that poznt a testlng materlal Wlll be selected

‘-and thought w1ll be directed to the parameters whlch should

be measured Levaluated in order to/prov1de welght to the |,

‘ideas broughf iward ' Thé" testlng program will be outllned

LW

‘4.1\General Conoepts of Model Pile Behavior

-In’a first‘reflectioh, let‘us look at the resonanhce
frequentles and the energy produced by that part1cular plle

motion. ;Azreal pile, 10 to 30 m ‘long, will have its



reSonance frequency‘lying in the range'from 50 to 170 Hz,

accordlng to the d1scu551on of sectlon 2 2. The power

del1vered to the p11e andyﬁas a result the energy consumed<u

in resonance can be one ‘order of magn1tude larger than the

* energy consumed by. the rlg1d body motlon.\ Thls 1s because

. the force is magnlfled, the underlylng materlal sustalns

large displacements and there is some geometrlc body wave

o

dlsper51on of the sa1d energy _: .‘ ‘.,

In a model olle, 30 to ‘50 cm long, «the resonance
frequency wlll be in excess of 3000 Hz. The dlsplacements
are 1nverse1y proportlonal to the frequency as was dlscussed

in sectlon 2.3. They are also‘ﬁﬁversely proport10na1 to the

bsquare of the frequency if the acceleratlon is held’

3 N
7 .
,,
%

& v
constant ngld body dlsplacements occur when the. frequency

1s less than vx)"(jout ‘ohe quarter of the resonance frgguenty

S

(refer to sectloﬁ' é) ngld body(dxsplacements develop

- p
‘_ when the dlsplacements at the t f of Lhe pile are

transmltted almost completef§ to tbe t1p && the plle
e

I g
Verlflcatlon of the laboratory drlver (B&K 4812 exc1ter)

spec1f1catlons shows that amplltudes of 1 toc ¥ mm occur at .

©

AN s

piles) 4§to 5 orders of magnltudeﬂlower»dlsplacement is

achieved. Since~the exciterodeliVers an approximately
hd

constant force, the energy dellvered at resonance (force

t imes dlsplacement) 1s several orders of magnltude less. than

Ed

that dellyered at 1ow‘frequenc1es (less than 200 Hz).

A

» &
1ow frequenc1es whlle at 3000 'Hz or more (resonance of model a"

o



‘Pre\\?{ijna?y driving tests showed that penetration "
s N . ' o *. ! o -
1ndeed coul not be achieved at resopance of the model pile.

The p11e penetrated best at freque cies of 60 to 80 Hz.

Schmld (op. cit.) observed that ghere existed a rlgld—booy_
type of ' “resonance which has a rather flat peak (e.q. aviow

| amplzflcatlon compared to the'plle'resonance), in otherﬁ
words a low magn1f1catlon (refer to sectlon 2.2). '?he
excitation frequepcy at that .rigid- body type of resonance

was very low wltw!respect to the plge resonance - frequency

BO'Hz versus more than 3000 Hz. Cons:derlng that frozen

e ;"{ionance may |
T _*"' . R
¢ &studies to date on
@giles 1o -

gbe'en carried out

"
soil is. stlffer ﬁhan unfrozen 5011
~\ 9%

fo?'very low ($1f ‘very hlgh?frequénc1es (>1000 Hz),
Andersontand An ﬁﬂ;‘1978)' Therefore, the’dynamic

_ resoonserof froh ‘ ,E in the freqnencies of_interest
(50-100 Hz)»is 1675t dpeh to spechiation. | |

The 1mportant conclu51on to draw from the above '

dlSCUSSlon is - that the problem of pzle dr1vrng by v1bratlons‘.

in frozen'groundvshould be, ‘iﬁ?oached in terms of energy :
consumptlon. in other woroéﬁ'in a real case the optimum
‘amount of energy traﬁﬁmltted to the t1p of the pile occurs
L9 at resonance’ whlle in a model plle it oc¢urs at a resonance
‘,!s0c1ate@ Wlth a r1g1d body typéfof motion. The followlng

s ctlon wi focus on the varlous components of. the energy

balance.

g
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Since a global picture ot the problem has been drawn, a
i\ ,
spec1f1c testlng material should be selected before

experiments can be detailed further. An inexpensive and
well known'material geotechnically speaking, is desired.;

.
¥

To examlne the promising avenui of: the energy approach, a

clean, thermodynamlcally 51mple and chemlcally 1nert

:J,

'\mater1al is extremely de51rable. For the above reasons,

5

Ottawa sand was”selected. It is a uniform rounded to

subrounded wh1te, medium-grained sand. A typ1ca1 grain

g

_51ze curve is. shown 1n°F1gure 4.1, This material can ‘be

used in a. loose or dense state by 51mply changlng the water"”
content and “the placement method
v . . ,‘ ' , -

S

4.2 Independent Var1ables andizbasurabl Quant1t1es

I

The main components of th@ enesgy balance for v1bratory

pile dr1v1ng are: .
™

‘1. Energy transferred to SQll as heat (atfthe~tiﬂ and along
the‘?ides); ® \ g .. % |

2. Energy lost to soil as. body vaves;
3. Energy expended to dlsplace soil to make room for p1le

| -These energy éomponents can not be- measgéed dlrectly
but can'be;evhluated elther qualltatlvely or'QUantltlvely
from measurements taken dur1ng~tests. rThe th1rd component’
of energy listed above 1s 'complex to evaluate The method.
used for its analysis will be explalned in detalls in

Section 5.2 of the‘next”Chapter.‘ ‘Hence, no mgre will be

-



P

experimental material
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said about it in this Chapter. .

The - flrst two global energy components areJtreated for
the_remalnderlof this Chapter as. dependent variables. Pile
oscillatory displacement andkpenetretion;rate,areoalso

dependent variables il

R the driving-problem, the
independent var1abley%‘ﬁpid be 1dent1f1ed as:.
- sample temperature (9)

-  Dbias surcharge_(mb or Wb);

driving freguency (f); . &
- « ife content; e
- 3011 den51ty (pd) .

ST :
‘After .all the variaples have been 1dent1f;ed one wiy or

an6t er%ﬁai_to.be found to evaluate them. The variables

* b
w111 now be dlscussed one by one in the follow1ng sectlons
aloﬂg ffth the method used to measure them, Independent

e

v a r ligg

A}

s will be dlSCUSSGd before dependent varlables. B

\

4.2.1 Sa@ple Température

! The temperature\@as a definite 1nfluence on the

y 4

strength @f.the frozen soil used as a sample. It 1nf1uences
the amount of unfrozen water in fine grained soils and the 2
strength of the ice in anyvtrozen soil. A iengthy |
dlscuss1on 1s unnecessary since the 1ntenested reader cah
refer to Anderson and Andersland (op. c1t ) ;or details on
the 1nf%&ence of temperature o?gfiozen sonl behav1or ' Let’

it jUSt be known ‘for our purposes that, generally speaking,

the cooler the temperature, the stronger the soil is.

<



s ‘ ’ .
Thermocohples within the samplé were used to measure

Cits temperature in-the. ftrst series of tests. Time to
freeze as well as time to reach a new equlllbrlum when the
lroom temperature is chanced was ‘evaluated. TWO days were
.found to be adequate for the sample to freeze. Twelve hours
were found to bé suff1c1ent for a sample to reach a new roomA
_temperature.r Thermocouples were not used in all samples

¢

because they are’ cumbersome and favor d1fferent1al water .
flpw along them durlng free21ng ) Thls 1s because ,of the |
vol ume expan51on of water‘freez1ng from -the bottom of the
sample toward the top durlng the sample preparatlon |

(Appendlx B.1 and B.2). o ’ - .
i ) ) } ’ . {

- .

4,2.2 Bias Surcharge - , )

-

~The b1as surcharge, as was d1scussed in Sectlon 2.4,
has . a deflnlﬁe 1nfluence on the magnitude and type of so1l
response It has to be large enough to ensure penetratlon.v:
That 1s, in our ¢ase, to make the soil respoﬂse spikes '

-

descr1bed in sectlon 2.4:2 larger than the 5011 elast1d
' re51stance 1f3the penetratlon mechanlsm 1s s1m11ar to that
of‘unfrozen‘501ls or ‘to dlSplace the molten 5011 if
penetRation is 8ue to meltlng at pile t1p

~ 1In the experimental system used, the total load carried .
by‘thenpile at rest is known} That is the effective load H
!transferred to-the‘top of the pile‘plus any losses that may
occur in‘the transfer system (see Appendix A.2 for o

discuss1on)l A load cell is placed between the pile and the

0

fi
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,"}t enough for penetration of the plle to take place

73
osci}llator to measure the dynamic soil res1stance during the

'S
experlment.

4. 2 -3 Dr1v1 g Frequency
’ The driving frequency will determ1ne the. dlsplacement
)

and force passed to the pile and hence the amount of work

ndone by the pile on the soil. The frequency of driving will

preferably be at the r1g1d body resonance of the plle 5011
sysﬂfm. Thlsdfrequency ultimately depends upon,the's011‘and
pile\characteristics.¢ Therefore, it is not a thoroughly
independent varlable | o

The dr1v1ng frequency w1ll be regulated from the

F

d
exc1ter control dzgltal read out and can be checked from the

’aacgelenometer r@%ords-of an experiment.

& .

' 4.2.4 Ice® Content

Ice gives frozen soil a great
"' .'/
Since ice weakens when. warmed the ami

its strength.

®of ice will

determine how much energy should be fed in the soil to thaw

~~.

Penetration occurs because re51stance to dr1v1ng in warmed

frozen soil 19 less.

The matengal used in the exper1mental prdgram was a
uti form frozen sand It should be pointed out that sail

saturatlon and soil den51ty ard‘related The same soil

~

watét content. can theoret1cally exist for several den51t1es

at different saturation. But because of the uniform:

» -

i, e
LN e, e Y
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charaoter of our‘sand, it was impossible to ensure an
hoﬁogeneous water distribution for conditions other than
full saturation. ‘Hence,_only fully satqrated samples were
produced, Given the nature of the materiel it is safe u;'
_a55ume that all the water present in the sand upon freezing
has effectlvely changed-phase. Therefore, the m01sture

'

content of a frozen sample is the same as its ice content.

-

Samples for moisture content were taken from retrieved cores

in good condition and elsoadirectly from the soil mass upon

thawing. The dense samples vwere found to have an ice

content of around 11% and the loose' samples around 19%.

.2.5 Soil Density

The denser a soil'is, the more difficult it is to
displace individual. grains within the mass." It elso is
stronger. Two states of density were ‘created: the iooseSt
and the densest possable states. The actual procedure to
achieve these two den81ty states is outllned in Appendlx B.

The actual density of the soil sample was obtalned by

parefully recordlng the welght of all the saturated material

after thaw1ng The volume of so1l in the mould is of course
known. The dry den51ty was . obtained by d1v1d1ng the total

w
density measured as above by one plus the ice content.

»
- Loose dry.densities were consistently around 1.67 tonnes/m’
‘and dense around 1.80 tonnes/m?*. o , N

‘f {

t‘l
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4:2.6 Pile Oscillatory Displacement ~1‘

The displacements are'criqical in the evaluation of the

~work done by the pile as was previously emphasized.

accelerations were\measured with the help of an

accelerometer placed at the top of the plle. It is aséuhed
because of the rigid-body type of motion, that it represents
exactly the behavior at the tip of the tube. The pile ‘

displacements were found from these eccelergzions by dowul

integration.

4.2.7 Penetratlon Rate ) ‘1¢
. i )
Ultimately,'one would llke to predict the penet‘§t1on

rate of a pile. The rate likely depends on all the other
variables enumerated in thisASection.

It was measured electronically using a Data Acquisition
Systém to record the output voltage of a LVDT (linear
vof%ége displacement transducer). Details are given in
tAppendlx A. 11,

‘J,_

> 4,2.8 EneTgy Transferred to Soxl as Heat

Th1s is a very dlfflcult if not an 1mpossrble quantlty
to meesure. It determlnes whether the soil is thawing
_enough to allow penetratlon by dlsplacement of melted soil
or by feilurefof,weakened‘501D{ Or, it could 51mply,tell
'how QQCh energy ie'expended‘in”ﬁelting. The amount of soil
melted by the pile can be evaluated by v1sually 1nspect1ng
the surroundings of the p11e after a driving test. Vlsual

w3
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inspection was rendered possible bf the‘diffusion into the
thawed film of a grey ‘steel powder produced by the abraszv€
action of sand on the pile. It effectlvely dyed the thawed
film. The thawed film was found to be quxte constant in

»

zth1ckness for all soil temparatures. It vas approx1mately
1.5 to 2. 5 mm in thxckness both on the 1n51de and out'side df
the tubular model pile. %{: v |
Syccessful ‘attempts were made to f1x RTD*S—+F%+05,
geries F1, Omega Engineering Ltd. ) near the pile tip along
the sideé of the pile wall, Details on RTD's are;glven in
. Appendix A.10. A surface,teﬁperature_wasvmeaSured.and aﬁ

amount of energy obtaihed from heat analysis.

