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MECHANICS OF IMPACT PILE DRIVIRG

Jerry Frenk Parole, Ph.D.
Department of Civil Engineering
University of Illinois, 197G

Impact pile driving was studied by utilizing longitudinal
wave propaegation theory as an snalytical tool. Field date from pile
driving Jobs was used to estsblish the validity and usefulness of the
analytical technlgues developed herein.

The thecoretical treatment of the dynsmics of impact pile driving
included an analysis of beth the force generated at the head of the pile
and the response of the pile tip to a generated force pulse. A medel
consisting of a hemmer system operating on the head of an infinitely long
pile was used to determine both the pile force pulse and the transmitted
energy. ‘“The model wes used to make a dimensionless perameter study of
the factors influencing force and energy. The driver system consisted of
concentreted masses for both the ram and the drivehesd and an energy ab-
sorbing spring (both linear and nonlinear) for the hemmer cushion.

Soll end pile responses were investigeted with respect to an
arbitrary force pulse in order to assess the varisbles controlling pile
penetration and load cépacity. Special emphasis is placed on soil and
pile response gt the pile tip: the soll model includes visgcous damping,
ness and an elastic-plastic spring.

Characteristics of the hammer-pile-soil system as a whole are
sumarized. Theoreticel results using wave preopegetion theory are com-
pared with both case histories and commenly wsed dynemic formulas. Cor-
relation of wave analyses and field case histories are used toc support the
conclusion that wave propasgation theory is the proper theoreticsl tool for

pile driving snelysis.
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CHAPTER 1

INTRODUCTION

1.1 Scope -

The purpose of this dissertation is to investigete anslyticelly
the mechanics of impact pile driving with the goals of increasing the
ability of the engineer to design a pile foundetion and aidiﬁg'the con-
tractor in proper selection of egiipment. These goels will be asccom-
plished by considering the behavicor of single piles.

The design of all pile foundationg depends upon load capacity
and settlement criteria as well as feasibility‘of instaellation. There-
fore, the ultimate goal is a general understending of pile-soil inter-
action during installation and the interection of superstructure, piles
and soil after construction. With the exception of s few isolsted in-
stances, group behavior has been physically difficult and financially
impossible to investigete in detsil. As 8 consequence, an understanding
of single-pile behavior plus theory, ﬁodel studies and judgment re-
gerding the relationship between a single pile and a pile group must be
relied on in order teo produce an accepteble design.

The dynamics of driving piles with impect hammers is investigated
by considering both the force pulse generated st the head of the pile
and the response of the pile tip to & generated force pulse. It is
possible to obtain significant results by studying incident waves only
at both the pile head and pile tip; an anelyticsal model using an in-

finitely long pile serves to eliminate reflected waves from the far end.



_A model consisting of a hammer system opersting on the head of an in-

finitely long pile is utilized for determining both the pile force pulse
end the transmitted energy. The driver system consists of concentrated
messes for the ram and drivehead and an energy sbsorbing spring (both
linear and nonlinear) for the hammer cushion.

Next, soil and pile response is investigsted with respect to an
aerbitrary force pulse in order to determine the charascteristics of pile
penetration and load capacity. Special emphasis is placed on-soil -and
pile response at the pile tip; the scil model includes viscous demping,
mass, and an elasticfplastic spring.

The charsecteristics of the hammerfpile—soil system as a whole are
described after the elements of the mechaﬁics of impect pile driving are
studied. Theoretical results using wave propegetion theory ere compared
with both caese histories and commonly used dynamic formulas. Correla-
tions of wave equation analyses and fleld case histories are used to
investigate the wvelidity and usefuiness of the wave propagation concepd
ss the proper theoretical framework for pile driving enalysis.

The mechanics of pile driving deserves investigation for -the en-
lightenment of both fﬁundation engineers and pile conirectors. The foun-
dation engineer is concerned with the performance of a pile foundetion.
In an effort to predict pile performance, the engineer has allocated
to pile drivers s rather unigue dusl role; thet of a driving tool =nd
that of a measuring instrument. Although the pile driveris primary
role is pile instelletion, the pile driver is slso used as & measuring
instrument, i.e. the resis£ance to penétration in terms of hammer blows

per inch is used as & measure of the pile's ability to support load.
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Of course, the engineer must be able to predict similarities and 4if-
ferences between pile behavior during driving and under static loed in
order to meke the pile driver an effective measuring tool.

With an understanding of the mechanics of pile driving in con-
Junction with experience, the pile contrector cen instell the optimum
pile foundation, i.e. the one with the lowest cost providing the desired
foundation performance. The cost of the pile foundation includes not
only the amount of pile meterisl needed, but alsc the driving expense -
which involves driving time, pile damage, and replacing damasged or in-
adequate piles. The pile driving contractor should be able to choose
the proper equipment slong with the pile that, as well as being in
sccordsnce with the technicel specificetions, -can be installed in the
most expeditious and economical manner.

The foundation engineer must slso have a working knowledge of
pile instellation in order to write setisfactory and retional specifi-
cations. With an understending of the mechenics of pile driving, the
engineer can avoid unnecessary restrictions in the specifications to
prevent a cost burden on the pile conbract. The restrictions in the
specifications can include limitetions on hammer size, pile type and

pile dimensions.

1.2 ITmpect Pile Driving

One of the oldest and simplest methods of driving a pile is by
the use of a drop hemmer. Drop hammers, now rarely used, were prevea-
lent before the twentleth century. The disadvantage of the drop weight

technique is the long driving time beceuse of the time consumed be-



tween blows to raise the ram by power winching. TIn order to achieve an
increase in pile penetration rates, hammer development has been directed
tovard applying the driving energy at s faster rate. A faster energy
rate is associated with a lerger number of hammer blows supplied in &
period of time (blow rate).

The desire for faster driving rates led 1o the single-scting
steam hammer. The Vulcan single-acting steem hammer introduced in 1887
(Vulcan Iron Works, 1927) is the forerunner of medern impact hemmers. In-
stead of being raised by a power winch, the rem is 1lifted by steam pres- :
sure which is reguleted to apply an upward force cn & piston connected
to the ram. The velving mechanism exhausts steam at the top of stroke
end allows the ram to fall by gravity through a stroke h before impact.
A schematic of both the drop end single-—acting hammers is presented in
Figure l.la. The mejor components of the pile hapmer are the ram, ham-
mer cushion and drive head. The ram with an impact velecity, VO, im~
perts the energy and force pulse to the pile through the hammer cushion
and drive hesed.

Several yeers after development of the single-acting hemmer,
double-acting and differential hammers were introduced to increase the
blow rate. Hemmers of these types not only use pressure to 1ift the ram
but slso increase the downward accelerstion of the ram by adding force
to the gravity force (Figure 1.1b). Differential and double-acting
hammers commonly have half the stroke and twice the blow rate of the
comparsable single-ascting hammer.

With the development of portable elr compressors, the substitution

- of air pressure for steam pressure has now become common practice. The




Air or Steam Pressure

F? Piston

- Alr or Steam
Pressure

r~Winch
(Drop Hemmer)

Ream
A
Stroke,
h Hammer
! Cushion
= Drive
Head
Pile
™.

= Drop and Single-
Acting Hammers

{a)

Piston

Ram

L]

N

(v)

Hammer
Cushion

Drive
Head

Pile

Differentisl and Double-—
Acting Hammers

Compressed Air
{Optioneal)

t
'

Ram
Combustion Anvil
{Hammer
Cushion
Drive
Hesad
Pile
oW
Diesel
Hammers

(e)

Filgure 1.1 SCHEMATIC DIAGRAMS OF

IMPACT PILE DRIVERS



)

use of air pressure is accomplished without chenge in the hemmer mecha-
nism because operating pressures of both air and steam ere commonly 100
to 120 psi. Recently, a hydraulically powered differentiel hammer hes
become operational with the ports sized to be consistent with fiuid pres-
sures of 3000 to 5000 psi.

The most recent development in impact hemmers is the diesel
powered driver introduced in Germany prior to World War II. The inte-
grally powered diesel hammer is currently popular because it reguires
less equipment and menpower than steam or air hammers. The diesel ham-
mer utilizes the combustion of diesel fuel to lift the ram. 'The hammer
ram serves as the piston, compressing air on the downward stroke after
the inteke valve is cleosed. The atomized diesel oil expleodes upon the
rise in tempersture of the compressed air which results from the ram
drop. Impact of the rem on the anvil is approximstely simultaneous with
combustion of the diesel o0il; therefore, the force driwing the anvil is
a combination of combustion and impact (Figure 1l.lc). The combustion
force alsc drives the ram upwards to the top of its stroke. The diesel
hammer.can.be open—~ended st the cylinder top or closed-ended with an
air chember (bounce cﬁamber). On the up stroke, air is compressed in
the bounce chember and thus shortens the stroke and increases the blow
rate.

Vibretory pile drivers are aslsc in common use, but they are not
impect hammers. They produce a combinetion of axial oscillations and
static thrust as discussed by Smart (1969).

Impact hammers are normelly rated or sized according to the

equivelent potentisl energy aveileble at the top of their strcke,




Energy retings. for drop or single-acting hemmers are readily defined,

e.g. Er = Wlh where Er is the rated hammer energy, W. is ram weight and

1
h is the stroke (height‘of ram fall). However, energy ratings for double-
acting or differential ham@ers must also account for the effect of the
downward thrust in eddition to gravity, e.g. Er = Wlh + Fh where ﬁ is

the force applied by the theoretical stesm or air pressure required at

the hammer.

Diesel hammer ratings are complicated by the unknown effective-
ness of the combustion force and the variability of the ram stroke under
field conditions; therefore, confusion exists regarding the rating of
diesel hammers.: Rated energy for open-end diesel hammers is determined
by the maximum rem drop. For closed-end diesels, the ratings are esteb-
lished from the eguivalent stroke which is the actusl stroke plus an
equivalent increment of stroke based on the energy stored in the bounce
chamber.

The common range in rated energies per blow for impact drivers is
from 5,00C ft-1lbs to 120,000 ft-lbs; the most common values lie beiween
15,000 ft-lbs and L0,000 ft-lbs. For offshore driving, there is ‘a need
for 1arger haymer sizes than are now availsble. Commonly used impact
hemmers have blow rates varying from 40 to 200 blows per minute whereas
that for drop hammers is 5 to 20 blows per minute. Single-acting snd
open~end diesel hemmers commonly operate at L40-60 blows/minute and &if-
ferential, double-acting and closed-end diesel hammers st 80-120 blows/

minute. Pile-driver daste for the hammers currently availeble in the

United States are given in Table 1.1.
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-Table 1.1

IMPACT PILE-DRIVER DATA

Stroke -
at jE x wl
Rated Maxe Biows Rated Welight Total Length A.S.M.E. Steam Size x
Energy, of per  Engrgy Striking Welght, of Alr Boller or Alr, of R“i;BU?
ft-1b Hammex Size Type min in. Parts, 1b 1 Hammer Cm H.P. psi Hose, in. (ft-1bs)
Energy over 100,000 ft-1b
180,060 Yulcan 066  Single-act. 62 36 60,000 121,000 1B'6”  LE2§ Lo 330 (2% 103,900
130,000 McKiernan~Terry 5-40  Single-act, 55 9 40,000 96,000 16°0" - 375 150 L 72,100
120,050 Yulcan 0k0  Single-sct, 60 36 ko,o00 87,500 17°11" 300 535 120 (233 69,300
113,L78 Super-Vulcan LO0C Differentinl 100 16 L1/2 Lo 000 63,000 1679 k659 700 150 5 67,h00
Energy 50,000 to 100,000 ft-1b
97,500 McKiarnan-Terry 8-30 Single-act. 50 3% 30,000 86,000  167Q" - 280 113 b 54,000
19,600 Kobe Ku2 Diesel 45,60 98 9,200 22,000 1krg —_ -— — - 27,100
60,000 Vylcan 020 Stngle-act. 60 36 20,000 39,000 15'0" 1756 278 120 3 34,600
60,000 McKiernan-Terey $20 Single-act, 60 36 20,000 36,650 187" 1720 280 150 3 34,600
56,500 Kobe K32 Diesel L5-60 98 7,060 1500 13ty - - - - 20,000
50,200 Super-Vulean 200C Differsntial 98 15 1/2 20,000 39,050 132" 17k6 260 L2 3 31,700
Energy 30,000 to 50,000 ft-Ib
18,750 Vulcean 016 - Single-mct. €0 36 16,250 30,250  1b'6" 1290 210 120 3 28,100
—£6,750 " Raymond 0000 | Single-act. be 39 15,000 23,000 - - 85 140 21/2 27,000
Ly, 500 Kebe ka2 Diesel 4560, 8 4,850 10,600  13'a" - - - - 14,700
42,000 Vulcan Nlb  Single-sct. §0 38 24,000 27,500 1bg" 1282 200 110 k) 24,200
Lo,600 Ruymend 000 Single-act. 50 39 12,500 21,000 1577 —— 70 135 2 1/2 22,500
39,800 De:lmag D-22 Diesel L2-60 n/a L 850 10,056 1z01/2' - - - -— 13,906
31,500 McKiernan-Terry 81k Single-act. 60 32 14,000 31,600 14'10" 1260 190 100 3 23,000
36,000 Super-Vulean 140C Differeatisl 103 15 1/2 1k 000 27,908k 12'3" 12 211 1k0 3 22,000
32,500 McXiernan-Terry 810 Single-act. 55 3% 10,000 22,200 11" 1000 140 80 2 1/2 18,000
32,500 Vuleen Cl10 Single-act. 50 39 10,000 18,750 15'0" 1002 157 105 21/2 18,000
2,500 Raymond 00 Single-act. 50 39 10,000 18,500 15'0" - 25 125 H 18,000
32,000 McKiernan-Terry DE-L0O Diesel L8 6 4,000 11,275 15'0" - - - - 11,300
30,225 Yulcan OR  Single-sct. 50 39 9,300 16,765 15'6" 1020 - 100 2 1/2 16,800
Energy 20,000 to 30,000 fi-1b
26,300 Link-Belt 520 Diesel 80-84 43 1/6 5,070 12,545 186" - - - _— 11,500
26,000 McKiernan-Terry ¢-8 Double-act. 7T-85 20 8,000 18,750 ge" A7s 110 100 2 1/2 1k, 400
26,000 Vulcen 08  Single-act. 50 39 8,000 16,750 15'0" 880 127 80 2 1/z 1L 000
26,000 HMeKiernsn-Terry 58  Single-act. 55 39 8,000 15,100 14" Bso 119 80 21/2 1k, koo
R Syrer-Yulcen 80¢ Differential 111 16 1/2 8,000 17,885 11'L" 12ks 180 120 2 1/2 1%,000
2L, 450 Vulcan 84 Differential 111 nfa 8,000 18,500  10'6" 1pks 180 120 2 1/2 14,000
24,370 Yulean 0 Single-act. 50 39 7,500 16,250 15°0"  Bhy - 8o 21/2 13,500
2h,000 MeKiernan-Terry  C-826  Double-act, 85-95 18 §,000 17,750 12r2"  &7s 120 125 z1j2 13,900
22,600 Delmag 12 Diesel u2-60 n/a 2,750 5,hL0 a2'7 3 - - — — 7,500
22,00 McKiernsn-Terry  DE-30 Dissel 1 96 2,800 9,075 15'0% n — - — 7,900
2h boo Kobe K13 Diesel L5-60 98 2,870 6,00 12'g" - - - — 8,400
Energy 10,000 to 20,000 rt-1b
19,875 Union 0  Double-mct. 110 2k 3,000 1h,506  10'1" Boo - 125 2 6,360
19,850 MeKiernan-Terry 1183 Double-act. 95 19 5,000 14,500 11'1" 900 126 100 2 1/2 9,780
19,500 Vulcan 06 Single-act. 80 36 6,500 11,200 130" 625 L 100 2 11,200
18,20¢ Super~vulcan 65C Differential 117 15 1/2 6,500 14,886 1201”991 152 150 2 12,200
18,250 Link~Belt Lo Desel 86-90 36 7/8 4,000 10,300 1W6IA" o - — — 8,5k0
16,250 MeKlernan—Terry 85  Single-act. 60 39 5,000 12,375 13'3" 600 84 8 2 4,000
16,000 McKiernan-Terry DE-20 Diesel L8 96 2,000 6,325 13'3" —— — —— — 5,660
16,000 McKiernan—Terry [+ Compound 110 28 5,000 12,880 8'9” 585 56 100 2 1/2 8,940
5,100 Super-Yulcan 50C Differential 120 15 1/2 5,000 11,782 202" 860 125 120 2 8,60
15,100 Vulcan 5M Differential 120 15 1/2 5,000 12,900 g9'L" 880 125 120 2 8,690
15,000 Vulcan 1 Single-act. 60 36 5,000 10,100 13%0" 565 81 8o 2 8,650
15,000 Link-Belt 312 Dienel  100-105 30 T/8 3,857 10,37% 10'0" - -— - - T,610
13,100 NeKiernan~Terry 10B3 Double-act. 105 19 3,000 1a,850 g% 750 104 100 R 1f2 6,270
12,725 Uaion l} PDouble-act. 125 23 1,600 13,000 arz" 600 - 100 11/2 4,530
Energy 5,000 to 10,000 fi-Ibv
9,0L0 Delmag BS Dienel Lz-60 n/a 1,100 2,k01 n'aye - - — — 3,150
9,000 HeKiernan-Terry C~3  Double-sct. 130-1h0 16 3,000 8,500 7'91/2° Ls0 60 100 2 5,200
9,000 MHcKiernan-Terry 53 Single-act. 65 36 3,000 8,800 12'L"  Loo 5T 80 11/2 5,200
6,600 McKiernan-Terry  DE-10 DHesel L8 96 11,000 3,518  1z2'2" - - — - 3,110
8,750 McKiernan-Terry 9B3  Double-act. 1LS 1T x,6c0 7,000 8'2”  &o0 85 100 2 3,7h0
8,280 Union 1 1/2A Double-act. 135 18 1,500 9,200 8'W” Lso — 100 1 1/2 3,520
8,100 Link-~Belt 180 Diesel 90-9% 3T 5/8 1,725 b,550  11t3" — - —— -— 3,740
1,260 Vulcan 2 Single-act, 0 2% 3/ 3,000 T,100 12'0" 335 Ly 8o L L/2 4,670
7,260  Super~Yulcan 30C Pifferentisl 133 12 3/2 3,000 1,036 8'11" 188 70 120 1 3/2 L 70
7.260 Vulean 34 Differential 133 n/e 3,000 8,490 7'11" BB 70 120 11fz 4,670
6,500 Link-Belt 205 Diesal $0-58 35 1/% 1,bhs 3,885  10'3" - - — —_ 3,070
Energy Under 5,00Q fi-lb
b,900 Yulcan DOH300 Diffeyentisl 238 10 go0 " 5,000 69" 580
3,600 Unjon 3  Doublecact., 160 1k 700 4,700 &'A"  30p IE_ 1308 ; iﬁf i’ggg
3,600 McKiernaneTerry 7 Doudie-act. 225 g 1/2 800 £, 000 6't"  hsg &3 108 1172 1’700
L4 Union 6 Double-mct, 3L0 T 100 9318 3ne” 718 — 106 3/ ’210
386 Vulecan DGH100A Differential 303 [ 100 786 yrpw Th a &0 1 200
356 McKiernan-Terry 3  Double-act. LoD 5 3/h 68 675 L'1o" 130 —_— 100 1 250
320 Union TA  Double-act. LoD 6 8o sho 3 70 — 100 3/ 160

}:r * rated striking energy in foot-pounds; h‘l = weight of striking parts in pounds.

Note: Ram weighta of d..ro;p hacmeys

vary from 500 to 10,000 1bs with veriable strokes therefore varfisble energy,



Reted hesmmer energy is only en index to hemmer capebility. The
actuasl energy availeble et impact is more indicative of hemmer cepebility
than rated energy; the energy at impect is less than the rated energy
beceuse of mechenical losses due to friction, pre-~admission of steam or

air, etc. The hammer kinetic energy at impact may be expressed as

12

Ei 5 Vo , where VO is the ram velocity at impact and g is the ac-

celeration of grevity. The ratio of energy at impact to reted energy is
E

defined as hammer efficiency, i.e. ep = Ei-x 100%. Some widely accepted;
T

but undocumented hammer efficiencies are given by Chellis {1961) as

follows:
Hammer Type Hemmer Efficiency, e, %

Drop

Trigger Release 100

Winch 5
Single-Acting ' 75 to 85
Double and Differential Acting 75 to 85
Diesel ‘ 100

The dynamic response of ram, envil, hammer cushion, drive head
and pile determines how much of the energy available at impsact is trans-
nitted to the pile. The efficiency of transmission may be defined as

E
e :—;Ex 100% where E, is the energy transmitted to the pile. A few

t ]3l t
field measurements snd calculetions indicate transmission efficiencies
of 50 to 90 percent should be common.

A typicel force pulse delivered to the pile hesd by an impact

hammer is shown in Figure 1.2a. Durations of 20 to 50 milliseconds are

common with pile pesk forces in the range of 100 to 1000 kips. As noted



Dynamic
Force

-

Dynamic
Force

550 kips
Reflection
: ]
0.05 Seconds
Time

(a) Single Hammer Blow

Plle at Rest

r‘—________—"dﬂh Hammer
0.75 Seconds Welght

Time

(b) Several Hammer Blows

Flgure 1.2 TYPICAL FORCE INPUT
’ T0 PILE HEAD

10



S

11

in Figure 1.2b, pile oscillations are damped very quickly and one hammer

blow has no effect on succeeding blows; therefore, the mechanics of im-

pact pile driving may be investigated with respect to the events mssocisted

with a single impact. Blow rates of 300-600 blows/minute would be re-
guired before piles with typical lengths could be kept in steady motion
meking 1t necessary to anelyze s sequence of blows.

For a given hammer-pile~soll system, maximizing the energy trans-
mitted to the pile is the first step towards maximizing pile penetration
per blow. However, the transmitted energy must also be in an acceptable
form (force pulse shape) in order to meximize pile penetration. For
example, consider the point bearing pile shown in Figure 1.3a and the
generated force pulse versus ultimate tip resistance R &s shown in
Figure 1.3b. Pile penetration will occur when the pile peak force
generated by the impaét hammer exceeds the ultimate soil ?esistance at
the pile tip. In fact, if the tip resistance is rigid-plastic, pene-
tration will occur as long as the pesk force exceeds 0.5 R, as will be
shown later. If the pesk force is less than 0.5 R, then only enough
soll resistance is mobilized to counteract the pile force and no net
movement of the pile peoint results even if the transmitted pile energy
has been meximized.

For the friction pile (Figure 1.3c), the pile force pulse is
sttenuated with depth by the soil resistance along the pile's length.
Because of attenuation, very low peek force msy reach the pile tip; how-
ever, no force 1s necessary to overcome the tip resistance.

Pile penetrstion is controlled by the megnitude and durstion of

the generated force in the pile with respect to the response of the soil.
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‘The ram-cushion-drive head-pile system controls the force pulse generated
in the pile head. Therefore, a pile hammer may be considered to be a

force pulse generator.

1.3 BSingle-Pile Analysis

Current methods of enalyzing e single pile can be grouped in
two genersl categories, nemely, static and dynsmic. A review of these
analytical methods is given in Appegdix A, only e brief summary of the
concepts is presented here.

A static analysis of pile point bearing and skin friction is
rather 1imited in scope because information is obtained with respect
to loed capacity only. No information is obtéined on driving characteris-
tics. However, a stetic analysis is e wvalueble tool for determination
of driving characteristics when used in conjunction with a dynemic
enalysis, as will be shown later.

A dynemic analysis is the proper toocl to investigate the
mechanics of impsct pile driving. However, there are three methods of
analysis that differ.in concept: (1) Dynamic energy formulae besed on
simple energy considerations, probebly the oldest method of pile
anslysis; (2) Wave equation analysis based on one-dimensional wave
propagation; (3) A method utilizing measured force and acceleration
at the pile head. In rll ceses, dynamic analyses are used to predict
static lcoad cepscity.

In order to use & dynemic analysis to predict static load ca-
pacity, a knowledge of the relaetionship between static and dynamic soil

registance is necessary. Dynamic versus static behavior is complex and
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can be determined only qualitastively. Correlation studies of_dynamic and
static soll resistance are difficult because of the infinite variety of
soll profiles as well es the variety of single soill properties. Addi-
tional complicating factors thet affect soll properties are the pile
shape, pile volume and method of pile instellsticn. The experience and
Judgment of the engineer in selecting sppropriete soil data input for
dynemic analysis are critical to the success of the analysis.

Several exemples of soil type will help illustrate the scil be-
havior encountered. For dense and submerged cohesioniess soils, either
fine or coearse-grained, dynamic resistance mey greatly exceed static
resistance (Yang, 1956 sand Yanga 1970) because of temporary negative
pore pressures due to rapid dilétion of the soil structure. The opposite
effect is observed in loose cohesionless soils where(pile driving causes
temporary positive pore pressures which reduce soil resistance. Conse-
gquently, the dissipation of excess pore pressures results in a gain or
loss of strength with time after driving. For dense soils, dynamic re-
sistance is greater than static resistence, whereas dynsmic resistance
is less then static for loose soils. Pile driving disturbance of co-
hesive soils produces the same effect as in loose cohesionless seil,
namely, lower dynamic soil resistance than subseguent static soil re-
sistance.

In this thesis, special emphasis is placed on the weve equation
anelysis of pile driving, slthough other methods are also discussed in
Appendix A. Recent investigations have shown that anelyses involving
impact and wave transmission thecry represent the best techniques now

aveilable. The wave equation snelysis provides a theoretical framework
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within which all precticel pile driving experience can be properly
assessed. The investigations reported in this thesis are based on the
theory of wave propagation and the behavior of single piles driven with
pure impact hemmers. Diesel hammers are considered beyond the scope of

this dissertation.

1.4 Purposes

Generally, the purpose of this dissertation is to invesﬁigate
analytically the mechanics of pile driving. More specifically, this
dissertation covers:
1. The perameters controlling the force pulse delivefed
to the head of a pile, both with respect to maximizing
energy transmission and maximizing pile penetration
(Chapter 2).

2. 8So0il resistance parameters governing pile penetra-~
tion {Chapter 3).

3. Characteristics of pile hammer, pile and soil
resistance affecting pile driving behavior, namely,
pile penetration and capacity (Chapter L}.

L. A comparison of resulis from weve transmission theory

with case histories and also with commonly used

dynamic formulas (Chapter L).

The foregoing purposes are accomplished by independent idemlized studies

of the parsmeters controlling the generated force pulse in the pile head.

and the soil resistance parameters at the pile tip. The behavior of
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the hammer-pile~soil. system es a whole is then sumsrized and explained
using both the idealized theoretical studies and the wave eguation analy-
sis; case histories are used to support the summary. The wave equation
analysis is & numericel technigue applied to a lumped mass-spring model;
it is sn enalysis of the entire system, but it does not facilitate an
understanding of thé controlling pasremeters. It will be shown thet the
idealized studies in Chapters 2 and 3 lead directly to pile design and

hammer selection criteria.
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CHAPTER 2

THE PILE HAMMER AS A FORCE GENERATOR

2.1 Introductiocon

The objective of this chapler is to investigate the effects of
the various parameters controlling the force pulse delivered to the pile
head, with respect both to maximizing energy transmission and maximizing
pile penetration. The shape of the generated force pulse and the energy
in the pile head are the decisive factors for overcoming scil resistance
and achieving meximum pile penetration (net set per hammer blow). A pro-
cedurg will be‘developed for matching the driving eculpment and pile so
as to impart meximum energy to the pile head; however, as maximum trans-
mitted energy alone does not guasrantee the best hammer-pile combination
for maximizing pile penetration, the shape of the force pulse is also
given consideration.

In order to establish a basis for investigating driving equipment,
only the generested force pulse will be considered; no extraneous effects
will be included. The effects of wave reflections will be considered in
the following chapter after the basis of the genersted force pulse is
established. '

The model of the force generstcr used herein is shown in Figure
2.1. The driving mechanism consists of point messes for the ram and
drivehead, whereas the hammer cushion is assumed massless. Several dif-
ferent approximations are made regarding the stress-strain charscteris-

tics, including linear elastic, linear inelastic and nonlinear inelsstic.



