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ABSTRACT
A number of wave eqdation computer programs have been
developed since Smith (1960) first proposed the mathematical
method to handle pile driving problems. During the past
.twenty five years these programs have experienced a gradual
and continuous increase in use for the analysis of pile
deaving. Also, the wéve equation method for predicting the
driveability of foundation piles for offshorehas well as
onshore structQ?es 1s well established in geotechnic?l
practice. J
Some of the soil parameters such as damping or gquake
and the behaviour of .soil ddriné pile driving were not well
understood at the timg the solutiongas first proposed, with
values for Quake and damping parameters recommended baseé on
empiriéism. Subsequent studies made by various investigators
suggest that.the-assumptions made‘in the original
formulation regarding the soil parameters were incorrect and
new concepts have been rgcommended for the behaviour of, soil
during pile driving.
£
,Héwever, most of the wave equation computér programs
widely known and used in pile driving practice use Smith's
original formulatiqﬁ. %his thesis presents the 5;tails of
the development of a wave equétion computer program with
facility .to adapt for new soil parameters derived from
recent studies on soil behaviour'during pile driving, and

also modification to Smith's formulation to include the

gravity effect which is not taken into account in his

E
1v



formulation. This report also includes the studies made on ;
the influence of some of the input parameters on the
predicted bearing capacity andvstress in the pile.

The program discussed herein incorporates the facility
;
of using the damping parameters derived from three different

l _
methods. One of these met?éds‘allpws the user to select *he

~
- . . /
damping parameters based on basic soil properties such as

liquidity index or angle of internal friction. Performance
of tﬁe,proéram is tested using five case histories by
comparing the predicted bearing capacities with the load
test result.. Bearing capacities predicted by the program

[4

are in vetry close agreement with those estimated from the

- N
load tests. b 7
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1. INTRODUCTION

—_——— !

Engineers have used pile driving formulae for many
years to estimate the pile bearing capacity. Some of these
formulae are also used to determine the stresses in the pile
during driving. The rapidly increasing use of pile
foundations and the appegrance of new pize driving
technigues have led the engineers tg find more reliable
met hods of dynamic pile analysis and design. The diveréity
and variability of piles, types of driving hammers, and soil
éncountered have always been major-problems 1n building
construction and offshore structures.

A number of pile driving formulae are in use and
englneers have never been able to agree as to which one is
best. This ié because, the mathematics of pile-driving
actipn could not be solved in any particular manner and as a N
result all pile-driving formulae are partly empirical and,
consequently, apply only to certain typeé or lengths of
piles.

All the pile driving formulae were established on the
assumption that the energy delivered by the hammer after )
loosing portion of this energy on nonuseful work such as K
compressing the capbloc&, pile cushion and pile would be
immediately transmitted to the tip of the pile at impact.
Pile driving is not a simple problem of impact that may be

<

solved airectly by Newton's law, Isaacs (1931) was the first

- LIS

to point out that the energy transmission from the hammer to

the pile tip is not instantaneous at impact and it is a



problem in longitudinal wave transmission. The
elasto-plastic response of the ground, freezing and
‘relgxation of soils, remoulding of soils and generation of
pore pressure are the major problems encountered in pile
driving. Also,‘pile driving involves many complications such
aéﬁfhe use of cap block, helmet, cushion block, cqmposit€
piles and tapered piles. . -

The dynamic fFrmulae ao not represent the driving
system properly. All effects of pile flexibility are
neglected in dynamic formula and it assumes a rigid pile in
its de“vation. The soi1l resistance 1s assumed to be
‘constant and this type of soil model i1s far too simple to
even approximately represent a real so1l. However, the rated
energy is the most important parameter of hammer included in
these formulae and some dynamic formulae include weight of
ram,

Stress wave or an elastic strain is generated at the
pile head when the hammer stri&gs a pile. With time, this
wave progresses longitudinally througk the pile down to its
tip where the soil is displaced to produce the pile
penetration or set. The probagation of the stress or strain
wave is governed by the one dimensional wave egquation.
Following the study of pile’driving impact by Smith (1955),
the use of the theéry of wave propagafion for the analysis
of pile driving has graduvally developed to result in the

formal pfoposition of the so called Wave Equation method of

analyzing the driving behaviour of piles and for predicting



their bearing-capacity. Smith (1960) presented a
comprehensive treatment of the application of the wave
equation method of analtysis of pile driving.