4. 2 9 Energy Transm1tted to the Seoil as Body Waves

//// - Some energy is lost under the form of body vaves
disper51ng throughout the>sample, A triaxial accelerometer
measurgd the vibration. level right in the center of a dense |
sample. Lack of availability of equipment has inhioited
measurements?ip every sample, It is felt that extrapolation
can be made from the few measuremeh;s without oonééderable |
error. The mass and physical sfize of the'samPle have~to'be
taken into consideration when the meésureménts are énaleédr
Thé possible reflection of body wdves from container sides

must also be considered and evaluated. . | )
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4.3 Testlng Program ; » T (

Several aspects are 1nvolved in the evaluétlon and |
measurement of- the ar1ous parameters affectrng the
penetratxon of p11e in frozen grounds. One goal of the

undertaken research is to define the 1nfluence of various

N

-

parameters on ‘the penetratlon rate of p1les driven by
vibration into frozen. sand Another objective is to find
out whether there is any relat1onsh1p between the energy‘\
consumed at the t1p of plles durlng dr1v1ng and the .
penetratlon rate of the sald piles (e.g. to find the
.penetration mechanism). The, latter objective is answered in
the analytlcal part of the research.’ Analysis of. test
‘results w111 be the object of the next\chapter In order to
meet eur flrst'objectlve, the four parameters which can
easily be set (i.e. density,_temperature, bias surcharge and
frequency) hay% to be changedlin every test in‘order to
cover all‘bossihilities. The experimentallprogram has to be
flexibie enough to be modified as newlfindings are made.
Rather than reviewing the»intended experimental
program, the accomplished programiis'presented in this,
section. The tests c0nducted in ‘this research are
.summarized‘ianable~4;1. H&Vshould be p01nted out that flve‘
tests can ea51ly be conducted in one sample w1thout :
interferehce. One test is carrledvout at the'center cf.the
mould and four more in a cross pattern at~mid-distance
‘petween the cen;er and the edge of the mould. A total of

six'samﬁles were made for the experimental program. Thirty



R I
Table 4.1 Experimégtaﬂ program carried out for thi/kesearch

~

BAMPLE — TEST FREQUENCY SURCHARGE  TEMPERATURE
No =~ No - ~ Hz . kg , ‘C
Ls1 1 80 24.62 . - -10.

| 2 ;80 24.62 _-10
DS1 1 h 80 - 24.62 -10
1 2 70 - 24.62 © =10

, 3 70 . 19.98 C-8
4 70 - 12.50. -8
5 70 17.14 -8
LS2 1 . 80 24.62 -2
2 80 19.98 -2
3 70 - 1998 -2
4 70 17.14 -2

5 70 , ~19.98 - -7.2

6 .10 ' 17.14 - 7.2
DS2 1 70 7.4 =2
2 700 12.50 2
3 BN 1250 - =2
4 8 17,14 -2

5 0 17.14 a5

6 . 70 . 17.69 -7.2

| 7 80 17.69 -7.2
LS3' 1 0 S 1714 -5
2 70 19.98 -5
3 80 ' 19.98 -2
4 60 19.98 -2
5 . 70 : 17.14 -2
6 70 12.50 -2

. g

75 19:98 =2 ‘QNS: ,

~
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- Table 4.1 (fon 'd) Experimental program carried out for the research

]

vy

SAMPLE TEST FREQUENGY -~ " SURCHARGE — TEMPERATURE|
No No Hz .« k§. - 'C
DS3 1 70 12.50 =6
2 80 17 .14 A
3 70 19.98 -2
4 60 12.50 -2
5. 60 17.14 -2
1 6 60 17.69 -7

o




.two tests were carried out In order to ea51ly relate a
test to the sample in which it -was carried out, a standard
numbering system was devised, A typical test number would‘
,be ﬁ52-4 where\the first two letters identify the;sample
type (LS for.loose, DS for dense), .the digit attachedyto.the
two letters rebresenggbthe sample number and the last digit

| f , . ,
~ the test number. When the last digit is larger than 5, it

;o 51mp1y Mmeans extra tests were conducted where previous test

d1d not achleve a 51gn1f1cant penetration

The first loose sample (LS1) was not prepared in the
same manner as LS2 and LS3. The method used for LS1 was
found to leave several relatively large air pocﬁets within
the sample. For that reason the_current method outlined in-
Appendix B was created. The tests of LS1 were rejectéd
because of the unreliability of the material Tests LS2- 2
and LSZ 4 had to be done again because .of the short duration
of the data.. :

After tests were'conducted,following the procedure
presented in Appendix B, penetration versus time curves were
olotted. ,Locations of steady penetration rate were
identified on the penetx&on versus time curves and tape
recorder, Then, representative pile accelerationyand"soil
response 51gnals were photographed from an oscilloscope (see
Appendix A for details about equlpment) The photographs
were identified with a coded number based on the test
numbering system.' A letter representing the time (on.the

penetration versus.time curve) at which the 'photograph was

N

£
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L)

taken is appended to the test number . ? code for the type

3

of signal photographed and the number of the photograph is

Separated from the rest 5§‘é dash. ’The coge is A& for pile
acceleration, L for soil response_load, X for\sqil »‘
accelera&ion in the x direction,*Y for +the soil acceleration
in the y direction and Z'for~the soilfaccelération in the z
“direction, Hence,‘a.tybical numbgf‘wopld\ye LS371BfL2.- It

means the second photograph of soil response\load at time B

on the penetration versus time curve of test LS3-1. The

o7

last digit (photograph number) was only used whénlthere,was

\

more than one photogrébh taken at a given locatﬁon.

\
\



CHAPTER 5 -

-

TEST RESULTS AND ANALYSIS ..

This chapter presents observations and results of the
. * " L)
experiments conducted throughout this research. After

inspection of the results, the data will. be analysed.

»
-

Potential relétipnships betwgen>consumed power and
penétrafidn rate will be investigated. Discussion will bg
made as the analysis is unfolded. Finally, results of
recent.privateifield'testsrwill be comp?red to labbratory

E findings. | {,

5.1 Obsgrvations and Results

.5.1.1 Sample Properties

Lbése'samples'LSZ and.LS3 had dry densities
respect&Qely qu1.67 and 1.66‘tonne§/m’. The ice'éontent of
“the former two éamples vere respéctively 19.3% and 20.1%.
Déhse éamples DS1, DS2 and DS3 had{dry densities of 1.739,
1.80 and 1.80 tonnes/m’.: Thé ice cgntenté of the dense
samples were, in'tne'same order,.12.0%, 11.1% ahd 11.9%.
The. total mass density_of all samples was very close to 2.00

tonnes/m?.

82
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5.1.2 Pile . B \

The pile-used in the experiments was 30 cm lond at the
start of the experim?ntal prograﬁ; The pile was tubular and*
made of steel. It had a wali thickness of 1.3 mm and an

outside diameter of 25.4 mm., The tip of the tube was

trimmed flat. It was nqt‘re_f{btced nor tapered. After o

driving, it was nothﬂ@“&*ﬁt}'
- cM Waly,
the tip was worn ang ¢ ol

_.Q?ptside waL{ of the pile at
g er edge. There 'was no
ev1dence of exce551ve_wear on the inside of the pile. It is
estimated that the pile shortened by about 2 to 3 mm during
. approximately 25 tests. This figure doeg not include filiné
.to reshape the pile during the testing program.
In addition to the above "standard" pile, two model

biles with the same physical characteristics_weré fitted

with.two RTD's each (see Appendix A.10). The first pile had 
| one RTD located at 53 mm from the tip and the other-at'33 mm
f;om its tip. They were at an angle of 90° to each other.
The second model pile had one RTD at 14 mm and the other at
8 mm from its tip. One of these two instrumented piles was
used in each one of the following tests: DS1-2, DS1-4
DSt1-5, LS2-1, LS2-2 and DS3j4. Measurements are discussed

in the next section.

5.1.3 Thawed Film

&

In all tests, a thawed zone formed around both the
outside and the inside of the tubular model pile. This film

was contaminated by steel dust produced by the abrasive

’
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.action of sand on the oscillating model Pile. The dust gave
the thdwed zone a grey color that allowed easy measuroment'
fﬁ.the extent of melting. This is illustrated in Plate 5.
‘The photograph is a cross section of anf:nearthed pile hole
after dr1v1hg. The melted zone varied in ‘thickness from
.about 1.5 to 2.5 mm. "The instrumented piles showed that the
maximum temperature reached %t the fil_m'—pile interface
during driving was +4°C. The average tempefature.was around
+2°C. 'No temperature gradient was found ko exist between
the .two measuring locations on the pile. \

. ‘ B R T }
It was noted that in addition to veey steel dust

e
Y

in the thawed film, there was a COnsideragie}émount of 7 ’%#S
crushed sand particles. Grain size analysis were performed ‘
on reprgsentative samples of sénd contained in the tﬂawed
film. The results of the graln size analysis are presented
in Figure 5.1. It can be seen that about 12% of the
material was crushed. |
'In rare instances and only in loose.samples, a slurry
flowed to the surface of the sample along the pile wéir.
This extensive melting seems to beﬁassociated with fast
penetration rates, err 2.50 cm/min. However, it did not
occur freqoently enough nor consistently enough to allow any
- other commé%t than a statement aoout'its occuf;ence.
\ It is also very interesting to. note ﬁhat there was no
thawed soil bulb ahead of the pile tip. This observation
together with grain crushing is casting doubt about meltingr

governing penetration.

N



{

Plate 5.1 Thawed film after driving.
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5.1.4 Pile Acceleration and Soil Response Load

During driving, the pile acceleration andeQ}l load
resp&nse were recordéd and monitored on an oséilloscope (see
Appendix A.7 and A.8 for details). In several cases the
load sigqgl had to be rejected because of an overloading of
the load transducer. The shape of the rejected signals was
tMe same as thé shape of good signals but the voltage was
beyond the linear range of the transducer, Hence, the
signals were unreliable, in these experiments the test data
was not all lost since'sum of forces 1is equal Eo mass tiﬁés
acceleration. The mass of the bile and instrumeﬁts.attached
to it is known and its accelergtion A;asuréd. Hence, the
_ sum of forces’éan easily be recovered.

The acceleration and load transducers were located at
the top of the pile. Because of the very low driving‘
"frequency compared to the resonance frequency of the model
pile, the pile behaved as a rigid body (refer to Sections
2.2 and 2.3). Therefore, what was measured at the top of
the pile waé eqﬁal to the response of the tip of the pile.
Typical pile acceleration and soil resbonse signals.are
., shown on Plate 5.2. Thé_load signal 1s-basically composed
of sharp impact peaks separated by periods of negligible
force applied to the soil. The‘acceieration_signal is also
composed of sharp impacp/pégks that occur at the same time
as the load peaks. Beﬁkeen acceleration impact peaks, thére

is a slightly distorted half sine wave. The distorted half

sine wave corresponds to the upward motion of the pile
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Plate

ACCELERATION

TIME S5ms. /div

LOAD

5.2 Typical

recorded data

67416 m/s®
div

719 N /div.
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1
during which the pile looses contact with the soil. The two
preceding wave forms are characteristics of the Instability
Domain of driving force (see section 2.4.2). Therefore, the
soil behavior wag elasto-plastig. It should be added that

L]

on both traces, following the impact peak, there 1s a

‘

shorter peak opposed in sign to the impact peak. It is
spgculated that the small negative spike corresponds to the
elastic rebound of the frozen material in which the pile was
-
forced during the main impact of the.driving process. This
small spike probably represents only a small portion of the
elastic rebound because of its small relative size. This
small épike could also be upward force applied o pull the
pile out of the material in which it was pushed during the
{

main impact. The above observations convince us further
that penetration iy due to a plastic deformation rather than
to melting.

JAny driving apparatus has its limitations and there are
n® exceptions here. The vibrator can only take up to a
certain amount of ‘bias surcharge. This amount is determined
by a combination of frequency and soil temperature. In a
more specific way, one should say soil type rather than soil
temperature. Since frozen soil changes phys%cal properties
with temperaturg, the same soil at different temperatures
can be considered as different soils. When the capacity of
the driver is exceeded, the moving internal core of the

driver hits the bottom of its container. This repeated

~hitting results in a different type of loading on the soil.
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Hence the reifrded signals dlffer from the "normal" 51gnals

o

: hshown on Plate-5.2. Such dlstorted acceleratlon and load

eignalg are shown on.Plate 5.3.J The load pushlng the plle

1nto the soil increases: and as a result, the rebouhd spike

, prev1ously 1ntroduced also increases. .The real dif ference

%,

'is the small spikes at m1d7p01nts between the main' impact

"spikes. These small spikes are fdnmed when the mo#ing core

'iof the driver'is on its upward motion and abruptly stopped -

i"“—‘

on the bottom of the core casing. The core is near. the
bottom of its ca51ng because the hlgh applled statlc load
forces 1t to be there. The effect of such a cond1t1on is to
réduCe the amount of energy expended 1n the -soil at the t1p
of the plle. Most of  the energy ‘is d1551pated against the
casing of the v1bretor. Thls‘can_also be seen f;om the
accelefétion-trace,iteelf. It is obvious that the area
under the acceleration trace .on either side of the axis is

;maller than the area under an undisturbed trace. Since
{

"displacement i3 the second integral- of acceleration and”that

an integral is the area under a curve, it is equalk¥ obvious

. that the dlsplacement be less. Energy.is a force tfﬁés\g\;//

o

, d;splacement. Hence lower dlspacement means lower energy

‘transgerred to the soil durlng the\dr;v1ng operation.

e

'5.1.5 Penetration~Rate o ‘ ' N .

.

- In thlS sectlon, penetratlon versus time curves of each
test will be discussed to ‘clarify any oddlty they might
have. The‘readat will find all the penetfation versus time

~
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ACCELERATION

67416 m./ s

div.
o
> .
TIME 5 ms./div.
| EEa——
719 N/div.
0

LOAD

Plate 5.3 Typical signals when driver is over loaded.