18

l V, - Initial Velocity st Impact

Ram Concentrated Mass

Pile Hammer <

(Force Generstor) Linear Elastic, ILinear

H exr Inelastic, or Nonlinear
Cushion
Inelastic
Drivehernd Concentrated Mass
L

Y4

FPile J
File Infinite in Length
- pch Pile Impedance = pchA
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Figure 2.1 MODEL OF FORCE GENERATOR



" The rem and drivehead are for practical purposes infinitely stiff com-

, pared to the hammer cushion; therefore, the sssumption of lumped masses
is Jjustifieble. The force generstor operates on the head of an infinitely
long pile which is considered to have distributed mass and elasticity.
It will be shown that pile force is & linear function of perticle velo-
city. The ratic of pile force to the induced velocity in the pile is
the mechanicel impedance of the pile (Kolsky, 1963)}. The pile force can
be writteﬁ:

F o= (pcA)V (2.1)
where ' = force in the pile
V = particle velocity in pile
pcA = pile characteristic impedance hereafter
- referred to as pile impedance
p = plle mass per unit volume
¢ = |E/p, velceity of wave propagation
A = cross—-sectional ares of pile
E = pile modulus of elasticity

Eguation 2.1 can be readily derived from the classicel one-dimensional

equaetion of wavé propagation (Timoshenko and Goodier, 1951).

The model of the infinitely long pile (Figure 2.1) can be used
to investigate the force pulse sand energy transmitted to the pile hend
without consideration of reflected force waves from the pile tip. lThe
effect of pile tip response on the generated force pulse will be pre-
sented in the fellowing chapter.

The input parameters of the force generator inciude the rem end

drivehend welght, load-deformation reletionship of hammer cushion, im-
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pedance of the plle and initisl velocity of ram st impact. Ram impact
velocity is s function of rated hammer energy and hammer efficiency and
normelly ranges from @ to 15 ft/sec for typical hammers.

Experience has shown that e hammer cushion is required to pro-
tect the hemmer from demage; however, the inclusion of a cushion also
affects the force pulse shape and energy transmitted to the pile.

Housel (1965) showed the effect of a cushion on the generated force pulse.
As shown in Figure 2.2, the peak force and pulse shape are grossly
affected by cushion material.

Wood, one of the first materials to be used as a cushion, is in
coﬁmon use todey. Recently, slterneting thin discs of seluminum and
nicarts have become prominent. Other types of cushion materials gsuch as
wire rope, asbestos, etc. are employed in practice; however, the aluminum-
micarta and wood cushions represent common limits in load-deformation
characteristics. The sluminum-micerts essembly is a stiff spring, whereas
the wood cushion corresponds to a soft spring.

fhe spring constants for wverious types of cushlon blocks sre ob-
tained from test results. A typical shepe of the dynamic load-deformation
curve for e cushion is shown in Figure 2.3a. The difficulty encountered
in solving anelybtically for the resl load-deformation characteristics
werrants the use Qf en ideslized load-deformation curve {(bilinear) as
shown in Figure 2.3b. The ideslized shepe can be readily used where a
loading stiffness, kg’ can be based on typical velues of secant moauli
and the unloading stiffness, ku, can be based on typical wvalues of thé
coefficient of restitution, e (See Figure 2.3). The unloading curve is

followed after the pesk load is generated; the unloading slope is related
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to the loading slope and coefficient of restitution, i.e. ku =
The coefficient of restitution accounts for the energy loss in the
cushion material.

The force generator will be investigated in terms of three types
of behavior for the hammer cushion: 1) linear elastic, referred to herein
as linear, 2) linear inelastic, referred to as bilinear, and 3} nonlinear
inelastic, referred to as nonlinear. A comparison of common soft {wood)
gnd stiff (aluminum-micarta) nonlinesr and inelastic cushions for typical

pile hammers will be made. The range of cross sectionel pile properties

will be represented by the variable pile impedance, pcA.

2.2 Basic Equations

The basic differentisl equations governing the force generstor-
pile system are developed on the basis of the model shown in Figure 2.lLs.
The hammer ram and drivehead possess weights Wl and W2 and masses my and
m, » respectively. At the instant the ram impacts the hammer cushion,
with initiael velocity Vo’ X, is considered to be zerc. The hammer
cushion is initially treated as & massless elastic spring with stiffness
k3 the spring is considered to act in compression only. The drivehead
co—ordinete x,., is considered zero at the instent of impact as is co-

2

ordinste x3 describing motion of the pile head. It will be shown thet

the infinitely long pile behaves in the model as a dashpot; therefore,
Xy = x3 and x3 mey be eliminated.

Forces acting on the ram and drivehead are shown in Figure 2.Lb.

Only gravity, ascceleration and spring forces act on the ram. Similar
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forces act on the drivehead in addition to the pile force, pchAx Be-

o
cause the pile is infinitely long no reflections enter into the analysis;
therefore, force on the pile head is controlled only by pile head velo-

city, X,, which in turn is controlled only by the force generator. The

2
drivehead weight is a small force reletive to the forees under discusgion

and causes unnecessary complications in the anelysis; therefore, it has

been discarded. Thus, the resulting equations of equilibrium become:

m.o¥. o+ k(xl—x2) -meg = 0

11
(2.2)
m2x2 + pch %, - k(xl—xg) =0
Initial conditions are xl = x2 = x2 = 0, and Xl = Vo' The equations

are solved under the condition that k(xlmxg) cannct be negative (no
tension in the hemmer cushion).

FEquation 2.2 cen be expressed in dimensionless form; this has been

accomplished by utilizing the following definitions:

m
_lj,. - B
T = " and z = T

where T is the psuedo period of the ram on the cushion and z is dimen-
sionless time. Substitution of these definitions into Eguation 2.2,

and resrranging yields the following expressions:

(2,3}
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- 2 _ _ _ W m
whereX:x’X:g_l‘}i s x-,_-gm.).c_ . A:EP_A._B . B-"-""‘"‘%“OI"_l‘.' The
dz 2 J*“—ﬂ W m
dz mlk 2 2
initisl conditions become: X, = X =X. =0, end L. =V T .

1 2 2 1 o

Equation 2.3 has been solved using an electronic enalog computer;
details of the computer program are given in Appendix B. Only the solu-
tions involving linear and bilinear hammer cushions cen effectively uti-
lize the nondimensionel form. PFor nonlinesr cushions, the nondimensionel

equations were used to solve s particular case.

It is noted that if the hammer cushion stiffness is made a function

of (X1~X2) for purposes of representing nonlinear cushion behavier, it is
possible to substitute the function directly into Eguation 2.3 because
no operations are performed on the functions. Arbitrarily assumed
functions are used to represent the sctusl load-deformation relationships

of nonlinear cushions.

2.3 Linesar Cushion

Introduction

The study of the linear hammer cushion will be used to investi-
gate hammer-pile parémeters controlling both meximum energy and the force
pulse shape trgnsmitted to the pile. Initielly, maximum trensmitted
energy to the pile will be investigated which involves the impedance
match of hammer and pile. Then, the generated pile force shape will be
investigated snd related to the impedence metch of hammer and pile.

For the investigetion of pile force pulse and energy the B co-
efficient, relating ram weight to drivehead weight as shown in Equation

2.3, was selected to cover the range of the practicel limits of driving
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equipment. The B coefficients investigated are 1, 3, 5, 10 and 20;
coefficients between 3 and 10 are typical for drifing equipment and 5 is
s reasonable average value. The A coefficient, relating pile impedence
and hemmer impedence as shown in Equation 2.3, was var;ed for & particular
value of B to include very high end low pile impedances with respect to
the driving equipment. The term hammer impedance is defined herein as
the quantity mlk for purposes of discussion even though this guantity
mey not precisely describe the real impedance of the hammer.

To facilitate the use of the parsmeter study results for all
types of common pile materimls, the pile is designated simply by its
characteristic impedance, pcA. A tsbulation of pile impedance for steel,
concrete and wood piles and the corresponding dimensions are shown in
Table 2.1. The pile impedances listed in Table 2.1 correspond to typicel
pile dimensions and are referred to in the presentation of the results.
It should be noted that the low pile impedances correspcend to light-wall
pipe or wood piles, whereas the high impedences correspond to heevy—wall

pipe (mandrels), concrete or H-piles.

Pile Frergy

Energy transmitted to the pile head can be quelitstively considered
in terms of the ram and drivehead motion as shown in Figure 2.5, First,
maximum energy can be delivered to the pile when the pile impedance is
matched with respect to the hammer impedance; the ram and drivehesad
motion continues downwerd to meximum displacement and remsins at that
location (Figure 2.5b). When the pile impedance is higher than the
metched impedance (high pile impedance with respect to the hammer impe-

dance}, the rem motion continues downward to & maximum displacement and
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Teble 2.1

TABULATION OF PILE IMPEDANCES AND PILE TYPES

Pile Pile Materisl
Impedance Steel® Concrete® Wood*
pchA Ares Ares Dismeter Width Aresn Diameter
1lbs-sec/in. in.2 in.? in. in. in.® in.
Thin Wall
725 5( Pipe )} 23.5 5.5 4.8 82 10.2
1ks0 10 Y 7.8 6.9 16L ik.5
2900 20 oL 11.0 9.7 328 20.4
5800 40 (Mandrel) 188 15.5 13.7 656 29.0
8700 60 282 18.0 16.8 98k ——

*The following material properties were used to determine pile
dimensions from impedances. Subscripts (s = steel, ¢ = concrete,
w = wood) are used.

Steel

Concrete

Wood

2
E_ =29 x 1% psi o = 15.2 ibiiﬁgi

s £t

-\l = - ibs—sec A &
c = ES/pS = 16,600 ft/sec (pc)S = 145 e .

o2
E_ = 4.25 x 10% psi o = u.65 Abssec

fth
c AlE /p = 11,500 ft/sec (pe)} = 30.9 ibs-sec /. 2
C c' e » C ) in. 1110
oo 2
E =1.3%10° psi o =1.2h 1Pi~§39
W W ot

_ _ N - los-sec [ 2
<, —,,,Ew/pW = 12,300 ft/sec (DC)W 8.84 —n. /in’
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rebounds while the drivehead motion is downward as shown in Figure 2.5c.

¥or this case when the ram rebounds, some of the initial kinetic energy
is”1lost in the rebound; therefore, the energy transmitted to the pile is
less than the impact energy of the driver system.

For low pile impedance with respect to the matched pile impedance
the ram and drivehead motionr continues downward; however, the drivehead
is driven downward at a faster rate than the ram motion (Figure 2.5a).
The rem continues downward as the drivehead slows again and produces
ancther ram blow, whereupon the drivehead oscillatory motion is re-
veated. With time, the energy is fully transmitted to the pile; however,
the rate at which energy is transmitted decresses with decregsing pile
impedance. The interference of hammer operations in returning the ram
for ancther strcke can prevent the energy from being fully transmitted
to the pile for the condition of low pile impedance.

The hammer and pile response for B = 5 and & linear elastic
cushion can be used to illustrate further the preceding qualitative
discussion. The response of pille energy, ram displacement, pile dis-
placement and pile force versus dimensionless time, z, is shown in
Figure 2.6. The energy, displacements and force are expressed in terms
of coefficients: C_, = pile energy coefficient, CR = ram displacement

E

coefficient, C_ = pile head displacement coefficient, and CFl = pile force

P
coefficient. The procedure for converting the hammer and pile re-
sponse into real gquantities is explained in Appendix B. The individusal
curves are represented by A coefficients relating pile impedance and
hemmer impedence, i.e. A = pcA ﬁ/Jﬁ;gt The hammer end pile response

shown in Figure 2.6 illustrates the behavior for low, matched@ and high

pile impedance relstive to hammer impedsance.



Pile Energy Coefficient, CE

Ram Displacement Coefficient, CR

31

s¥
- &
s 0
2 :
4 @
© * v
e s N E = 10
S & ~
e ,/‘" 10 ) ey 1'.‘-_“-*—-—-..________-
1 2 | [
) ©
g Y
e ]
/’ %cu Dovmwerd 3 ::hhhqz
/ 2%
o -
=
Pile Head
= / File Enerey v & Displacement
o e
O Lal
oo
0 .
Ram /// s
n : Pile F
\\_ Displacement ) 10mA o 1le rorce

\

/

Note: & =

pchA

B

Y

Downwarad

6 —
1/// g §

/ - 10 &
9
o

S é
(8]
.c;_-:
h o
1))
o)
&
™ o
3]
\\ 3 o
— ©
g
2 ¥

T~

347 x ;o'e !

Dimensionless Time, z

E-—C

.66

E = Ram Weight Wl/Drivehead Weight W

2

Dimensionless Time, z

Figure 2.6 PILE AND HAMMER RESPONSE FOR B = 5 AND LINEAR CUSHION

6.66



UL A—

32

The representative plot of pile energy shown in Figure 2.6
shows that when A is 4 a good impedance‘match of hammer and pile exists.
The ram and pile displacements occur as expected. In the case of energy
loss due to ram rebound as shown for A = 10 (pile impedance greaster than
metched impedance), the pile energy is lower than for the impedance
metch condition of A = k.

An example of low pile impedance with respect to the metched im-
pedance is shown in Figure 2.6 by the curve for A = 1. The rate of en-
ergy transmitted to the pile is less than that for the matched conditions
and the drivehead mction is oscillietory. The pile force pulse also shows
e change in pulse shape as compared to the condition of A = 4 and 10.

It is noted in Figure 2.6 that £here is a range in A coefficients that
representlessentially a match between pile and hammer with respect to
energy. The energy was determined at & time gpproximately equal to four
times the pseudo period of the ram.

The most eﬂficient pile—ﬁammer combinatibns for energy trans—
missicn were determined from the analog computer studies of hammer and
pile response for each B coefficient is shown in the range band in
Figure 2.7 in terms of an impedance ratio; the impedance ratio is simply
the ratioc of the A to B coefficient, or IR = A/B = ﬁ%%%. The range

1
band for the metched pile impedsnce represents an efficiency of energy
trensmission of %0 percent or more. The impedance ratio for mstched
pile impedsnce decreases with en increese in the ratio of ram weight
to drivehead weight.

Above the impedance match condition shown in Figure 2.7, the

pile impedance is high relative tc hammer impedance with energy losses
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due to rem rebound; therefore, as previcusly discussed, this is not an
efficient energy system. Below the matched conditicn, the pile impedence
is low relative to hammer impedance and the rate of energy transmission
is lowered. A low rate of energy trensmission is not the only disadvan-
tage of the low pile impedance condition; possible hammer demege caused
by driving the drivehead out from beneath the ram should be considered.
Consideration of hammer demage suggests that it is better to be on the
high side of the impedance ratioc than the low side.

In general, the practicel range of impedance raiio for matched
pile impedence is 0.60 to 1.10 for typical ratios of ram to drivehead
;weight (B =3 to 10). This means that for an- optimum pile-hammer combi-
netion with respect to maximum energy transmitted to the pile, the pile

impedance (pcA) is related to the hammer impedance (lmlk ) vy:

pcA = [0.60 to 1.10}] Jm]k (2.5)

A closed form solution was attempted in order to define the con-

v

diticns of maximum energy transmitted to the pile for the force function
generator described herein. The homogeneous solution of Eguation 2.3

may be written in the form of

r7

X1 = erz gsnd X. = c.e

1 2 2

where ¢y and ¢, are arbitrery coefficients and r represents the roots
of a quartic indicisl eguation. Three conditions can be determined from

the roots of the indicial equation:
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L, 201 8I§ . . One real end
BIg) = Ig-—— -+ —5+ 5 (B + 1)° > 0 two imag. roots (2.5)
B B B Subcritically damped
L o EOIE BIg' L= 3 3 real roots
MI) - Ip-——=+-—5+ 3 (B+1)7 =0 2equal (2.6)
B B B Criticelly demped
2 2
y 5 20l BIR Lo 3 3 real roots
h(IR) ~Ig - ——+— + - (B+1)7 <0 unequal (2.7)
B B B Supercritically demped

The conditions of Eguations 2.5, 2.6 and 2.7 imply the ram motion
to be oscilletory or desdbest. With a high pile impedance with respect
to the hemmer impedance the ram motion is gscillatory and rem rebound
cccurs; therefore, this condition of motion is commonly defined es a
subcritical damping. The transition of rem motion from subcritical to
supercritical damping is the critically damped condition.

For the critically demped system or pile-hammer metch, the im—
pedence ratio of Equation 2.6 can be determined for perticular velues of
the B coefficient. The relationship between the impedence ratio and
B coefficient for the analytical solution is shown in Figure 2.7; the
analytical curve falls within the matched pile impédance zone as deter-
mined from the analog computer results. ‘The impedance ratios of the’
eritically damped system for B 3_8 are regl values and the maximum value
was selected. For the specierl condition where the drivehead weight
spproaches zero, i.e. B = =, the impedance ratio for the criticelly
damped pile-hammer system equals 0.5. This velue is a lower bound for
the pile-hemmer match. For ceses where B < 8, the calculated impe-
dence ratios were imaginary velues; therefore, the minimum point of

Equation 2.6 with respect to impedance ratio wes selected as the criti-
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cel condition. A full explanation of the anelytical interpretation

of this minimum point criterion is beyond the scope of this presentation.

Pile Force

Introduction. The generated pile force with respect to peak

value, force shape, and duretion will be discussed relative to the im-
pedance match of the pile and hammer, i.e. high pile impedance, matched
impedance and low pile impedance. The hammer wvariables, such as ram
velocity, ram and drivehead weight, and cushion properties will be in-
vestigated with respect to the pile impedances given in Table 2.1.

In order to fmecilitate the discussion of pile force, the generated
pile forces will be summarized for B coefficients of 3, 5, 10 and 20 as
shown in Figure 2.8. The force pulse generasted for different A co-
efficients is expressed in terms of the pile force coefficient, CFl’
and dimensionless time, z. Real time can be easily determined by the
expression, t = zT; however, the pile force is a function of several
variables as shown in the expression below:

pcA v,

Pe—2[c
A

Fl] {2.8)

Equation 2.8 shows that the pile force is directly proportional
to the force coefficilent and inversely proportionsl to the A coefficient.
The inverse proportionality of the A coefficient does not alter the
shape and megnitude of an individual force curve for a particuler A
coefficient, but it causes an apparent misrepresentation of the rela-

tive megnitude of the force curves for different A& values. For in-
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Figure 2.8 GENFRATED PILE FORCE SUMMARY FOR LINEAR CUSHION
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stance, the low velue of the A coefficient has & larger pesk pile force
than the higher A coefficient velue for a given pile impedance and ram
velocity. The reason for the apparent discrepancy is that the A co-
efficient increa;es et a faster rate than the pile force coefficient,
CFl’ decrenses.

For B = 5, Figure 2.8, the A value of 1 represents a low pile

impedance relgtive to the hammer impedance; therefore, the pile is

~driven out from under the rem resulting in cscilletory and damped pile

forces. With an increasse in the A coefficient to 3 or 6, the impedances
of hemmer and pile match and the force pulse is approaching the shape of
a demped sinusoidal weve., With larger A coefficients such as 20 or 40,
the pile impedance is larger than the hammer impedance; therefore, the
rem is rebounding end the force pulse is approaching the shape of a
sine wave. The presentation of the pile forces as shown in Figure 2.8
will be used to aid the discussion of generated pille force with re-
spect to pesk, shape and duretion.

| Peak Force. The peak pile force can be summarized for B-
coefficients of 3, 5,.10 and 20 as shown in Figure 2.9. The pesk pile
force, F , is related to the pile and hammer characteristics by the

following:

r = [k v )[Cg,] or ["—g*’;— v 1[C,] (2.9)

where CF2 is the peek pile force coefficient. Eguation 2.9 and Figure
2.9 can be used to determine pesk pile force for a particular pile.

With reference to Figure 2.9, the B coefficient has a negligible

effect on the pesk pile force for a given hammer end pile; therefore,

genergted peak pile forces are nearly independent of drivehead weight.
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The relationship between peak pile force and impedsnce ratio
(Equation 2.9 and Figure 2.9) can be used to determine the pesk force
for a particular pile impedance, rem weight and cushion stiffness. To
exemplify the interrelationship of parameters, particular velues of
pile impedance were selected and peak forces were determined for common
ram weights end cushion stiffnesses as shown in Figure 2.10. Since the
effect of drivehead weight on pesk force is negligible, a common B
coefficient of 5 was used to obtain ther results shown in Figure 2.10.
The pile impedances selected represent a range of typilcal pile sections
varying from light weight (thin-welled pipe) to heavy weight (mandrel or
H-piles) as tabulated in Teble 2.1. In terms of pile impedance, the
steel piles can easily account for the full range of impedances in-
vestigated, namely 725 to BT00 lh§;5$23¢;. Wood piles fall in the
impedance range of thin-walled pipe, whereas concrete sections corres-—

pond to the higher impedance range of steel piles.

Peak pile force may be determined by the following expression:

F = [C

; F3][vo ft/sec] (2.10)

where Fp is a pegk force in kips, CF3 is a peek pile force coefficient
(Figure 2.10) which hes units of kip-seconds/foot, and VO is ram
velocity &t impact in feet/second.

With reference to Figure 2.10, the peak pile force generally
incresses with incresses in ram velocity, cushion stiffness, ram
weight end pile impedence. The ram velopcity is directly proportional

to the pesk pile force ms shown in Equation 2.10. The wvelocity at
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impact, and therefore the peak force, can be related to the height of
ram fall and hammer efficiency for a free-fall drop as shown below:

e

- _T
A 8.03 75 I (2.11)

where VO is expressed in feet/second and k is in feet. Equation 2.11
can be expressed graphically es shown in Figure 2.11 for the practical
range of hammer efficiency from 30 to 100 percent. The drop height, h,
is the actual fall distence of the ram for a single-acting hammer. TFor
a double-acting or differential hammer, the drop height h is the equiva-
lent height with consideration of the downward accelerstion sdded by

air or steam pressure.

The effect of ram welght and cushion stiffness for particular
pile impedances is shown in Figure 2.10. In general, the pesk force in-
creases with an increase in both cushion stiffness and ram weight for =&
given pile impedance; however, there are limiting conditions beyond
which the peek forces do not increase. With respect to the limitations
of hemmer cushion, the peak force becomes independent of cushion stiff-
ness beyond an upper limiting stiffne%s, defined herein sas the upper
limit of effective cushion stiffness. For the limitations of the rem
weight, peak force becomes independent of ram weight for low pille impe-
dances (See Figure 2.10).

In order to clarify the meaning of the upper limit of effective
cushion stiffness, consider the pile impedance of T25 lEE%%EE_&S shown

in Figure 2.10. For the ram weight of 10,000 ibs, the pesk force in-

creases with cushion stiffness up to a stiffness of approximately
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1x 106 1bs/in., end thereafter is independent of stiffness. The stiff-
)
ness of 1 x 10~ 1bs/in. therefore, represents the upper limit of effective
stiffness. For the light ram (1000 1bs), the upper limit of effective
stiffness is approximately L x 106 1bs/in. “With reference to pile im-
Ibs-sec . .

pedences greater than 725 BT peak pile force becomes independent

of cushion stiffness at higher stiffness levels. For instance, the upper
lirit of effective cushion stiffness incremsses with an increase in pile

impedance ss shown below:

Pile - Range in Approximate Upper

Impedance Ram Weights Limit of Effective
lbs—-sec/in. __ 1bs. Cushion Stiffness
725 10,000 - 1,000 1te b x 106 lbs/in.
1450 10,000 - 1,000 b to 8 x 106
2900 10,000 - 1,000 8 to 12 x 10°
5800 20,000 - 1,000 12 to 16 x 106
8700 20,000 - 3,000 16 to 20 x 106

It should be noted that the lower cushion stiffness corresponds to the
heavier ram welght and the higher stiffness corresponds to the lighter
ram.

The impedsance match of hammer and pile for maximum energy trans-
mission can be superimposed on the results of Figure 2.10. For a given
pile impedance and rem weight, cushion stiffness can be determined for
the impedance match of the hammer and pile; this is shown cross-hatched
in Figure 2.10. TFor comparison, the range in cushion stiffnesses for
the impedance match condition will be tabulated along with the sapproxi-

mete upper limit of cushion stiffness for meximum pile pesk force as
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shown in Table 2.2. The cushion stiffness at which the upper limit of
peak pile forece occurs is considersbly larger than that for the impedance
match condition. As pile impedance increases, the cushion stiffness for
efficient energy transmission approaches that for the epproximste limit
of peak pile force. The cushion stiffness at which the approximate pesk
pile force is first ettained corresponds to an energy transmission
efficiency of approximately 80%.

The effect of ram weight can be represented by e relationship be-
tween pile impedance and pesk pile force as shown in Figure 2.12. The
peak force, expressed in terms of the impact velocity, VO, was arbi-
trarily deiermingd at e cushion stiffness of 20 x 106 1bs/in. As shown
in Figure 2.12, the pesk force is independent of ram weight at low pile
impedances; however, the ram weight becomes more significant with re-
spect to the genersted pesk force as the pile impedance increases.

Figure 2.12 is also representative of the effect of pile impedance
on the genersated peak force. Peak pile feorce increases with an increase
in pile impedance. TFor low velues of pile impedance, the generated peak
force approaches & direct proportion to the increase in pile impedance,
i.e. & 50% increase in pile impedance will preduce a 50% increase in
peak force. For high pile impedances, pesk pile force increases at a
rate less than the increase in pile impedance. The proporitionel rela-
tionship between peak force and pile impedance is superimposed on
Figure 2.12 in order to eveluate the lack of proportionality at high
piie impedances. With the proportionel relationship line as reference,
it is seen that the proportionality between pesk force and pile impe-

dance decresses with an increase in pile impedance. Also, the propor-



Table 2.2

A COMPARISON OF CUSHION STIFFNESSES
FOR IMPEDANCE MATCH AND LIMIT OF
PEAX PILE FORCE

Pile Ram Hammer Cushion Stiffness, Percent Change
Impedance, Weights k, x 106 1vs/in. in Pile Force
lbs.-sec 1bs. from Matched to
in. Impedance Match  Approximste Limit  Limit Condition
of Pesk Force
725 10,000-3,000 0.02 to 0.2 1 to 2 100%
1,000 0.2 to 0.6 4 82%
1450 10,000-3,000 0.1 to 0.7 4 to 6 96-82%
1,000 0.7 to 2.2 8 52%
2500 10,000-3,000 0.3 to 3.0 8 te 10 87-50%
1,000 2.7 to 9.0 12 33%
5800 20,000-3,000 0.5 to 12.0 12 to 14 78-23%
Below Match
1,000 10.7 to 36.0 16 Condition
8700 20,000~3,000 1.2 to 27.0 16 to 20 6£9-Below
Match

m
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tionelity decresses with & decrease in ram weight. ¥For high pile im-
pedances, & typical lower limit of proportionality may be 60%, i.e. &
50% incresse in pile impedance will produce & 30% increese in pesk force.

Snepe and Duretion. The effect of piie and hemmer paremeters

on the generated pile force shape and duration will now be considered.

Although the drivehead weight hes a negligible effect on the
peak pile force, the shape of the force pulse is noticeably affected.
For the conditions of high pile impedance (high A vaiues) as shown in
Figure 2.8, the force pulses for all B coefficients are nearly sinu~
soidal and the pulse durations are nearly equal. As pile impedance
epproaches the matched condftion, the pulse becomes skewed and aspproaches
g damped sinusolidal shepe. In addition, duration of pulse is larger as
the B coefficient incresses {or drivehesd weight decreases). The
skewed trend is also prevalent for the low pile impedsnce condition
(lower than impedance match) and the force becomes oscillaetory.

For the force pulse curves shown in Figure 2.8, it cen be seen
that the force curves intersect at a value of dimensionless time {z)
approximately equal to w; this is not true for low impedance ratios
where oscillations occur. This point of intersection can be used es =
guide to the duretion of the force pulse. For typiecal B coefficients
of 3 to 10, the durastion of the force pulse can be represented By
the intersection peint for sll conditions of impedance ratio, A/B;
however, osciliaetions of the force pulse occur within the renge of

this intersection for low impedsnce retios.
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If the dimensionless durstion is converted into resl time for

the intersection point, then resl duration, td’ will be:

t.o= gT = q | = (2.12)

It is of interest to note that td in Equation 2.12 is equivelent to one-
half the real period of the rem end cushion, i.e. QW{E%?.