1f the dynamic parameters are avallable and the hammer
performs properly, the driving system can be represented by
waQe equation analysis of piles with considerable realism.
In wave equation analysis, the pile 1s represented by a
series of springs and masses. The pile 1s well represented
in this.method to account for its flexiblity. Also, the soil
model 1is substantially improved over that 1s used in the
dynamic formula. N

There are few commercially aQailable computer programs
for the wave equation analysis of pile driving. The programs
most widely known and used iﬁ North America are the TTI
program and the WEAP program. The TTI proéram,originates
from Smith's(1960) approach/but it is modified to &
accommodate a large variation of field problems. It was
_developedvprimarily for analysis of piles driven with
air/steam hammers or drop hammers. Diesel hammers are simply
modellédﬂés drop hammers with an explosive force acting in
conjunction with the impact. The TTI program uses Smith
damping approach which results in a zero damping force in
unloading when the static resistanée is zero. .

Th®& WEAP program was developed in response to some .
shortcomings of the TTI program with regard to piles driven

by diesel hammers. The WEAP program models the actual

combustion sequence of the diesel hammer considering the

/



volume of the combustion chamber and the fuel injection. The
program also calculates the ram rebound of the hammer. 1f
the rebound distance does not agree with the original
downward travel of the ram, the analysis 1s repeated with a
new initial ram travel until agreement 1s achieved. WEAP

1

program allows the qlternative use of both Smith and Case
damping. N

In CAPWAP computer analysis, the advantages of the wave
equation analysis and thé field measurements by means of the
Pile Driving Analyser have been combined. The CAPWAP
analysis is very much superior to conventional wave equation
analysis, because 1nput of actually mea;ured data .
independent of both Hétural variations of 1nput data and of
subperfprmin; hammers are used. Values of guake and damping~
constants are assumed in the analysis. From the recorded
acceleration the force at the top of the pile is calculated

. . :

and compared with that derived from the strain gauge
readings.

Sevgral programs other than those mentiohed_above are
available to determine the bearing capacity and to check the

integrity of piles. A few of the programs and their purposes

are summarized below.

- - . a

Program Purpose
CAPWAP .~ Wave equation and pile driving

analysis is combined
y



PEBWAP Similar to CAPWAP

(Used for point bearing piles)

» ~
DIESEL-1 Special program for diesel hammers
TTI Program Smilar to Smith's original program
’ 4
The Raymond ) -
International Simikar to the TTI
Program
DUKFOR Similar to the TTI program ) —_
Considers residual stresses
in the pile and soil
WEAP Special program for diesel and

include Case aﬁd Smith damping

Smith damping as well as Case damping assume that the
damping resistance 1s linearly proportional to the pile
velocity. However, studies of Gibson & Coyle (1970), Heerema
(1979) and Likouhi & Poskitt (1980) show that this is
incorrect. Studies of Hee;ema (1979 & 1981) indicate that
for ¢lay soils, skin friction is very strongly velocity
dependent at low velocities and relatively insensitive at
high velocities. Howewer, for sands, wall friction is not

velocity dependent and point bearing is strongly velocity\



dependent.

Based on their studies, they concluded that the damping
resistance varies nbn—linean(& with velocity and also
recommended a power law for use 1in wa?e equation analysis.
Gibson & Coyle (1970) recommended dampiﬁg paramete?s for
highly compressible clay and sand to bg used in conjuction’
with this power law as well. These parameters are related to
ths basic soil properties such as liquidity index and angle
of internal friction. Most of these programs do not 1include
the gravity effect (ie, weight of the pile) which may be
"substantial in the case of large diameter piles.

In contrast to Case and Smitg damping factors, Gibson &
Coyle's damping factors afe related to soil properties and
are easy to use. The purpose of tHis study is to develop a
computer program,for ana&yzing piles driven by impact type
inmers, to-examine the possibility of using the power law
and the damping parameters recommended by Gibson and Coyle,
and to produce a program'that includes gravity effect as |
well as options of-usiné the damping parameters rei?mmended
by Smith, Case and Gibgon & Coyle. Also, the performance of
the program is tested by comparing the predicted pile
capacity w;th the load test resu{ts evaluated by various
methods.