¢
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x-
: \ , | | | ‘ _
plots 'in’ Append1x C. On these plots, the penetration rate
at a po:nt in time is given by the slope of the curve at
that po1nt\ The steady penetration rates will be identified
and any changes in penetration rate during the test will be
dlscussed. | |
Test DS-1 snows.three dﬁfferent penetration rates. The
change from the first to the second penet:ation rate is due
to an increase in shaft ffiction along the guiding piston.
The reader should refer to Appendix A.2 fot a(complete
description‘of the driver guiding system and its |
| limitations. The second change in penetration rate is due
to a release of some friction;-‘These changeslin frictional
resistance along the guiding piston translate into. changes
in effective surcharge on the top of the model pile. It
does not matter whether the real effectlve b1as is known or
not as it w111 be dlscussed in the next part of thlS
Chapter. The recorded signals glve all the information
‘needed to find nhat the consumed energy is at the tip of the
pile. It is sufficient to say for now that the penetration
rates are consistent with the acceleration and load records.
Test DS1-2 is highly linear. The small jump'on the
curve in the first patt of the test is due to a disturbance
of the penetration'measuring instrumeht. At the end of the
test the pile jammed tlghtly in the frozen sand. Ftom the
recoi&ed‘szgnals, 1t can be seen that the soil react1on vas

gradually becoming elastlc. The 1mpactrpeaks were slowly

disappearing from the trace as the wave form became more
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sinusbidal._ A decrease in temperature of the thawed film
could result.frcm'a decrease in oscillatory amplitude of the
pile wall. Such a decrease in oscillatory'amplitude is
related to an overloading of the:driuer.

Tests DS1-3 behabed in the same hanner as DS1-2,

Test DS1- 4 started with a good penetratlon rate but
_slowed down con51derab1y after 4 minutes of driving. | The
experiment went on for another 7 minutes without,
considerable penetration before it was stopped.

* Tests DS1—5 behaved in the same manner as DS1-2

Test DS2-1 was started with a b1as surcharge of 17.

‘kg, Note that the actual total surcharge is not necessarlly
the effectivessurcharge'on the pile. The test’was stopped
after 1.5 minutesgbecause the acceleroﬁeter was not working
very well. The problem was fixed and theAtest restarted in
the same hole under the same conditions. The restart was
called DS2-2. Two minutes after the beginning of DS2-2, the
. bias surcharge was changed from 17.14 to 12.50 kg. The
effect was-tofdrastically reduce the penetration rate. The
small increase in penetration rate near the end of DS2-2 is
attributed to release;of friction from the guidingipiston,

Test D§2—4 has the strangest behavior of all. There
are two increases in penetration rate and two time intervals
with the same penetratlon rate. The changes are due to
variations in friction‘in the guiding system.

Test DS2-5 has a normal behavior. There'was.a

‘disturbance in the penetration "measuring device after two
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mindtes of driving. An increase in effectivg'surcharge on
the’pile\almosi maéé‘the pile jam in the éample;

Test DS2-6 was  started with a surcharge of 19.98 kg.
Because i; overloaded the exciter too much, the surcharge
was reduced to 17.69 kg. Near the:middle of the test a
small change in.penetration rate is perceived. A second
change. is seen at the end of the test. It is likely due to
a decrease ih effective surcharge'but could be due to
another cause. The matter could not be investigéted further
since the driver had reaéhed the end of its travel. The
driver travel was not only limited by the biéton guide.bﬁt
also by the sample container freeboard and'carrying handles.

Test DS2-7 has a'sudden change in penetration rate half
way through. This changé_is'bnce mére related to a change
in effective surcharge to the pile. |

Test DS3-1 had an alﬁost neéligible rate of
pénetration. After 18.5 miﬁuéeé of driving, penetration was.
oﬁly about 1.2 cm. Hence, ﬁhe penetration curve was not
plofted;

. In test DS3-2, the ifpact, spikes did not fully develop.
Peaks were not all of equal magnitude. Evéry 'second peak_’
was lower than the first. The éhase period between a first
and a second peak was differéﬁt from the phase period
between a second to tge‘héi& first peak. No penetration was
achieved in t?fs test.

Penetration of test DS3-3 is steady from the start to

the end. The test went to the maximum depth of the driving

;l
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.system.

Test DS3-4 did not penetrate. It was conducted for.
about 15 mimﬁtes and only achieved an‘advance rate of‘0,30
cm/min. The data of DS3-4 is not plotted because of the low

”/Bénetration rate. | |

Test DS3-5 reached\a steady péhetration after some
initial variations. At a depth of abou£.1é‘cm, the pile
started to slow down toward another penetration rate. The
change'inirate of advance is associated Qith changes in
sliding resisténce along thé guiding piston.

Test DS3-6 displays a'steady penetration with a slight

A

decrease near the end of the test. ,
Series LS1 tests was rejected because of ﬁroblems
associated with the sample preparation. This has been
outlined. in Chapter 4.
Test LS2-1 has a steady penetration and penetrated to
the méximdm.depth of the system,

. {. Test LS2-2 shows a continuous increase in pedetration
rate. The pile stopped when‘it jamméd‘in the frozen
matefial; Theyéonstant increase in penetration rate is due

to a constant release of‘friction along the piston guide as -
thé pile advanced. “The constént release.of friction is

_partly explained by a decreasg in coefficient of friction

: with;aq'increase in relative velocity of the two rubbing

surfaces. Various scenarios are discussed in Appendix A and

earlier in this section.



96

Test L82;3 showed an\initi;l increase in penetration
rate'befqre it reached a steady state. At a depth of 14 cm,
the bias surcharge was reducéd and the new set-up was called
LS2~4. Penetration of Lsé-4 never becéme steady in the
shoft time interval the test was conducted. Hence no data
can be used from that test.

Test LS2-5 also had an initial increase in penetfation
raté before it reached a steady state. At about 10 cm of
penetration, tﬁe pile slowed down before it returned to.
close to its original raté at about 14 cm. This is again
associated with the guiding system; )

Test LS2-6 shows two different penetraﬁion ratés., As
far the test is concerned, everythingvseems to be in order.

Test LS3-1 jammed because of a considerable‘rele§s$ in
friction of the guiding piston.’ |

Test LS3-2 also jammed because of too large load on the
top of the pile.

Test LS3-3 did not have any penetration. Henée, no
curve.was4plotted. Impact spikes did not devélég‘clearly
enough to aliow sufficient transfer of energy to the so}l.
'Only one spike every second period devefbped. ‘The fréquency
was swept while the wave form was monitored on the
oscilloscope. The maximum frequency at which impact spikes
were fully develop (as on Plate 5.25 was approximately 75
Hz. The.fréquency was set at 75 Hz and a test carried out.
The experim;nt at 75 Hz was named LS3-7. The very slow

penetration rate at thé beginning of LS3-7 is attributed to
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the fact that the test was started with the pile being
already in&tontact with the frozen material. A full impact
situation developed quickly in the first millimeters of
penetration. The follo&ing“increase in rate is associated
with an increase in effective surcharge on the top of the
pile. | .

Tests LS3-4, LS3-5 and .L'S3—§6 behaved like LS3-7 except

for the initial slow penetration rate.

N

5.1.6 Influence of the Independent Variabl&s

Five independent variables were identified in section
4.2. They are for a given pile: sample temperature; bias -
surcharge, driving'freQUencj, icé content and sample
density. It was also discussed that ice content and éample
density were not truly independent from each other. For the
experiments, oniy saturated samples were prepared. Hence,
ice content and samplevdensity become only one variable
which may be called soil Eyée. ‘The influence of.each of the
four parameters will be discussed in the following |
paragraphs. Befofe_the reader goes any further, he‘should
be réminded that the variation in effective surcharge to the
top of the pile caused‘a significant scatter in the data.
Trends will be discussed when possible. Further analysis
will shed more lﬁght>on the data.j That analysis is to be

the object of another section.
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5.1.6.1 Bias Surcharge. |

The effect of bias surcharge on penetration\rate is
summarized in Figure 5.2. Although there were pr%blems
associated with having a known effective surcharge to\the
top of the piié‘(see Appendix A.2 and section 5.1.5), the
main trénas can still Se observed from the plot. There is a
minimum surcharge below which no penetration can occur |
because impact peaks can not develop. Therefore, “

'

insufficient energy is delivered to the soil. If~everything
else is mainté&ned constant, the energy deiivered to the
soil ihcreasés as the bias surcharge increases. Impact
peaks gfbw steadily during that stage. Aftervan optimum
surcharge for the given soil-frequency combination is
reached, a decrease in pehetration rate is observed in
Figure, 5.2, This decrease is associated with a décrease in
efficiency of the driver. The‘vibration amplitude becomes
dampéd'because the pile is pressed against the soil. then'
much of the iﬁput energy is diésipated within the Vibrator
itself because the core comes in coHEact with the casing.
- The pile may even jam in the frozen soil under this
condition.

The behaviqr discussed above 1is validﬁfor dense frozen
soils at. all temperatures and driving frequencies. The

behavior of loose frozén sand seems to be the same but is

not as well defined in the test data.
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_Figure 5.2 Effect of bias surcharge on penetration rate.
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5.1.6.2-50i1 Temperature T

The effect of’§oil température on penetration rate is
summarized in Figure 5.3. It can be seen that if everyfhing
else is kept constant as temperature is lowered, the |
penetration rate|decreases. Soil strength increases with
decreasing temperature. Hence, it gets stiffer and requires
more energy to be thawed or to be displaced in the untbawed
state. | |

In loose frozen sand, it is rather difficult to pick up
any trend. It could be tentatively concluded that there is
no solid evidence of éempegaturevinfluence in loose soil at
this point. However, there is a marked trend in dense

soils,

5.1.6.3 Driving Frequency

The effect of driving freguency on penetration rate ié
summarized in Figu;é 5.4. Theére is a certain fréquency
below which no pénet}ation will occur because the surcharge
becomés too high for £he displacement amplitude. Remember
that displac@mfnﬁ amplitude is inversely proportional to
frequency (sée section 2.3). As the fregquency decreases,
‘the displacement increases but th% acceleration decreases.
Hénce, the load carrying ability/gf the driver is reduced
since acceleration is proportional to force. This is also
ref%ectea inﬁthg factlthat‘the force threshold described by
~Gharhamani (op. cit.).varies wvith frequency for a given soil

.and pile (see Section 2.4.2). If at the lower freguency
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Figure 5.4 Effect of driving frequency on penetration rate.
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threshold the surcharge is reduced to allow vibrations to
occur, impact spikes in the load versus time plot do not
develop and penetration does not occur. If all variables
are held constant and the frequency is increased, the
penetration rate will increase “to a maximum and then
decrease as the freqguency increases further. Displacements
at frequencies higher than tﬁis upper threshold are too
small to allow transfer of sufficient energy to the soil and
as a result, the pile will not penetrate. Also at higher
frequencies, impact peaks do not fully deQelop or do not
develop at all. Thus the elastic deformation of the frozen
soil is not overcome and insufficient energy is available to

weaken the soil. ’ .

5.1.6.4 Soil Type

The iﬁfluence‘of soil type on penetration rate 1is shown
in Table 5.1. 1In three cases, the penetration rate is
larger in dense sand than in loose sand. It is tempting to
attribute the difference to the different ice contents.
Dense samples require less energy to melt a certain volume
of soil than loose samples (see Table 5.4). This is due to
a difference in ice c&ntents. However, higher penetration
rates in loose frozen sand at -5.5°C and at -2°C with a low
bias suggest that there is a different penetration
mechanism., It has to be said that there is not much
difference 1in density between the loose and dense sand. The

data could be within a normal scatter for these two close
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Table 5.1 Influence of soil type on penetration rate.

9
.
TewperaTwRe | Frequency | BIAS PENETRATION RATE
ik - SURCHARGE |
°c . -~ Hz kg. 7 p cm/min. ’ .
) ' f. Comp LOOSE DENSE
-2 70 17.14 286 | 32
-2 70 1998 . 260 3.86
-2 70 1 2s0 153 052 /1.07
~5.5 70 | ma | 1077248 0.75
, , 7.4 0.43 /0077
-7 70 /1769 092/10 -
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densities. The 1nfluence of den51ty w1ll be further

investigated in the analyt1ca1 pertion of this chapter.

5.2 Analysis of Results

5.2.1 Lntroduction

' Observations of the previous section help in
understandlng the influence on penetrat1on of each
independent variable. The flndlngs although 1nterest1ng are
not obvious. This is ma;nly due to the scatter of the data.
As distussed severa} times in previous chapters'and
- sectionsh the scatter is mainly due to the unknown effective
vbias.surCharge applied at the top of the pile. Fortunately,
lfthe problem can, be overcome by examining the tapevrecordings
of the plle acceleratlon and 5011 response load. 51gnals
'Changes in effectlve bias surcharge at the‘top of the plle
are‘lllustrated using these recorded 51gnals. Hence_ﬁ>“
~ differences in consumed power exist for the different slopes
of the peﬁetration Versus timeICUrves (see Appendix C).

In Chapter 4, three components of the energi balance
were identified.,’They are: |
1>~Energy expended at pile tip to dislace the soil and'make
| room for rhe pile; ‘ |
2. Energy transferred to soil as heat in the thawed film;

3. Eneréy lost to soil as body waves.



106
It is obvious that the problem of energy transfer is
greatly‘simplified by assuming only.three energy "sinks".
The limitations of such assumption will be discussed as each
of these components are examined in this Section. ﬁeforé
the problem of enefgy is discussed, there are needs to
discuss soil deformation at pile tip and so0il dynamic

response.

5.2.2 Sodl Defqrmation at Pile Tip  ¢'

The soil defbrmation at the pile tip is imposed by the
~'pile tip itself. Hence, the soil deformation at the pilev
tip is equal to the displaceﬁent of the pi;e.tip.