The duration given in Equetion 2.12 is directly proportional to
the square rooct of thé\ram weight and inversely proportional to the
square root of the cushion stif%ness. This means that by incressing the
ram mass by a factor of 2, the pulse length 1s increased by a factor of
JEZ or 1.41. Also, an increase in stiffness by & factor of 2 produces &
decresse in pulse length by e factor of {2, or 1.M1.

The dursation as a function of hammer and pile charscteristics
is graphicelly shown in Figure 2.13. The pile impedances of Table 2.1
are superimposed on the hammer characteristics for metched conditions.
It is seen that for a given ram weight, the duration decremses with en
increase in pile’impedance. Duretion is approximately the inverse pro-
portionality fo pile impedance, i.e. a 50% increase in pile impedance
results in an approximate 50% decrease in time duration. It should be
noted that the aforementioned duration for low pile impedance relative
to hammer impedance does not include the total length of force pulse
with 811l the demped oscilleting peaks, but only gives approximstely the
duration of the first oscillatory pulse cycle.

The force pulse shepe and the durstion are independent cof the

ram velocity at impect for e linear cushion.
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2.4 Bilinear Cushion

Pile Energy

The effect of energy loss in e bilinesr cushion will now be in-
vestigated. First, it should be pointed out that inelastic behavior does
not invaelidate the concept of impedance match of hammer and pile; however,
inelastic behavior is‘associated with energy losses within the cushion.
The effect of the coefficient of restitution on the percentage of energy
loss in the hemmer cushion is shown in Teble 2.3 for B coe%ficients of
3, 5 and 203 B = 5 is & typical ram to drivehead weight ratic. The co-
efficients of respitution were varied between 1/3 and 1 (e - 1 is linear
elastic), whereas!pile impedance was varied from low to high relative
to the hemmer.

With reference to Table 2.3, it cﬁn be seen that the energy loss
increases es the coefficient of restitution decreasses. As the B coeffi-
cient increases, the energy loss witﬁ respect to a particular coefficient
of restitution decreases for the impedsance match and low pile impedance
condition. For the high pile impedance condition, the energy loss
for a particular coefficient of restitution is independent of B. For
typical velues of B the energy loss in the cushion for coefficients of
restitution of 1 to 3/4, which correspond to stiffer cushions such as
aluminum-micarts, varies from O to 20%. TFor coefficients of restitution

of 1/2 to 1/3, which correspond to soft cushions such as wood, the

energy loss in the cushion, veries from 20 to L0%.
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b,

| Teble 2.3
I
ENERGY LOSS OF BILINEAR CUSHION
i
| -3
|
f
' Coefficient _ Percentege of Energy Loss in Cushilon
of High Pile Impedance  Matched Impedance Low Pile Impedance
i Restitution¥ A =10 A=3 A=1
e = 1 0 0 0
e = 3/h 13 16 21
' e = 1/2 27 : 30 36
e =1/3 36 37 L5
S B = 5
i " Coefficient Percentage of Energy Loss in Cushion
of High Pile Impedance Matched Impedance Low Pile Impedance
J Restitution¥* A =10 A= A=1
e =1 G G 0
% e = 3/} 13 1k 12
t e = 1/2 27 23 25
e = 1/3 37 27 Lo
J B = 20
! Coefficient Percentage of Energy Loss in Cushion
' of High Pile Impedance Metched Impedance Low Pile Impedance
‘ Restitution® A =10 A = 15 A=1h
! ,
! e=1 0 0 0
e = 3/b 12 10 9
e =1/2 25 18 -
e =1/3 34 21 17

¥ See Figure 2.3



Pile Force
The effect of & bilinear cushion will be investigated with respect
~to peek pile force, force shape and duretion. The wvarisbles are the same
-considered in the discussion of energy losses.
Inelastic behavior of the cushion has three distinct effects on
-the generated force pulse, namely: 1) it Jowers the pesk force only

sfer the Jow pile impedance conditions, 2) it attenuates the duration of

'zﬁhe force pulse, and 3) it ceuses possible minor oscillation of the force

wulse for the metched and high pile impedance conditions. The effects
of varying the coefficient of restitution for B = 5 are considered typical;
tihe results are presented in Figure 2.1L.

The effect of an inelastic cushion on pesk pile force is tabulsted
im Table 2.4 for different B coefficients-and the wvaricus ceefficients
o= restitution considered herein. The pesk pile force is expressed 85 a
percentage of the peek force generated with an elastic cushion (e = 1).

Tt is noted in Table 2.4 that pesk pile force is independent of the de-
gree of inelastic behavior for the impedance match and high pile impe-—
Eance conditions. However, the pesk force decreases with an increase in
inelastic behavior {lower coefficient of restitution) for the low pile
impedance condition.

With reference to Figure 2.1k, it can be seen that a decrease in
the coefficient of restitution results in & decresse in durstion of the
force pulse. In Teble 2.4, the duretion is expressed in dimensionless
time (z) which is directly proporticnsl to real time. The dimensionless

duration of the force pulse is mrbitrarily selected st & value of 10%
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Table 2.4 i
i
! 1
EFFECT CF BILINEAR CUSHIONW ON PEAK PILE FORCE AVD PULSE DURATICN
B=3
Percentage of Pesk Pile Force
Cenerated with an Elastic Cushion Dimensionless Time Pulse Dursticon*¥
Coefficient Impedance Impedance
of High Pile Impedance Match Low Pile Impedance | High Plle Impedance Match Low Plle Impedance
Restitution A =10 A =3 A =1 A = 10 A=3 A=1
e=1l{elastic) 100 100 100 3.2 3.3 L, o¥
e=3/k 100 - 99 ol 2.8 2.9 3.0%
e=1/2 100 o7 86 2.6 3.0% 3.3%
e=1/3 100 96 81 2.1 3.5% 2.0%
B=5
Percentage of Peak Pile Force
Generated with an Flastic Cushion Dimensionless Time Pulse Duration*¥
Coefficient Impedance Impedance
of High Pile Impedance Match Low Pile Impedence | High Pile Impedance Match Low Pile Impedance
Restitution A =10 A=tk A=1 A =10 A=l A=1
e=l(elastic) 100 100 100 3.2 3.3 >6
e=3/k 100 99 93 2.8 3.3% >6
=1/2 100 96 85 2.5 3.9% >6
e=1/3 100 9l 80 2.5% L, o* >6
B =20
Percentage of Pesk Pile Force _
Generated with an Elastic Cushion Dimensionless Time Pulse Duration®*¥*
Coefficient _ Impedance Impedance
of High Pile Impedance Match Low Pilg Impedence | High Pilg ITmpedance yatch Low Pile Impedance
Restitution A =10 A =15 A=l A =1L E =15 A=l
e=l{elastic) 100 100 100 3.2 3.6 >5.0%
e=3/b 100 100 — 2.9 3.6 —
e=1/2 100 100 —_— 2.5 3.8% —
e=1/3 100 100 G0 2.4 b.o¥ >5,0%

¥Denotes oscillating force pulse.

*#Dimersionless time taken at a load 10% of pesk.

¢4
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of the pesk force. For a given pile impedance, durstion decreases with
an increase in the degree of inelasticity (decrease in coefficient of
restitution) except for the specisl case of force pulse oscillations at
the impedance match condition.

Small oscillations of the pile force for the impedance match con-
dition (A = L) and low coefficients of restitution, as shown in Figure
2.14, indicate discontinuity in oscillatory behavior. It is believed
that & reley in the analog computer system was responding erratically
only during unloading of the cushion; therefore, discontinuity of the

force pulse exists. In order to verify the results of this bilinear

-study, the linear cushion study was compared with the bilinear study for

coefficients of restitution equal to unity (eiastic case). The comparison
showed no difference in the generated force pulse; therefore, the general

conclusions based on the bilinesr study are assumed to be unaffected

by the discontinuity in the force pulse oscillations. It should be noted

that the discontinuities occur long after the initial pesk force.

2.5 Nonlinesr Cushion

Scope
The importance of the hammer cushion in determining peak pile
force and durstion was demonstrated in the preceding sections.' This
section will further exemplify the effect of the hammer cushion by com-
paring the behavior sssociated with typical soft and herd nonlinear
cushions, namely, pine plywood and sluminum-micarta. The effect of soft

and hard nonlinear cushions will be investigeted in two parts; 1) com-

e LT UL T T P DA
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parison of generated pile force pesk, shape and duration, 2) comparison
of linear and nonlinéar cushion behavior.

Nonlinesr cushions were investigated for typical hammer sizes, l.e.
Vulcen 2 to Vulcan 010, snd normel rem velocities ranging from ¢ to
15 ft/sec. The hemmer end cushion deteils investigated are tebulated
in Table 2.5. A drivehead welght of 1000 lbs was selected as typical for
the hammer range studied,

Load~deformation cheracteristics for pine plywood cushions were
teken from the investigation by Hirsch, et al. {1966) as shown in Figure
2.15a. This relationship cen be approxlimated by e series of straight
lines as shown in Figure 2.15b to cobtain the assumed load-deformation
characteristics utilized herein (Appendix B).. The urnloading slope is re-
lated to the coefficient of restitution (e = 0.27 for the pine plywood
cushion). Similer approximate curves for other hammer sizes are shown
in Figure 2.16.

The load-deformation relationship for the aluminum-micarta
cushion was obtained from & static test. The static properties for
typical cushion materiels agreed remarksbly well with those determined
under impect loads (Hirsch, et al. 1966). Both the real and assumed
load—defarmation characteristics are shown in Figure 2.17 and the
approximate loading curves for the hsmmer sizes considered herein are
presented in Figure 2.18. The aluminum-~micarte cushion approaches an
elastic cushion with & coefficient of restitution of 0.95.

Before discussing the effects of pine plywood and aluminum-

micerte cushions, their loed-deformetion reietionships are compared for
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Table 2.5

TABULATION OF PROBLEMS INVESTIGATED FOR NONLINEAR CUSHIOHS

Hammer
R
Problem Ra:n. Drivehead _ Velg-zﬂity Hammer Cushion Cushion
W Wt B V. st/ Data
No. Type lbs, 1bs. Coeff, o’ sec Type Bize ~ Used
1 Vulean 01¢ 10,000 1,000 10 9 Pine Plywood 13 /2" ¢ - 10" Ht. . 3/b4" Pine Plywood
2 Vulean 01¢ 10,000 1,000 10 12 Pine Plywood 13 1/2" 4§ - 10" HE, 9" 4 ~ g" Ht,
3 Vulean 910 10,000 1,000 10 15 Pine Plywood 13 1/2" ¢ - 10" Ht. Dynamic Blow
b Vulean 08 8,000 1,000 8 G Pine Plywood 13 1/2" ¢ - 10" Ht. eNz'ong
5 Vulcen 08 8,000 1,000 8 12 Pine Plywood 13 1/2" ¢4 - 10" Bt. )
6 Vulcen 08 8,000 1,000 8 15 Pine Plywood 13 1/2" 4 - 10" Ht.
7 Vulcan 06 6,500 1,000 6.5 9 Pine Plywood 1" 4 — 8% Ht, Dynemic Test
8 Vulecen 06 6,500 1,000 6.5 12 Pine Plywood 11" é -~ 8" Ht. (Hirsch et al., 1966)
9 Vulcen 06 6,500 1,000 €.5 15 Pine Plywood 1" 6 -~ 87 HE,
10 Vulcan 1 5,000 1,000 5 9 Pine Piywood 11" ¢4 - 8" Ht.
11 Vulcen 1 5,000 1,000 5 12 Pine Plyvood 11" ¢ - 8" Ht.
12 Vulcen 1 5,000 1,000 5 15 Pine Plywood 1" 4 - 8" Ht,
13 Vulcan 2 3,000 1,000 3 -9 Pine Plywood 10" 4 - 8" Ht.
14 Vulcen 2 3,000 1,000 3 12 Pine Plywood 10" 4 - 8" Ht.
15 Vulcen 2 3,000 1,000 3 15 Pine Plywood 10" 4 - 8" Ht.
16 Vulcen 010 10,000 1,000 10 9 Atuminum-Micarts 13 1/2" ¢ - 10" Ht. Aluminum-Micarta
17 Vulean 010 10,000 1,000 10 12 Aluminum-Micarte 13 1/2" & - 10" Ht. 13.4" 4 " 4
18 Vulean 010 10,000 1,000 10 15 Aluminum-Micarta 13 1/2" ¢ - 10™ Ht. Concentric Holes
: L]
16 Vulcen 08 8,000 1,000 - 8 9 Muninun-Micarte 13 1/2" 4 - 10" Kb, 13i2" ﬁzéarta bise
20 Vulean 08 8,000 1,000 8 12 AMurinum-Micarte 13 1/2" 4 - 10" Ht. 1/2" Alum. Disc
a1 Vizlcan 08 8,000 1,000 8 15 Aluminum-Micerta 13 1/2" 4 - 10" Ht. e =0 §5
22 Vulcen 06 6,500 1,000 6.5 9 Aluminum~Micerta 11" ¢ - 8" Ht.
23 Vulcen 06 6,500 1,000 6.5 12 Aluminum-Micerta 11" 4 - 8" Ht.
2k Vulean 06 6,500 1,000 6.5 15 Aluminum-Micerta 11" 4 - 8" Ht. Static Test
25  Vulcan 1 5,000 1,000 5 9 Aluminum-Micarte 11" 4 - B" Ht.
26 Vulcan 1 5,000 1,000 5 12 Aluminum-Micarts 11" ¢ - B™ Ht,
o7 Vulcan 1 57000 5 15 Aupinum-Micarta 11" 4 - 8" Bt.

1,000

85
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a Vulcan No. 1 hammer (Figure 2.19). The comparison shows the marked
difference in stiffrness between the cushions as well as the difference
in the degree of inelssticity. These cushions represent the range of

properties normally encountered in practice.

Pile Force
Peak Force. The peak pile force was investigated for velues of
impact velocity equal to 9, 12 and 15 ft/sec, which represents a typical .
range in velocities. For comparison, the tabulated impact velocities

for several hammers along with the asscciated efficiencles are given

below:;
| Impact Velocity, VO, ft./sec.
Hammer Drop Height, ft. e, = 100% ep = 5% ey = 50%

Vulcan 010 3.25 14y 12.5 10.2
Vulcan 08 3.25 1.} s 12.5 10.2
Vulcan 06 3.00 7 13.8 12.0 9.8
Vulcan 1 3.00 13.8 12.0 9.8
Vulecan 2 7 2.50 2.7 11.0 9.0

Pile peak forces vary linearly with impact wvelocity; therefore,
the pesk forces can also represent typicael values of hammer efficiency
for the different hammers tabulaeted above, Pile peak force versus pile
impedance relationships for different hammers with pire plywcod and
aluminum-micarta cushions ere shown in Figure 2.20. The relationships
between pile force and impedance are expressed in terms of the useful

range of hammer efficiencies, nemely, 50 and 100%. Because peak force
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and impact velocity are linearly related, peak force for other efficiencies
cen be readily determined by interpoleticn in terms of the square root of
hammer efficiency (Ig; ).

With reference to Figure 2.20, it is shown that for a given hammer
and efficiency the pesk force increases with an incresse in pile impedance
for both cushion materials. However, the increase is more pronounced for
the aluminum-micarte (hard} than for the pine plywood (soft) as the pile
impedance approsaches high values. Also, the peak force genersted in the
pile with the aluminum-micarta cushion is approximetely double that gene-

rated with the pine plywood cushion.

The optimum pile-hammer match for maximum energy trensmitted to
the pile head is superimposed on Figure 2.20. Tt is seen, as expected,
that the best match for the softer cushion (pine plywood) is the low
pile impedance range of 600 to 2600 lbs-sec/in. (eguivelent steel area
of 4 to 18 in.e). The harder cushion (aluminum-micarta) is matched with
high pile impedances, or equivelent steel areas of spproximately 20 to
80 in.%

Shape and Duration. The pile force shape and duration is also

affected by differences in cushion material. Force pulses generated by
a Vulcan hammer for the aluminum-micarts and pine plywood cushions are
compared in Figure 2.21 in terms of the pile force coefficient, CFl'
The Vulcan 1 hammer with different cushion materiels and an impect

velocity of 12 ft/sec (e. = Th.5%) was chosen as representative of

f

typicel hemmer behavior.
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For the range in velocities investigated, 9 to 15 ft/sec, there
was a decrease in duration associated with the higher velocities; however,
the varistion was less then 10%. The pulse shape is associated with the
cushion load-deformation characteristies. If the cushion loading curve
is gredusl and the unloading is abrupt, then the force pulse loading and
unloading pattern is anelogous in behavior. Compsarison of the force
pulses in Figure 2.21 shows the meore gredual loading and more abrupt un-
loading of the pine plywood as opposed to the saluminum-micarte cushion.
The abruvt unlosding pattern is ceused by increased cushion stiffness
upon unlosding essociated with the low coefficient of restitution of the

pine plywood cushion (e :70.2?) gs compered to the aluminum-micarta
cushion (e = 0.95). The abrupt unloading of the pine plywood cushion
causes force pulse oscillations near the impedance match condition of
heammer and pile. This oscillatory force behsvior for conditions of im-
pedance match and low coefficients of restitution also occurred in the
bilineer study.

The pulse durstion for the soft cushion (pine plywood) as com-
pared to the hard cushion (sluminum-micarta) is larger by a factor of

3 to 5. The real duration at 10% of peak force is tebulated below for

the Vulcen No. 1 hammer and various pille impedances.
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Pulse Duration et 10% of Pesk,

milliseconds
Matched Pile Low Pile
High Pile Impedance Impedance Impedance
vulcan 1 A=4w EK=20 AK=10 E£=8 A=6 HK=4 AL=2
Pine Plywood 16 18 24 27 29 36 50
Alum.-Micarta 5 5 5 6 6 T 12

For the impedance metch of hammer and pile, the duration of the
pulse for the pine plywood cushion is spproximetely 5 times longer than
that for the eluminum-micarta cushion. The relationship is similer for

other hemmers as shown below:

Impedance Match Conditions Only
Time Pulse Duration st 10% Peek

Pine Plywcod Alumirum~Micarta
Vulcan 2 25-35 ns _
Vulean 1 -~ Vulcan 010 30-50 ms 6-12 ms

The longer duration corresponds to the hemmer with the heaviest
ram (Vulcan 010).

The pronounced differences in behé&ior between a typical soft
cushion {pine plywood) and a typical hard cushion {aluminum-micarta)
point to the importence of the hammer cushion in pile driving. Pine
and sluminum-micarta were chosen to encompess the potentisl range in
behavicr of the generated force pulse, As a preacticel consideration,
the hapmer cushion can be readily changed. Thus, cushion stiffrnesses

can be chosen so ss to attain the desired pile-hammer impedance maich
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or generated pile force pulse leading to meximum pile penetration

per blow.

Equivaelent Linear Cushion

Introduction. In this section, nonlinear and linear cushion

behavior are compared with respect to generated pile force pulse, i.e.

peak force and durastion, for purposes of developing a method of repre—

" senting nonlinear cushions with equivelent linear cushions. The non-

linear cushions considered are pine plywood and aluminum-micarta. The
comparisons of cushion behavior are made with respect to a range in
hammer sizes, using the Vulecan 1 and Vulcan 010 hammers with & drive-
head weight ﬁf 1000 1bs and an impact velocity of 12 ft/sec (ef = Th.5%).
Peak Force. TFirst, equivelent linear cushions are selected
that lesd to the seme genersted peak pile force. The equivalent linear
cushion stiffress refers to the loading stiffness only. As shown in
the bilinear cushien study, the unloading stiffness has a negligible
effect on the genersted pesk force except for the condition of very low
pile impedances and low coefficients of restitution for the cushion.
Even for extreme conditions, the unloading stiffness affects the pesk
force by less than 20%.
Equivalent linear stiffnesses for a range of pile impedances and
the pine plywood and sluminum~micarta cushions of the Vulcan 1 and 010
h&mmers‘are tebulated in Teble 2.6. The equivalent linear cushion
stiffness increases with en increase in pile impedance for both hammers
and both cushion types. It should be noted thst s8ll equivalent stiff-

nesses are bounded by the lowest (kl) and highest (k3) loading stiffnesses
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Table 2.6

EQUIVALENT LINEAR CUSHION FOR PEAK PILE FORCE

L Yulean L ‘
EBquivalent Linear Cushion
Area of Pine Plywood Aluninum-Micarte
Impedance Plle Thgm Steel € 6
Condition Impedence,® ——%;EES in.2 kpxlo lbs/in. Percent of k3 kpxlo 1bs/in. Percent of k3
Low T25 5 0.13 23 2.0 29
1450 10 0.27 . 46 b1 58
Medium 2900 20 .41 ' -T1 5.6 9
High 5800 Lo 0.545 78 6.8 95
8700 60 0.h7 : 81 7.1 100
Note: Assumed nonlinear cushion stiffnesses for Vulcan 1: ) g
N Pine Plywood kj = 0.0T76x1QP 1bs/in. Aluminum-Micarta kj = 0.26x10° 1bs/in.
= kp = 0.36x106 1be/in. kp = 4.0x100 1bs/in.
k5 = 0.58x10% 1bs/in. k3 = 7.1x206 1bs/in.
Vulean 010 |
Ares of Equivelent Linear Cushion
Impedance Pile o Steel . FPine Plywood 6Aluminum—Micarta
Condition Impedance,¥® ——fﬁégs- in.2 kple 1bs/in. Percent of k3 kpxlo 1bs/in. Percent of k3
Low e 5 Q.11 15 1.4 18
150 10 0.25 . 36 L1 53
Medium 2900 20 C.4k 63 5.7 3
High ’ 5800 Lo G.51 73 6.4 82
B700 60 Q.52 T5 i T.2 o1
- Note: Assumed nonlinear cushion stiffnesses for Vulcan 010: '
Pine Plywood X = 0.092x100 lbs/in.  Aluminum-Micarte k; = 0.28x106 1bs/in.
Ky = 0.43x200 1vs/in. K, = b.4x10® 13s/in.
kg % 0.70x206 1os/in. k3 = 7.8x10% Ibs/in,

*Refer to Table 2.1 for comparison of pile impedances with dimensions of other pile
tyves. concrete and woor. ’
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(Figure 2.15 and 2.17) of the nonlinear cushichs (See Teble 2.6).
The equivelent linear cushion stiffness is shown in Table 2.6 es

s percentage of the highest loading stiffness (kB). The range cof low piie

impedances, T25 to 1450 lbs-sec/in., can be covered by a stiffness range
of 20 to 60 % for both hammers and cushions investigated; the higher
percentage corresponds to the higher pile impedance. The intermediate
pile impedance is covered by & range of 60 to 80%, whereass 75 to 100%

of the stiffest portion of the nonlinear cushion is required to cover
the higher pile impedsnces. The lerger percentages correspond to the
stiffer cushion, i.e. aluminumwm%carta.

Duretion. The durations!of the force pulses can be compared
in order to obtein an equivelent linear cushion, i.e., cne giving the
seme duration. The effect of the inelastic behavior (hysteresis} of
the nonlinear cushion maekes the analogy with the linesr cushion diffi-
cult because of attenuation of the pulse duration caused by inelastic
behavior. Therefore, an equivalent linear cushion (linear and elastic)
will be related to the nonlinear cushion (nonlinear and elastic) for the
determinstion of durations. It is essumed that inelastic behavior
(same coefficient of restitution) for both the bilinear and nonlinear
cushions will attenuste the pulse durstions in a similsr manner.

The pulse duration is besed on the point of intersection of the
nonlinesr and elastic force curves where dimensionless time z approximately
equals w; therefore, the reel duration is approximated by the relation-
ship, t, = ﬂjﬁ%; {(seme as Equation 2.12). Equivslent linear cushion

stiffnesses for the approximated time pulse length for all pile impe-

dances are tabulated below:
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Equivalent Linear Stiffness for Duration,

K X 106 1bs/in.

Pine Plywood Eguivalent Aluminum-Micarts Equivalent
Vulean 1 0.20 5.0
Vulcan 010 0.50 5.0

It is seen from the sbove tabulation that the equivelent linear loading
stiffness (ktd) for the duration corresponds to the linear leading stiff-
nesses (kp) for the pesk pile force of the low to medium pile impedances
(Figure 2.22b). This means that the equivelent linear stiffness is
reascnably matched for both peek force and duration with respect to the
low to medium pile impedances.

For the very low and the high pile impedances, equivalent linear
cushions for duration and pesk forces are not equal. For very low pile
impedances, the equivalent linear cushion (kp) for peek pile force
represents the sctual pesk fbrce, but the duration for this eguivelent
cushion is longer than the actuel duration (Figure 2.22a). The equiva-

lent linesr cushion (k ) for the duration represents the actual dura-—

td
tion; however, the peak force as determined by this equivalent cushion
is larger than the actual pesk force. For high pile impedances, the
opposite effect exists wherein the shorter time pulse 1s associated with
the eguivalent cushion (kp) for the peask force, and the lower peak force
is associsted with the eguivelent cushion (ktd) for the duration

(Figure 2.22c).

Recommended Secant Modulus. The equivalent linear cushion stiff-

ness can also be obtained from recommended secant moduli velues given
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by Lowery et el. (1969) which are supposed to be valid for predicting

both force pulse shape and magnitude. Eguivelent linear stiffness velues
caeleulated from these recommended secant moduli will be eveluated on

the basis of the linear stiffness values determined previously for matching
peak pile force and duration. The calculated values of linesr loading
stiffness (kc) for the hammers and cushions considered in this section

are tabulated below:

Calculated Linear Cushion Stiffness,

kc X 106 1bs/in.

Pine Plywood* Aluminum-Micerta¥** |
Vulcan 1 0.30 5.3
Vulcan 010 0.36 6.k

*% (secant) = 25,000 psi **% (gecant) = 450,000 psi

The calculated values of the linear stiffnesses (kc) correspond
to the pesk force equivalent cushion (kp) given earlier for the inter-
mediate range of pile impedances. The duration equivaelent cushion

(k, .) given earlier is in generel agreement with the calculated cushion

td
stiffness (kc).

In general, it appears that the equivalent linear cushicns as
celeuleted from recommended secant moduli given by Lowery et al. (See

Appendix A) cen give velues in close agreement with the real behavior of

nonlinear cushions with certain exceptions es shown below.
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Very Low Low and Medium High
Pile Impedsance Pile Impedance Pile Impedance
Pesk Duration Peak Duration Pesk Duration
Calculated Too High Match Match Match Too Low Match
Linear Stiffness, (15-25%& (5-15%)
k AR ton low

c

For very low impedance, the peek forces or stresses calculated using

the secant modulus are larger than the real peak forces or stresses. At
the very low pile impedance, the maximum induced stresses are critical
becsuse of the susceptibility of the pile tc demage. By contrast, for
high impedange piles, actusl induced stresses are normally low reiative

|

to the yield-poinﬁ of the pile material; however, the resl peek forces or
stresses are larger than the caelculated values based on the recommended

secant moduli.
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. CHAPTER 3

PILE AND S0IL RESPON3E

3.1 Introduction

Pile penetration is accomplished only by genersting a pile force
that will overcome soil resistance at the pile tip. Therefore, emphasis
is placed on the pile and soil response et the pile tip. The investiga-
tion of the so0il and pile tip respense includes s study of tip displace-~
ment, transmitted and reflected force pulses, end transmitted and re-
flected energies. In addition, the effect of soil resistance glorg the
pile length (skin friction resistance) will be quaelitatively conéisidered
with respect to attenuation of the generated pile force gs it approaches
the tip.

The model of pile and soll tip used in this investigastion is
shown in Figure 3.1. Viscous damping (CO), an elastic-plastic soil
spring (ks), and a concentrated mass (m) are used to approximate the
rheclogical behavior of the soll under dynamic loading. Therefore, the
soil resistance takes into account: 1. elastic deformstion, 2. perma—
nent deformation, 3. static resistance, 4. viscous damping-strasin rate

effect. Without the concentrated mass, the soil model is analogous to

the Kelvin-Voigt model a&nd Smith's model (Smith, 1962).