In Eﬁ;fhfr 2 of fhis rebort the basic development and
use of’the'wave equatién are discussed. Construction and
operation of impact type hammers used in pilé driving

practice are discussed in Chapter 3. Dynamic properties of

J



materials involved in pile driving, details of soil damping
models and behaviour of soils during and after driving are
discussed 1in Chapter 4. Chapters 5 & 6 deal with the
mathematical modelling, development and general description

of the program. Finally testing of the program for its

performance are reported in Chapter 7. -



2. BASIC STRESS WAVE THEORY

2.1 Longitudinal Elastic Waves in a Bar

If a load is suddenly applied to a body, the part of
the body closést to the source of’ disturbance will be
affected first. The defo nation of the body due to the load
will gradually spread throughout the body via stress waves.
The dynamic response of a uniform bar to a suddenly applied
axial loading as well as the néture of propagation of stress
Wwaves in a uniform bar are discussed 1n this section.

Figure (2.1) shows a uniform bar with cross-sectional
area equal to A and the unit weight of the material which
constitutes the bar equal to y. Let the Young's modulus of
the bar be E. Assume the stress along the section a-a of the
bar to increase by o. The stress increase along-the section

b-b can be given by o + (d0/3dx)Ax. Newton's second law

states that;
, Force = -(mass) (acceleration)

\J
Summation of the forces in the x direction;

_ 30 . __ aAxy d’u
oA (0+30%)A = 3 at? ‘ (2.1)

where AAxy = weight of the bar of length Ax

g = acceleration due to gravity

8
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o’ Poox”
¢u :azu
- - = C ‘
ot o0X .
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oss-sectiun remains plane during

the mot1on.

the bar.

(2.3)

(2.5)

(2.6)

The term ¢ is the velocity of the longitudinal stress wave

propagation.



2.2 Wave Propagation Analysis

2.2.1 Basic Axi1al Wave Propagation Equation

The dynamic response of a uniform bar to a suddenly-—,
applied thdl loading 1s of very simple form, which can be
interpreted as the propagation of a stress and deformation
wave along 1ty length., These facts can be demonstrated by
referting to the solutidn of Equation (2.5) written in the

f orm

whete F oand G are arbitrary functional reiationships of the
parameters (x ct) and (x + ct). This expression represents
a pait of displacement waves propagating in the positive and
negative directions along the axis of the bar as shown 1n
Figure (2.2).

Consider the torward propagating wave at two instants
of time, t = t and t = t+At, as shown 1in Figure (2.3).

At a given time t, let the function F(x - ct) be

represented by Figure (2.3a) and

U, o = Flx - ct) (2.8)

3 [
At time t = t + At, the function will be representeE by

Figure (2.3b)

= F{(x+Ax) - c(t+At) (2.9)

U(x,r’m)
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Figure 2.3 Propagation of Wave During Time Interval At

.
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It the wave moves unchanged in shape from its position
at time t to t+At, !

] U, o T U vean

or cAt = AX ° (2.10)

Thus the velocity of the longitudinal stress wave
propagation is equal to ¢ = Ax/At. By similar reasoning it
¥ ¢an be shown that the second term in Equation (2.7)
represents a wave form G moving 1n the negative x direction.
The dynamic behaviour of the bar can also be expressed
in terms of its stress distribution rather than with respect

to 1ts displacements.

Ju
“(x,r) = E g;
O = B g‘%(x-ct) + E —g—g()ﬁct) (2.11)
: oF 3G .
If the stress wave functions Bg; and Eg; are designated

by f and g, Equation (2.11) may be written as

0 = flx-ct) + g(x+ct) (2%12)



2.2.2 Consideration of Boundary Conditions

The function defining the shape of any wave propagating
through a uniform bar is controlled by the conditions
imposed at the ends of the bar. The wave form within the bar
is generated by the requirements of equilibrium and
compatibility at the boundaries.