1t is knowﬁ"t%gt the soil reaction at pile tip is
elgsto—plastic(seé>éection 5.1.4). The acceleroheter which
was used meaéured the total displacemeht for éadh cycle.
Because the permanent defé}mation for one cygle was ve;yv
small, it canAnot be measured from accelerometer recofds.
The permanentndéformatioﬁ‘for'one cycle iS'illustrated on
Figure 5.5. The permaneﬁt deformétion_(dp) can be easily
back-ealculated ﬁor each test since thé peneﬁration rate
(rp) is known, The total soil déformation'(efg. pile tip
displacement) caﬁ“be obtained by integrating the pile
accgleration reéords.

Because therelare several techﬁical'problems‘assgciated

with digitization of data, such as not haviﬁg the capabilify
of sampling enough points to define the impact spikes in an

aéceptable and reliable manner,'two idealized models of
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simple shape were designed to fit the two basic waveforms'
presented.on Plates 5.2 and 5.3. These models Arelpfesented'
-on Figure 5.6. _Thé first model (a) of Figure 5.6 is for
normal wave forms, fhis model was designed to fit the true
signal with simplé wave forms to facilitate integration.

The second model (b) is for the damped vibration cases (see
Plate 5.3). It appears\app:obriate to apprdximate}theﬂ
damped signals by a sharp tfianguiar pulse precedéd by~an
aréa of simple shape (triéngle).fo allow continuity of
motion from one cycle to the next. Theuhethod used to
pérform the integration is discussed in detail in Appendix
D. .

Results of the integfation of‘total pile tip
dispiacement are compared to permanent soil deformation in
Table '5.2. The soil permanent defofmation has been '
| back-calculated ‘as per equati?n 5.4 found further in this
Section. It can be éeen from Table 5.2 that the permanent
soil deformation is small when compafed to the total pile
tip displacement. This difference fusﬁifies the assumption
that‘for;integration purposes the'éérmanent_deformation,can
be neglected (see'AppendikAD). ‘It also raises the question
wether thdre is a loss of contact between the pile tip amd
soil duriﬂg each motion cycle. This is raised because the
.ratio of elastic to plastic deformation is large. A simple
answer to this question is difficult to give. The matter
will be discussed in the Section which deals with dispersion

~ of body waves generated at the pile tip.



Table 5.2 Comparison of total pile tip displacement and

permanent soil deformation per motion cycle.

109

TEST a_* d**
No mm/cycle mm
DS1-1A - 0.00277 3.89/2.10
1B 0.00125 2.75 "
1c  0.00229 1.34
DS1-2A 0.00824 5.03"
" 9B 0.,00824 2.25
DS1-3A 0.00562 4.24
38 0.00562 2.81
DS1-44 0.000067 - 1.72
4B 0.000067 0.43
DS1-5A 0.00331 0.63
5B 0.00331 0.94
LS2-1A 0.00750 4.37/4.00
1B 0.00750 3.87
LS2-5A 0.00536" 2.00
5B 0.00536 1.83
LS2-6B 0.00102 2.07
6D 0.00018 2.02
DS2-6A 0.00219 1.94,
6B ~} ©0.00219 1.78
6C ¢ 0.00262 1.84
6D 10.00262 2.40
DS2-7A 0.00085 1.20
7.C 0.00027 1.51
7D 0.00027 1.14
LS3-1A 0.00255 o 1.43
1B 0.00255 0.75
1c 0.00590 1.93
1D 0.00590 1.75

*permanent soil deformationm per motion cycle

**total pile tip displacement
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Table 5.2 (foll'd) Comparison of total pile tip dis?lacement

and permanent soil deformation per motion cycle.

TEST | a* P qx*

No. "mm/cycle . mm
LS3-2 0.00783 | 0.11
LS3-4 4 ©0.00861 | 1.21
LS3-5A 0.00681 0.104

. 5B 0.00681 0.174
LS3-6A 0.00364 ’ 0.90
6B 0.00364 1.10
LS3-74A 0.00667 1.65
7B 0.00667 -  0.145
DS3-1A 0-00016 1.06 ’
1B 0.00016 ' 1.56
DS3-24A 0.0 ‘ 1.17/0.97
“DS3-3a 0.00919 0.276
3 0.00919 2.11
DS3-4 '} . 0.00083 , 2.21
DS3-5A - 0.00422 » S 2.65
5B 0.00422 . G.21/4.56
s5¢C 0.00208 : 1.93
DS3-6A - 0.00458 B 0.22
6B 0.00458 ‘ 3.07

*permanent soil deformation per motiom cycle
**total pile tip displacement '

“
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5.2.3 Soil Dynamic Response

The soil dynamic responsé was measured at the pile top
during the experiments, but in most tests, the data was lost
because of overloadiﬁg of the load transducér. Fortunately,
not.everyfhing was lost. The pile accéleration records at
thé top of the pile were‘still availableﬂ ‘

It is well known from Névtbn‘s second law that the sum
of the forces in a\systém is equal to the acceleration of
th¢ system in the direction of the resultant fofce times the
mass of the system.l A free.b§dy diagram of the system used
is shown on Figure 5.7. For obvious reasons, the soil
dynamic resistance (J) only exists when the exciter force
(Fe) is directed downward. Side resistance along thé pile
can be neglected beéause of the véfy low strength of the
thawed film when compared to intact frozen soil, ﬁewton's

law. for-the situation illustrated in Figure 5.7 yields:
mpxa=J-Fe ‘ . : (5.1)

where mp is the pfle mass including masses of all adaptors
and instruments between the top of thé model pile and the
bottom of the vibratory exciter. Fornéll experimepts of
.this reéearch, ﬁp was equal to 1,055 kg. (a) is the | peak
‘acceleratioq measured froﬁ the accelerometer records - \
During the experiments, the exciter force (Fe) yas not

measured but it is known that:

1. its maximum is 267 N, from manufacturer's
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Wb , Bias surcharqe‘

Fe , Exciter force

' ,
Acceleration( measured )

J ,- Dynamic soil resistance

/

wb

Figure 5.7 Free body diagfam‘of the pile at a given time.

. \
-
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specifications, including corrections for altitude and

temperature; \

2. since the tip geactions were past the impact threshold
in ‘the instability domain, the phaﬁe angle between the
exciter force and dynamic soil resistance lies most
likely befweén 140 and 150° (Gharhamani (Qp. cit.)).

Hencé}vthe'éxciter force in Equation 5.1 is 160 N. The

dynamic soil resistance was calculated from the following

formula:
J=1.055(a)+160 ~ - - “ (5.2)

where (a) is the pile acceleration in m/s? and J the dynamic

-

soil resistance in Newtons. -

ES

5.2.4 Distribution of Energy

- 5.2.4.1 Energy Required to Create a Permanent Defo;EZtion'
It has been shown in past sections that penetration of
the pile was due to an elasto—plastic‘deformation\gi\fhe

soil beneath the pile tip. 1If a force-deformation .

relationship is‘known or assumed, plaétic work is easy to -
estimate. |

Figure 5.8 shows a typical load-aeformation curve for
frozen Ottawa sand. The curve can be idealized to simulate
a perfeét elasto-plastic matérial fequiringvthe same amount

of work to deform plastiﬁally; Such an approximation
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constitutes an upper bound value for plastic deformation of
the soil. FrowW the idealizeé load-deformation curve, the

amount of work done on the soil during one motionvcycle (Ws)

is:
Ws=Jxdp ‘ (5.3)

where J is the soil dynamic response in Newtons and dp, the
soil plastic deformation in meters.. The soil plastic

deformation is calculated as follows:
dp=rp/(600xf) ' (5.4)

where rp, the penetration rate is in cm/min and f, the

driving freguency, in Hz. 600 is a constant to make units

compatible.‘
a
The amount of energy spent to penetrate the pile 7 cm

(E,) is given by:
E,=Wsxfx6/rp ' ‘ (5.5)
where 6 is a constant to make units compatible.

If Equations 5.3 and 5.4 are substituted into Equation

5.5, a simple equation is obtained:

a

E,=J/100 | < | (5.6)
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Equation 5.6 was used to calculate the amount of
plastic work requiredyto penetrate the pile 1 cm. The
results are tabulated in Appendix E and illustrated on
Figure 5.9.

It can be seen that dense frozen sand needs more energy
to be deformed plastically than loose frozen sand. This
behavior is perfectly normal since the matrix of a dense
soil is stiffer thaﬁ the matrix of a loose soil.

During the experiments it was observed, as earlier
reported, thag some 12% of the sand grains were crushed
during driQing. During higﬁ pressure, normal temperature
£ests conducted on the same material, grain crushing was
also observed (Stott (1981)). At static stresses of 30 MPa,
about 1.2% of the sand grains were observed to be crushed.
The strain energy released during Scott's experiments was
calculated to be 0.229 J/cm?® from the stress-strain curve.
This étrain eriergy includes plastic work, most of which is
lqs;~by/é£ain to grain slippage (frici}dnal heat) and by
/érain crushing. Since the area of thawed film is known
(about 4.769 cm?), the volume of sand in which grains were
crushed can easily be figured out. 1If the strain energy
required to crush sand grains is directly proportional to
the amount of grains crushed, the amount of energy expended
to crush sand grains for 1 cm of pile penetration is 10.9
Joules. ’ |

Because strain energy includes all types of work done

on the soil, this value'constitupgs an upper bound of work
: g |

‘ |
!

|

|

|
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done in grain crushing.! It was also éssumed-thet strain
energy is‘proportional to the amount of grains c;pshed.

ThlS is certalnly not the case. In fact, because of the

,already large stress level, strain energy probably 1nc§2ases

more slowly thah the number of crushed grains.

When the work requ1red to crush sand gralns and deform
the 5011 matrlx (10.9 J) is compared to the work calculated
on F1gure 5.9,,1t is in generel lower. In frozen 50115,'
more work goes to failnthe ice matrix and displace confined

materlal than to crush sand grains.

Analogy can be made to bearing capacity fallure
the bearlng capac1ty of the soil is exceeded, plastic
deformation definitely takes place. To‘faillio bearing
capacity, frozen Ottawa/sand at <3.85°C requires a pressure

of about 16 MPa (Sayles 1973). With a mass ofﬂ1.055‘kg and ,

anvafea of 0.98 cm?,.the pile carried a pressure of 16 MPa

every time the acceleration reached 1600 m/s?. The model

" pile driver effectively accelerated the pile by that amount

1

ot more in all tests, see Appendix E. Moreover, the pile

tip as reported in an earlier Section (5.1.2) wore -much more

'on the oucside“than on the inside. This observation

indicating an outward plastic flow, shows that a bearing

capacity failure of the frozen material occurs.

T

To prove that bearing capacity needs to be exceeded it

‘was attempted to- drlve a 50.8 mm O.D., pile with a 1.6 mm

thick wall (2 47 cmz in cross<section). Although higher

¥

‘loads vere observed (they were beyond the capacity of the
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load eell),‘no'penetratién was observed after several

minutes of loading.:- The test was terminated to avoid

detrimental overloading‘oﬁ the load transducer. Assumﬁng
the same foree wasltransferred‘from’the driver to the soil,

the pressure applied on the soil at the pile tipﬁﬁas 2.5

times less. than the pressure_underneath the model pile which

was successfully driven during the experimental program..

Since pressure was lower, the ultimate'bearing capacity of

the soil Qas not surpassed and this. larger pile could not be

advancedr
.Important points to remember from this séctiqn are:

1. Penetration is due to piaStic soil deformation of frozen
soil; the force and dispiacement‘requirements are
dictated by the.mateial strength in short term bearing

, v ) .

capacity}

~

2. Dense frozen soils reqguire more energy input than loose

frozen 50115 for pile penetratlon because of their-
stiffer matrix, this is consistent w1th the above p01nt
3. The work expended in crushing sahd grains is included in

the calculated plastic work.

5. 2 4.2 Energy Requ1red to Create Thawed Film

f“‘

From the discusgion of section 5.2.4.1, 1t,can be seen

that dlstrlbutlon of energy is not that 51mple ‘To have a

.feeling for orders of m nltude, let us estlmate the ‘amount

of energy requ1red to create a thawed film,

)
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If it is assumed that:

2
- the thawed f11m is uniform in thlckness (2.5 mm) hoth
inside and outside the pile wall; )
- . the film temperature is uniform and is +4°C during
driving; ‘

- the film advances at the same rate as the pile;

- the dense and loose samples have ice contents
respectively of 11% and 19%‘with dry densities ot 1.80
and 1.67 tonneS/m’;

- : the thermal proper ies of the tw0'materials are as in
Table 5.3;

then, the energy reqyfired to thaw a 1 cm long soil sectiona

as found around the model pile plus the area of the plle

.1tse1f%15 given in Table 5.4. The energy requ1red is.

obviously deﬁendent on’tempe:aturet More enerdy is required

for cooler initial matetials. The differente-required is
small when compared to the magnitude of the power This 1is
due to the dlsproportlonate.part of t heat 1in the
energy equations 'compare‘d;toﬁthe par’!‘s‘pemflc heat. The
~ data in Table 5.4 is the eﬁetgy‘whioh must‘he supplied. to

“the model pile to ensure melting of a ring of soil 1 cm

‘long. This ring of soil has the thicknese of the pile and

both interior and exterior thawed films. The figures in

Table 5,4 areygiven*in Joules ahd do not include energy

required to maintain the already formed slurry. The ehergy

expended to mainfain the slurry is considered insignificant.