3.2 Dynasmic Behavior of Soils

The main obstacle to predicting pile penetration response and

static ultimate capacity is simulating the soil mechanism during driving
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Figure 3.1 PILE AND SOIL TIP MODEL
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with the proper dynemic characteristics of the soil. In an ettempt to
determine the dynamic properties of the soil, a literature search was
made for leborstory and field date that might lead to understanding the
neture of dynamic soil resistance. The application-of lab results such
as triexial unconfined compression, direct shear and model tests

should be considered only es indicatlve of the general nature of dynamic

pile driving resistance. ,

Experimental Results

According to Schimming et al. (1966}, e French engineer, A.
Collin, first recognized the time-dependent nsture of soil strength in
1846. For meny years, only static strength and creep problems of soils
received attention until the needs of protective structures required a
better understanding of dynamic soil behavior. Casaegrande and Shannon
(1948) initisted a test program to study the effects of the rate of
loading on soils such as clays, sheles and dense dry sand. The tests
results indiceted a significant increase in transient strength for co-
hesive solls and only a slight effect on strength for dry sand. Seed
arid Lundgren (1954} studied the strain-rate effect on strength and
deformation characteristics of saturated sands. Whitmen (1957) measured
the increase in compressive strengths of cohesive soils. Since 1957,
considerable attention has been devoted to dynamic soil properties. A
sumary of soil dynemic test results is presented in Table 3.1. The
summary is divided into two genersl soil classifications, cchesionless
and cohesive.

The review of research shown in Table 3.1 indicates that both

the strength and modulus of the soil increase with an increase in strain
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rate. However, the change in soil properties due to strain rate effect
are more pronounced in cohesive soils than in cohesionless soils.

For dry cohesionless soils there is a minimal difference between
dynamic and stetic behavior characteristics. The investigations on satu-
rated cohesionless soils show e variation in strain rate effect from
minimel to significant end approaching that of the cohesive soils. This
variation can be attributed to the time dependency of excess pore pres-—
sures. Whitman and Healy (1962) steted that since the friction angle is
essentinlly independent of time to failure, the strength of sand varies
with time to failure when excess pore pressures are time dependent,

The time de?endency of pore pressures and strein-rate effect are a func-
tion of the moisture content, grain size distribution, chemical composition,
and density or compectness of the soil material.

The possibility that cavitation may occur in some samples and
not in others might explein some of the varistion of strain-rate effect
in sands (Jones et al., 1966). According to Jones et al., cavitation,
developing st the expected reduced pressure of ~14 psi in sands, imposes
a limit on increases in strength due to strain-rate effect, but this
limitetion dées not epply to clays in which cavitation does not normally
occur during shesr (Bishop and Blight, 1963).

The strain rate effect of cohesive solls is more definitive
than for cohesionless soils. This strein rate effect could be caused
By a combination of factors such as & change in the Inter-paxticle
mechanism of yield in clay and a change in pore pressures due to nonuniform
stress conditions. Whitman (1957} pointed out that the strain-rate
effect of cohesive solls is the resuli of viscous phenomensa except when

failure oecurred by splitiing. The dynemic properties of cohesive soils
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are dependent upon moisture content or degree of seturation, structursl
configuration, pore fluid type and degree of consolidetion. 'The moisture
content or degree of saturation appears to be ihe most pertinent soil
property. Viscous characteristics are most preonounced above the optimum
water conmtent and decresse to a negligible effect at no water content.
Also, test results by Schimming et al. (1966) indicated thet a pore

fluid viscosity radically different than that of water would produce

radically different behavior.

The preceding summary of dynamic soil behavior does not permit
postulating a failure mechenism during pile driving, but it indicates two
}basic requirements for the model simulstion of dynamic soil behavior,
namely: 1) under instantaneous applied loed, the soil model should under-
go instantaneous deformetion and obtain & limiting velue of capacity that
is equal to or in excess of the static value, 2) the soil model should
indicate an incresse in soil stiffness with an increase in loading rate.
The soil medel shown in Figure 3.1 satisfies these two reguirements. The

_ soil spring is normally assumed to be elastic-plastic and independent
of time of loading whereas viscous damping snd soil mass influence the
strain rate behavior. The static and dynamic load—-deformetion charscteris-
tics of the soil are shown in Figure 3.2. The streins et failure are

shown 30 be epproximately independent of strain-rate; this independence

has been proven by the test results previously summarized.

Field Results

Several investigsators heve attempted to correlate the wave egua-

tion analysis using Smith's lumped-mass model (Appendix A) with pile load
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tests. In 8 limited number of studies, attempts were made to determine
the dynamic properties of the soil model by trial and error procedures.
This section will show the correlation with the field results and consider
the results of some model pile tests.

First, however, the soil model used in Smith's wave equation
analysis is reviewed. The model Iz similar to that model shown in

Figures 3.1 end 3.2 except that the soil mass is not included. The soil

* resistance equation proposed by Smith is shown below:

Rdynamic = Rstatic(l+JV) (3.1}

where R . = dynamic soil resistence, R . = static soil resis-
dynamic static
tance, J is a viscous damping factor and V is the instantaneous velocity

of the pile. This means that the real viscous demping constant c, equals

JRstat105 therefore, the J factor is related not only to velocity bul also

to static resistance. R . eguals k x where x is the elastic soil
static s

deformation. The yield peint deformation is referred to ss guake, Q.
Smith proposed the same soil model for both the soils at the pile tip
and along the sides; however, the scil along the sides could ect in
tension as well as compression whereas the 'soil at the tip did not have
tension restraint.

On the basis of a limited number of load test data, Smith (1960)
proposed the following velues for the soil peremeters:
= onint = .1 inch
= 0.15 sec/ft

Q

side
g,
point

Jside = 1/3 Jpoint = 0.05 sec/ft
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Side damping wes considered to be much less important than demping at the
pile point beceuse of the difference in the physical mechanism of the
soil failure. The side damping was arbitrarily taken as one-third of

the demping at the pile poini.

Forehand and Reese (1964) correlasted scil parameters used in the
wave equation analysis with load test data. Three different types of
piles, concrete, steel pipe and steel H-secitions, were investigated for
both sand and cley soils. Becuase most of the hammer and pile variables
could be satisfactorily evaluated, the soil perameters could be varied
and correlated with the load test data. 3Because of lack of knowledge,
the side damping factor was assumed to be one-thrid of the point demping
in this study. The results of the correlation attempts for piles driven
in sand were consistent with Smith's recommended values. The range in
values of point and side queke was 0.05 to 0.15 in. and the range in
point demping was 0.05 to 0.2 sec/ft. For piles driven into clay, the
correlation values of the soil perameters were much wider spread and not
in accord with Smith's velues. On the assumption thet gquake lies within
the range of 0.1 to 0.2 inches, the range of the damping factors st the
point was 0.5 to 1.0 sec/ft for @ = 0.1 in. end 0.3 to 0.5 sec/ft for
Q = 0.2 in. These damping factors for clays are greater than Smith's
recommended values.

Correlation of the wave equation analysis with field load test
date was also performed by Lowery et al. (1968). The pile-driving prob-
lems in this study were investigated in three general locations, the

Texas Gulf coast, the Arkansas River, and the sites of the Michigan Pile
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Load Test programs. Nine different hammers were used to drive prestressed
concrete, steel H-sections, fluted-taper and pipe piles with lengths
ranging from 30 to 180 feet. The soil conditions varied from sands in the
Arkansas River Project (Mansur et al., 196b4) to clays in the Michigan
Program (Michigan State Highway Commission, 1965) end combinations of
sands and cleys in the Michigen Program and Texaes Gulf Coast. According
—to this correlation study, the soil guake ranged from 0.05 te 0.2 in.
with 0.1 in. being the most typicael value for average driving conditions.
The soil damping_factor, Jpoint’ recommended for sands was 0.1 sec/ft;
for clays it is 0.3 sec/ft. The soll parsmeters for the combinations of
sand and cley were proportioned relative to the type and smount of ma-
terial supporting the pile. The side damping fector was essumed one-
third of the point demping.

Pile loed test results on the Arkansas River Project in medium
to fine silty sanés below the water teble indicated soil guske slong the
side of the pile equal to 0.1 to 0.2 inches (Coyle mnd Sulemin, 1967).

A study of load transfer of piles in clay indicaeied that the soil quske
along the pile veried with depth; recommended values of quake were
egqual to 0.15 inches to a depth of 20 feet and 0.0T inches for depths
greater than 20 feet (Coyle and Reese, 1966).

Correlation studies between field data and soil model para-
meters are somewhat limited; however, there are some trends that can be
deduced. First, the results for sands seem to be in generel agreement
with Smith's recommended velues of soil perameters. Secondly, the clay

properties are more veried and demping factors for cley are higher than
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Smith's values; however, the complexity cf cchesive soils due to thixo-
tropy and pore pressure effects with respect to time meke an analysis
during driving very difficult. Because of this complexity wide varia-
tions in clay properties are expected. The results of the lab strength
tests also agree with these generel conclusions.

Dynemic triaxial test results by Coyle and Gibson (1970) indi-
cated that the damping factor (J) as defined by Smith is not a constant
for a particular soil but is a function of the loading velociiy rate for
both sand and clay soils. This study shows the nonlinear relationship
between the ratic of dynamic to static resistance and loading velocity,
and possibly helps explain some of the variaéion in the soil parameter
studies. Tor normel loading velocities of 2 to 12 fps, the damping
factor for sands varies from 0.1 to 0.4 sec/ft; for clays it ranges from
0.15 to 0.6 sec/ft. The lower demping factors correspond to the higher
loading rates. Coyle and Gibson (1970) suggested the following modifi-

cation of Smith's relationship to obtein a constant value of J':

1 Rd nemic
g o= (GHREme ) (3.2)
VN static '

An acceptable constent, J', for saturated sands is derived if N is 0.20
and for clays if N is 0.18. For the soils investigated, J' ranges from
0.5 to 0.9 for sands, and 0.7 to 1.1 for clays. These soll demping
constants are related to common soil properties of boih sand and clay.
The s0il model chosen herein is representative of soil bezhavior
based on research on dynamic soil properties in both the laboretory and

the field. At present, there are definite trends for the soil model
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paremeters with soil index properties. Of course, the correlation is
complicated by the différences in soil behavior during and after pile
driving. There is no attempt in this treatment to correlate soil pare-
meters with index properties; however, this study will investigate the
effect of the sbil paremeters with respect to generated force pulses in

pile driving.

3.3 Basic Eguations

The equations of eguilibrium of the pile and soil tip can be
written for the soil model as previously described and shown in Figure
3.3. The incident force pulse in the pile describes the velocity (VI)

at a point in the pile as shown below:

F, = peh Vo (3.3)

wvhere pch is pile impedence. Equation 3.3 is similar to Equation 2.1,
but subscripts I and R are required to distingiish between incident and
reflected waves.

When the incident wave encounters a discontinuity of materisl

and ares such as the soil et the pile tip, the incident wave is trans-

mitted to the scil and/or reflected back through the pile. The conditions

to be satisfied at the pile and soil interface are the equality of

both force and particle velocity (Figure 3.3);

)

pcA V_ + pcA V

+ ¢ X + ) !
I R m cox * {sx (3.1)

Vp - Vg =& (3.5)
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Figure 3.3 FREE-BODY DIAGRAM OF PILE AND SOIL TIP MODEL
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~ where VI and VR refer to the pile particle velocity of the incident sand
reflected waves, m is the soil mass; Co is the soil damping, and ks is
the soil spring stiffness which can be varied from elastic to nonlinear
inelastic.
Simulfaneous solution of Equations 3.4 and 3.5 yields the fol-
lowing expression betwyeen the incident force pulse and the soil tip

response:

me + (co + pchA) % + k x =2 pchA V; (3.6)

The solution of Egustion 3.6 is used for the determination of tip dis-
placement, transmitted and reflected force pulse, and trensmitted and

reflected energy. The reflected force pulse can be shown to be

Fp = pch Vo = pch (VI - %) (3.7)

The force reflections depend upon the following cases:

1) If % matches V., no reflections occur

I)
2) If % < VI’ compressive reflections occur
- 3) If % > V., tensile reflections occur.

The transmitted energy, i.e. the energy transmitted to the soil,

can be defined in terms of the incident and reflected energy as shown

below:

Transmitted Energy (ET) = Incident Energy (EI) ~ Reflected

Energy (ER)
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The solutions of Eguations 3.6, 3.7 and 3.8 were obtained with
the use of the analog computer as described in Appendix C. Attempts were
made to nondimensionalize these eugations; however, the restrictions of
* the inpitial and boundary conditions did not permit tsking advantage of
this approach. Therefore, particular problems were chosen and studied
individually.

i

3.4 Tip Response of Pile and Soil

Introduction

The response of the pile tip was investigated for varying pile
impedances, force pulse shapes and energies, and soil perameters. The
pile impedances selected amre 1000, 3000 and 6000 lbs—sec/in., which repre-
sent thin-wall pipe to a heavy-well pipe, H-piles and mandrels. The
iﬁpedances and egquivalent section sizes for pile types such as steel,
concrete and wood ars shqwn in Table 3.2. These three impedsnces were
selected to represent the renge of piling in common use. The energy
levels were wveried from 6250 to 25,000 ft-lbs, which represent the com-
mon range of hammer energies after considerstion of hammer efficiencies.

The primary wave shape considered in this investigation is the
sine wave, which corresponds to the impedance match condition described
in Chapter 2. Other wave shapes such as rectangular and trisngular ere

also included in order to determine the effect of wave shape on pile



Table 3.2

PILE IMPEDANCE AND PILE TYPES FOR THE TIP
MODREL INVESTIGATION

92

Pile Steel Concrete Wood
Impedance, Aresa, Area, Diameter, Width Ares, Dismeter,
pes, FRETSeC in® in” in,  (sauere) .2 in.
in. : in.
1000 6.9 32.4 €&.h 5.7 113 12.0
(Thin~wall Pipe)
3000 20.7 97.2 il.1 9.9 339 20.8
(Pipe or H-Pile)
£000 bl .k 19L .k 15.7 13.9 678 29.4

{Mandrel )
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penetration (net set) and cegpacity. Considering the duration of the
force pulse for the matched condition of pile impedaence and hammer,
as shown in Figure 3.4 and described in Chapter 2, the peak force

for the sine wave can be determined from the following relationship:

pcA
) o B (3.9)

where pcd is impedsnce, E. is the incident energy and tl is the dura-

I
tion of the force pulse. The duratiop tl was varied according to the
range in hammer yeight and cushion stiffness for the matched condition
as shown in Figure 3.4; the corresponding peak forces used in this ;
study are referenced by case number as given in Table 3.3. The dura-
tion and the corresponding pesk force were varied with respect to &
particular energy level in order to investigate their effect on pile

tip response. These pesak forces correspond to the pesk values shown in
Pigure 2.10 (Chapter 2) determined on the basis of a three~foot hammer
drop.

It is assumed that the incident force wave can fully develop
without interruption from the reflections at the pile head; therefore,
the pulse length can be no longer than twilce the pile length. The pulse
length and corresponding pile length can be defined as follows:

ct

. 1 1, h
Pile Length >3 Pulse Length = 5 (EBBBJ ft. (3.10)

where c¢ is the velocity of wave propagstion and tl is the pulse dura-

tion in milliseccnds. For steel, the velocity of wave precpageticn is
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Table 3.3

INCIDENT FORCE PULSE AND ENERGIES FOR TIP MODEL

95

Pile Impedance

1lbs~sec -

Energy, ft-lbs

durstion and F

=W o

representing the pesk force.
Soil mess (W/g) equals 1/b; equivalent soil weight is 97 1bs.
Soil spring is elastic-plestic with a soil quake equel to 0.1 in.
Soil demping is varied over a wide range.

pch, T 6,250 12,500 25,000

Cage 1-1 Case 1-2 Case 1-3
Fp = 141 1/2 kips Fp = 141 1/2 kips Fp = 141 1/2 kips
tl =T 1/2 ms tl = 15 ms tl = 30 ms
Case 1-h Case 1-5

1000 Fp = 100 kips Fp = 100 kips ——
tl = 15 ms tl = 30 ms
Case 1-6
P = T0.7 kips —_— —
D P
tl = 20 ms
Case 3-1 Case 3-2 Case 3-3
Fp = 425 kips Fp = 425 kips FP = 425 kips
tl = 2 1/2 ms tl = 5 ms tl = 10 ms
Case 3~A Cese 3-B Case 3-C

3000 Fp = 300 kips Fp = 300 kips Fp = 300 kips
tl = 5 ms tl = 10 ms tl = 20 ms
Case 3-h Case 3-5
Fp = 212 kips Fp = 212 kips -
tl = 10 ms tl = 20 ms

T Case 6-1 Case 6-2 Case 6-3

Fp = 850 kips F = 850 kips Fp = 850 kips
=1 1/4 ms =2 1/2 ms t, = 5ms
Case 6~k Case 6-A Case 6-B

6000 Fp = 600 kips FP = 600 kips Fp = 600 kips
tl =2 1/2 ms t1 = 5 ms tl = 10 ms
Cese 6-5 Case 6-6 Case 6-~T
Fp = 425 kips Fp = 425 kips Fp = 425 kips
tl = 5 ms tl = 10 ms tl = 20 ms

Note: 1. Force pulse is e sine wave with t., representing the time
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gbout 16,600 ft/sec, whereas for both concrete and wood the propagation
velocity is approximately 12,000 ft/sec. The maximum duraticn of &
force pulse was chosen to be 30 milliseconds. $Some of the éctual dure-—
tions for low pile impedances coupled with high energy levels exceeded
this 30 millisecond criterion (Figure 3.4); they were not included in
this study because they represent impracticael conditions.

The soil parameters include stiffness, mass and damping. The
soil spring commonly employed'is elastic—plastic in behavior with the un-
loading parsllel to the loeding curve. The soil quake or scil yield
point deflection is varied; however, experimental and field results show
that & value of 0.1 in. is coémon. A nonlinear inelastic spring was
elso investigated for comparison. The soll mass was varied to represent
& soil weight (W) of 0 to 386 pounds. The soil damping was varied over

a wide renge for each parsmeter study and individual problem. The

1bs~ .
=28T8CC $or the low pile

damping constant ¢ vas varied from 0 to 20,000

impedance and from O to 50,000 iﬁizégg-for the high pile impedance.

Soil Msss

The influence of soil mass on the dynamic behavior of the pile
tip is a function of the pile tip areas snd the stress distribution. The
soil mass is an additional resistance to pile motion or penetraticn.
The soil mess was varied eccording to typical zones of influence of the
stress distributions and investigeted with respect to pile impedance.
The problems investigated are shown in Table 3.4,

The soil mass restraint is expected to be more influentisl for

low impedence piles than for piles with high impedances; therefore,
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Table 3.L

CASES INVESTIGATED FOR SOIL MASS EFFECT

Pile Impedance; Case Energy Peak Time Scil Mass, m
Force Duration, t 2
1bg-sec L o® S | lbs-gec W,
pch, T ft-1bs kips ms Ve, . Tbe
1-A 16,680 200 10 1 386
. 1-B 16,680 200 10 1/4 97
1000 1-C 16,680 200 10 0 0
1-2 12,500 1h1 1/2 15 i3 : 386
1-7 12,500 1h1 1/2 15 1/h 97
3000 3-6 12,500 300 10 1 386
3.8 12,500 300 ‘ 10 T 1/h 97
6000 6-8 12,500 600 5 ) 1 386
E-A 12,500 600 5 1/4 97

Note: 1. Sinuscidal Force Pulse

2, Elastic-Plastic Soil Spring with Quake = 0.1 in.
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the scil mass effect was initisted for a pile with low impedance, namely,

100012§§%§E-. This study (Teble 3.4) included a sine force pulse with
an energy of 16,680 ft-1bs. and soil masses (W/g) of 0, 1/4 and 1, which
are equivalent to soil weights, C, 97 and 386 1bs, respectively. The
effect of soil maess on the net set of the pile tip for the above de-

scribed conditions is negligible as shown in Figure 3.5.

It should be noted that the soll mass was assumed ettached to

the pile tip. Consequently, the mass undergoes both penetration and
rebound. In the real case, the pile can separate from the mass during
rebound or during impact when the mass is driven faster than the pile
tip motion. However, because the mass had a negligible effect on pile
tip penetration (Figure 3.%); it was assumed that the effect of mass
is also negligible if the pile tip can separate from the soil mass.
Transmitted energy for the low pile impedance, 1000lh§§§$E R
was also compared for different mass constants and the differences were
found to be negligible. Héwever, the mass caused a delayed response of
, the net transmitted energy; similer behavior occurred for the reflected
force pulse. This delayed response can be seen by comparing the reflected
force for the different mess constants (Figure 3.6). As shown in Figure
3.6, the larger scil mass has an instentanecus resistance effect for
low damping values and thereby delsys the pesk reflected tensile force
and changes the reflected force shape. With en increase in resistance,

e.g. demping (co) of 2000 1bi;56C , the mass effect becomes negligible

with respect to the response pattern. The response pettern was shown

for no soil spring resistence; however, the behavicr characteristics
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were the same with different spring forces as evidenced by the negligible
effect of s0il mass on the net set of pile tip for different soil spring
resistences (Figure 3.5). The other cases listed in Teble 3.4 resulted
in similar conclusions.

Because the renge in soil mass investigaeted d1d not have a signi-
ficant effect on pile tip response, & soil mass of 1/L4 or an equivalent
weight of 97 lbs. was used for the following parameter study as & stan-
dard allowance.

Incident Force Pulse

In the most efficient pile driving technique, the incident force
puise is effective ageinst the soil resistance in such'a wey that maximum
penetration (net set) or minimum driving time occurs along with the de-
sired plle performance. The effectiveness of the incident force pulse is
investigated by varying the energy, pesek fofce and duration of a sinu-
soidal wave, and by varying the wave shape.

The effects of a sinuscidel incident force wave with different
energies and different durations for the same energy will be investi-
gated. The cases investigated are summarized in Teble 3.3; however, the
behavior pattern for a pile impedance of 3000 éé%iégg-is representative
of a1l casses and, hence, is the only dats presented. The net set re-
sponse of the pile tip for different ultimete soil spring resistances
(Ru) end energy levels are shown in Figﬁre 3.7. The soil spring is
elastic-plastic with a queke value of 0.1 in., end soil damping is wvaried.
It should be noted that for a given soil damping value the net set in-

creases with an incresse of input energy providing the pesk force is

mopre than one~hglf of the ultimate spring force.



102

A k k
\\ \ E =0 R = 300
i.2 \‘ A u’ 4
\ ) A ———~ Energy = 25,000 f+/ibs
Y A \ —m=—  Energy = 2,800 f1/Ibs
. \ Energy = 6,230 ft/Ibs
\
008 h \‘\
\ +
i ~ ™~ ]
\?/ < < 42]5 -0 ma
i a&/a\. 1250 i S0 \'({300—20
0.4 o PP Pl -, }
. <5 ~<¥0g |, A28 -p F—
! o . ™ 300-10
2y St it s S [N ianenn? SN N N4258 =
| 3 — ~ It S 212-20 il S
! \“"“ﬂb_.'“‘""‘___ N T [ it ot E
oo e YR i
. 0 212--425- 300~
! 0 2yz 6
%
1
\ R = 100K R = Look
: 1.2f0 0 = =
] \ Y
\\. A
. ‘_'\ \
[o1] Y \\
¢ 0,8 -k
< \ \ NN
NN
N _ A\
. o \ \\ ‘\‘\ 1 \
~ ~ ) "\
L] ~ ™~ 3
_1 TR ANNANE N e Pk
-~ -y § —-—l 3 ) N
3 \> L\ -.; eq“h::.____- — "‘“"---..;___2_0‘:‘— 20 m‘ qe‘; ?‘:Q\\‘"‘
7 ~ kA 28 [ e T N e e T L o
: — A PN R MR gt e NN It 2 S L T
S S e Sae
" s 9] 0 1‘-’ = - ~ " [ By et T
o A5\ RO0~212~
U 22 5 o
| =
{ R = 200% R = 600%
1.2 4
\\
Ny
| \
\‘\‘ : Note; Remaining Coses
0 ‘\‘ Investigoted Produced
| . "N No Net Set
AN :
K\ >
\‘ AN "
N N,
hY
O.h\ ‘::‘
A \; \‘h:,‘_“
W\\\\\:-__ -“'4" o e b} k \\\
3-.‘;;";::‘2:____. el """-s—._,,_____-__‘ --—...._t_gg.:n. ] ] aznk
_ 25 A L P P Mg ot 5, ST 42573 ~—22 10 ms
l svg SRS e e AL M ot S IO

| 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 1k 16 18 20

lba-sec

J Damping Constant, ¢, X 1000, in.

Note: Soll Spring Elastlio-Plastic and Quake = 0.1 in.

H

( Figure 3.7 NET SET RESPONSE OF THE PILE TIP FOR PILE
IMPEDANCE OF 3000 iR8cBec

in.




e

103

The force pulses with longer durations for s given energy level
are more efficient for pile penetrstion provided the pesak pile force is
equal to or grester than the ultimate seoil spring resistance. For ex-
ample, compare the conditions where the soll spring ultimete equels 100

and 300 kips as shown in Figure 3.7. The different force pulses working

. ageinst a soll spring resistence of 100 kips clearly show thet meximum

net set cccurs with an increase in force duration for the same énergy
level. However, all the pesk pile forces considered are greater than
the 100 kips. For the condition of 300 kips resistance, the cases
wherein the:peak forces equal or exceed the spring resistance are more
efficient for pile penetration then the longer time pulses%with peak
forces lower than the ultimate spring resistance. The condition of

LOO kips resistance further exemplifies the influence of the genersted
peak force versus time pulse length. Also, the pile tip deformetion is
completely elastic if twice the peek pile force is equal to or less than
the ultimate spring resistance. Based on the previous example,_and the
gnalogous behavior of the other pile impedances investigated, the
following conditions éan be summarized for a given energy input: 

F(pile peak force)

1. PFor the condition -+ o, maximum

u(soil spring ultimate)
pile penetration cccurs with no soll resistance.

F(pile pesk force)

2. Tor the condition > 1, maximuam

u(soil spring witimate)
penetretion increases with an increase in duration and is

influenced little by the peak force.
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F(pile peak force)

3. Tor the condition <1 and > 1/2,

u(soil spring ultimate}
meximum pile penetration is primarily dependent on the peak

force and is influenced 1little by the duration.

jP(pile peak force)

L. For the condition < 1/2, no net pile

u(soil spring ultimate)

penetration occurs; the deformations are purely elastic.

An investigation was also made of the effect of force pulse shape.
The wave shapes——triangular, sine and square--are compared for a counstant
ingcident energy of 12,500 ft-1bs and s constant pesk force for a particu-
lar value of pile impedance; therefore, the duration is different for
erch wave shape. The triangular pulse is symmetric in shape as shown in
Table 2.5. The ceses compared for the effect of wave shape are tabulated

in Table 3.5; however, the behavior pattern for a pile impedance of 3000

lbs-sec
in.

is representsastive of sll camses and, hence, is the only dats pre-
sented. The effeat of wa%e shepe on pile penetration is shown in
Figure 3.8.

For the pile impedance of 3000 ;E?iégsy the longer pulse (tri-
enguler wave) is the most efficient for pile penetration provided the
pile peek force is greater than the soil spring resistance as shown in
Figure 3.8 for a soil spring ultimate (Ru) equal to 100 kips. This be-
havior indicates that the efficiency order of the wave shape is triangu-
ler {most efficient), sine and square {least efficient) for the condi-
tion of the pesk pilé force greater than Ru. Ag the pesk pile force

approaches and becomes less than the soil spring resistance (Ru), the

order of efficiency reverses with the square wave being the most effi-
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CASES INVESTIGATED FOR WAVE SHAPE EFFECT

Pile Impedance, Case Wave Energy Peak Time Wave
Tbs—sec Shape Force, Duration
pch, T ft-lbs kips tl’ ms
141 1/2 kips
1-13 Spiked 12,500 141 1/2 22 1/2 zfij>>3
22 1/2 ms
14 1/2 kips
1000 1-2  Sine 12,500 141 1/2 15 Zi::zx
15 ms
141 1/2 kips
1-14 Sguare 12,500 1kl 1/2 7 1/2
‘7 1/2 ms
300 kips
3-12 BSpiked 12,500 300 15 Vi N
15 ms
300 kips
3000 3-B Sine 12,500 300 10
10 nms
300 kips
3-13 - Sgquare 12,500 300 5
5 ms
ii 600 kips
6-9  Spiked 12,500 600 7T 1/2
7T 1/2 ms
Q 600 kips
6000 6-A  Sine 12,500 600 5
5 ms
600 kips
6-10 Square 12,500 600 2 1/2
2 1/2 ns
Note: 1) Elastic-plastic spring with Quake = 0.1 in.