1f the end of the bar kx;l) is free as éﬁ;::m}h Figure
(2.3a), the condition of zero stress must be maintained at
all times at that end. This condition may be satisfied by a
second stress wave propagating toward the origin (x=0),
which, when superposed on the incident ;:3e. Both waves

cancel each other, resulting Jin zero stress at the free end

section. This concept may be expressed mathematically by «

means' of Equation (2.11) which leads to
0y = 0= E E(w-ct) + B B(uecr)
le ‘
oF __ 0G .
. 35 (L-ct) = oy (Ltct) (2.13)

-

It {s evide from Equation (2.13) that the slope
(du/dx) of theﬂe propagating towards thg origin must be
the negative of the slope of the wave propagating towards
the ené as each part of the waves passes the free end of the
bar. The displacement waves éhown in Figure (2.8a)
demonstrate this condition; and the corresponding stress

waves in Figure (2.4b) show clearly how the_sfresses at the

tip are cancelled. . ]
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/ - x
' (a) Di;pl}eemem Wave
f(x-ct) |
. / -t x
— g ///% |
\\\——g(x+£t)

(b) Stress Wave

4

Figure 2.4 Reflection of Displacement and Stress Waves at
\ .
Free End
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This 1ndicates that the reflected wave at the free end
also has the same deflection as the incident wave, but the
stresses are reversed because the direction of travel 1is
reversed. It may be noted that the total deflection at the
free end is doubled by the syperposition of the incident and
reflected waves, while the two stress components cancel each
other.

a
To analyse the fixed end of a bar, consider the

Equation (2.7)

u,., = 0 = F(L-ct) + G(L+*ct)

G(L+ct) = - F(L-ct) (2.14)

The displacement waves in thls case are having opposite
signs, and by analogy with the preceeding discussion it can
be inferred that the incident and reflected stréss waves
have the same sign as shown in Figure (2.5).

Hence in satisfying the required zero displacement
condition, the reflected wave produces a doubling of stress

at the fixed end of the bak.

L3

~

Thus it can be concluded that, at the free.end of a
bar, a compression wave is reflected back as a teA;ion w&ve
having the same magnitude and shape. In similar manner, a
tension wave is reflected back as a compression wave at the
free end of a bar. Also, at the fixed end a compression wave

is reflected back as a compression wave of the same

magnitude and shape. In similar manner, a tension wave is



G(x+ct)

Tt R(x-cy)

(a) Displacement Wave

///’_ﬁ g(x"‘ct)

(b)Stress Wave

Figure 2.5 Reflection of Displacement and Stress Waves at

Fixed End

Crnny,
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reflected back as a tension wave at the fixed end of a bar.

2.2.3 Dis;ontinuity in Bar Properties

The‘wave reflections which take place at the fixed or
free end of a uniform bar may be considered as special cases
of the general reflection and refraction phenomena occurring
at any diséontinuity in the bar properties. The conditions
of equilibrium and compatibility which must be satisfied at

‘

all points along the bar require that additional reflécted
and refracted waves be generated at the juncture between
bars of different properties in response to the action of
any given incident wave. N

Consider the juncture between bars 1 & 2 shown 1In
Figure (2.6). Thebﬁass per unit length of the bar 1s m=pA.

P

The forward propagating wave u, which arrives at the
“juncture imw bavr 1 generates a reflection wave u, which
travels in the opposite direction of Y, in bar 1 and at the
same time creates a refracted wave u. which propagates 1n
the direction of u, in bar 2. {j‘

Continuity conditions that are imposed at the juncture

axe displacement and force. t

\ u, = U ) .
u, + u, = u, (2.15)
F, = F,
F, + F, =\‘1?c _ (2.16)

The time derivative of the displacement condition must be

satisfiedrto satisfy the continuity condition at the

.
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juncture.

du, ou, du

The incident wave u, can be expressed in the form

u, = f_ (x-ct) = £,(%)

a

aUa afa Q& B afa
dx

ox 0% 3¢ (2.18)
Ju aof _ of V/
a - a QS - C a (2.]())
ot 0§ ot XS
whére the variable § is introduced for convenience.
Combining Equations (2.18) & (2.19) gives
du, du,
at = = Cl ax (2.200)
Similar analysis can be carried out for reflected and
refracted waves which will result in 3
L e
: i
L . )
i ou, c. ouy
T "I . (2.20b)
au, - ¢, Oug
= 2 ’
3t % (2.20c¢)

to

55 3 = 3% ‘ (2.21)
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where can be expressed in the form

ox

Hence the compatibility condition of-Equation (2.21) can be

expressed in terms of the force waves.