& L 122

Table 5. 3 Thermal propert1es of loose and dense sand, after
Andersland and Anderson (1978).

soiL . THERMAL VOLUMETRIC LATENT |
TYPE CONDUCTIVITY " HEAT HEAT
W J _J
m.-°k cc.-%k cc.
’ Pa
Cw FROZEN ‘3.0 K .92 105.7
(72}
o : . ‘
S “UNFROZEN 258
w | FROZEN 3.2 .77 665
2 .
w
© UNFROZEN 2.18
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Table 5.4 Energy (in Joules) required to thaw a soil volume

equal to the thawed film area plus the pile area on a length
of 1 cm. :

| .~ ”
soiL _ TEMPERATURE (°C) - J
TYPE - -10 =T -5 -2
LOOSE 645 617 599. | 57

DENSE 443 418 40l © 376
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The amount of energy‘required to form the thawed film
bears no resemblance whatsoever to the amount of plastic
work done on the soil (compare Figure 5.9 to Table 5ﬂ4).
Even the increase in requ1rement with temperature does not
match, e.g. about 70 Joules/cm for the thawed film between
-2 and -10°C compared to about 25 Joules/cm for plastic work
done for the same temperature\interyal,

This can'be explained in- several ways. Firstly, some
of the energy for thawing comes from release of strain
energy or plastic work. Strain energy is released by grain
to grain slippage within the 5011 mass and by grain

crushing. The amount of heat hence released is probably
small‘compared to the requirements for melting ' Secondly,
frlction of ‘pile walls on the highly confined material,
espec1ally near the pile tip is. likely to be 1mportant .And
thlrdly, friction of the pile wall on the sand:zrains during
upward .motion of the pile 15’also‘likely'to be an important
factor. |

Taking‘the above into account, pile penetration can
definitely not occur‘because of thawing of the frozen soil.
Thawing is a secondary effect occuring after or as a
consequence of soil failure.

. . ""‘7 .
5.2.4.3 Energy Dispersed throughout Sample as Body Waves

At ‘the pile tip, a deformation is imposed to the soil.
A small portion of that deformation is non—recoverabie while

the rest is recoverable or elastic. This deformation is
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L
-periodically imposed on the soil.

The acceleratién of elastically disperéed energy was
measured in one of the sampleé (DS3) and is compared to the
pile‘accelgratibn in Table 5.5. The z-éirection w$§
vertical or aligned.with the longitudinal axis of the pile.
The y and x-directions were mutually perpendi;plar and lying-
in a plane orthogonal to the z-direétion. Only two
directions wefe recorded at a time because of the lack of
recérding channels. Accelerations in the horizontal

"direction x andly are small and can be disregérded as noise
aue to transverse sensitivity of ghe transducers. Hence “
propagatibn of shear waves in the container appears
unlikely. Accelerations in the z-direction lie between 2
and 10% of the pile acceleration. The avé:ége is 4.3%.

If the idealized model (b) for integration is used, the
s6il displacement at depth'béneath the pileaﬁg found to be
much smaller than the toéal pile tiﬁfﬁiéplacement“- However,
it is siﬁilaf, of‘the same order df magnitude, as thé
permanent;defbrmation of the soil‘(compare Téb;es 5.2 and
5.5). This may'lggd to believe that there was a loss of -
contact between‘the pile ﬁip aﬁd the éoil and that, as a
result, the soil deformation is not as large a multiple‘9f
plastic'deformaﬁion as total pile tip'displaqement leads to
believe. | |

Edr a wave travelling away from its gource,'thére are
two sources of damping: geometric damping and material

damping. HAccording to elastic theory, geometric damping of
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the wave displacement amplitude at a relatively large

distance from the source is 1nversely proportional to the

distance from the source; Richart et al. (1970). According

to Bou551nesq, the static stress beneath a rigid footing

rest1ng on an elastic half-space drops to about 9% of the
total load in the first 2.B of depth (B is the footing
width). Hence, a "relatively large.distance" could be
defined as beyond a depth equal to ZrB. In a situation
where scale effects are likely to be important because of
the large size of the material grains compared to the\bile
51ze the validity of such theories often becomes doubtful.
Alsc, it should bevkept in mind that the effective bearing
area of the pile on the sdil is very small and that the

stresses imposed large enough to fail the soil.

Nevertheless, if it is assumed that B is equal to the pile

wall thickness that the acceleration is measured 200 mm

-/
ahead of the pile tip and that deformation 1s directly

proportional to force, the 5011 deformatlon 200 mm ahqsd of

~the pile tip should be in the order of 0.1% of the

deformation attthe pile tip.

If it is assumed that integration of the acceleration
signals give a true picture of the deformation, then
comparison between soil displacement in Table 5.5 and pile
tip displacement in Table 5.2 show that the difference is of
the same order of magnitude as mentionned above (e.g; about

0.1%). Acceleration records do- not show convincingly that

’ amplltudes get larger as the p11e gets closer to the

!
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embedded transducer. Lack of precise information on the
distance'between pile tip and embedded accelerometer
'inhibité more detailed analysis. Since the scope of this
measurement was only to verify that all the energy is used
efficiently, it is léft to others to make detaiied studies
. of tﬁe various factors involved in the elastic deformation
of frozen soil beneath a vibrating footing.

Present prac£ice of estimating material damping'using
di%ensionless mass ratio (Richart et al. (op. cit.)) can not
handle pfoblems on such small scale as it was developed for
full size footings.

‘Geometric damping can account for the difference in
amplitude between the pile tip and the embedded transducer.
There still is material.damping but its effects are shadowed
by larger geometrical damping and probably by scale effects.
There does not appear to be any»significant amount'of energy.
propagating away from the pile tip wifhout having
partf&ipéted in soil deformation, hence in the penetfation

mechanism.

5.2.5 Conclusion of Analysis

* The analysis feygals;that the distribution of energy in
the soil-pile system is not simple. .Inpuﬁ from the driver
is used for strain enérgy; plastic work, grain érushing,
thermal loss through grain to grain and grain to steel
frictién and for elastic excitation of the soil mass; One

AN

phenomenon is alwéys'the cause of another. Hence, the

Ll
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energy associated with any of the sinks (users of the
drlver s energy) overlaps with the energy associated with
“another sink.
It has been shown than penerration,of piles by
vibration in frozen soils is due to plastic deformation of
soil at pile tip and not to melting of soil a; previously

¥

believed.

"+ 5.3 Recent Field Tests

Field driving tests were conducted in frozen granular
soils on two open- ended pipe piles, Morgenstern (1980)
Both low frequency and resonant drivers were used The
pilesvwere fully 1nstrumented for force and acceleration at
both their top and tip. The piles were 600 mm in diameter
with a wall thicgness of 19 mm. Bgzﬁwpiles were steel and
(made of up to three sections about 12.5 ﬁ long welded on as
penetration allowed. Both pile tips were reinforced by a
driving shoe 75 mm long and 12.7 mm thick. The driving shoe
1ncreased the tip area to 591 cm?, |
The procedure adoptés was to drive the piles to refusal
with an impact hammer, thép to refusal again with a low
frequency vibretory hammer and-finally, to refusal with a
\Bodine Resonant Driver. ' -
The site stratigraphy uas as foilows: 39.6 m of
brownish, grey, fine to medium Erozen sand, traces of

gravel, gravel seams and clay pockets, underlain by 4.6 m of

\
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frozen silty clay followed by frozen sand and sandy silt.
Ground ice aescription is not available and ground |
temperature was not measured. Ground temperature is
estimated to be a minimum of -2°C near the surface and

around -0.5°C at 50 m depth.

5.3.1lField Observations

During driwing, a thawed film was observeQ/éoth inside
and outside the pile. It was observed that the grain size
distribution of the thawed film slurry was much finer than
that of the natural material, Weaver (1980).

These field observations agreesvery well with the
pheaomenon observed during the laboratory tests. It is a

good-indicator of the pile to ground pressure at the tip of

The use of the low frequency driver dld not prove very

the pile.

5.3.2 Low ‘Frequency Driving

successful.

After mearly two hours of vibrating the pile at a
frequency:of:18 Hz did the pile start to move. Its |
penetration rate was in the order of 1.9 cm/min. This is a
good rate compared:to tests in the'laboratory research but
poor, as a field. performance.

The acceleration signal qss not very clear but the
force at the tip of the pile, the 5011 dynamic response,

appeared to be in the Impact Domain., The force peak
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magnitude was about 500 kN, producidg é tip stress on the
soil of about 8.5 Mpa. This stress is around the lower
bounds of bearing capacity for the soil. Pile acceleration
. was'around 100 m/s? at that time.

Shortly afte; the above measurements were taken, the
driver output was'increased. This resulted in an increase
in penetration rate to 4.1 cm/min. The soil dynamic
fesponse was increased to about 890 kN (pressure on soil of
15.1 MPa). However, it should.be noted that every second
peak did not develop an impact spike as large as tﬁe first
one. This is attributed to insufficient bias surcharge
being applied to the top of the pile. The exciter frequency
was around t6.3 Hz at the time of these»measﬁremené??
Again, the acéeleration signals contained a lot of noise.
Much of i? can be até@!ﬁuted to transverse sensitivity of

the transducers. :? - eleration for that part of the test

was around 80 m/s?. ' lower. acceleration is attributeé to

a lggger‘contribution of the driver force t§ the soil
dynémié resistance (sae Equat}on 5.1). )

In all acceleration and force records where no
penetration was achiéved,ctip acceleration and force vere
within the Elastic Resistgnce Domain where no permanent
deformation is imposed to the soil. Damping along ﬁhe‘sides
of fhe pile which was embeddednaboutm12 m, caused
dissipation of energy before it réachéd the pile tip.

All the observations from the raw data are in good

agreement with the experimental program conducted in the

-
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laboratory. o e : '

5.3. 3 "Resonant Dr1v1ng

Ifrthe equatlons recommended ‘in Chapter 2 to predlct
-pile resonance £requency are used, it is found that the
piles~were not excited ai resonance during the field
h'program. T | SR ’,\ . o | | ng
The f1rst test pile was drlven for 10 mat frequenc:es
ranging frdm &%/to S0 Hz when 1ts resonance “frequency was 70
Hz and-its length'24;n m. Then its lengtn\was increased to
. 36. g m and the resonance frequency became 46 Hz. The pile
was exc1ted at frequenc1es ranging from 63 te 10 Hz. ’It’
penetrated 12.2 m before another section was added. Best
oenetration rates were obtained at freqcencies between 66
and 68 Hz. After ‘the third sectlon was added, the pile
length ‘and resonance frequency were respectlvely 47 9 m and
3§ Hz. Dr1v1ng untll refusal at a depth of 46. 0 m was
,carrled out at a frequency‘of 98 Hz._
The Bodlne Drivwer started oneyhé second test pile as it
.Wa$i2413 mllong'and had a_resonancevfrequency of 68 Hz.
‘jDriving took place at 97 to'100 Hz. After about 1.édhours
of cum@iativesdrinng on the second test .pile, the hammer
offset roller bearing housing croke and the project had to

" be cancelled because.of the long delays-for replacing that
| part. | . : v - . 0 . . ¥ : S

- ~~
Acceleratlon and force records show that measured tip

forces are low (<30 kN) and that acceleratlon is high (peaks
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~over 300 m/s* in the direction of penetration). There .
appéars ;o~be a contradictiaﬁ{ high accelerafion with low.
forcé; The tip force record does no£ show any sign of
iﬁpact; Not all the reﬁords were available, this is true -
only for three sampling points taken during the firgt 20 min
of driving the second test pile. It was observed that phg
bottomqinst:umen;ﬁtion of the second éile started to fail”

. ’
near the end of the test. The possibility of

instrumentation disttrbéhce prior to that'ha; to be  |
cohsidered.

Observedbpenetration'rates‘ranged between 6.1 ,and 18.3
c;>min'forrlen§ths driven with the Bodine Driver. Although
the piles were not driven exactly at;resohanée,\they_still
'&behaved aS deformable bodies. ﬁ’Such behaviof is very compléx
'and requires more analysis beiore any conclusions cangbe
drawn. lUnfoffunately, becauéé ofAfhé lack of availabiifty
of data, analysis can:hoé proceed at this‘poini in time.
Incoﬁplete data also inhibits any'definiﬁe conclusions abQut
ﬁ@;ie penetration_mechahism in high frequéncy.driving.
FHHowever, the author:remains highly skeptical as to the
M e£isten¢e of low fprces at the tip of.piies excited at high
frequené$é§.' |

S #
5.3.4 Conclusion

The behévior of piles driven aﬁ low freguencies in

‘perﬁafrost is in pe?fe;t agréemeht yith the behavior

, . : - 7 .
obgerved during -laboratory tests. Lack of data does not
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a : X

allow any conclusion about high frequency driving. It is
felt that the efficiency of the Bodine driver eouid Pave
been 1ncreased by,dr1v1ng at the pile’ s resonance. The soil-
reszstance at pile t1p has to be carefully evaluated for the

Bodlne driven piles. . ' “{
. v - )

4

.

5.4 Summary

In this Chapter, the test data was presented and

Epalysea.hrlt'was compared to field data.

W

It was fonnd that slow vibratory driving ‘took place.
Tip_reactions were elasto-plastie. The factors which led to
this conclusion are:

1. Enough plastic work is done on the soil for penetration;
the soil dynamic reafstance exceeds tge sofl,elastic%

range;

2. Excessive wear of the pile tip; -

3. ViSual inspeCtion of the pile hole,after driving did not

reveal any thawed bulb ahead of the plle'

4. Crushlng of the sand gralns occurs; very h1gh graln to

graln pressures generate hlgh gralg surface temperature

during slippage, with pile side friction, this

hY

contribute® to soil thi:}after its failure (or

W

yleldlng)

5. Plles drlven in dense frozen sand requ1rmd:kpre'energy

bd

0 tg@n plles dr;ven ‘in loose frozen sand to pe\strate. 1f

’f;f / £ ¢
éﬁiltlng was the cause of penetratlon, the opposite would

&
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be because of the large difference in ice content.