2) Soil Mass, W/g=1/4
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cient and the triangulasr weve the least efficient, as shown in Figure

3.8 for the condition of Ru equal to LOO kips. This behavior indicates

thet durstion near the pesk pile force is significent for the condition

of peak pile force less than the soil spring resistance.

Based on the previous example, and the analogous behavior of

the other pile impedances investigated, the following conditions can be

summarized for different wave shapes with & particular energy:

1.

F, .
For the condition of (pile peek force) -+ oo, maximum

(scil spring ultimate)

pile penetration occurs with no soil resistance.

F(pile_peak

For the condition of > 1, meximum

soil spring ultimaste)
pile penetration occurs for the force pulse shape with

the longest duration.

F(Dile peak forece)

For the condition of <1 and > 1/2,

soil spring ultimate)
maximum pile penetration occurs for the force pulse shape

with the Jongest duration near the peask pile force.

F(pile pesk force)

For the condition of < 1/2, no net

(soil spring ultimete)
pile penetration {only elastic deformetion) occurs;

therefore, wave shape is not pertinent.

It is believed that the foregoing behavior is generally valid

for other wave shapes, pile impedances and energy levels.
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Soil Properties

The soll properties are represented by the soil spring, demping
end mess resistance. The soill mass effect has been previously discussed
and will not be included in this section; however, the effects of both
damping and the soil spring on pile tip response will be discussed herein.

Before the numericel results are censidered, the response be-
havior of a pile tip with respect to the soil restraint will be dis-
cussed qualitatively. Por demping restraint only with no scil spring re-
sistance (free-end condition) the incident compressive wave is re-
flected as n tensile wave with the same peak force and shape at zero
damping, and no transmitted wave exists. As the damping restraint is
increased, the reflected wave passes from a tensile to a compressive
wave with no reflections occurring when the pile impedance and the
damping constant are eguel. A compressive wave reflection equal to the
incident wave corresponds to s fixed-end condition. The no-reflection
coendition represents the optimum match between pile and soil for maxi-
mizing transmitted energy.

When a soil spring is included along with damping, the deamping
constant reguired for meximum energy transmission decreases with in-
creases in spring resistance. Soil demping and the soil spring con-—
trol both the reflected force wave and trensmitted energy. With re-
spect to the efficiency of pile driving, the set (penetration) effi-
ciency is more significant than energy eff%ciency; however, the con-
cept of transmitted energy efficiency can be used as a reference frame-

work for discussing the behavior characteristics of the pile tip.



109

The foregoing brief quelitetive behsvior of pile tip response
can best be exemplified by consideration of a particular problem, namely,

;P§:§E£u The reflected force

Case 3-B with a pile impedance of 3000
wave for this case due to an incident sinuscidel wave is shown in
Figure 3.9. The set shown by the curves for a spring force equal to

zero clearly shows the transition of tensile to compressive reflection;

12“?*i“s—gg-which equals

no refiection cccurs at s damping constant of 3000
the pile impedsnce. -

With the addition of the elastic-pilestic scil spring, the wave
shape for low damping values is controlled by the springs, whereas for
high damping values the reflected wave is dominsted by the demping re-
straint. The first break in the low damping vélue reflections as shown
in Pigure 3.9 (Ru = 100 kips) signifies the beginning of plastic spring
behavior, and the cross—-point of the reflected waves {Figure 3.9 and
Ru = 100 kips) signifies the unloading of the spring. The beginning of
" the plastic behavior of the soil spring occurs more rapidly with the
smeller soil spring resistances (Ru), whereas the unloading condition
occurs more rapidly with the higher séil spring resistance (Ru}.

It can be seen by the reflected forces (Figure 3.9) that as the
soil spring wltimate (Ru) increases the damping constant decreases from
3000 —JE;—S—EE to zero for the condition of leamst reflection; therefore,
this condition elso applies to the meximum transmitted energy of the
soil. The soil damping values at maximum transmitted energy and the

corresponding transmitted energy efficiencies (percentage of trans-

nitted to incident energy) have been tebulsted for the cases of the
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basic paremeter study listed in Table 3.3 as well as the Case 3-B presented
herein (Table 3.6). As seen from Table 3.6, soil damping values at

maximum trensmitted energy for different pile impedances and soil spring
resistances (Ru) correspond to the general behsavior as previously de-~

scribed. The trensmitted energy efficiciency has s value of 100% at zero

soil spring resistence and reduces to s minimuwn velue of approximately T70%

as the soil spfing resistance approaches the value of the pile pesak
force. With a soil spring force in excess of the pesk foree in ﬁhe rile,
the efficiency of the transmitted energy reduces markedly. This reduction
in energy transmission is indicetive of the pile penetration, i.e., pile
penetration decreases with a decrease in transmitted énergy. However,
it should be noted that maximum energy trensmission does not guarantee
maximum pile penetration. Meximum pile penetration is also dependent on
the force pulse shape with respect to the scil resistance as described
previously. |

The relected force pulses shown in Figure 3.9 are representative
of the behavior of the other cases studied. The reflected wave corres-
ponds to the incident wave form, i.e. & longer sngd iower-peak incident
wave produces & corresponding reflected wave. Also, th; reflected wave
shape corresponds to the incident wave as shown by the examples used for
the trisnguler and square wave investigetion.

The effect of damping on pile penetration is clearly defined
by the condition that any additional restraint impedes penetration;
therefore, an increase in either the damping constant or spring ulti-

mate reduces the pile tip set for a given problem. This fect is readily
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shown in the results of the investigation such as the particular case
previously discussed and shown in Figure 3.7.

Soil spring gquake and spring force-deflection shape will now be
investigated. The cases investigated for the quake and spring shape
effect are shown in Table 3.7. The soil guake effect was investigated
- with respect to en elastic-plastic soil spring end a sine force pulse
with an energy level of 12,500 ft. 1bs. The range in guske values
(0 to 0.40 in.} covered both stiff soils to soft soils. Effects of
the soil gqueke on the net penetration sre shown in Figures 3.10, 3.11
and 3.12 for pile impedsnces of 1000, 3000, and 6000 l2§§§$£3 re—
spectively. A1l plots show a decrease in net penetretion with an in-
creagse in soil queke. This decreesse in net penetration with a softer
soll spring can be attributed to the larger elastic strain energy re-—
quired to reach the yield point, Q.

The problems previously discussed have been associated with en
elastic-plastic soil s@ring; however, the behavior of & different force-
deformation shape will alsc be considered herein. The range of the in-
vestigation with respect to the spring force shape is listed in Teble
3.7. The incident forcg pulses and pile impedances sre the same as for
the quake study. The nonlinesr and inelestic spring cen be compared to
the elastic-plestic spring for the effect of penetration (Figure 3.13);
soil quake at the bresk in spring load-deformation curve was held con-
stant (0.1 in.). The stiffer nonlinear spring incresses the soil re-
sistance; therefore, the nonlinear spring will reduce penetration as

shown in Figure 3.13. It should be noted that at high demping constants
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CASES ASSCOCIATED WITH SOIL SPRING QUAKE
AND SPRING FORCE DEFLECTION SHAPE

EFFECT OF SCIL QUAKE*

Pile Case Input Pesak Force Quake,
Impedance, Energy Force, Tine
Ibs-sec Duration,
e ft-1bs  kips ne in.
in.
1-10 12,500 1hkl 1/2 15 0.05
1000 -2 12,500 1kl 1/2 15 0.10
1-11 12,300 1kl 1/2 15 0.20
1-12 12,500 141 1/2 15 0.40
3-9 12,500 300 10 0.65
3000 3-B 12,500 300 1c 0.10
3-10 12,500 300 10 0.20
3-11 12,500 300 16 0.40
6-11 12,500 600 5 0.05
6000 6-4 12,500 600 5 0.10
6-12 12,500 600 5 ¢.20
6-13 12,500 660 5 0.4

EFFECT OF SPRING

FORCE SHAPE#®#

Soil Spring Type

Pile Case 'Input Peak Force
Impedance, Energy Force, Time
ITbs—sec Duraticn,
=2RSCReC £'$-1bsa kips mg
1T,
R~
1-2 12,500 141 3/2 15 elastic-plastic VT a
Q=0.1" %
. Ruﬁ N 50
1000 -6 12,500 1kl 1/2 15 nonlinear and inelastic ? il
Q=0.1" °
R -
1-9 12,500 1k1 1/2 15 elagtic “/_/L 5
Q=0.1"
R~
3B 12,500 300 10 elastic-plastic YL A
. Q=0.1" °
. R, 5°
3000 3-7 12,500 300 10 nonlinear and inelastic A
G=0.1" °
. Ruu ’
3.8 12,500 300 10 elastic { A
Q=0.1" °
R~
6-4 12,500 600 5 elastic~plastic A A
Q=0.1"
. . Ru.— 5@
6000 6-1L 12,500 600 5 nonlinear and inelastic 8
. 0=0.1"
R -
6-15 12,500 600 5 elastic Y4 A
Q=0.1"

» 1. Elastic-plastic scil spring
2. 8inugoidal force pulse

##% Sinusoidal force pulse
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penetration is not influenced by the spring force shape. The reflected
force alsoc changes little for different spring force shapes with high
damping.

This study has indicated the influence on pile penetration of
the parameters of the incident force wave with respect to the soil re-
sistance properties. The investigstion of pile response was devoted to
the pile tip only; the effect of soll resistance along the pile {skin

friection) was not included.

3.5 Effect of So0il Resistance Along Pile Length

)
I

Introduction

The purpose of this section is to investigate guelitatively
the effect of the side soil resistance (skin friction) on the attenuation
and shape of the incident force pulse. It is the attenuasted force
pulse that reaches the pile tip and causes penetration.

In order to study attenuaticon of the incident force pulse

an 1illustrative problem with selected hemmer, pile and scil charscteristics

will be solved with the use of 8mith's lumped-mass and épring model
(See Appendix A). The problem shown in Figure 3.1k considers a 150 ft

long pile with an impedance of 3000 IE—i—i-s—’g—c--driven with a hammer with

an energy delivery at impact of 12,500 ft-ibs. The soil skin friction
resistence is considered uniformly distributed along the pile; however,
values of the soil resistance paremeters will be varied. The soil re-

sistance distribution includes a varistion in the relative amcunts of

total skin friction and point bearing. The scil resistance is repre-—
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Bam

casnion

Wl = 5000 1bs.

Energy at Impsct = 12,500 ft-lbs.

k = lxlO6 lbs/in. end e = 1.0

W, = 100C lbs

Drivehead

2

Pile

Side Scoil Resistance -~ Uniform
l Varied from 0 to 100%
1 Q_ = 0.05 to 0.20 in. Normally 0.10 in

sec gsec
Js = 0 to 0.15 ys Normelly 0.05 oy
lbg-sec

Pile: Impedence = 3000
in. 5

Aren of Steel = 20.7 in.
Length = 150 ft

Lumped-Masses and Springs
Segment Length = 5 ft
wt

EEE.S 353 1bs Kseg=10x10

Pile Model:

Tip Soil Reslstence
Varied from O to 100%

= 0. . 3, = 0.15 sec/ft
. Q= 0.0 in ot 5 sec/

F

6 1b
in.

Note: Total Soil Resistance Fquals 100 kips

Figure 3.14 EXAMPLE PROBLEM FOR THE EFFECT OF SOIL RESISTANCE ALONG PILE
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sented by an elastic-plastic spring and demping. Details of the example

problem are shown in Figure 3.1k,

Distribution of Scil Resistance

The sttenustion of the incident force pulse at the pile head
was investigeted with respect to 2 renge in uniform soil resistance along
the pile length of 0% (point-bearing) to 100% (friction) utilizing the
soil paremeters recommended by Smith (1960). From this study, the
genersted pegk forece pulse wes attenuated by approximately one-half the
total of the side friction lcad. The totel side friction loed is proba-
bly & limit of sttenustion.

The effect of asttenuation by frictional soil resistance is not
as critical to pile penetration as the effect of the tip resistance be-
cause of the physical nature of the soll resistaence distribution. Soil
regsistance along the pile is distributed in parts, i.e. o percentage
of resistance at each lumped mass segment; therefore, the effect of the
totel soil spring resistaence for éll segments is smeller for & given
gqueke value then if the same resistance occurred at one segment -(pile
tip).

Also, the tip resistance demping is assumed higher than the
gide resistance demping because of the physical mechanisﬁ of the soil
failure; hence, resistance to penetration is greater at the pile tip.
Therefore, driving a point bearing pile would be the more difficult
(less set per blow) and driving e friction pile would be the less dif-
ficult (more set per blow). Other pile driving conditions are inter-

mediate between those of pure friction and point bearing piles.
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Soil Parsmeters

The effect of soil parameters, gquake and demping, along the pile
length will now be investigated. This soil parsmeter study mekes use of
+the illugtrﬁtive problem (Figure 3.1h) with a uniform soil skin friction
distribution emounting to 50% of totel pile load capacity. Soil queke
and soil damping slong the pile length were varied. The soil properties
at the tip were held constant.

in order to compare the effects of soil parameters, the total
force response (incident and reflected sdded together) at the pile tip
were compared for the varistions in soil parasmeters. It is essumed that
anygchanges in the soll parasmeters along the pile'would produce a change
in the total force response et the pile tip.

The side soil quake was varied between 0.05 and 0.20 in. as shown
in Figure 3.15, and the difference in totel force response was found to
be negligible.

Mso shown in Figure 3.15 is the effect of side soil damping,
which wes varied between limits of 0 end 0.15 sec/ft. The change in
response for the side demping is slightly more noticesble then the
effect of quake; however, the force pulse is still not particularly
sensitive to the side damping term.

The relative percentage of totel resistance at the pile tip
end slong the pile length is significant for evaluation of pile penetra-
tion. Pile penetration behavior is not particularly sensitive to soil
pareneters slong the pile length; therefore, these parsmeters are not of

mejor importance to the evalustion of .pile penetration.
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CHAPTER u

CHARACTERISTICS OF HAMMER-PILE~SOIL SYSTEM
AFFECTING FPILE DRIVING BEHAVIOR

4.1 Introduction

The purpose of this chepter is to summarize the effects of the
variables affecting pile driving behavior by looking at the hammer-pile-
soil system as & whole.  The variables of the hammer, pile and soil wiil
be summarized and expleined with the use of parameter studies {Chapters
2 gnd 3) and illustrative exsmples from field case histories. A corres-
ponding analysis using the wave equation (Smith's lumped mass—spring model)
will mlso be shown for each field case history. Field studies with diesel
hammers will be included where the variable under consideration is inde-
pendent of combustion force uncerteinties. Comparison of wave equation
snelyses with field cese histories will illustrate the power of this ana~
lytical tool, and lend further velidity to the use of wave propagation
theory in pile driving. Dynamic energy formules will be compared to thé

wave equation analysis, end the limitations of energy formulas will be

delineated.

h.2 Pile Hammer

Energx

The pile hemmer is an energy source used to generate a force pulse
in the pile in order o overcome soll resistance and achievelpenetration.
The potentiel energy of the hammer is a function of the ram weight and

stroke, or eguivalent stroke at impesct. Hammer potential energy has two
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sources of losses, nemely, energy loss during ram fell and loss in trans-
mission thfough the cushion and drivehesd to the pile. Energy losses prior
to impact include mechanicel losses such as friction, preadmission of
steam or eir etc., whereass the transmitted energy losses include the in-
elastic behavior of the hammer cushion and contects, end ram rebound.

It should be noted thet it is not only necessery to transmit energy

in order to achieve meximum penetration and load capecity, but it is also

" necessary thalt the shape of the generated force-time pulse be proper. In

-this section transmitted energy will be considered first and the effect of

force pulse shape will follow.

Considering transmitted energy only, pile penetration end load
capacity increase with an incresse in trensmitted energy for a given pile
provided the pesk force generated is greater than oﬁe—half the ultimate
soil spring resistence at the pile tip. The effect of energy on the re-

lbs—~sec .
—~§———w-(equ1va—

sponse of piles with impedances of 1000, 3000 and 6000
lent pile fypes and sizes ere shown in Table 3.2) is shown in Figure U4.1.
The pile response 1s teken from some of the cases investigated in Chapter
3 for a sinusoidal incident wave acting against s viscous damping factor,
th = 0.15 sec/ft, and s0il quske, th = 0.10 in., vhich are commonly
assumed in wave equation anslyses. The soil spring is elastic-plastic
with & verisble ultimste resistance (Ru). The curves on Figure 4.1

were obtained by selecting the pile net set (Chapter 3) for various ulti-
mate springfresistances (Ru)’ and the damping velue related to the J
factor; the:number of hammer blows per unit set is the reciproceal of

pile net seé.

As shown in Figure L.,1, pile penetration and capacity increase

with an increasse in trensmitted energy for a given pile impedance. Fur;
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ther, ultimate pile cepsacity increases, with an increase in energy, at a
greater rate for higher pile impedances.

In order to compare the effect of transmitted energy on pile im-
pedance (Figure L4.1), the ultimate pile resistance was determined at ten
blows per inch, which was arbitraerily selected as & practical limit to
driving resistance. With the energy input doubled, ultimate ﬁile capaéity
increased more significently for the high pile impedasnce than for the low
impedance. TFor example, the ultimate capacity for the pile impedance of

6000 lh%gégg-increases approximately 180 percent when the input energy

13

doubles (6250 to 12,500 £t 1bs); whereas, the ultimate capecity increases

epproximately 40 and 15 percent for impedsnces of 3000 and 1000 Z22Z82€

respectively. Increeasing the energy from 12,500 to 25,000 ft 1lbs increases
the vltimate capacity aspproximately 50 percenﬁ for en impedence of
lbs~gec lbs—sec

6000 T and 25 percent for an impedence of 3000 T

It was noted in Chapter 3 that a finite tip displecement wes ob-
served for the condition of zero ultimate pile capscity. This occurred
because only one pass of the forc¢ pulse was considered. In reality,
larger tip dispiacements would occur_because of reflections end translation
of the pile;'at zero damping the displacement would be infinite (Kolsky,
1963), Therefore, in plots of hammer blows per inch versus ultimate pile
capacity, as shown in Figure 4.1, the curve starts at the origin. This
also explains the reverse curvature near the crigin.

The pile tip model (Chapter 3} is used to investigate the effect
of the first cycle of the force pulse. Displacement of the pile tip with
a free-end condition due to the incident and reflected pulse can be readily

determined by the expression:

= p impulse (4.1)
pch

Cn
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where & is the meximum free-tip displecement. For the sine force pulses

used in Pigure 4.1, the displacement of the free-end tip canm be written:

L F ot

- _—»d1 ‘
65 T pch . (4.2)

where 65 is the maximum free-tip displacement, FP is pesk force and tl
is pulse duration.

As seen from Equation H.E, the tip displacement for the high
pile impedance is smeller than for low pile impecdance. Longer durations
gssociated with lower pile impedances ceuse & larger net set, or a

smaller number of hammer blows. Therefore, more reverse curveture near

. the origin is noted for high pile impedance than low pile impedance.
m] The calculated tip displacéments (Equation 4.2) matched the displacements
MJT determined in Chapter 3 (Equation 3.65.
‘ The effect of energy losses such as mechanical and transmitted is
“J important to the pile response. The determination of the mechanicel
losses and the cofresponding energy at impect were previously discussed.

! More informetion is needed on hammer efficiencies for the purpose of im-
proving input date to weve equation anelyses. '

The transmitted energy is a functioﬁ of the impedance ratio,

I = 35&-, and the coefficient of restitution of the hammer cushion.  For

R
Jmlk |
normal drivehead weights the condition of maximum energy transmission

oceurs when IR equals 0.6 to 1.1. For high impedance ratios, transmitted

energy 1s reduced because of ram rebound, wherees the low impedance ratio

ceuses a slower rate of energy trensmission. Energy losses incresse with
a decrease in the coefficient of restitution of the cushion meteriel.
( Coefficients of restitution renging from 1 to 3/4 (equivalent to an

s aluminum-micerte cushion) yield energy losses of O to 20%, respectively,
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whereas coefficients of 1/2 to 1/3 {equivalent to a wood cushion) yield
energy losses of 20 to 40%, respectively.

Lost energy can not drive piles, but losses can be minimized by
ensuring proper hammer operation and proper match of the hammer and pile.
The hemmer cushion plays e vitael role in energy transfer; an ideal cushion
would heve a coefficient of restitution equal to unity {no hysteresis).

All present cushion materiels exhibit hysteresis; soft meterisls such as

" wood leed to the highest energy losses. A more efficient low-stiffness

cushion than wood could be cbtained by the use of a longer aluminum-

micarte steck, or possibly by the use of other materials.

Field Study 1. This field investigstion exemplifies the improve-
ment of driving efficlency with greater hammer energy. Og course, this
greater hammer energy should not cause ‘pile daﬁage.

The soil profile consists of 10 ft of alluvium, dense sand end
gravel, underlain By e very dense sand with thin layers of silty cley.
The piles were 1LBPBG, 90 ft léng. Some were driven with a Vulcan 08
and some with & Vulcaen Ol4 hammer. Both hammers had = standard eluminum-
micearta cushion. Test.drives with the two hsmmers were made 15 ft apsart.
The driving records are shown in Figure 4.2. The Vulcan 014 hemmer has
a rated energy spproximately 60% grester than the Vulcan 08, and the
driving records indicate an improved driving efficiency for the Vulcan
01k spproximetely proportional to the difference in the rated energles.

Results of & wave equation analysis shown in Figure 4.2 are in
accord with the driving records and the effects of grester input energy.
On the basis of the final driving resistance at an elevation of 206 ft,
the wave equation analysis predicts s capascity of 250 tons for the pile

driven with the Vulcan 01k hemmer and 210 tons for the pile driven with
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the Vulecan 08. (This discrepency msy be accounted for by veriations in
soil profiley no logd tests were perormed.) Thus, the wave equation

analysis has the sbility to treat properly major chenges in the variables.

Generated Force Pulse

Energy is not the only consideration for the determinstion of pile
driving behavior; the form of the generated force pulse cen be varieble
for a given energy input. The relative shape of the force pulse, whether
g high peek velue with short duration or a low peak with long duratibn,
has an important influence in overcoming the soil resistance and achieving
pile penetration.

As determined in the paremeter study of Chapter 3, the force
pulse with s longer durstion for a given energy level is more efficient
for penetration {more set per blow) when the peak pile force is equal to
or greater.than the soil spring resistance. When the pesk pile force is
less than the soil spring resistance, penetration efficiency is larger for
the largest peek forces; duration is not criticel in this case. The
penetration will he completely elastic when the peak force is equal to
or less than one-half the soil spring resistance.

The behavior pattern of a point Bearing plle driven with various
force pulses is illustrated by the exampie in Figure 4.3. This example
assumes s pile impedance of 3000 ;Egiégg-&nd an energy level of 12,500
ft-1bs. The generated force pulse with fhe longer pulse length and
smaller pesk force is more efficient for driving at low soil spring re-
gistences; however, maximum pile capecity can be obtained with the

larger pesk force. This exemple points out the improvement in driving

efficiency with high peék forces at high soil resistences.
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An extreme example of the foregoing behavior pettern is shown in

Figure 4.4 for a pile impedance of 6000 lbﬁiiéﬁ and an energy of 6,250

ft-1bs. This example typifies the behavior pattern when the input energy
is too low for precticel driving. At driving resistances beyond the
practical limit {10 to 20 blows/inch), efficiency is higher for the force
pulsg with the longer duration. However, the pulse with the higher peak .
force still becomes the most efficient, eventually, but only at extremely
high driving resistances. Thus, as a general rule, for eassy driving the
pulse length 1s important, whereas for herd driving the pesk force is im-
portant for driving efficiency provided sufficient input energy is
availeble.

The force pulse can be veried by varying hammer parameters (see

Chapter 2). Energy at impact can be written in the following form:
Energy € Impect = L ve (4.3)
2 ml o

where wy is ram mass and VO is the ram velocity gt impact. For the saome
input energy, an increase in ram mass by & factor o results in a decrease
in ram velocity by =& facfor %4&3 therefore, both ram weight and velocity
are variasbles thaet should be investigated in relation to the genersted
pile force pulse. Ram velocity is directly proportionel to pile pesk
force provided the pile behaves elastically; however, the duretion of
the pulse is independent of ram velocity (Chapter 2).

The ram weight effects both pesk force and pulse duration. The
pulse length can be approximated by tﬁe expregsion td = HIﬁéj, Equetion
2.17, therefore, an increase in ram weight by a factor of 2 causes an
increase in pulse length by s factor of 1.41. For the seme height of

fall or impact velocity the heavier ram increasses the pesk pile force
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(Figure 2.10); however, this incresse in peak force is minimized at low
pile impedance. ‘For exemple, consider the study of the nonlinear and in-
elastic cushions (Chapter 2) for the Vulcan 1 and Vulean 010 hammers with
ram weights of 5,000 and 10,000 1lbs, respectively. The pesk force in-

cresses approximately 10% with the increase in ram weight et a low pile

impedance of 725 —J:?—ifm—e—‘?- . At & high impedance of 8700 91%5—39 , the

peak pile force increases approximately 25%.

The hammer cushion is a transmitting element; howéver, the cushion
properties can bte readily changed in order to shape the force pulse sas
well as to achieve an impedance matech of pile and hammer. As o prectical
matter, the hammer cushion is one of the most important items in pile
driving because it can be easily changed in order to achieve the desired
driving force pulse. An incresse in cushion stiffness ceuses an incresse
in pile peak force; however, there is a limit beyond which pegk force is
not significantly improved {(Figure ?;10). This stiffness limit inéreases
as the pile iﬁpedance increages, and decreases with an increase in ram
weight {(See Table 2.2),

The pulse length is inversely proportionel to the square root of
the cushion stiffness as shown in Equation 2.12. This means that an in-
cresse in cushion gtiffress by & factor of 2 decreases the pulse length
by a value of 1.41. Also, inelastic behavior of the cushion causes a
decrease in pulse duretion; this trend increases with an increase in
degree of cushion inelssticity (Table 2.3). The effect of cushion in-
elasticity on peak force is minimal except for the condition of low pile
impedence end coefficients of restitution less then 0.5.

For typical drivehemd weights, equel to 1/3 to 1/10 of ram weight,

the pesk force is .approximetely independent of drivehead weight:; however,
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_the pulse duretion is lerger with a decrease in drivehead weight for the

matched snd low pile lmpedsnce conditions.

Field Study 2. This fleld investigation points out the importance

of sheping the generated force pulse with respect to a given hammer energy

input. In this case history, the change in the force pulse was sccomplished

by changing the hammer cushion meterial.

A pile Jcb was being successfully accomplished with precast con-
crete piles (design load of 5 bons) driven with e Link Belt 520 hammer.
The 50 £t concrete piles had e 16 in. square butt and 10 in. square tip
and were driven into 10 to 20 £t of silty cley underlain by silty éand
and gravels. Two pile load tests were performed and the desired ultimate
capacity of 150 tons obtained et en embedded length of 50 ft. The Link
Belt 520 hammer with s standard aluminum~micafta cushion plus & pile
cushion consisting of & 2 inch osk block with rubber belting drove each
pile in 15 to 20 minutes. However, the Link Belt hemmer broke down and
was replaced with & Vulcan 1 hammer.

Pile driving was continued with the Vulean 1 hammer and a standard
wood cushion {osk) during repsir of the Link Belt hammer. Driving was
accomplished to the desired penetration depth of 50 f£t; however, the
driving time, on the order of 60 to B0 minutes, was excessive. Upon
changing to an aluminum-micarta cushion assembly, the driving time
decreased 30 to 40 minutes pér pile. The results of the wave equation
analysis for the Vulcan 1 hammer with aluminum-micarta cushion essembly
and & wood cushion assembly are shown in Figure L.S. The wave equation
enelysis readily shows the effect of the different cushion materials.
The stiffer cushion (aluminum-micarta) results in higher genersted pesk

forces as well as higher efficiency of energy transmission to the pile;
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therefore, faster and easier driving is to be expected. If it is amssumed
that the pile hes & certain ultimete capecity at 50 ft of penetration, it
cen be seen from Figure 4.5 that such capacity will always be obtained with
fewer blows/inch with the seluminum-micarta cushion. The field driving
records fully supported the anelyticael results; driving times with the
aluminum~-micearta cushion were approximately one-half that for the wood

cushion.

L.3 Pile

In sddition to its stetic load carrying function, the pile must
alsc transmit an incident forée pulse wh}ch is capeble of overcoming the
s0il resistance. The capebility of the pile to transmit the force pulse
required to echieve the desired penetration is a function of pile impedance
or area. Factors that influence impedancé such as structural damage or
8 change in the pile cross-section must elso be considered. Boundary

conditions due to the finite length of real piles will be considered in

this discussion.

Jmpedance or Ares

The impedance match of hammer and pile for meximum energy trans-
mission has been previously discussed and will not be repeated here; how-
ever, the effect of pile impedance on the force pulse will be evaluated.
For given hemmer conditions, ean increase in pile impedance ceauses an in-
cresse in peak force (See Figure 2.10). This behéwior means that a
highér impedence pile is capable of trensmitting a higher peek force.

The limit on the peak force would be governed by the dynamic yield pro-

perties of the pile meteriel, and pile demege would ensue if the yield
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stress 1s exceeded. Damage can sigrificently selter driving cheracteristics;
this effect wili be discussed later in this section. In the following
discussion it is assumed that the pile behaves elastically.

The force pulse length is inversely proportional te pile impedence,
i.e. pulse length decreases with an increase in pile impedance. Long
time pulses and low peak forces are associated with smaller pile impedances,
wheress short pulses and high peaks prevail for larger pile impedances.
This behavior suggests (Chepter 3) that the low impedesnce pile is more
efficlent (mére set per blow) for driving at low soil resistence because
of the longer pulse length. However, the high impedance pile is more
cgpable of being driven to a high load capacity because of its ability to
form and transmit high peak forces. The effects of pile impedence on the
gbility to drive to a given ultimate load capacity is shown in Figure
4.6 for the cases investigated in Chapter 3. The pile response shown
in Figure 4.6 indicates the efficiency of the low impedance pile at low
soil resistences, and the capebility of the high impedance pile to
achieve a high load capacity.

The importance of pile impedance can not be overemphasiéed. An
optimum pile design involves g delicate belence; insufficient impedence
or area prevents achieving the desired pile performance, wherees too
much pile impedance or aeree leads to an uneconomicsel design. The effect
of pile impedence on pile driving will be illustrated by the following
fieid studies.

Field Study 3. The soil profile consists of 10 ft of elluvium,

dense sand and gravel, underlain by s very dense sand with thin layers
of silty cley. Two steel piles with different esreas were driven with

g8 Vulcan 08 hammer and a standard sluminum-micarta cushion. One pile
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was a pipe 90 £t long of 14 in. OD by 0.375 in. well thickness driven

closed-end; the arees of steel was 16.0 in.2. The other pile was =&

14 BP 89, 90 ft long with en area of 26.2 in.e. The wave equetion analysis

shown in Figure 4.7 compares the behavior of the two piles. From the
analysis, the pile with the greater erean of steel has the ebility to
achieve a higher capacity sand, therefore, greater depth of penetration.
Driving records of these two piles, et & distance of 10 ft apart, indi-
~ cate thet the pipe pile achieved maximum penetration at an elevation of
224 ft end a depth of 2b ft, whereas the BP section was driven to a depth
of 40 £t (Figure 4.7). The driving records end snalysis are in general
agreement. WNo load tests were performed.

Field Study 4. This field study covers two case histories thsat

will show how an increasse of pile impedsance affer the piles were driven
mede it possible to obtein the desired ultimate leoad cepacity. In both
cases, plpe piles were driven to high resistences, but were uneble to
obtain the desired loed cepacity. OCreater penetration and thus higher
load capacity were obtained by redriving the piles after concreting.
Pile impedance is incressed by concreting.

In the first case history, the soil profile consists of 107 fit
of medium clsy underliain by send. Pipe piles 8 5/8 in. by 0.250 in.
with closed ends, 110 ft long, were driven with & Vulcan 06 hamer and
a standard wood cushion block. The piles were designed for an ultimate
capscity of 100 tons, and were driven to 4.5 blows per inch. The wave
equation anslysis shown in Figure %.8 predicts a capacity of %O tons
et 4.5 blows per inch, and indicates that the required 100 tops could
not bhe achieved with the pile selected. Seversl load tests fﬁiled at

80 tons, or 20 tons less than required. Driving the piles deeper into
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the sand was the most desireble solution. This could be accomplished by
concreting to improve pile impedance before redriving. The piles were
concreted and redriven with a Vulcan 06 hammer to the reguired depth
and ultimate capacity. A comparison of the.pipe pile with end without
concrete as shown in Figure 4.8 clearly shows the benefit of the improved
impedance. |

In the other case history, the soil profile consists of 25 ft of
clayey silt underlain by 60 £t of medium send and 10 ft of dense sand and
gravel overlying interbedded layers of limestone and shales with possible
clay seams. The piles were pipe 105 ft long with 12 3/4 in. OD x 0.219 in.
wall thickness designed for an ultimete capacity of 200 tons, All piles

were driven with a Bodine Resonent Driver. The piles driven to sound

bedrock satisfied the load capacity réquirement; however, the desired
capacity could not be achieved in the weéthered bedrock zones. In order
to obtain the high pesk forces necessery for further penetration a Link-~
Belt 520 diesel hammer wes chosen. Driving on the pipe pile alone pro-
duced-only elastic deformation with no penetretion. However, after con-
creting, the pipe piles were successfully driven to the desired‘capacityt
The wave equation analysis of the pipe with and without concrete, as
shown in Pigure 4.8, clearly indicate the greater ability of concreted
piles with respect to achieving penetraticon and leoad capacity.

Field Study 5. This field study will show how the wave eguation

enalysis was used to explain inconsistencies in s mandrel driven pile.
A mandrel driven pile consists of a thin-wall pipé or shell driven with
a heavy wall pipe core; the core is commonly referred to as a mandrel.
After driving, the mandrel is removed and the thin-wall pipe or shell

left in the ground for concreting. Therefore, use of a mandrel is an
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effective means of obtaining the impedance required during driving, whereeas
e minimum amount of steel (and money) can be left in the ground after
dfiving by removing the mandrel core.

The soil profile consists of 17 £t of silt size ash underlain by
30 ft of sand end gravel grading from medium to dense. The sand and gravel
are underlaein by 10 ft of layered silt and cley and 45 ft of very dense
sand and gravel overlying shale., Thin-wsll pipe piles 12 in. OD by

0.141 in. wall thickness were driven with e 115 plf mandrel 49 ft long.

_ The hammer was & Link Belt Model 440 with e standard eluminum-micarta

cushion. The desired ultimate capacity was 180 tons, and the design
load was 75 tons.

A test pile was driven to a depth of 34 ft at = rgsistance of
43 blows per inch. The load test was unsetisfactory; failure occurred
at 125 tons. The effect of driving the pipe pile with and without the
use of the mandrel was determined by using the wave equation analysis
shown in Figure 4.9. The analysis clesrly shows that the mandrel was
not effective in transmitting the pile force; therefore, the thin-weall
pipe was transmitting the pulse because the mandrel probably was not

in contact with the pile tip. To be effective, 1t is necessary that the

.mandrel simultanecusly engages both top and tip of the pile so that the

mendrel and tip will drive together.

In order to prove-whether or not the mandrel was being effectively
used, comparative drives were made with aend without & 3/L inch spacer
plate at the pile tip. The drive without the plete penetrated to a depth
of‘38 ft and a resistance of 12 blows per inch. The pile driven with the
3/4 inch plate penetrated to a depth of L6 ft at & driving resistance of

9 blows per inch._ Gross set was measured during driving; a set 0.56 in.
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was observed for the pile driven without the 3/4 inch plate, and 0.28 in.
with the plate, both in sccordance with predictions from the wave equetion
analysis. Thus, the wave equation analysis fully predicted the differences
between the two driving systems. This field study and anelysis also
clearly shows that the capebility of the pile to trensmit the force pulse
required to achieve the desired penetration is & function of pile im-

pedance.

Cushiconing Effect

A chenge in the pile cross-secticn will affect the pile impedance
snd can produce a cushioning effect. ¥For example, compare the wave
equation anelysis of & 125 f£{ pipe pile with and without & change in the
pile tip section (Figure 5.10). The pipe is 14 in. OD by 0.500 in. wall
thickness and the tip section is 30 £t long of 14 in. CD by 0.188 in.
wall thickness. The pile wi£h the smaller tip cross-~section has the
effect of lowéring the pile impedance; therefore, a cushioning effect
exists. The analyticgl comparison clearly shows that greater penetration
and higher load capacity is achieved with the higher pile impedance (with-
out smaller cross-sectionael area of tip section).

Also, pile demage caused by driving has the effect of lowering
pile impedance in the damaged zone; this will be referred to herein as
e cushioning effect. The damaged zone or smaller impedance section of
the pile controls transmission of the force pulse. The field problem
discussed herein will exemplify the cushicning effect ceused by pile
danmege.

Field Study 6. The soil profile consists of 13 to 2b £t of £ill

including =silt, clay, bricks, etc., underlasin by stiff cley. The bedrock

isz at an average depth of 30 ft and consists of soft shale and lime-
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stone. The piles were 10 BP 42 with & design load of T5 tons; they were
driven with a Delmag D12 using s standard osk cushion. Pile load tests
failed on piles driven to less th&n 40 blows per inch; however, the wave
equation anelysis indicated that the required resistance (150 tons)
could be reached at 11 blows per inch (Figure k.11).

The foregoing discrepancy between theory and test indicated that
a cushioning effect could heve resulted from pile damsge since the tips
' were not reinforced and the piles were encountering bricks; ete. The
effects of damage cen be estimated by the wave equation analysis; for
this purpose the lower pile segment was assumed to have 10 percent of its
original stiffness. The comparison of predicted behsvior for the damaged
and the undemeged pile section cleerly shows thaet the damsged pile could
not achieve the required 150 ton ultimate load capecity (Figure 4.10).
Several piles were pulled and revesled damage such as warping, bending,

etc., as expected end foreseen by reference to wave propegation analysis.

Length

Pile length affects the generated force puise shepe with respect
to reflections from the pile tip. Reflections can support or inte?fere
with the incident force pulse. The pile length required for freedom from
reflection interference is directly proportional to the pulse duration,
which is & function of hammer weight, cushion stiffness and pile impedaﬁce.
The pulse duration increases with larger ram weight and decreases with
larger cushion stiffness and pile impedance. A longer pile has e better
chance of transmitting a generated force pulse without interference than
a short pile; however, the effect of reflections can sid or retard pile
penetration depending on the relastive impedance of the pile and the soil

resistance.
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For high pile impedence, the force pulse duration is short; there-
fore, reflections will not éignificantly gelter the generated force pulse
even for short piles. Thisibeh&vior of high pile impedance indicates the
driving resistance will probebly not be significently different for a
short or long pile. However, the pulse length duration is long for low
pile impedances and the effect of length can aid or retard the generated
force pulse. For the short pile and low pile impedance, the reflections
will likely be compressive and add to the generated force pulse. For
the long pile, the effect of refleétions will be o separate-pulselénd
will not add directly to the generated force pulse. This behavior of
the low pile impedence indicates the short pile will probably drive more
efficiéntly than the long pile. :

The behavior of pile length for high énd low pile impedances can
be shown by a particular example. Consider variable steel pile areas

of 5 and LLO'in.2 (725 and 5800 ih?iigg‘pilé impedances, respectively),

driven with a Vulecan No. 1 hammer. The pile lengths are 20 and 160 ft,
and the soll resistance is considered at the pile tip only. The wave
equation analysis of the combination of impedances and lengths are shown
in Figure 4.12. The behavior of the piles as shown in Figure L.12 indi-
cates slightiy more efficient driving for the longer pile than the
shorter pile with high impeaance; however, the difference in driving be-—
hevior between the two lengths is not significent. For the low pile im-
pedance, the shorter pile drives much more efficiently than the longer
pile.

The difference in driving efficiency of the long and short pile

cen be illustrated by the force-time relationship, both generated and

reflected, at the head of the pile. ¥For the high pile impedance, con-
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gsider the force pulse at the pile head for a soil spring resistance of
300 kips (Figure 14.13a). Comparison of the force pulses for the long and
short pile indicate that only small differences exist when the force level
is greater then the soil spring estimate resistance. However, the force
pulse pesk for the shorter pile was attenusted somewhat. This attenua-
tion, as & result of tension reflection at the beginning part of the re-
flected pulse causes less efficient driving for the shorter pile.

For the low pile impedance and a soil spring resistence of 150
kips, the force pulse of the shorter pile has a higher pesk and a long
time duration sbove the level of the soil spring resistance (Figure L.13b).
The shorter pile has compressive reflections that add to the genersted
force pulse; whereas, the compressive reflections of the longer pile are
separate and do not ada the geﬁerated force puise. This effec£ of reflec~
tions produces more efficient driving for the shorter pile thean the
longer pile at low impedances.

Mosley and Reamot (1970) presented wave eguation analyses
illustrating pile length behavior. Thelr results indicate a typical
pattern of driving efficiency as shown in the example above; however,
the difference in driving behavior was presented without explanation.

With the assumption of the same relative distribution of soil
resistance along the sides and tip, irrespective of plle length, the
following genersl conditions can be indiceted: 1. TFor high pilé im-

}
pedences, driving efficiency between longer and shorber piles is not
significently different; however, longer piles will probebly be slightly

more efficient. 2. For low pile impedances, shorter piles will be

more efficient than longer piles.
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The behavior pattern based on pile length only is difficult be-
cause the real soil resistance distribution changes with depth. Real
soil profiles are quite variable end the soil distribution as well as

pile length must be considered for esch individual case.

L.k Soil Resistance

The soil provides the resistence which must be overcome by the
incident force pulse in order to achieve penetrstion. The effect of the
incident force pulse with respect to assumed resistance hes been pre—
viously discussed; however, the effects of the soil cheracteristics in
terms Qf the hammer~-pile-soil system will be considered in this discussion.
These soil characteristics include the effect Qf soil distribution, gqusake

end demping, esnd freeze or relaxation.

2’

Solil Resistance Distribution

S80il resistance distribution refers to the relative amounts of
ultimate soll resistence at the pile tip end along the length of the pile.
The soil resisteance along the piie length attenuates the generated force
pulse, and thereby decreases the effectiveness of the force pulse when
it arrives at the pile tip. However, it should be recognized that the
lerger the percentage of side resistance, the smeller is the resistance
at the point for a given totel resistence.

For example, & friction pile derives elmosi all of its support
from side friction; therefore, there is practicelly no resistance gt the
point end only e small pile tip force is necessary to cause penetration.
By contrest, in a point besring pile the generated force pulse is working

against the total resistance at the pile point. Because of differences
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in the physical mechanisms of soil failure along the pile and at the tip,

‘the point resistance is assumed to possess higher damping than the side

resistence; therefore, demping slone could cause more resistaence to
penetration at the pile point,

The &ifferences in physical behavior between point bearing and
skin friction c¢an be explained very easily. If the friectional resistance
acting on & given pile segment (increment of length) is exemined, it is
seen that the plile force pulse pesk greatly exceeds the scoll resistance.
Thus, the force pulse can pass.through'many segments without serious
attenuation. However, if all soil resistance is concentrated at the rile
tip the large disparity between pile tip force and total soil resistance
disppﬁears, and efficiency of pile penetration diminishes (Chapter 3}.

It is difficult to compere the driviné resistance snd loasd capa-
city in two different soil profiles, such as those wherein friction
piles or poinﬁ bearing piles are found; however, a field study coupled
with a wave equation anslysis can be presented to show the effect of
driving through 5 soft leyer to a point bearing layer.

Field Study 7. The soil profile consists of 107 ft of medium

- clay underlain by sand. Pipe piles 8 5/8 in. by 0.250 in. were driven

closed-end with a Vulcen 06 hemmer end & wood cushion. Driving re-
sistance in the clay veried from 6 to 9 blows/ft, but finsl driving
into the sand was at 3 to 5 blows/in. The wave equation snalyses for
driving in clay (10% point bearing) end into sand (70% point bearing)
cen be compared, es shown in Figure Lh.1h; 10% point besring indicates

that 10% of totsl soil resistance is assumed to occur at the pile tip.

The comparative analysis shows the improvement of the driving efficiency

for the friction pile {(10% point bearing).
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Also, the amount of friction cen be estimated with the use of

wave egustion enelysis. The friction amounts to 25 to 35 tons at a re-

‘sistance of 6 to 9 blows/ft with en estimated total capascity of TO tons

st final driving.

Queke and Damping

An incresse in both éoil quake and soll damping decresses the
effectiveness of a given pile force pulse. The effects of guske and
damping have been discuésed previously in Chapter 3; however, the effects
at the pile tip will be briefly summarized herein with respect to the
entire hammer—pile;soil system.

The soil quakes investigated previously with respect to an elastic—
piastic soil spriég cover the range of behavior for stiff and dense soils
to soft or locse soils. The values of Quake considered are 0.20 in.,
0.10 in. and 0.05 in.; the higher quske wvalues represent soft or loose
soils, wherees the lower wvelues represent stiff or dense séils. Several
studies of field conditions indicate thet a gqueke of 0.10 in. is a good
average value. - An investigation of the soll gueke parasmeter is shown
in Figure 4.15 for three different pile impedénces, an input energy of

12,500 Pt-1bs, and & demping constant, J__, equal to 0.15 sec/ft.

pt
Figuré 4,15 clesrly indicétes the loss of driving cepebility and capa-
city with a corresponding.increase in soil gqueke. Also, the effect of
s0il gquake is more pronounced for higher pile impedances. For example,
the difference in beﬁavior with respect to queke for loose and dense

soils is not significant at a pile impedance of 1000 lbs-sec/in. How-
ever, the difference is marked for a pile impedance of 6000 ibs-sec/in.

Field correlation‘of pile load tests with wave propagation analy-

ses plus laboratory test results indicete that damping factors for clays
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are higher than for sands. A common average damping factor, J for the

pt’

pile tip is assumed to be 0.15 sec/ft. The investigation of demping shown
in Figure 4.16 covers the range of one-helf to twice the normal velue.

Field correletions indicete that the results for sands asre in good agree-
ment with the normelly assumed value of 0.15 sec/ft; however, in clays

demping values are higher, but pore pressure effects with respect to time
meke the analysis difficult.‘ The effects of soil demping shown in Figure
}.16 were eveluasted for three different pile impedances, an input energy
of 12,500 ft-1bs, and & soil queke of 0.10 in. An increese in the damping
factor decreases driving sbility for sll pile impedances, not just the

higher impedances as is the case for socil guake.

Freeze and Relaxatioh

A wave propasgation analfsis considers the relationship between
driving resistance and capacity at the time of driving; however, dif-
ferences in soil properties often occur after driving end cause a dis-
crepancy between static snd dynamic pile load capacities. Increases in
soil strength (set~up or freeze) occur in soils such as soft clays or
looge cohesionless deposits. for soft and lcose soil deposits, the gain
in strength is s result of pore pressure dissipatibn. Thixotropic
effects sre prevalent in cohesife solls, wheress densification and
strengthening due to adjacent pile driving caen also occur in cohesionless
soils. Relsxetion, or loss in soil strength after driving, can possibly
occuyr in stiff or dense deposits. In this cese, dissipation of negative
pore pressures or a loosening effect due to adjacent pile driving in
very dense materials mey cause a loss in capacity.

The engineer's gbility to predict freeze or relexetion is neces-

sary in order to achieve a technicelly sound and economical Job. Useful
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informetion on the magnitud§ of freeze or relaxation cen be obtained

from redriving piles. After the pile is driven and final hamer resis-
tence in blows/in. is recorded, the pile is allowed to stand for e period
of time before redriving. Redriving gives the hammer resistance in blows/
in. for the first several hémmer blows. 'This hammer resistance during
redriving can be used to obtain an ultimate pile capscity from the wave
equation analysis. Pile capacity as determined from redrive date can be
compared with the initiel driving capacity; the difference in load capa-
cities will spproximete the magnitude of relasxstion or freeze. If the
redriving resistence is greater than driving resistance, then freeze is
exhibited. Redrive dete is difficult to obtain because the first few ham-
mer biows are criticel and the hammer must be properly warmed-up in
order to function st full energy during the first few hammer blows.

An accumuletion of Informetion on load tests correlated with the
wave anelysis as e reference framework can be achieved for. verious types
of soils exhibiting freeze or relaxation. TFreeze is & normal occurrence
because of the type of soil profiles that dictate the use of piles. The
following field study will show how the wave equstion analysis coupled
with a knowledge of freeze cen be effectively used in pile foundaticn
design.

Field Study 8. The soil profile consists of 30 ft of sand and

60 ft of soft to medium varved clay overlying hardpan. The piles are
12 3/4 in. by 0.250 in. pipe 95 ft long with closed-ends. The piles,
driven with a Link-Belt 520, sre designed for 110 tons working load.
Anelysis of this combination of pile, hammer snd soil by use of the
wave equation as shown in Figure L4.17 indicates that the pile can not
achieve the required ultimste capacity of 220 tons (factor of safety =

2.0) without freeze. The effect of freeze was considered for the wvarved



163

300

N
(o]

Ultimate Pile Capacity, Ru, fons
H
O

Test 1
o
Test
0.
Factor of Safety = 2.0
/—’—;-'S

Fac.tfm‘/stil}ﬂ -

/”” Reécommended

¥inal Driving Criterion

1% /LT oD x q.zso" Pipe

Link-Belt 520

‘Design Loaed = 110 tons

5 10

15

20 25

Hammer Blows Per Inch

Figure 4.17 FIELD STUDY 8 ~ USE OF WAVE EQUATION
ANALYSIS IN DESIGN FOR SOIL EXHIBIPING

FREEZE

30



164

clay; however, the magnitude of freeze was not known. Pile driving and
redriving date from a project in the same soil deposit was analyzed with
the use of the wave equation and it was found that 50 %o 100 tons per
pile could be attributed to freeze. The project was designed for a 165
ton ulﬁimaté (factor of safety = 1.5) at a recommended driving resis-
tance of 10 blows/in. as shown by the wave equation analysis. The

effect of freeze was expected to provide a factor of safety of 2. Two
load tests were performed as shown in Figure 4,17 and the tests indicated

8C to 90 tons of freeze as expected,

L.5 Design Tool

The dynemies of driving piles with impact hemmers has been empli-
fied by independent ideslized studies ﬁf the perameters controlling the
generated force pulse in the head of the pile and the soi; resistance
parameters at the pile tip. The resuits of the parsmeter study not only
indicate relative effects of the parsmeters controlling pile driving, but
can be used as a design tool.

For example, consider a proposed 12 WF 106 pile (impedence of

%E?iﬁEEQ end a design load of 150 tons with e factor of safety of

4500
2 (ultimete cepacity 300 tons). The pile is 95 £t long end embedment
is 45 £t. The Vulcen 010 hammer is being considered. For T0% hammer
efficiency, the velocity at impmect is approximetely 12 ft/sec (Figure
2.11}. The standard cushion size for & Vulcan 010 hemmer is 13 1/2 in.
in diameter end 10 in. height. The cushion mate%ial can be selected

for maximum energy transmission or pesk pile force; the criteris mey

not lead to the same cushion requirements. The cushion should be
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selected such thet the pesk pile force exceeds the ultimate capacity of
the pile; it should in addition be as efficient as possible in transmitting
energy.

For maximum energy transmission, the impedance ratio relation-
ship {BEquation 2.4) can be used to calculate the desired hammer cushion.
The renge in calculated cushion stiffnesses is 0.6 to 2.2 x 106 Ibs/in.
The desired cushion would be & short oak wood or asbestos stack (5 in.
height), or a long sluminum-micerts stack (20 in. height). An adepter
would be required.in order to obtain a stack height greater than 10
inches. The generated pesk force with the cushion for meximum energy
transmission can be obtained in Figure 2.10. The range in pesk forces is
400 to 480 kips. This range can be determined by interpolation between

lbsnseé.

impedances 2900 end 5800 -

™ For an uwltimate capacity of 300 tons

or 600 kips, a greater cushion stiffness than the stiffness for meximum
energy transmission is desired. \

In order to achieve a peek force greater than the ultimate pile
caepacity, a cushion stiffness of epproximetely 10 x 106 lbs/in. is
selected (Figuré 2.10). By interpolation, the peak force is found to be
about 660 kips; therefore, the desired cushion meterial would be aluminum-
micarte with a stack height of 7 in. The meximum driving stresses equal
22 ksi. The T-inch cushion is stiffer than thet for meximum energy trans-
mission but is required to achigve efficient penetration.

The wave equation analysis (Smith's lumped mass-spring model)
of the particular example was also performed with the results shown in
Figure L.18. The cushion selected was aluminum-micarta. As seen from

Figure 4.18, the driving resistance of approximately 10 blows/in. will

achieve the ultimate capecity of 300 tons. Ten hammer blows per inch is
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a practical limit for driving resistence. This correlation of the idealized

- studies of pesrameters and the wave equation analysis indicates that the
ideslized studies cen be used as o preliminery design tool. The édvantage
of this design tool is thet no computer enalysis is necessary and only

simple caleulations along with the results incorporated herein are required.

4.6 Wave Equation Anelysis Versus Energy Formulas

In the last century, energy formulas have been widely used to pre—
dict the besring capacity and driving charscteristics of an individual
rile. Energy formulas ere besed on conservation of energy where the
reted hammer energy is equated to the energy required for pile penetration

plus energy losses, i.e. nonuseful energy for pile penetration.

E =R s + losses (h.}4)
T u

vwhere s is the net set of the pile per hemmer blow. Autho?s of energy
formulas have‘attempted to incorporate these losses by empiricism and/or
Newtonien impact. Newtonian impsct denotes the efficiency of impact of
two free and messive bodies. The bodies in the pile analysis are the

) of the hemmer is

ram (Wl) and the pilé (Wp)' Mso, the efficiency (ef

often included to take mccount of losses prior to impact. Energy formu-

les then teke the following form:

E -e W, + n2 W
r f 1 o
R = T W W (h.5)
s + e 1 P

where n is the coefficient of restitution for inelastic behavior at im-
pact end € is a temporary set representing losses such as temporary

compression, plastiec deformstion, ete. The e value takes many forms; it
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is usually based on empiricism or simplified ecslculations. The expression

Wl + n2W ) .
ﬁ“’?’ﬁ“‘g' accounts for the efficlency of Newtonlian impect.
1 P

In reslity, the pile is a distributed mass, not a concentrated
mass, and is also restrained by the soil; these facts violete Newton's
impact theory. These limitations end deficiencies of energy formulas are
widely recognized, but no effective method was availeble to repleace them
until recently.

The impact resulting when a pile hammer strikes a pile is s
practical illustration of longitudinal impact in elastic rods. The wave
propagation analysis attempts to describe the force pulses generated and
reflected slong the pile's length. The relationship between the generated

i
pulse and the soil resistance dictates the pile's respbnse'to driving.
Correlations of wave eguation analyses with field case histories illustrate
the power of this analytical tool. It is & significant step forward in
the art of pile foundation design.

The wave eguation analysis and energy formulas are both mathe-
matical tools used to achieve the same goal; i.e. the use of a dynemic
analysis to predict d;iving capability snd static load capacity st the
time of driving. Therefore, the wave equetion enalysis fulfills the
function of the dynamic energy formules in a more accurate and compre-—
hensive menner. |

With the wave equation analysis estashlished as the proper dynamic
theoretical framework, the deficiencies of energy formulas can now be
investigated with respect to the hammer-pile-~soil system. Nineteen
different end widely-éccepted energy formulas have ﬁeen arbitrarily

selected for this investigetion as shown in Teble A.1, Appendix A. The
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variables of the hammer-pile-~soil system included in the energy formulas
discussed herein, are listed in Table L.1.