The influence of each indepéndent paf§meter'wés
discﬁssed. Eor- each soil type and temperature, theré?is‘an
dptimuﬂ\;urqhargerfréquency combinationvfor penetration.

Fiéld data foi piles behaving as rigid bodies; although
limited, was in véry godd a§reemen£ with the laboratory
findings. Lack of data for piles behaving as deformable
bodies'does not allow valuable comments. _Penetration was
observed to be higher for hiéh frequeﬁcy drivihg but force
" at the pilpltiguﬁq»be lower. Defeétibe inétrumentation or

o i

gé suspected. Further examination of

Rt S tw‘ .

records may provide some-answers once the data becomes

available. o ‘ _ f ' V

ot}



CHAPTER 6

P " CLOSURE

G.i Recommendations for Foture‘Laboretory Testsg

In order to study pile driving behavior on other
mater1a1 and to 1nvestlgate some points more deeply to
confirm the presentﬂflndlngs are appllcable to all case%
the followlng changes to\Fhe testlng program and equ1pme t
shall be made. ) \\§ t \. | 3;
- A well graded sand should"be used to increase the‘\

L - . ) o
density contrast between loose and compact sand.
=4

-  The samplelcontainers should be\}{\fed with falsef
bottoms contalnlng a large diameter copper tube coil
through whlch a very cold flu1d could be\c1rculated

" There could ‘be a similar cozl on the out51de of the ‘X
container burrled in dry 1ce;£9r coollng., T\\s system
would allow more relieble end?more ooiforh fr&ezingrof ‘\
samples. To speed‘up free;ing, liquid nitrogeo could be \
used as a fluid. - | .

- A higher,capaciﬁy ioad cell should be used, at ;east;450

\ kg preferably 900 kg R

- P11e penetratlon, loadT acceleration, driving‘force

(current 0utput-frpm.driver) and body waves‘ih the x, y

136



137

and z directions should al}.be recorded on the same
magnetic tape to eynchroniqe the signals.

The above data should be recorded at high speed and
played back at low speed on a strip-chart recorder.

The testlng program should concentrate on two extreme

temperatures only, say -2°C and -8 or "-10°C. "

o

6.2 Recommendations for Future Field Tests

The following objectives should guide any future field

tests of vibratory driving in permafrost:

1.

Improve present driveability prediction methods for

'vibratory pile drivers;

o
Develop or verify a soil resistance model for vibratory

p11e dr1vers,,
Rate the performance of drivers for future studies.

To achieve these objectlves, a thorough testing program

w1th complete instrumentation is requ1red ‘It should not be

.forgotten to measure the ground temperature profile as it is

a determining factor of the soil mechanical propertles. A

thorough site ihvestigation shall~be carrled out to

determine the soil mechanical. properties..

As far as the dr1v1ng is concerned, it should be

carrled out at elther the calculated resonance or at the

field-tuned resonance. Critical spare parts should be

‘readlly available on 51te to av01d long delays. Finallyp

. the plle sizes should be such that the driver has enough
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power to be effective. Several pile and driver combinations

could be investigated.

o

6.3 Recommendations fbr Analytical and General Background

Research
Any analytical work initiated on vibratory pile driving"

in‘permafrost should have for aim: |

1. Dénélcpment of a propér soil rheological model;

2. Incorpcrgrjcn of an adequate soil model in driveability
predictions; |

3. Development of a damping or energy-dispersing model
accounting [for pileAmisalignmént and eccentricity during
driving;

4, To take intc account’derormability of the pile;

5. .To take inro aCcounr.changé in soil properties with
depth. ' \ |
As far as general background is concerned the

following areas are con51dered pertlnent to the driving

problem and lacking in data: \

1. Dynamic propertieslof frozen soils in the 50-150 Hz
range;

2. Requ1rements for impact crushlng of soil partlcles with
respect to bearing capac1ty strength

"3, ‘Plastic flow under high conflnement (e.g. at pile tip);

4, .Effects of pile buckling.br lateral deformation during

driving on effective tip force.
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6.4'Conc1usion

The most important finding of this research program is.
that penetratlon of the pile is due to a plastic deformation
of the frozen soil rather than to meltlng of the latter as
previously believed. ‘f;e influence of various factors which
influence this tip elasto-plastic reaction was also
examined. Only one requirement transpires from it'all:-the,
“strength of the material has to be overcome: L

The energy distribution at the'pile tip is not an easy
problem to solve. All phenomenons are inter-related and,
each can notiaé.taken apart ﬁroﬁ_tha'others. However{ it
-has been shown E;Bm experihental results),analysis.and
dlSCUSSlonS that no other energi than that required to fail
the soil 'is dlspersed through the soil. Also, the energy
’usad for melting the permafrost surrounding the pila comes
from both plastic work and sida friction of the pile walls
on theiconfipad material. "1t was concluded that energy used
to crﬁsh the sand grains was included in plastic work.

Fleld tests qarrled out by pr1vate 1ndustry were
examined and desplte their lack of data, agree well with the
present findings.

Recommendations for future research in the laboratory,
" in the field and in related areas wsre made in the first
parts of thlﬁ‘Chapter The’purbdsé of further research is
to ultimately provide good engineering prediction methods

for vibratory pile driving in permafrost. A ‘theoretical

model which would allow prediction of wether or not there
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will be penetration would allow design of large’machinery
ﬁbr large scalé piling in of fshore conditions for example.
Understandiné of tﬂe mechanics of penetrafioh is now
sufficient to allow work oﬁ a theoretical'basis. However,
the importance of gathering more experimental’data'should
‘not be'overlooked. Every possible case needs to be studied
to provide a wider base to the present undérsténding of

N g&bragory dfiving in pgfmafrost.

el
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APPENDIX A

DRIVING APPARATUS AND LABORATORY FACILITIES

)

In this appendix, the laboratory equipment and facilities

will be described. The %escription details the general
&
facility and specific equipment used in this laboratory

program.

A.1 C;’Room

The tgsts were conducted in a 3.35 x 4.0 m insulated

cold room. The room is kept cool by two fan operated
refrigeration units capable of maintaining the temperatufér

[ 4
within half a °C of the reguired temperature. The room can

bé'kept at .temperatures as low as -20°C. A 24-hour
electrical alaém system prevents accidental defrosting of
the facility. Access to the cold room is throughfa double
door air loek which reduceé inflow of warm air from outside
in order to minimize the temperature ‘variation within the

cold room. ' . i ’ -~

i

The eleétfonic contr&lg fdr the vibratory exciter and
the thermocouple chart recorder are kept outsidevof the cold
room. A double thermal pane-window gives visual access to
the test set-up. This allows for visual control of the test

from the instrumeht controls. Some measuring instrumeqts

have to be recorded by a data acquisitionosystem which is

145
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“located in the next room.' In those cases; the.lines go from
the . cold room to the acqu1s1tlon system over the false
ceiling. |
The‘vibratory exditer‘is\a heavy piece of equipment and

has to be;supported adequatel§;°rThe samples)are equally
;ih@avy‘and‘alsorhave to be supported..‘Hence~rmodifications
}g;ere carrled out. to the ex1st1ng cold. room in- order to
.provzdev5uch support. A buttress support system and a
sample pedestal needed to be supported on the concrete slab |
 of the labdratory rather than on the‘lnsplatﬁd falsleloor
of the cold room. The lnsnlated floor of the cold room was
. not‘designed‘to withstand dynamic loads andvﬁt would have
acted like a sprlng;under the test set-up. A 12.5 mm thlck
alum1num plate was placed on the concrete pedestal to ensure
- a ‘smooth surface.' Angd, f1nally, a copper p1pe ‘coil was
placed 1n51de the concrete pedestal near its surfa:a T It is_
‘1ntended ‘to circulate a refrlgégant fluid to form a barrier
to the heat flow coming upward through the concrete slab and
sample pedestal. Thls measurevwas necessary because of ‘the
‘high heat conductivity of the pegestalncompared,to the |
:Iinsulated false~floor.in'the cold:room."betails of theﬂ
driver support are d1scussed and 1llustrated in the

follow1ng -section.

A
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A2 Driver Sugport and Gu1d1gg;_ystem A,ﬁ

Flgures A, 1 to A.3 show ‘details of the drlver support

“'and guiding system. Plate A.1.a shows thﬁvdf1V1n9 apparatus

e

end Plate A.2.b'shows'a;close~up of tHe'guidiﬁg system.: All
of the gu1dlng system hereln exp1a1ned was de51gneg4end

A @
er51ty of Alberta}w

"p is indeed ‘the column and

bullt for th1s resé@rch at t

The main feature of the
. its buttress support plles as vere dlscussed in the prev1ous
~section. To the column is attached the exciter support. |

- TWo rollers made from linear bearingS'are mounted on the
exc1ter support The guiding system consists of a "piston““
pa551ng through a gu1d1ng box coated w1th teflon to reduce
Jthe'friction. The.exciter is bolted upside down to the
.bottom of the plston A 76 mm wide webb belt is attached to
the top of the piston on one side and after-trayelling over
the two- rollers, to a counterweight support 'The‘details of

the system ‘are contained 1n Figure A. 2 e

‘The exc1ter supp t is well braced to minimize’the;?
oeflectlons caused byi?he heavy.weight'of the exciter;

’ In sp;te ofrall precaut1ons taken ‘some . frrctlon ‘remains -
‘in the system. Its main source comes from the temperature
:shrlnklng of the plston gu1de -Although enough tolergnée
has been g1ven to ensure good movement at temperatures as
low as -10° C, other tactors such as the machlnlng tolerance
of theipiston itselffbecome important. Another factor
likelyeto greatly influence the friction is the Qerticality

of the whole apparatus. No reliable means of measuring the
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ipsses in friction has yet been fcund,\giveh the‘complexity
and variability of the govefning'factors.” Friction, as
discusse@ in the main text, has had én\impbf;ant ihfiuenqe
on{ ghe test results b‘oge of \the important goals of the
research is to point out trends and the relative importance
of various parameters rather than to produce absolute

results on penetration rates. ’ ' \

[

.~ A.3 Pile Attachkment
The pile attachment ‘is shown'gn Figure A.4 and Plate

'A.2.a. The same arrangement is ‘usable for either exciter

A
L -]

. (B&K 4808‘or'4812)“yith‘a minor modification for.the small
~exciter (4808). The exciters are des\ribed iﬁ‘é_later
section. |

The Hévice'ébnsists of an adéptcr'cép welded to the top
of the tubular pilé, a load cell,kan alumindm platé and a
;ubber pad to minimize the flexural loads on the exciter
magnetic core. The pile cap has an air bleeding hole to
eliminafe the'potenﬁialnzushion effect whiie driving. ‘The
adaptor cap is screwed inﬁo a load cell which .in turn is
ffxed to thg aluminum plate by a set screw, yanufacture;'s‘
specified inserté‘go through the aluminum plate a%d rubber
pad to fhe exciter table., When the sméll‘eXciter'is'used ay
load cell édaptor’has tb‘be used to allow the_inSerts to be
placed. Because of the small size of ﬁhe pile, the |

accelerometer is placed near the edée of the aluminum plate.

-~
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"A.4 Sample Container | .
| A sample container was designed'for thié research
project.. ‘It is cylindrical and allows for a sample of 50 cm
in diameter and 50 cm high. TheAcontéiner wall is made of
3.2 mm thick rolled.aluminum; The bottom was first made of
a 3.2 mm thick plate but later reinforced with 12.7 mm thick
aiuminum plate to resist frost heaving pressures when
sitting on the freezing apparatus. Aluminum was selected
because of its light weighf and beéauée of its excellent
thermal conductivity..'Gharamani '(op.y cit.) ugéd d plastic
container to reduce Qave refleétioné in his experiments.
‘Plastic would certainly be ihadequaté to hold a sample of
the aeéired size or to resist the frost heave pre;sures.
Plastic alSOAlOOSQS_mOSt'Of_itS ductility in cold
environments.
| The container haé‘four carrying'handles.near‘the top.
the estimated mass of a full samplé containefylies between
190 and 200 Kg; |

Another container first intended for the preparation of
polycrys¢élline ice was used. Its dimensions are slightly
different from the first one. It has a diameter of 505 mm
ana a depth of 540 mm. 7?his container features_a‘pertofated
faise bottom.to,éllow'flgoding of the sample ffom the ‘
bottom. This fea;ure-waé not used as the samples were
pre-saturated during preparation. | |
| - The firStAmould wés alwi?s used for the dense samples‘

while the‘secénd vas always used for the'loose samples,
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" A.5 Freezing Stand

The. samples have to freeze as quickly as possible to
reduce the preparation time and avoid uncontrollable
freezing in three dimensions. Uncontrolled freezing from

the surroundings would certainly lead to the formation of a

unfrozen zone in the center of the sample. Such a zone

would delay sample freezing and may cause the sample to
crack due to the build-up of pressure within the thawed
central zone, }For]the forementioned reasons, a freezing
stand was designed. It aliows,one dimensional freezing from ,
the bottom under a high temperature gradient. The apparatus
was designed to hold either dry ice (solid carbbn dioxide)
whi;h has a temperature of -78°C or liquid nitrogen which

has a temperature of -195°C; The apparatus is shown in
Figure A.5.

Once the unfrozen sample is placed on top of the filled
apparatus, %he sample contéiner is wrapped in fiberglass .
insulation‘;ool to engure a minimum amount of heat transfer
occurs through the sides:'of the sample container; The top
is insulated by a styrofoam cover. 7 / ﬁ

When dry ice is used, 24 to 48 hoﬁrs are reguired to
freeze the sample, depeAdihg’upqp tﬁe'water content. At
least another 12 hours is given to the sample to eqﬁalize to
room témperaﬁure once the inshlation is removed and the
sample container is removed from the freezing stand.‘

Liquid'nitfogen has not yet been used to freeze a

sample since the dry ice method produces a sample of

3
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acceptable quality and Qithixi

nitrogen would decrease the. preparatlon t

the quality of the sample, It would be aGVantageoqs for
. mass production of samples. The actual cycle fornmaklng dlmﬁe;J
testing one Sample is five days if all the tests are carrl'“

5

out at the same temperature. Another day must be,counted‘ 5

for every temperature change. As far as cost 'is’ concerped,
the volume of liguid nitrogen requ1red to £fill- the apparé&us

is slightly cheaper than ‘the required volume of dry ice.

o
o

A.6 Driver and Controls

\

They are the type 4B808PM and type 4812 mounted on body 48018
exciter made by Bruel and Kjaer.

Flgures A.6 and A.7 show schematically the controls for
exciters 4808PM and 4812 respectively. Plate A.1.b shows
the exciter control with power amplifier below.

Exciter 4308PM is conrrolled by the exciter control
/947 whose signal is amplified by the power ampllfler type

v_;707A. The exciter draws its power directly from the power
ahplifier as it only reqguires 115 volts. The signal from
the accelerometer (43665) can be sent to tHg'exciter control
"for closed loop operation‘or’simply for visual monitoring on

a vibration meter. “Thevaccelerometer signal has to go ] \\\

through a signal conditioner and amplifier before it can be

N AN
N . y
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fFigurg'A.S'Controls of the small exciter, 4B808PM.
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~ Figure A.7 Controls of the large exciter, 4812.
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,decoded. Exc1ter body 48015 needs 416V 3 phases power to .
operate. Because 1t was not ava1lable in the bu1ld1ng, a

. 208V, 3 phases outlet vas brought in the room and &
'transformer bu1lt to upgrade the voltage. ‘The 416V current

d;s sent to ‘A transfer box (WBO413) From the tran§ferAbox,

athe power supply is' amalgamated to a 51gnal from the power

'ampllfler 2707A and sent to the exc1ter body

,Slmultaneously, a 51gnal 1s sent to the exciter head from

the power ampllfler. And as 1n the case of exciter’ 4808PM,‘

-

an accelerometer 51gnal can - be sent back to the e§c1ter

~control 1047 via a 51gnal cond1tloner (2526) ;M;fﬁg;a,

’The operationlof both systems is 51m11ar’except for a

3 .
ocouple of settings on the power amp11f1er and exc1terAI

control . One just has to: ensure all the proper hook ups are

©

made before operatlng any one of the two set-ups.
’ Only the type 4812 excxter wvas used in thfs‘researchl

‘project. The type 4808PM does not gquite have the required.

force nor energy specifications.to drive thgse piles.

. . "?:.r,». , . R 7 g &
. 5{:&; o LI A . y ‘ff - s g . .

A.7 Accelerometers o o ' N

]

Two types of . accelerometers were used type-43665 and
type 4321 tr1ax1al ' They are both made by Bruel & Kjaer. A"
'.Bruel & Kjaer type 2626 51gnal condltioner was used for the
4366S. transducer and three type 2635 cond1t1one%s were used
'for the triaxial transducer. Three of these four signals

'-werehrecorded on a field portablepsruelf&”xjaer_tape

—~
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- recorder.. The 51gnals vere analysed in detall after them’ N

» experiments were carried out.

A.8 Load Cell fﬂ
A Kullte TC-500 load cell was purchased by tRe
Un1vers1ty but had to be returned to the manufacturer
- because of technical problems. Months later 1t was dec1ded
“tohhove ‘the experlmental program ahead w1th a Transducer
Inc. 18 serles, model 182 load cell w1th a capac1ty of 233
kg 1n both tens1on and compre551on. The Transducer falled
S in’ fatlgue after the second series of tests The Kulite was
selected ‘because of 1ts overcapac1ty ratlng and smaller
s;ze.< The hlgh capac1ty prov1des protectlon against fatlgue
durihg»repeated loading. The small phyS1cal size gives more.
room between the driver and ;ﬁe sample fér adjustments.
The flrst tests showed that the load sporadlcally

exceeded the nominal capac1ty of -the load cell. k Hence, a

TC- 1000 whlch has twice as much capac1ty (466 kg) was

+
~.

ordered but Stlll has not anrlved
The 51gnal from the load cell was recorded with the
‘acceleratlon data., Before it is recorded the signal from
the load cell was amplified‘ Hence, the electronics shop of
the C1v1l Englneerlng Department de51gned and bu11t an )
amplifier compatlble with both the load cell and the

recorder. The signal from the load transducer is fed 1nto.

‘the amplifier”which directs the amplified s1gnal{to the
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'recorder also allows the signals to be mont

" on the,Dayalm

transducers)

S T, e

recorder.

A.9 FM Recorder

Q

As previously stated, a recorder was used. to save the

ksigna;s for. subsequent analy51s It was a Bruel & Kjaer

recorder type 7003. The recorder has four’ channels and can
handle signals of up to 50 Volts either alternatlve or N
continucus. Two channels were used to pick up the body

- :

waves within ‘the sample, one to monxtor the pile

acceleratlon and the last one to monltor the pile load. The

device: as theyware recorded - An osc1lloscope was the. dev1ce

used to mon1tor the waves during. the tests,

gger (seefthe section about displacement
: % t\}
. ﬁ .

Measurements

REEN

A.1b Temperatui-
| To monltor the temperature w1th1n the samples durlng

free21ng and durlng the tests, thermocouples were embedded

at var1ous locations in the f1rst samples to be made. A

Honeywell Electron1k-15 temperature chart recorder (see

Plate A. 1 b) was used to record the temperatures. It has a

’
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»

Acapacity for 24 channels. The scan of alllchannels takes

125 seconds. R ‘ : .

Temperatures.at the pile face were recorded by the
Fluke 2240A Datalogger usxng plat1num resistance thermal
dev1ces (RTD'Ss) model F2105, series F1, by Omega Englneerlng

Ltd. The RTD's are 1 mm thick and 2.0 x 2.3 mm in size.

o . ‘. o

A.11 Displacement Transducers , e

The penetratlon of tbe plle was measured by the Fluke
2240A Datalogger using l1near voltage dlsplacement~

transdpcers (LVDT's). The LVDT's have- a total travel of 25

'cm.' Two of them were used 1‘Ezer1es when d1splacements

'gxceeded that flgure An overlap of at least 30 mm was

proylded toé?nsUre COﬂtlﬂUlty of the measurements. Plate

A.2.b shows tH% two LVDT s overlapplng. PTE
‘xtﬂ ' a N
The LVDT's ané made by Schaevltz Englneerlng Ltd.. and
‘?
‘designated‘méﬁel 5000 HR= QC. " :
‘ N ~ v & ,# - %®

By o g )
i Q.\\(‘

. A 12 Sample Preparatlon

.s.,

A Monarch concrete mixer was ' acguired to mix the sand &
2

‘and water. The mlxer is drlven by a 1/4 HP electrlc motor . o

to av01ﬁ fumes in non= ventllated working areas. The mlxer

has a capac1ty of abBout 70 litres. Other accessorles used

_such as shovels, scoops or else are standard items found

">
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‘e

-y .
™ SO

A Tektronlk 564B two- channel osc1lloscope was used to

A. 13 Oscxlloscope

N

mond tor the load and accgleratlon of the pile, durlng the

camera was used to take photographs of the waves directly

from the os 'IIOSCOpe screen.; The photographs were tgten at

photographs é

A one channel oscllloscope was used in the flrst half
- a

of the experlmeqtai program and h:A placed because‘

of its very high degree of'unre(f; }5‘ ﬁ” e two channel

f¥5ults.

ts' w
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TESTING PROCEDURE

The most 1mportant step in the test1ng procedure is the
sample preparatlon. Two den51ty states were. created. ‘the

loosest p0551ble and the densest p0551b1e states. As the

R

tethnlques to produce those den51t1es are qu1te dlfferent

they w1ll be treated under separate headlngs. A th1rd o

.

section of th1s appe*dlx will explaln the steps followed tot ﬁ&

carry out the experlments.

- . s
B.1 Loose Samples o g%;%g

\

"To create a sample 1p tggwloosest p0551ble state, sand
was thoroughly mixed w1th water ahd allowed to saturate in

two plastic containers for a minimum of one day. .
] T

Tqi sample mould was then fllled w;ﬂw 50 to 70 mm of

water, A scoop was used to place the sat““ated sand in the

mould.k The sand in the scbop was submerged before belng

’ N *

poured in the water.. It was also 1nsured that the current
& A

surface of sand was flat at all times. L
. e
When the sample.reached the desimed height, usually a -
freeboard of approx1mately 13 ¢m on the 540 ‘mm container

. uti‘:

(see Appendix A),?the excess water was- removed first by

bailing and; after the level lowered, by siphdning.

166
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After the above operatlons were executed,(the"sample
was placed on the free21ng stand. It is:needless to say
that the freez1ng stand had prevzougly been f1lled with dry
;1ce. ‘%he sample‘was wrapped in flberglass wool 1nsuLatldn.
A styrofoam lid was placed on top to 'stop convection. |

Samples were allgwed to freeze for two days.
' : ‘\\., I ! R .
S A ‘ N _ : . i

i

R /

B.2 Dense Samples
. e hal . oy -

To create agsample in a very dense state, sand was

thoroughly mixed with water and allowed to saturate as in

the.previous case. The wet sand, ‘'with as little excess

et w

"“'water as poss1ble, was placed 1n-the'mould in lifts of 75

mm. The material was hand compacted ‘as much as p0551ble
S N Mo e ~
That 1s about three passes coveflng the whole area and u51ng-

. as much energy as dpe can}reasonably del;ve;. The hand

tamper has a diameter of abouthOUcm.v A concrete vibrator
was used in the early stages!ofvthe research ‘to simulate'
field vibro-flotation processes; The idea was quickly‘

‘abandoned as it d1d not produce the de51red effects. About

) 10 cm of freeboarl were allowed in the 50 cmjzlgh mould (see

Appendix A).

Following its preparation, the_sample¢was,placedion.thé
f%eeging stand and wrapped 'in fiberglass wool insulation as

23

in the case of the loosefsample. A styrofoam 1id was put on

the top. Fortyreigﬁt hours were allowed for the samgles to

. i o /
freeze. !
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B.3 Test Procedure

| The following steps were executed to conduct the
experimeﬁts;‘. | | '
- the sample is unwrapped and remerd from the'freezihg

stand;

- at least'twelve_,girs.are allowed for the sample to
'equilibrate at room temperature;

- initial sample temperature readings are taken if
’thermocouples vere placgé in the sample;

- Tthe sample is placed on the pedestal under the vibrator;

- 1 p;oper instrumentation setting is.ensured- the scan

'; ;nterval on the Datalogger is 30 seconds, thé*y

o %?1b{atlon factors of the tape recorder are verified,

ﬂ the accelerometer charge ampTlflers are checged as well

{jé all the exciter controls'

the transformer, the power ampllfler, the charge>

1?A¥‘ ampllflers, the tape'recorder pov e and the

nd switched on (the

K

oscilloscopg\are all plugged in
viorator head i not activateo);
- theftamole surface is cleared of the excess ice,

X
produced by the volume expans1on of freezing water, with’

\
y s
I

& sharp scraper ;-

- the p11e is brought in contact with thg soil surface by

AN

remov1ng counterwelghts, ‘
N
"

- .« a gero reading of the Lvné.is’taken with the pi{e’
sitEYngmon the surface of thetsample; ‘ a
= the pihp and driver'are lifted by'putting back removed

z\Jj
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counterweiqhts_to make certain thete is no contact with
the sample; |
- —-the pile-‘is set in motion at the desired frequency;
-  counterweights are faken off to allow the desired net
downward bias force on the pile. The pile is held back
‘as weights are removed and slowly lowered by hand unt11 L
full comtact with the sample is{made. At that time a
second person wnose watch is synchronized with the first .

turns the Datalogger on in the next room;

e T

penetrption of the pile‘shouid occur. _Vibratibnumeters

and the oscilloscope mohitd%\are carefully watched to

ensure everything is norm i , o

~e

.

the tape recorder. is tu\rn'ed) on 30 seconds or one minute

after the start of the test Ensure the coordination
.switch is also turned on so that the recorded data can

be matched with the penetratibon data;

after full penetratlon is achleved the plle is

‘retracted from the hole and then,and onlylthen the

R

vibrations are stopped; o ' ~

~

all the recording equipment is turned%bff,

L}

1f t%s pile is stopped vibrating while still embedded, the
5011 and plle freeze together in a matter of seconds. .
Hence, some tests have to stop before fullrpenetratlon is'
achieved because the vibratibns~become‘too,damped and there
“is a danger of freezing the pile 'in the frozen soil. .

In some ifhgtances, when the retrieved core is of good

guality, sample are taken to measure the water (ice)
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APPENDIX C

PENETRATION VERSUS TIME CURVES
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APPENDIX D

INTEGRATION OF IDEALIZED ACCELERATION SIGNAL

Two idealized acceleration signals were showh in Figure 5.5
of the main text: one for normal wave forms and the other
for damped vibration wave forms as\shown bn Plate 5.3. Each
will be discussed under separate headings starting with the

simplest case, the damped vibration case.