Many of the energy formulas indicate that for piles driven to the
same set or number of dblows/in., the capacity is independent of pile area
or impedance; The importance of pile impedance or ares for trensmitting
the force pulse and develcping load capacity has been exemplified by
field studies and wave equation analyses {unmarked as shown in Teble b.1).
Where pile impedance or other varisbles are taken into account in energy
formulss they will be marked with an X in 'Mable L.1. The letter U is
used to denote that the wvarieble hsas been treated unsatisfectorily, whereas
s blenk indicetes that the varisble is ignored;

Some of the energy formules attempt to account for the effect
of pile impedance or ares by mesns of pile weight; however, the energy

formuletion penalizes the heavier pile. For the seme driving resistance,
W, + ne W
1
]+
Vl Wp
decreases with an increese in pile weight; therefore, the calculated

the expression » which represents Newtonian impact efficiéncy,
ultimate pile cepacities decresse with increase in pile weight (Equation
L.s). In realify, ultimate pile capacities increase with an incresse

in pile impedance (and weight) because of the improved ability to trans-
mit force.

A closer examination of the energy formulas and the wave equation
snelysis shows that the two approaches are often in complete disagreement
on the basis of driving resistance aslone. For instance, compare a light
and & heavy pile for the same soil condition, available hemmer energy,
pile length end embedment depth. 1In this problem, there is no reeson
to suspect any difference in the pile capacity between the light and

heavy pile; however, the driving cheracteristies will be different. The wave
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11, Sanders

12, Gates
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1k, Janbu

15. Hiley
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=

Legend: Blank Space
u
X

- varlable not accounted for

‘~ variable ur;satisructorily accounted for

~ varieble maccounted for
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equation analysis clearly indicates that the heavy pile is a better trans-
mitter of the generated force pulse; therefore, the driving resistence
would be lower at & given ultimeite capacity than for the light pile.
Energy formules erroneously predict a higher capacity for the higher
driving resiétance, i.e. for the light pile in this instance.

The hemmer cushion is instrumental in shaping the generated force
pulse; however, it is probably the most overlocked consideration in pile
driving. The reason for this neglect can probebly be attributed to the
fact that most energy formulas completely ignore cushion stiffness. There
are attempts to account for energy losses in a cushion, but not for the
effects of stiffness. |

A pile cush%oning effect due to damage, or a composite section,
can not be accounted for in energy formulas; hoﬁever, the wave equation
analysis can readily account for damege or composite section at any lo-
cation along the pile's length.

Seil resistaence distribution is generslly not accounted for in
energy formules; however, there are attempts to account for friction
versus point beéring pileé in some of the formulas.

The smount of hammer energy in terms of ram welght snd velocity
is taken into eccount for all energy formulas; however, the effects of
the energy components (ram velocity and ram Weight) gre not considered
on an individuel basis. As shown iIn the previous discussion, generated
peak pile force is directly proporticnel to ram velocity; therefore,
rem velocity is instrumentel in sheping the force pulse. The force
pulse shape, as shown in Chapter 3, is criticel for achieving the reguired
pile penetration and load capacity. The effect of drivehesd weight on
sheping the pile force pulse also is not considered in any of the energy

formulas.
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The aforementioned varisbles represent limiting factors of the
hammer-pile-soil system affecting pile penetration end load capascity.
However, 1t should be emphasized that the weak link in the hammer-~pile-soil
system will contrel driving behavior, irrespective of other varisble
changes. If'sevéral parameters represent equally weak links, then all
such ﬁar&meters would have to be changed simultenecusly in order to
achieve a significant change in driving caepability. As discussed herein,
the wave esguation enalysis has the ability +to account for all the signi-
ficant varisbles in the hemmer-pile-soil system, whereas energy formulass
possess inherent limitations.

Limitations of the energy formulas c¢learly revolve around the
transmitt%ng elements of the generated force pulse, i.e. pile impedance
or area and hammer cushion, as well as soil considerations (See Table k.1l).
These limitstions do not mean that energy formulss can not be e valusble
tool if they are properly used. Energy formulas asre readily ussble and
can be & velusble tool if they are empiricelly adjusted for a perticulsar
driving condition, i.e. some given soll condition, pile type and driving
equipment. Lo@d tests must be used as a besis for adjusting the par-'
ticuler energy formula used. Although energy formulas cen be usefid on
a Job -to job basis, a proper theoretical framework is necessary to
consolidate and evaluate pile driving experience for the purpose of ad-
vancing the state of the art. Wave propagation enalyses are thé proper
theoretical treabment; there is, however, a need for more refined input

data for hammer, pile and soil parameters.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

5.1 Conclusions

Conclusions of a generasl nature are presented below. Details

of these conclusicns have been given st the sppropriete places in indi-

viduael chapters.

In order to achieve maximum pile penetration end capacity
for a given available energy, the shape of the force~

time pulse is significant.

For a given pile, penetration and capacity incresse with

an increase in transmitted energy provided the generated
peak force is greater than onewhalf the ultimete soil re-
sistance {Ru). The effect of the increase in transmitted
energy is grester for high then for low plle impedances,

as measured by pch.

For o given hammer, maximum energy cen be trensmitted to
the pile head by a proper match between pile impedence

and hemmer impedsnce; the Impedance Ratio, pcA/Iﬁiﬂw, should
fall betﬁeen 0.6 gnd 1.1.

Lost energy accomplishes no pile driving. Energy losses
increase with an increase in the inelmsstic behavior of the
cushion material (low coefficient of restitution); there-
fore, the ideal cushion is one thet possesses a coefficient

of restitution of unity (linear elastic).
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For high pile impedances releative to hammer impedance, the
genersted pile force pulses are nearly sinusoidal. As the
pile impedance approaches that for the best match of hegmmer
end pile (providing meximum trensmitted energy), the force
pulses have a damped sinuscoidal shape. Oscillatory forces
are present during the unleoading portion of the force pulse
for low pile impedances.

The relationships for maximum pile penetratioﬁ or maximum
set per hammer blow with respect to the shape and duration
of the tip force pulse are surmarized below for a given

enérgy input:

F(pile peak force)

a) TFor + @, maximum pile

u(ultinmate soil spring force)

penetration cccurs with no soil resistance.

F(pile peak force)

b} For > 1, pile penetre-

R . . .
u{ultimate soil spring force)
tion increases with an incresse in time durstion, and

is influenced relatively little by pesk force.

F{pile peak force)

¢) TFor <1, and > 1/2,

Ru(ultimate soil spring force)
pile penetration is primarily dependent on peesk force,

end is influenced relsbively 1little by duration.

F(pile peak force)

d) For < 1/2, no net

Ru(ultimate soil spring force)

prile penetretion and only elastic deformations occur.
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Pesk pile force is directly proportional to rem veloeity

at impact provided the pile behaves elastically. Du?ation
of the force pulse is independent of the rem velocity. The
peak force data presented herein for different hammer and
pile properties can be used as & guide for structural de-
sign of the pile to withstand driving.

Ram welght affects both pesk plle force and pulse duraetion.
If the ram weight is doubled, the pesk pile force is slightly
increased (less than -25%); the maximum increasse occurs

for high pile impedances. Pulse duration is epproximately
proportional to the square root of thé ram welight.

Hemmer cushicn propérties can be conveniently selected in
order to control the shape of the force pulse as well as

to match pile and hemmer charecteristies. The.peak force
generated in a pile with an eluminum-micarte cushion (stiff)
is epproximately double thet generated with a pine plywood
cushion (soft). Pulse durations for the soft cushions are
larger, by a fector of 3 to 5, than the pulse length gene-
rated by stiff cushions.

In genersl, equivalent linear hammer cushions derived from
sppropriate secant moduli and used in anelysis are in close
agreement with the resl hehsvior of nonlinear cushions.
Inelastic behavior of hammer cushions leads to ettenuation
of pesk pile forces only for low pile impedances. Inelastic

behavior causes attenustion of duration of the force pulse
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for all pile impedances; therefore, the pulse length
deéreases with an increase in the degree of cushion in-
elasticity.

For given hammer conditions, generated pesk pile force in-
creases approximately in proportion to the pile impedance
{or aree) for low impedances. The proporiion decresses
for high pile impedances. Pulse duration is approximately

inversely proportional to pile impedance.

Low impedance piles are more efficient with respect to

driving (more set per biow) at low driving resistances

because the force pulse is longer. However, high impe-
dance piles are m&re capeble of being driven to a high
load capacity because of their gbility to form and
transmit high peak forces.

Greater penetration and higher loed capacity can be ob-
tained by redriving pipe piles after concreting. Pile
impedance is incressed by concreting.

A mendrel or drive core is an effective means of obtaining
the impedance required for driving.

Pile damsge csused by pile driving has the effect of
lowering pile impedance in the dameged zone; therefore,
the driving capsebility of a damaged pile is lower than for
an equivalent undamsged pile.

Length of the pile effects interference with the genersted

force pulse by reflections from the pile tip. Reflections
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can aid or retard pile penetration. GShorter piles &re
likely to be more efficient and achieve higher capacity
for low pile impedances. For high pile impedances, pile
length does not significently alter either driving ef-
ficiency or loed capacity.

Pile penetretion behavior may not be particularly sensi-
tive to soil parsmeters {queke and demping) elong the side
of piles.

If the frictionsl resistance acting on a given pile segment
(increment of length) is exemined, the pile pesk force in
general greatly exceeds the soil resistance. Thus, the
force pulse can paés through meny segments without serious
attenustion. However, if all soil resistance is concen-
trated at the pile tip, the disparity between pile tip
force and totel resistance is not lerge end efficliency

of pile penetration diminishes.

An increesse in both soll queke and soil damping st the
pile tip decreases the effectiveness of a given pile force
pulse. The difference in behavior with respect to changes
in quake are not significant for low pile impedances;
however, the differences are marked for high pile impe-
dances. An increase in the damping factor decreases
driving ability for all pile impedsnces.

All dyrnamic anelyses, including both the wave equation

and energy formulae, consider the relationship between
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driving resistence and load capscity abt the time of
driving; however, differences in soil properties often occur
after driving and cause a discrepancy between static and
dynamic pile load capecity. This discrepancy can be termed
s0i) freeze or relaxation. An sccumulation of informastion
on load tests and redriving data correlated with wave
equation enalyses as & reference framework provides
empirical data on freeze and relaxation that can be ef-
fectively used in pile foundation design.
Witk the aid of wave propagation analysis and field case
histories, limiting factors to piie penetration and load
capaclty sre summa%ized below in the order they are likely
to be encountered in practice:

1) Pile - Insufficient impedance or cross~éectional ares.

?) Hammer Cushion - Too soft.

3} Pile Cushioning Effect - Pile damege or a change ip

pile cross-section.
}) Soil Resistance - Too much point bearing, or soil
relaxation.

5) Hammer Energy — Insufficient.
It should be emphasized thet the wesk link in the hammer-
pile-soil system will control driving behavicr, irrespective
of other parsmeters. If several parameters are egually
weak, then 8ll the week parameters would have to be changed
s;imultaneously in order to achlieve any effective change in

djiving capability.

"'H"F-\,
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2k . TFor pile driving, the wave equation anelysis and energy
formulas are mathematical tools used to achieve the same
goal, namely, the use of a dynemic analysis to éredict
driving capability and static load cepecity. However, the
limitations of energy formulas include fajlure to teke
into account properly the trensmitting elements {(pile
impedance or ares, hammer cushion, drivehesd) and ram
velocity as they affect the generated fo}ce rulse. Energy
formulas also do not account for soil considerations {dis-
tribution, yield criterion and damping), and they do not
provide 8 stress aneiysis in the pile,

25. Correlations of wa&e egquation anelyses with field case
histories illustrate the power of this anelytical tool.
It is a significant step forward in the art of pile

foundation design.

5.2 Buggestions for Future Research

The ultimate goal in pile foundation design is & general under-
standing of both pile-soll intersction during instelletion, and the in-
teraction of superstructure, plles and soil after constructicon. There—
fore, & better understanding of pile group behavior is needed. Beceuse
of the difficulty in obtaining data on the behavior of pile groups, the
following suggestions will be directed towards achieving s better under-
standing of single-pile behevior, which is.a desirable starting point

“in pile foundetion design.
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In an effort to predict pile performence in s varisble soil
profile, pile drivers are placed in & rather unique dusl role, nemely,
e contractor's driving tool and en engineer's measuring instrument. The

driving resistence to pile penetration in terms of hammer blows per unit

set is g measure of the pile's ability to support load. With the inherent

variability of soil profiles, attainment of a prescribed driving resis-
tance is an assurance that the desired pile capacity is achieved; there-
fore, dynsmic analysis of single-pile behavior is of great practical im-
portance.

Though the wave propagaetion snelysis is quite useful, more
field deate must be gathered end anslyzed to establish more sasccurately
the input parameters. Better input information is required for hammef
properties such as the effect of combustion in diesel hammers, ilmpact
velocity (hemmer efficiency) and hemmer cushion stress-strain data.

More eccurate soil information is needed on damping, queke, and dynemic
versus static properties. .

The complexity of diesel hammers as force generaﬁors is charec-
terized by the:almost simulteneous occurrences of combustion and impect
forces. Information on the occurrence of the combustion with respect to
impact end combustion gas forces are lacking. Hammer instrumentietion
is required for investigation of the interaction of rem impact and com-
bustion in order to determine components of the generated force pulse.

More hammer input deta on ram velocity at impact and cushion
properties are needed. Ram velocity at impact for different hammers
should be measu?ed during field driving &nd correlated with hemmer

parameters such ss speed, stroke, position ete., in order to develop
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nore relisble relstionships with hammer efficiency. Rem velocity is
important in shaping the genersted force pulse. Hemmer cushion data is
available for common materiels such as wood and sluminum-micerta; however,
deta is needed for other materials such as wire rope, wood chips, rope
etc. Also, there is a need to find more efficient materiels for hammer
cushions. The capsebility of changing cushion behavior during driving
would be desirable. TFor easy driving, a soft cushion is desirsble,
whereas & stiff cushion is needed for hard driving in order to achieve
high peak forces.

Analysis of field measurements of genereated pile forces should
be directed towards determination of the soil resistance both at the pile
tip and along the side. Quaeke and damping can be varied in the wave
equation analysis; the analysis can be forced to metch pile force
measurements in order to deduce the proper soil parameters; Soil para-
meters should be cofrelaﬁed with index properties of the soil. Also,
soil dats must be accumulsted along with load test data for developmeqt
of procedures that allow the magnitude ol freeze (set-up) or relaxetion
to be predicted.

The effects of pile length and scil distribution on soil response
need investigation on & fundesmental basis. Different boundary condi-
tions of pile length cause force reflections to change the pile force
pulse. The effect of reflections coupled with atienustion due to soil
distribution need investigation with respect to the force pulse shape
(pesk and duration). The pile head and soil tip model were studied

separately herein; however, future research should involve coupling the
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two systems together to study the pile length and soil distribution effect.
It is hoped that this will lead to approximete methods of predicting pesk
compressive and terisile forces in the pile without resorting to & full

wave equation analysis. This in bturn will allow rational structural design

of the plle to resist driving.
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APPENDIX A

REVIEW OF SINGLE-PILE ANALYSIS

A1 Introduction

It is the purpose of this appendix to present the methods available
for the analysis of a single pile. Current means of analyzing a single-

pile may be classified either as static or dynamic. Dynemic methods of

analysis include: 1) dynamic energy formulas; 2) wave equation analysis;

3) pile force and acceleration field neasurements .

In order to validate design assumptions, pile load tests are gen-
erally performed. However, the interpfetaﬁion of pile load tegt data is
not unique; differences of-opinion among engineers on the same test datsa
make correlations difficult. Irelend (1966) summerized various methods
of interpretation of pile lced test date as well as information on pro-

cedures for pile load testing.

A.2 Stetic Pile Formulss

_A11 the static pile formulas mey be expressed by the following

basic equation:

Ru = :Rf + RP ' (A.1)

where ? is the ultimate pile capsacity, Rf is the lord carried by friction
along the pile perimeter, and RP is the lcad carried by point resistance.
Variestions in enswers from Equetion A.l ere due to the methods used to
evaluate the friction and point-bearing‘portions of wWltimate pile capacity.
Driving a pile into granuler soil will cause the soil in the zone around

the pile to displace laterslly; therefore, a change in densification and

horizontal stresses is expected. In order to celculate the skin friction
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resistance of a pile, the horizontel stresses acting on the pile surface
83 well ss the coéfficient of friction of the pile and soil must he
evaluatéd. A numbér of investigetions (Méyérhof; 195l; Ireland, 195?;
Szechy; 1960; Vésic; 196k, Nordl;nd; 1963) have been made to détermine the
magnitude and distribﬁtioﬂ of thé'horizontal stress acting on the pile
surface after driving. Expériméntal studies by Kerisel {196h4) and Vesic
(196L4) help indicate the béhévior‘of thé point resistance with respect to
depth. Vésic (1967) évalﬁatéd_various theories of static pile cepacity
and concludéd that no théory coﬁld bé récommended to the foundation engineer
without resérvaiioﬁs. A réviéw of various studies indicates that thé state
of stress around s drivéﬁ pilé in sand is very complex; therefore, static
pile formulas for sand are still spéculative.

it is commonly assumed that the capacity of a single pile in clay is
due to skin friction. Sevér&l studies, such as by Tomlinson {1957) ana
Peck (1958), indicatéd that the adhesion between the pile and the clay
could be related to the undisturbed strength of clay. TFor soft to medium
clays, the adhesion is essentially equel to the undrained shear strength of
the undisturbe& clay. However, piles driven in stiff clay do not develop
the full strength of‘the soil in skin friction. One possible explanation
for low friction is the separation of pile and soll because of lateral pile
movement. The separatioﬁ can be maintained because of the clay's strength.
When piles are driven in clsys the soil in the vicinity of the pile is
remolded; therefore, a loss in sheer strength occurs. With time after
driving, the soll regains strength by both consolidation snd thixotropy;
therefore, the relations between akin friction end time are complex and

as yet ere not predictable.



162

Limitations of static theories in sand can be summarized in two
parts, namely, skin friction and tip resistance. First, the skin friction
is strongly a function of pilé'matérial aﬁd construction technique; but
static theory does not také into accoﬁnt construction technique. Second,
the actual behavior of pilé tips in send is not in accord with common
theories (Vesic, 1964). Static anélysis doés; however, give & more repre-
sentativé similation of thé static loading coﬁdition being investigated.
Stetic theories teke variestions in thé s0il profile into eccount.

Static analysis is = uséful tool in pilé design; however, it
should be recognizéd that it alone can not be relied upon. Real soil pro-
files are quite variable; therefore, the desired pile length or depth of
penetration to achieve thé réquifed load capacity is also verieble. Load
capacity as measuréd by driving fésist&nce (bléwsfinch) is a ugeful indi-
cator for an individual pile that ellows eppropriate adjustments to be

maede at the time of driving.

A3 Energy Formulas

In the last century, engineers have attempted to predict the driv-
ing characteristics and bearing capacity of piles by use of dynamic energy
formulés. - Dynamic energy formulaes are based on the simple energy rela-
tionship:

Energy Input = Energy Used + Energ& Lost (A.2)
where energy input is availeble hemmer energy et impact, energy used is
thet actuslly used in driwving the pile, end energy lost is returned to
hemmer (rebound) or simply lost, i.e. non-useful enérgy for pile penetra-
tion. Non-useful energy mey inélude: hammer efficiency; ram rebound;

plastic behavior et the contacts between the rem, cushion and pile; tempo-
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rary elastic compression of the pile and soil; heat losses in the cushion
block eand soily radiation losses related to soil vibrations due to gen—
erated stress Wavés; end friction losses due to the pile slipping with re-
spect to the soil. A great number of pile driving formulas have been
derived that incorporate these energy 1ossés and sttempt to prediet the
energy transmitted to the pile. These lossés have been estimated by
assuming that pile driving is a problem in Newtonian impsct. In reality,
the pile 1s a distributed mass, not a concentrated mass; end it 1s also
restrained by thé soil; thesé facts violaté Newton's impact thecry
(Cummings, 1940). However, it should be pointed out that energy formulas
are still in common use today and cen be a wveluable tool if they are em-
piricelly adjusted for a partfcular driving condition, i.e. some given
goil condition, pile type and driving equipment. Load tests must be used
as a basis for adjusting the perticular dynamic formule used.

There are many dynamic energy formules availleble today {over four-
hundred sccording to Smith, 1960} derived from the simple energy relation-
ship previously described; however,rthey can be divided into two mejor
groﬁps. One group is strictly empirical in which the energy losses are
predicted from field Qata, and the other group can be classified as semi-
theoretical in which the determination of losses is based on Newtonian
impact. Eighteen different and widely used pile formulas plus the statis-
tical adjustment of Gates formule by Olson and Fleate (1967) have been
selected for this investigetion. "The energy formulas discussed are shown
in Teble A.l along with & list of notetion.

It is beyond the scope of this investigation to derive or discuss in
detail the basis for the driving formulas in TablerA.l; however, derivations

and concepts can be readily found in Isasacs (1931), Cummings (19k0), Taylor
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Table A.1
TABULATION OF PILE ENERGY FORMULAS

12 E

H

Engineering News: R =
€ g u s + &

12 E W. + n2W
r 1 D
s + B W, + W
P

Modified Engineering News: Ru =

1
Gow: R = 2 ef Er
. - + —
u s e(Wp/Wl)
120 E
Vulcan Iron Works: R L

w . 108 + 1

- 12 Wlh
Bureau of Yards snd Docks: R =
: u s + 0.3
L
Rnk'ne. R —_ A'ES 1 +w._ l
arEines 7T 8L 2 -
AE
12 Er Wi
Dutch: Ru - s W, + W
1 P
12 E W
Ritter: R_= S W+ W
Tou s W, + W 1 T
1 P
12 Er
Eytelwein: Ru = s 101 W W Single-Acting Hammers
r 1
12_(Er + Ap P)
Ru = 5T 0.1 W /W Double-Acting Hammers
p 1
12 Er
Navy-Mckey: R, = s(1 + 0.3 W /W)
1
12 E
Sanders: R = r
u S
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Table A.1 (continued)

12. Gates: R, = 990 ve Er log (10/s)

hil
e B
13. Danish: R = f,mﬁr
- e s ef T
1§-+\2 AE
i2 B
14, Janbu: R = r
k s

- ku = Cd(l + V1 o+ Ae/Cd)
o
A = 1h4 E L/AE s
e r
= 0.75 + 0.
Cy = 0.75 + 0 15(wp/wl)
12 e F AR nawp
15. Hiley: R = .
u s + 1./2(0l + c2 + 03) wl + wp
AE s 288 w2 h
16. Redtenbacker: R, = 51 1+ --——8—r——— -1
AFs (wl+WP)

i7. Pecific Coest Uniform Building Code: 1
- 576 e EL W +n°W
fr 1 D

R = AR s + 2 + -
' 2hr, T . 5 AR W+

u

18. Canasdien National Building Code:
. - 12 €p € Er
u s + e/2
_ Wl + n2W

1 TR Wp Friction Piles

1
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Table A.1 (continued)

Wl + 0.5n2 WP
el = T Point Bearing Piles
1 P
R -
T =2 (2L
e =7 ( 5t 0.0001)

Statistical Adjustments of Gates Formula {(Olson and Flaate, 1967):

R = Ch Ve, Er log({10/s) - Cs

ultimate pile capacity (1bs)

rated hammer energy (ft-1bs)

set (ih.)

temporery set representing losses (in.)
weight of the pile (1bs)

welght of the ram (1bs)

height of ram fall (f£t)

cross—sectionsl ares of pile (in.g)
Young's modulus of pile (psi)

length of pile (ft)

length of pile, measured.from head to center of driving resistsance
resistance {(ft)

hammer efficiency (%)
effective area of piston (in.e)

mean pressure of steam or air (psi)
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Teble A.1 (continued)

coefficient of restitution

recoverable deformation of drivehead and pile hesd {(in.)
recoverable deformation of pile (in.)

recoverable deformation of soil (in.)

slope of & regression line (dimensionless)

intercept of a regression line (1lbs)
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(1948), Chellis (1961}, Terzaghi end Peck (196T), Olson and Flaate (1967)

and other publications concerned with foundetion engineering.

AL VWave Equation Anelysis

Introduction

In recent years, impact and longitudinael wave transmission theory
has been given considergble sttention bécausé it is 8 better simulation of
the pile driving operation than is thé theory of Néwtonian impact. A com-
pafison of thé Newtonian impact model and longitudinel wave model is shown
in Figure A.1.

The impact resulting when a pile hammer strikes a pile is & practi-
cal illustration of longitudinal impact in elastic rods. Wave propagation
anglysis attempts to describe tﬂe travel of the impulse up and down the
pile as the pile is being driven. Consider qualitatively the hammer-pile-
soil system shown in Figure A.2. During ram impsct, the ram, drivehead
and pile are assumed to deform elastically. The hammer cushion is inelas-
tics therefore,:energy losses are inherent in the cushion.

Previous experience has shown thst a hemmer cushion is required in
order to protect the hammer from damage. Of course, the cushion meterial
also affects the stresses induced in the pile. A prerequisite for the cu-
shion is that it be an expendable material; therefore, wood is commonly used
whereess alternating thin discs of gluminum and micerte have become promi-
nept in recent years. There are other types of cushion materisls employed
in practice todey; however, aluminmum-micarta and wood cﬁshions represent the
exﬁremes in load—-deformetion characteristies. The aluminum-micarta assembly

approaches an elastic condition whereas the wood cushion represents inelastic
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behavior. The cushion materiasl and its effects are discussed later in
detail.

The elastic compression of both the ram and drivehead may be neglec-
ted since these members are infinitely rigid. The elastic compression
of the pile is gpprecieble, and does not ocecur instantaneocusly throughout
the entire length of the pile. As ram impact occurs, a force pulse is
developed in the pile that travels downward towerd the pile tip at a
constant velcocity, ¢, which depeﬂds on properties of the pile material
(Figure A.2b).

When the force pulse propggates within the embedded portion of the
pile, it is attenuated by soil frictional resistance slong the pile .as
shown in Figure A.2c. VUhtii the stress wave reaches the tip, the maximum
stress in the pile is independent of driving resistance. When the force
pulse reaches the p£1e tip, a reflected force pulse, governed by the scil
resistsnce at the tip, 1s generated. For-the case of a piile driven to
refusal, the incident compression wave is reflected as e compressive wave
travelling up the pile with velocity, ¢, and identical in shape to the
incident wave. The extreme opposite to driving refusal is a pile with a
free-end. In this csase, the soll offers negligible resistance to driving;
therefore, the incident compressive wave is reflected as s tension wave
travelling up the pile with velécity, ¢, and is identicel in shape to the
incident wave. In practice, pile driving is somewhere in between the
extreme case of a fixed and a free tip condition; therefore, the reflected
wave will slso be a function of the soil response at therpile tip.

Some of the variables thet will affect the generated force pulse
shepe slong the pile will now be considered. Rem weight and velocity can

characterize the pulse shape for s given energy input. For the ssme energy,
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.& light rem and resulting high velocity will produce high peek stresses

over a short time duration, wherees a heavier ram will ceuse lower pesk
stresses with a relatively long time duration. The cushion block is very
important in sheping the force pulse; therefore, special emphasis should
be placed on.its effects. The stiff cushion will produce high peak
stresses and short time duration, whereas the soft cushion will produce
e longer duration pulse with lower pesk stresses. A schematic represen—
tation of the varisble pulses that can be produced by s hammer with a

given energy rating is shown in Figure A.3.