D.1 Double Integration of Idealized Damped Vibration Wave
Form |

Thié‘ygve form is very simple in geometry,‘seé Figure
5.5.b. The dimens%ons measured on the photographs are shown
on Figure 5.5.b. They are the period of v1bratory motlon,
the duration of the impact and the peak 1mpact acceleratlon
With these measurements, one can easily calculate the other
dlmen51ons assuming the area preceding the impact peak is

.

equal to the area below the peak curve. Using the measured
and Cglculated dimensions, the acceleratioﬁ curve can be
integrated once to get the velocity curve. The velocity
curve can be fitted about the time axis so that the positivev
and negative areas are balanced. .This is-to properly model
the physical motion in which some negative velocity has fo

occur. The permanent,defofmation is neglected to simplify

the analysis. It will be seen later that the permanent
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deformation is very small when coTpared to the total pile
displacement, The velocity curveris balanced when velocity
is zero at peak acceleration. This is to properly model the
fact that the pile reverses its motion at that point.

Before peak acceleration, velocity is in the opposite
direction from acceleration. After that pgocedure, the
velocity curve can be integrated to obtain fhe displacehent
curve. It can be shown that the displacement (d)

corresponding to peak acceleration (a) is given by:
d=axt?/24 (D.1)

where t is the impact duration.

.

D.2 Double Integration of ldealized Normal Acceleration Wave

Form

This wave form is more complex than the preceding wave
form. From the measured dimensions .shown on Figure 5.5.a,
the dimensions of the inter-peak area above the time axis
can be calculated since both negative and positive areas
have to be equél. It should be noted that the negative area
on either side of the impact spike is not necessarily
symmetric. The lower slope of the left hand side of the
peak is the same as that of the adjaéent positive area. The
requifed time to decélerafe to the base of the impact peak,

is calculated from the calculated slope of the ‘positive
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area., The impact duration and the duration of negative
acceleration are méasured from the photographs. The impact
'duration and calculated time required to decelerate to the
base of the impact spike are subtracted from the duration of
negative acceleration to give the time to éo from the right
hand side base of the spike to positive acceleration of the
next motion cycle. The latter time is rarely equal to the
time interval between the spike and positive acceleration.

Because the spike is not symmetric, no simple eguation
can be written thaﬁ will represent a balanced velocity
curve. To perform the integrations and to balance the
positive énd negative areas of the velocity curve, a
computer program was written. The program can be found at
the end of this Appendix. Working principles of the program
will be outlined in the following lines.

The measured dimensions of the acceleration signal are
first read in. Then, the program calculates the missing
dimensions“of the wave form. The velocity curve is then
established by numerical integration of the simple linear
acceleration curve, The time axis of the veiocity curve is
arbitrarily set such that zero velocity corresponds to peak
positive acceleration. .Once the velocity curve is
calcula£edf it is numerically integrated using Simpson's
rule which is accurate for second degree curves. The
displacement curve is obtained. If the velocity curve is
well balanced, the last calculated displacement is zero.

When the last displacement differs from zero, given a
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be:tain tolerange, the”tihe axis_is’mqvedvup of,downaﬁowérds
équilibfjumfef'thevpésitivé and'ﬁééatiée”areés.‘ The first'
ttanél;tion q§ thé'tiﬁg éxis is arbitrarily set at 5% of the:
. peak Velocity invthévré@uifed'direction. »if~h§t énough, the
’a#ig isltfanglated ié ihe‘same direcgion by fhe.same'amoﬁnﬁ
at the f&lipﬁing.itefétion."The:methéd of.bisécﬁionris uééd

. for quick convergence once:translation has exceeded the

3

required amount. -
‘ . ! ' t T . . ! . Lo
~ comments. R ; : . : <:

Utiliiation of the program isfdescribed_in'the'proggamb

L]



Computer Pi'ogram

o DIMENSION TEMPS(49), VELO(49) DISP(25)
}CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

bROGRAM TO CALCULATE THE VIBRATORY DISPLACEMENTY OF MODEL
LABORATORY PILE: .
THE PROGRAM USES SIMPSON’S RULE TO PERFORM THE INTEGRATION
DATA TO BE INRUT:
1ST CARD: NUMBER OF CURVES TO BE CALCULATED
2ND. CARD: .TEST NUMBER (NO MORE THAN SIX DIGITS)
3RD CARD: DIMENSIONS T,TIM,D,B.P OF THE ACCELERATION CURVE
: - T -=PERIOD OF MOTION
* TIM=DURATION OF NEGATIVE ACCELERATION
D =IMPACT DURATION ~ . . )
8 "ACCELERATION AT BASE OF PEAK
pP. =PEAK ACCELERATION :
ONE CARD PER CURVE.
THE SECOND AND THIRD CARDS ARE REPEATED AS MANY TIMES AS
THERE ARE TESTS

[

FORMAT (I2) : o .
FORMAT (3F5.2, 2F6. 1)
FORMAT. (2A3) -

wmw..nnnonnnonn'onoononob

“LAE. **»t*')

C21 FORMAT (/,° TIME’.SX.’VELOCITY’. .’D!SPLACEMENT’./,ZX.’MS
C*S/ 10X, ‘MM /) : : , .

22. FORMAT (1X.F5.2,6X,F6.3,6X,F5.2) N .

23 FORMATY. (/,’ PERIOD==>’,F5.2,’.MS’,/,’ SMALL T==>’ F5.2,’' MS’ /, ~’
*MPACT DURATION==>’ ,F5.2, " MS’./.’ B==>",F6.1,’ M/S2’,/,' PEAK==>",
*F6.1,° M/S2°,/) : : X

24 FORMAT (/. TEST'NO ’,2A3)

- 25 FORMAT (' s*s** IMPACT SIDE OF SIGNAL DOES NOT LAST LONG ENOUGH *=*
tw*tl)
READ (5.1) NUMBER : : H ,
NO=1 N , -

c ‘ 0y

c READ DATA AND CALCULATE MISSING DIMENSIONS

c ; :

90 READ (5,3) TITI,TIT2

WRITE (6,24) TITY,TIT2

READ (5,2) 'T,TIM,D,B,P

WRITE (%.,23) T,TIM,D,B,P

TT=T-TIM _ -
X=(TIM*B+P*D)/TT

T23=TT*B/(2.0*X)

T56=TIM-T23-D

IF (T56.LT7.0.0) GO TO 920

ESTABLISH VELOCITY .CURVE

aoo

TEMPS(1)=0

VEL0(1)=—X;QT7/600 o

DO . 100 1=2,20 :
XI=1-1 - . .
TEMPS(I)= TT*XI/20 (o] -
IF (I-11) 94,96,98

94 . VELO(I)=VELO(1)*X'(TEMPS(I)**2 O)/(TT*1000 o)

GO TO 100

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

(e} FORMAT ( *#+%xxx* VELOCITY CURVE DOES 'NOT CLDSE TO ZERO, CHECK FORMU

202
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96 VELO(1)=0.0 - .
o GO TO 100 - - :

98 DUR=TEMPS(1)-TT/2.0 .
‘ 'VELO(I)= X‘DUR/1000 o- x*(oun**z 0)/(11-1000 0)

100  CONTINUE

TEMPS(21)=TT, : o : N

VELO(21)'-VELO(1) &

DD 110 J¥22,28 . ' .
Xd=J-21 - ’ :
TEMPS(J)= (Tzs*xu/s 0)+TT )
VELO(J)=VELD(21)~ (X*(TEMPS(d) —TT)**2.0)/(TT*1000.0)

110 CONTINUE o N

TEMPS(29)=TT+T23
VELO(29)=VELO(21)- TT‘(B“2 0)/(4000.0*X)
DO- 120 JJ=30,40
XJdJ=JJ-29
.TEMPS(dd)'TEMPS(29)+D*XdJ/12.0
IF (JU-35) 114,116,118 . i §

'

114 DUR=TEMPS(JJ)-TEMPS(29)
- VELO(UJ)=VELO(29)-B*DUR/1000.0- (P~ B)*(DUR**2 0)/(D*1000.0)
: GO TO 120 - '
116 VELO(JJ)=VELDO(28)-D*(P+B)/4000.0 "
: "~ GD TO 120
118 DUR=TEMPS (JJ)-TEMPS(35) '

VELO(JJ)= VELO(SS) P*DUR/ 1000. O+(P B) (DUR**2. 0)/(D*1000.0)
120 - CONTINUE
TEMPS(41)=T-T56
VELO(41)=VELO(29)- D‘(P+B)/2ooo o.
DO 130 JZ2=42,49 - G
XJZ=JZ-41
DUR=T56*XJZ/8.0
TEMPS(JZ)=TEMPS(41)+DUR
VELO(JZ)=VELO(41)- atuun/tooo o+s*(oun~*2 0)/(2000. 0*T56)
130  CONTINUE .
IF (ABS(VELO(49)-VELD(1)).GT20, 01) G0 TO 900
KOUNT =1

ESTABLISH DISPLACEMENT CURVE

“ 000

35  DISP(1)=0.0
AREA=0.0
DO° 140 J¥=2,20,2 -
JYY=JY-1 -
JYU=JY+1 ' ,
AREA=AREA+(TEMPS(UY )~ ~TEMPS(JYY))* (VELD(JYY)+4 . O*VELO(JY)+VELO(Y
*YJ))/3.0 g . - :
B gL=(JdY/2)+19 ,
DISP(JL)=AREA
- 140  CONTINUE
DO 150 JA=22,28,2
JAA=UA-1 .
JAJ=UA+ Y ‘ A .
AREA= AREA%(TEMPS(JA) TEMPS(JAAL)*(VELO(JAA)+4.0*VELO(dA)+VELO(d
*AJ)) /3.0 : .
JL=(JA/2)+1. T
- .DISP(JL)=AREA
150 - CONTINUE :
. DO 160-UB=30,40,2
JBB=UB-1
TUBJ=UB+1



160

[eNeNoNeNe NIy

180

192

193
194

CuL= (JB/2)+1

. AREA=AREA+(TEMPS(uUB)- TEMPS(dBB))*(VELD(dBB)*d O‘VELO(JB)+VELO(J
*Bd))/S 0

DISP(JL)=AREA
CONT INUE
DO 170 JC=42,48,2
JCC=JC-1
JCJ=JC+1
JL=(JC/2)+1

204

AREA= AREA+(TEMPS(JC) TEMPS(JCC))*(VELO(JCC)+4 O‘VELO(UC)*VELO(J

*CY))/3.0

DISP (JL)=AREA
CONT INUE

CHECK IF THE DISPLACEMENT CURVE CLdSES AT ZERO.
IF NOT. CHANGE THE VELOCITY AXIS AND RECALCULATE DISPLACEMENTS

- ERR = PREVIOUS AREA

AREA= CLOSURE ERROR IN VELOCITY AREA (CURRENT ITERATION)

IF (ABS(AREA) LT: 0.05) GO TO 810
IF (AREA.GT.0.0) GO TO 180

If (KQUNT.EQ.1) GO TO 193

1F. (ERR.GT.0.0) DIFF=-DIFF*O 5
GO TO 194

IF (KOUNT.EQ.1) GD T0 192

IF (ERR.LT.0.0) DIFF=-DIFF*0.5
GO TO 194

DIFF=0.05*VELO( 1)

GO TO 194

DIFF=-0.05*VELO(1)

ERR=AREA

KOUNT=KOUNT+1

DO 200 JD=1,49
VELO(UD)=VELO(UD)+DIFF

CONTINUE

GO TO 135 . .

WRITE (6,20)

STOP

PRINTOUT DATA
WRITE (6,21) ' >

DO 945 JE=1,25 .
JEE= (dE-1)*2+1

WRITE (6, 22) TEMPS(JEE) VELD(JEE) DISP(UJE)

CONTINUE

"NO=ND+1

IF (NO.GT.NUMBER) STOP

" 6o To 90

WRITE (6,25) - S
GO TO 916 -
END
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S_ample | Data

! AN
2 .
DS1-1A
12.50 7.18 0.79 120.05332.0
DSi1-14 .
12.50 5.05 0.79 133.03286.0 S
.
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-

Typical Output

L

TEST NO DSi-1A

PERIOD==>12.50  MS

SMALL T==> 7.18 MS ,
IMPACT DURATION==> 0.79 MS
B==> 120.0 M/S2
PEAK==>5332.0 M/S2" i}

TIME VELDCITY DiSPLACEMENT

MS M/S MM
0.0 -0.761 0.0
0.33 ~0.710 -0.40 .
1.06 -0:558 ~0.74
1.60 -0.304 -0.97
2.13 - 0.051 -1.04
2.66 - . 0.507 -0.90
©3.19 0.964 -0.50
3.72 1.318 0. 11
4.286 .1.573 0.88
4.79 1.725 1.76
5.32 1.776 2.70
5.40 W1.775 2.85
5.49 1,771 3.00
5.57 1.765 3.14
5.65 1.756 .3.29
5.79 . 1.626 3.52
5.92 1.267 3.714
6.05 0.679 3.84
6.18 0.091 3.89
©6.31 _.~0.268 3.87
6.44 o 398 3.83
7.96 "-0.557 3.10
9.47 -0.670 2.17
0.99 -0.738 1.09
2.50 -0.761 -0.05

- s

TEST NO DS1-14A ./7? S ' -

PERIOD==>12.50 MS

SMALp T==>.5.05 MS

IMPACT DURATION==> O.79 MS

B==> 133.0 M/52™ h
PEAK==>3286.0 M/S2

TIME VELOCITY  DISPLACEMENT

Ms M/S v MM

™~

0.0 -0.705 0.0

0.74 -0.672 -0.52

1.49 ~0.574 -0.98

2.23 -0.410 " -1.36

2.98 -0.182 -4.58 :
0 3.72 0.112 -1.61 a

4.47 0.406 -1.41

5.21 ", 0.63% -1.02 . N
5.96 o} '

.799 -0.48
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APPE&DIX E

TEST DATA AND ANALYSIS RESULTS
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