History
Historicelly, St. Vensant aﬁd Boussinesqg are believed to have first
developed the theory of 10ngitu@ingl impact of a rod struck longitudinally
at one end. The development of this théory cccurred within the period
1867 +o 1883, end according to Timoshinko and Goodier (1951) & history of
the problem can be found in the reference by 8t. Venant. The basis for
the ansalysis is the classicel one—dimensional.wave equation

2 2 )
2. _ 200 (A.3)

2%
8t2 8x2

in which x is the diréction of the longitudinsel axis; u is the longitudi-
nal displecement of the bar in the x direction; t denotes time; ¢ repre-
sents the velocity of propagation of stress or strain wave slong the bar,
c = IE7;; E is the medulus of elasticity of the ber; and p is the mass

per unit volume of material. Equation {A.3) is besed on the condition

that leteral strains {distortion waves) are negligible so that plane trans-
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verse sections are not distorted. The assumption that plene sections re-
main plane is accepteble for stress pulses ﬁith lengths that are large (at
least 10 times)} compared to the lateral dimensions of the rod or ber
(Kolsky, 1963). The general solution of Eq. (A.3)} is

Cu=f (etex) + g (et + x) (A.})
where £ and g sre arbitrery functions representing waves trevelling up
and down the bar. The problem consists of determining the functions f and
g for various time intervals after the start of impect.

The applicétion of one-dimensional wave equation to problems of
longitudinel wave transmission can be readily feund in references by
Kolsky (1963), Timoshinko end Goodier (1951), Donnell (1930), Rakhmetulin
and Dem'yanov (1966), and Goldsmith {1960).

Isancs {1931) is believed to be the first to apply wave analysis to
pile driving. Isaascs simplified the boundary conditions by placing only
an elastic spring between the hammer ram aﬁd pile. These simplified
boundary conditions include zero frictional resistaence along the pile, and
e plastic soil resistence ecting et the pile tip. Fox (1932) used the pile
model proposed by Isaacs; howevér, Fox chose s boundary condition for the
gushion that is more representative of actual cushion behavior. The
cushion is represented by a visco-elastic spring throughout the range of
compressive stresses.

An investigation of the stresses induced in reinforced concrete
piles during driving was performed by Glanville et al. {1938). Fox's
theoretical treatment was used, but it was necessary to simplify the
boundary conditions in order fo éxpress the solutions in terms of quantities

measurable in practice. The modified boundery conditions included elastic
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cushion end soil resistance behavior. Cummings (1940} pointed out that
even Tor these modified gssumptions the complete solution involves long
and complicated matheraticsal expressions thet precludes its use for
precticel problems.

Consi&ering the boundery conditions of a reel pile-driving problem,
i.e. soil resistance along the pile, realistic parameters for the cushion,
soil, and other pile-hammer details, a rigorous sclution by use of the
wave equetion is not known. Smith (1950) proposed & mathematical model,
based on s lumped-mass and spring system, that accounts for the effects
of the boundary conditions of & real pile driving problem. According to
Lowery et al. (1967), Smith continued to develop his method (Smith 1955,
1957, 1958), but his method of analysis did not become popular until the
paper {Smith, 1960) in which a number of parsmeters were recommended to
account for the dynemic behavior of soil, pile asnd cushion. The availa-
bility of the computer made Smith's approﬁch more attractive, and con-
sidereble effort has been done in this erea, for example: Bender, et
el. (l§69); Davisson (1970); Graff (1965); Hirsch (1966); Korb and Coyle
(1969); Lowery, et al. (1968); Lowery, et al. (1969); Mosley (1967);

Raamot (1967)}; in eddition to those mentioned elsewhere herein.

Smith's Model

Concept. OSmith's mathematical model of the hammer-pile-soil sys-
tem is sﬁown in Figure A.4. The ram, hammer cushion, drivehead, pile
cushion, and pile are represented by éppropriate discrete weights and
springs. Spring constents for the various types of cushion material can
be obtained from tesﬁ results, whereas those of thé pile segment can be
readily calculated. 8Soil characteristics, both along the sides end st the

pile tip, are represented by a combination of elastic-plastic springs to
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simulate static resistance and dashpots to account for the dynemic response

"

;f the soil. Actual situations mey deviate somewhet from those in Figure
A.b. TFor example, & pile cushion might not be used, or an anvil ney be
placed between rem and hammer cushion, or a follower used; such cases are
readily sccommodsted in Smith's analysis.

The numericeal method used to describe force transmission in this
mathematical model is illustrated in Figure A.5. This figure illustrates

the force build-up in the pile during the initial stages of impact. The

e~

rem has an initial velocity (Vo) and accelerstion thet can be converted into
& displacement (Dl) for & given time interval (At} by the equation D=V

(At). For this time intervel ( t = t the compression of the hammer

SE

cushion cen be readily determined; therefore, the force in the hammer

cushion (Fl) can be celculrted by the eguaetion F_ = as shown in Figure A.S.

1765
The force build-up in the hammer cushion induces s drivehead accele-
ration which can be evaluated by the equilibrium equastion F=ma, where m is
the mass, & is acceleration, and F is the summation of forces acting on the
édrivehead. TFrom this acceleration, & change in velocity can be readily

calculated on the assunption that the drivehesd is uniformly accelersted

in rectilinesr motion for the time intervel ( t) between times tl and t2.

The resulting velocity of the driveheed can be converted into s dlsplace-~
ment. The displacement compresses the first pile spring causing a force

F2 onn the first segment of the pile, K2D2. Also during time te—ﬁl the ram
has travelled an additional distance which can be calculated by the deter-
minetion of a new velocity of the ram for the time intervdl. The difference

in displecement between the ram and drivehead during time t represents

2™
the compression of the hemmer cushion, which is used to calculste s new cu-

shion force. This procedure can be repeated for successive time intervels, and
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_forces in the pile system can be traced for any desired length of time. As

the generated force pulse is traced alcng the embedded portion of the pile,
the mathematical procedure has to account also for the soil resistance.

When using the lumped-mess and spring model as described sbove, care
must be exercised in the selection of the time interval At. Each spring and
mass unit has a "critical” time interval, which is the time required for a
stress wave 10 traverse the particular spring and associated mass. The

_selected time interval for computations must never be greater than this
"eritical™ time interval; otherwise, the numerical results will be meaning-
less because the calculation will not progress as fast as the actual stress
wave. However, an unnecessarilily small time interval involves a great deal

: .

of extra work with little or no increase in accuracy.

Basiec Equations. The following equations are used for the solution

of Smith's pile model:

D(m,t) = D(m,t-1) + 22 4t V(m,t-1) (A.5)
clm,t) = D{m,t) - D(m+l,t) (A.6)
T R(mt) = clm,t) K(n) | (A7)
R{m,t) = [D{m,t)-D'{m,t)] K'(m) [1-T(m}V(m,t-1)] (A.8)
V{m,t) = Vv(m,t-1} + [Fluw-1,t)-F(m,t)-R({m,t)+W(m)] {%?}%)' (8.9)

where m is the mass number; t denotes time interval number; At is the time
interval, in seconds; D(m,t) is the displacement of mass m in time interval
t, in inches; V(m,t} is the velocity of mass m in time interval t, in feet

per second; C{m,t) represents compreggsion of spring m during time interval t,
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in inches; K{m) is the spring rate of mass m, in pounds per inch; F(m,t) is

pthe force in internal spring m in time interval t, in pounds; R(m,t) is the
total soil resistance on mass m, in pounds per inch; D'(m,t) is the plastic
displacement of the soil spring m in time interval t, in inches; K'(m) is
the spring conétant associated with the soil spring acting on mass m, in
pounds per inch; J(m) is a constant that accounts for the dynamic response

of the soil acting on mass m, in seconds per feet; and g is gravitational

acceleration, in feet per secondg. These basic equations can be readily

programmed for solution by means of a digital computer,

Smith's Model versus Classical Wave Egquation., The classical one-

dimensional wave equation (Eq. A4.3) can be readily converted into a difference
equation for solution by successive approximation. Heising (1955) pointed
out that the difference equation is an exact solution of the partial differ-

ential equation when

At = (A.20)

_AL
[/
where AL is the gsegment length. TFor other values of At the solutions are
_approximate. Smith (1960) and Forehand and Reese (1963) showed that the
difference eguation could also be cobtained by combining Smith's basic equa-
tions (Equations A.5 to A.9) into a single equation. Thus, Smith's basic
equations are egquivalent to the wave equation for purposes of numerical
computation.
- Comperison of a generated pile force pulse from the rigorous analysis
of Chapter 2 and from the wave equation analysis (Smith's medel) was made
for a particular hammer and pile condition, as shown in Figure A.6. There
wag no soil resistance along the pile length.and the pile was assumed long

enough to avoid interference by reflection fram the pile tip. The pile and
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hammer characteristics are typical of current pile specifications. The
induced pile forces as determined by the rigorous aenalysis and by the wave

equetion enalysis are in close egreement, thus verifying Smith's model.

Input and Output. The basic equations (Equations A.5 to A.Q) are

programmed into a digital computer for solution. Several programs are
aveileble (lowery et al., 1967 and Edwerds, 1967). The various input
parameters and output dats are summarized in Table A.2.

The initiel condition is the impact velocity of the ram, which can

be calculated from the energy of the hammer at impact, i.e. energy at im-
pact = Er X e, where Er is rated hammer energy and e is the heammer effi-
ciency. Hammer efficiencies {Chapter 1) are only valid when the hemmer is
cperating at fufl capacity. If the hemmer is not operating properly, ef-
ficiency can be congiderably less than the recommended vglues. Efficiency
can be checked in the field by obtaining a measured rem velocity et im-

pact end comparing this to the rated velocity as shown in the egquation be-~

low:

vmeasured 2
(= )T x 100% (A.11)
theoreticeal

ef=

The measured field veloecity cen be obtained by high speed photography
or a radar unit; however, this type of field contrcl is difficult and costly.
Fortunetely, hemmer speed mey be indicetive of efficiency. For example,
consider the relationship between hemmer efficiency and hemmer speed ob-
tained with radasr equipment as shown in Figure A.7 (Davisson, 1969). The
operating efficiency was T0% at the rated hammer speed of 60 blows per
minute. Thislefficiency is less then the commonly recommended value of
75 to 85% for single scting hemmers. Also, efficieﬁcy drops off quite

sharply with s reductioﬁ in speed, e.g. e, = 50% at 50 blows per minute.



N

213

Table A.2

INPUT AND OUTPUT - WAVE EQUATION ANALYSIS

Weight of Ram

Energy at Impact, Er . ef
Impact Velocity

Cushion Stiffness and Coefficient of Restitutien
(Same for Extra Cushions)

Drive Head Weight {Anvil Also for Diesels)
Combustion Force for Diesels

Pile Length during Driving, Area, & Stiffness, Material
{Same for Mandrels)

Soil Resistance: % R in Friction and Its
Dis%ribution
% R, at Tip
Queke, @ mnd Damping
Factors, J
Analyze Borings

Foliower Length, Ares, & Stiffness

Joints (with or without tension)

IOutput:

Stresses snd Deflections at any Point vs. Time

Ultimate Pile Capacity, R_, at Time of Driving vs.
1
Blows/Inch
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It is clear that more information on hammer efficiency 1s needed, based on

actual field measurements.

The spring constants for various types of hammer cﬁqhions are cobtained
from test results, A typical shape of the dynamic stress-strain curve for
a cushion along with the idealized shape used for the wave eguation analysis
is shown in Figure 2.3 (Chapter 2). According to Lowery et al (1969), it
was found that the wave equation accurately predicted both the shape and
;magnitude of the stress wave induced in a pile when the idealized stress-
strain curve is used. The idealized shape can be used as long as the loading
portion is based on a secant modulus for the material, and the unloading
portion of the curve is based on the actual dynamic coefficient of restitu-
tion. This coefficient of restitution accounts for the energy loss in the
cushion material, Typical values.of secant moduli of elasticity and coeffi-

cients of restitutions for wvarious materials are presented below: (Lowery

et al, 1969)

Cushion Material | Ec(se?ant) e
PS5l

Micarta Plastic 450,000 0.80
- Oak (Green) 45,000% 0.50

Asbestos Discs 45,000 0.50

Fir Plywood 35,000% 0.%0

Pine Plywood 25,000% 0.30

Gum 30,000% 6.25

* Load applied perpendicular to wood grain.

Input hammer parsmeters such as rated energy, hammer efficiency, ram

weight, drive head weight, anvil weight, cushion properties, and combustion
force for diesel hammers are summarized in Table A,3. The interaction of

ram impact and combustion in a diesel hammer is not readily determinable;



- Table A.3
‘ .
INPUT DATA FOR DIESEL HAMMERS

Rom

Ram Stéffness,K,X

Hammer Cushion; :

K Anvil

h

Drive Head

Pile Cushion, k

K¢ —Optionoi Pile

. Stiffness
Drive Hammey
Rated Hammer Ram Anvil Head Ram Cushi on Combustion
Fnergy Efficiency Weight Wi, Wi, 1bs‘ ' 6 lbss 0'6 Force

Type Hammer f1t-1bs. er ibs. ibs. lbs. — x 10 in ° 10 1bs.
MKT DE-20 16,000 1.00 2000 &40 R 46,300
MKT DE-30 22,400 " 2800 775 39 98,000

1"
MKT DE-LQ 32,000 - Lo0oD 1350 2 — o 5. 138,000

"* AR
Delmag DS 9,040 " 1100 330 , 8 18 @ g 46,300
Delmag D12 22,600 " 2750 816 =& 31 Bga 93,700
Delmag D22 39,800 " L8507 1576 @ 50 = 9= 158,700
Delmag Dl 80,000 " 9500 kOBl & ¥ 106 200,000
=0
Link Belt 180 8,130 v 172k 377 = b 81,000
Link Belt 312 15,000 " 3857 1186 % b2 15 98,000
Link Bel: 440 18,200 "o 4000 705 & 138 20 98,000
Link Belt 520 26,300 ! 5070 1179 108 20 28,000
Note: 1. The hammer and pile cushion input depend on meterial properties

912
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however, an idealized force—time curve can be assumed (Figure A.8). 'The

magnitudés of explosive pressures in Teble A.3 were obtained from Lowery,
et al. (1969].

The complexity of thé diesel haemmer is best charscterized by con-
sidering the éétails of one compléte rem cycle starting with descent of the
ram. As the ram descends; it passes the inteke-exhsust port and traps air
in the combusion chamber. With further ram descent, the rem is working
egainst an eir spring and the ram velocity is thereby decreased. TFuel in-
jection is initiated pricr to impact, and combusicn occurs with peak gas
force and impact force cccurring almos? simultaneously. During impact, the
combusion force continues and eventually returns the ram to the top of
its;stroke. It iz obvious that hammer instrumentation is required to study
ram impact and velociiy, and combustion forces. At present, information
on the occurrence of combustion with respect to impact, combustion burn
time, and peak gas forces is lacking. A study by Davisson and McDonald
(1969) giving measurements of pile force of & long concrete-filled pipe
pile driven with a diesel hammer indicated pesk gas fdrces of approximetely
280 kips. More‘research on diesel hammer input is required.

Pile input psrameters include materiael type, length during driving
cross-sectionel eres and modulus of elasticity. In general, piles are
broken into segments not to exceed approximately 10 feet, but no fewer than
five segments asre used. The stiffness and weight of each pile segment can
be eessily calculeted, and the selection of the proper time interval is in-

cluded within the progrsm to avoid instebility with respect to the "eritical"

- time intervel (discussed previously). The program has provisions for hand-

ling Joints in the'pileuhammer system, i1.e. mechanical Joints which prohibit

the transmission of tensile stresses or transmit tensile stresses only after a

ing
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Impact Force caused by
Falling Rem

Tdeglized Diesel
Explosion TForce

{After Lowery, et al_1969)

Force Between Ram and Anvil

- Time, ms

Figure A.8 IDEALIZED FORCE-TIME CURVE
FOR A DIESEL HAMMER
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specified movement of the jJoint. Input properties for mendrels or followers
* "are analogous to those for the pile.

The 10&d+@eformation characteristics assumed for soil in Smith's
numerical solution are shown in Figure 3.2 (Chapter 3). The soil located
along the side of thé pilé is assumed to resist rebound as well as downwerd
motion. However, the soil at the tip of the pile will only resist compres~
sion., Based on a limited number of comparisons with load test dats, Smith

(1960) proposed the following velues for the scil parameters:

- Uige = @ (along side of pile)_ﬂ 0.1 in.
onint = Q (at pile tip) = 0.1 in.
cide = Y (along sidé of pile) = 0.05 §ec/ft
Jpoint = J (at pile tip) = 0.15 sec/ft

A limited emount of work has béen done on soil input date. Fore-
hand and Reese (196L) investigated the soil parameters used in the wave
equation by correlating with load test dats. Correlation attempts for
piles driven in send were consistent with Smith's recommended values, where-
as there was a lack of correlation for piles driven in clay. More recent
investigations, Chan et al.‘(l967}, Reeves, et al. (1967), Airhart, et al.

'(1967), have been diregted towards obtaining better soil input date by
performing leboratory dynamic snd static tests on saturated sands and &
full scale instrumented pile in clay. The studies showed that the soil
parameters.&re_& function of the loading velocity. Gibson and Coyle {1968}
related soil damping constants with common soil properties for both sand
and ciay. More detailed discussion of soil response with respect to
dynaemic lcading 1s considered in Chapter 3.

The soil resistance distribution must be included in the analysis.

Soil resistance distribution includes the percent resistance at the
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pile tip compared to the percent resistance along the sides of the pile.
‘Also, the frictional resistance distribution must be incorporated. The
soil resistence distribution can not be predicted in an exact manner, but
analysis of borings can give reasonseble limiting velues for this distri-
bution.

The maximum displacement of the pile tip is found during the numeri-
cal analysis of a single impact, and this displacement (set) can be conver—
ted into hammer blows per inch (reciprocal of set) for = particular ultimate
Fésistance. With consideration of various ultimate soil resistances and
the corresponding pile response, resulis of the wave snalysis can be pre-
sented as shown in Figure A.9. The relationship between ultimate pile
load capecity at the time of driving and driving resistance in blows per
inch is of primary interest. Also, compressive and tensile stresses and de-
flections st any point with respect to time can be obtained. A tracing
of the stresses can easily produce the mﬁxiﬁum stresses thet are obtasined
to determine whether or not the pile will be damaged during driving. For
example, in Figure A.9 the maximum compressive stresses are shown versus
driving resistance,

-

A.5 Pile Force and Accelerstion Field Messurement Anelysis

A method of predicting the static beering capacity of both full-
scale and reduced-scale piles from dynamic measurements taken in the field
during pile driving is presented by Tomko (1968). Several other reports
associated with Tomko's work also present this method of enalysis (Coble
et al,, 1967; Goble et al., 1968; Scanlan and Tomko, 1969). The dynemic
field measurements consist of force and acceleration memsured as a funce-
tion of time at the pile head during driving. A brief review of the pro-

posed method will be presented.

et AN
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WAVE EQUATION ANALYSIS
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The pile is assumed to he a rigid bedy struck by a time varying hammer
force P{t) as shown in Figure A.10, Applying Newton's law to this assumed

model, the following expression is obtained:
F(t) - R(t) = Ma(t) (A.12)

where F(t) is hammer force varying with times, R(t) is the total soil
resistance force with respect to time, a(t) is the pile acceleration with
regspect to time, and M is the mass of the pile only. From this simplified

theory, the predicted ultimate strength of the pile is given by

Ro = F(to) - Ma(to) (A.13)

where F(to) is the force acting at the top of pile and‘é(to) is the
acceleration at the top of pile both measured at time to when the velocity
of the top of the pile first reaches zero after a hammer blow. The relation-
ship of Eguation A.13 is based on the following assumed soil resistance

force,

= = = = =D = =
) = R, + RV + Rgv + RBV + ... (A.lh)‘

;here V is the velocity.of the assumed rigid body pile and ﬁo is the static
resistance., According to Tomko (1968), the general feasibility of the
proposed method was determined by Eiber (1958).

Predicted static resistance (Equetion A.13) can be readily cbtained
from force and acceleration measurements; velocity is obtained by integration
of the acceleration record. The measuring and recording equipment has been
set up to apply this technique in the field. Correlation between measured
and predicted pile capacity shows promise; however, there are some guestions

about the validity of ithe analysis of long piles as compared to short piles.
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i(t) - Hammer Force in Pile Head

(Porce and Accelerstion
Measurement at Pile Head)

VLN NG/ AN NN A A 7 7, 77T

V(////f~Pile - Assumed to be Rigid

R{t) - Total Soil Resistance

Figure A.10 SIMPLIFIED PILE MODEL
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The entire length of a short pile would be influenced by the generated
force pulse, thereby approaching the rigid condition. As pile length
increases, the ratio of generated force pulse length to pile length
decreages, making it necessary to consider wave propagation in the pile.
This method for determining pile capacity has the advantage of using actual
measurements on each pile; however, a disadﬁantage is that predeternmination

of driving ceapability is not possible,
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APPENDIX B

ANALOG COMPUTER PROGRAM FOR FORCE GENERATOR

B.2 Linear and Billnesr Cushion

The analog computer progrem was designed to solve the differential

equations in nondimensional form for the force generator model

. 2
X, + (X - X)) < gl =0
(B.1)
X, + A%, - B (Xl - Xe) = 0
n
in which X = QE3 X=x,2z=1t/T, T= _l_, A= och g nd B = —l-or
dz

—— . Details of this derivetion is shown in Chapter 2. In particular,
2 ,

Equations B.2 were solved:
X, = - (X - X))+ gl
(B.2)
%2 = - A ke + §(Xl - Xz)

Figure B.1l illustrates the anslog computer program for the
general case of a fofce generator (pile hemmer) applying a force pulse
at the pile head. Integrators 1, 5, 18 and 20 and amplifiers L, 11, 21
and 9 represent the basic circult used in the solubtion. All appropriate
gains are indicated on @he smplifiers and integratoré. The inputs to
integrator 1 are the components of il and inputs to emplifier L4 ere the

components of X, in Equation B.2. The term X is integrated two times,

2 1
through integrators 1 and 18 or 20, to produce Xl.' The term X, is inte-

greted two times, through integrators 5 and 18 or 20, to produce Xz.
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The leoeding portion of the éushion spring displecement (Xl - X2)
‘és controlled by integrator 18; whereass, the unloasding of the cushion
spring displacement is controlled by integrator 20 and potentiometer 31.
Potentiomnmeter 31 is used to contrel the unloeding slope of the bilinesr
cushion, and relay 4 is used to switch the loading to the unicading portion.
The diode function generator is used for the nonlinear cushion; discussion
will be reserved for the secticn on nonlinear cushions. For the linear
and bilinear cushion, the loading slope of the spring force {emplifier 8)
‘;nd deflection (amplifier 21) is set for the same output with the diode
function generator. The spring force (amplifier 8) and the initial con-
) dition are fed intc integrator 1 to produce i.
Initiel conditions are the ram welght term gT2 (potentiometer 10)
and the ram velocity at impact Vé expressed in nondimensional terms
klo = VT (potentiometer 7). These initiel conditions are fed into in-
tegrator 1. Let X represent the voltage for the initiel condition
klo = VOT. The desired outputs cen be readily determined from this in-
put voltage as will be shown in the following disucssion. The input
term ng is usually sc small compared to VOT, that input of gT2 can

-

normally be neglected.

The pile force F, output voltage of %X, &t amplifier T, can be

7

determined

pcA [
F=*5>~v[C_]or—~—vI[C.] (B.3)
- o Fl = o Fl
A B
' 10 X
where C = . The pesk pile force F , pesk voltaege output x at
F1 %, p TP

pmplifier 7, can be determined

Fp = imlk v, [CFQE (B.h)
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10 XTP

-where Cl = 2 o emem————te

B x
o

The cushion spring force Fs’ output voltage of x8 ét smplifier 8,

can be determined

FS = .k Vo (c_.] (B.5)

1 J3S)

), output voltage of

X
where C = ;ﬁ-. The spring displacement (xl - X,

F5
o

X at amplifier 21, can be determined

21
(xl - x2) =V, T [cs] | (B.6)
X
where C = 2L .
] X
Q

The ram displacement (Xl) and pile head displacement (Xg) have

a voltage ouﬂput of x5 gt amplifier 23 and X5, at emplifier 24, re-

3

spectively. The displacements can be determined

X =V T [cp] (B.T)

X, = VT {Cp] (B.8)

where CR = x23/xo-and CP = X2h/xo'

The energy transmitted to the pile can be determined by multi-~
plying the pile force and the velocity {servo M) snd the product is shown
in emplifier 12. The product is integrated (integrator 13) sand the
results of voltage output (xl3) can be used to deteriine the energy as

follows:

Tt should be noted that the circuit involving the desired ocutput
of the smplifiers as previously shown could be replaced by & curve-
following x-~y recorder. Any amplifier’s output could be plotted versus

time. Time is controlled by potentiomeber 28 mnd smplifier 15. All
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possible input parameters, ram velocity and raem weight effect, may be con-
* " sidered as well as any combination of ram mess, hammer cushion, drivehead

mess and pile impedance.

B.2 Nonlinesr Cushion

For the nonlineesr cushions, the nondimensiconal equations ms shown
for the linear and bilinear cushions were used to solve & particular case.
_&A particular cese includes e ram and driveheed weight, ram velocity, sand
cushion spring force and deformation relationship as approximated by a
series of straight lines (Figure 2.15). The diode function generator is
used to obtain the desired spring force snd deformation relationshirp.
!

The voltage oubtput x at smplifier 21 is used for the desired deforma-

21
tion (Equation B.6) and voltege output x8 at amplifier 8 is used to ob-
tain the desired spring force (Equastion B.5). The diode function genera-—
tor controls the slopes and the bresk points of the loading'curve. The
hyteresis potentiometer 31 controls the slope of the unloading wave.

The desired spring force shape is set up prior to the solutioﬁ

_with the use of an oscillatory; the dicde éystem is cut loose from the
pile system in order to set up the spring force shape efficiently.

The voltage output representing the cushion spring properties
{emplifier B and 21) is determined by arbitrarily assuming the loading
stiffness as some function of ko. The stiffness k0 is selected within
the renge of upper and lower stiffnesses for a particular hemmer and
cushion material. Por exemple, problem number 11 is shown in Teble
2.5 {(Vulcan 1 with ram velocity of 12 ft/sec and pine plywood cushion).

3

The selected ko for this problem was 200 x 10~ 1bs/in. This value of ko
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can now be used to determine k

10 = VOT in terms of inches; & voltage X,

represents this initial condition. All other hammer parameters (ml, My

VO, T) are now known and the pile characteristics (A) cen be varied to
obtain a series of solutions.

After‘the desired cushion spring shape is set up, the analog
computer program is initiated and the solution obteined. The conversion

of anslog output for the nonlinear cushion is identicel with that shown

for the linear and bilinear cushions.
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APPENDIX C Y

ANAT.OG COMPUTER PROGRAM FOR PILE TIP

The analog computer program was designed to solve the differentisl
equation for the pile tip model

me + (co + pchAlx + ksx =2 pcA V (c.1}

I

In particuler, Equation C.2 {machine eguation) was scaled and

\ solved:
(co+pcA) ks
- &/W| 5 1000 Vi~ T1o00 * - 108 * (c.2)

in which the time sesling factor is 1/1000 sec. i.e. real time = 1/1000
machine time. References by Johnson (1956) and Korn and Korn (1956)
indicate asnslog computer technigues.

? ‘ Figure C.1 illustrates the analog computer program for the generel

case of a force pulse applied st the pile tip. Amplifier 2, integrators

R .

%, T and 13, asnd amplifiers 8, 14 ana 9 represent the basic eircuit used
in the scolution. All sppropirate gains are indicated on the amplifiers.
The inputs to smplifier 2 are the components of % in Equation 0.2.. The
" term ¥ is integrated two times, through integrators & snd 7 or 13, to
produce the spring force term Eﬁg~x which is fed back to amplifier 2.
The loading portion of the 8011 spring is controlled by integrator T and
emplifiers 8 and 11. The initiel break in the soil sﬁring is controlled by
potentiometer 37 and the second slope in the soil spring is controlled
- by potentiometer 5h. The unloeding portion of the soil spring is con-
” trolled by integrator 13 and amplifier L1. Relay 1 is used to switch
from the loading to unloading portion. The term % is multiplied by

.
1506 . (potentiometer Lh) and by %665-(servo 1) before being fed back to

amplifier 2 to produce X. ‘The mass coefficient g/W (1/m) is controlled by

+ potentiometer 43. Potentiometer K0 controls the magnitude of servo 1.
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