«F. ¢ F R
AE AE, AE.
AE.
F CBEr (R, - F)
¢ c,A E,
/E,‘A‘ JE.A
where ¢ = y and c. =
1 b m.
C,A-E. /m.E.A,
a = C::A‘E; = m.E“A‘ (2.22)
F. = a(F, - F,) (2.23)
Combining Equations (2.16) & (2.23) leads to
F, + F, = a(F, - F,)
- 0_1 v
F, = F, o (2.24)
%
F.= F 22 (2.25)
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Equations (2.24) and (2.25) express the relationships
between the incident, reflected and refracted force waves at
the bar discontinuity. Corresponding relationships can be

obtained for the displacement waves by noting that
9

- oy du ot
Bo= AE 5y = AR U 3K
_ *AEJdu
F o= c dt

Substituting the above in to Equation(2.24) and

integrating gives

. ! ‘e;i
¢, Y T ¢ Yo @+
a—1
Uy = Ua |53 (2.26)
Similarly by substituting in Eguation(2.25) and
integrating gives
4 2a ‘
) . Ue. = U, (at+1) - ‘ (2.27.)
”

It is eQident that the factor a defines the character
of the discontjnuity at the juncture between two bars and
controls the relative amplitudes of the reflectea and -
refracted waves. In this context, the fixed and free end
éonditions discussed in Section 2.2.2 can be ,considered és

limiting cases of bar discontinuity and are defined by

infinite and zero values of a, respectively. ’
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2.3 Wave Theory Applied to Piles
It 1o evident trom the preceeding sections that, 1f a
\
prle reats onoa t1gld support no displacement can take place
at this point. The reflected <tiress wave produced by the

tncadfnt wave that was created by the hammer impact must be

compressive, The total stress at subsequent times 1s then
S v
qiven by the sum of the 1nerdent and reflewted components,

The other limiting case occurs 1f th(; end of the pile
15 testing on overy s0ft ¢lay so that there 1s (*Sse'ntia{ly no
resistance to ats displacement and the tip stress 1s
required o be tero. Hence the reflected stress wave must be
tencile, and the total stress 1n the plle 1s given by the
dilterence between the tensile and compressive components.

. . : - Aw
The other prhctical aspect 1s that, when a stress;wave

o~

i

ceaches o gap on a joint, part of the stress wave 15
reflected while the remainder will be transmitted ufaltered
Cthrough the jJeint. The ratho letween the transmitted and the
reflected waves depends on the dynamic preperties of the
pile Se%nents above and below the jointed Sections as well

'

as on the properties of the joint 1tself.
The nature of wave propagation and development of the

stress wave during pile driving are examined 1n t®s

section. Also, the influence of pile impedance and particle

velocity, are analysed.

. ’



2.3.1 Stress Waves Developed During Pile Draiving
X [ 3

In practical situations where 1mpact type hammers atre
used, the hammer 15 heavier than the pile. 'l‘hx;; genetates o
displacement response of the pile. For the purposes of
analysing the na’t utre of the driving 1mpulse the driving
hammer 1s,assumed ri1gid and the cushion between the pale and
hammer 1s represented by a welghtless spring.

The displacement of the hammer from its point of
contact with the driving cushion 1s denoted by Z and the

displacement of pile top by u

Consider the equillibrium ot t e hammer dut 1ng lmpac?!

28)

2}

et ~ K

Continuity of «displacement requires that the movement
of the hammer be equal to the displacement of the end of the
pile plus the compression of the cushion. Spring canstant of

cushion 1s denoted by k.

F. ,

N Z = UO + r (2.296)
2 azuo 3’F

gtzz = at2 + '% atzc R . (2.29b)
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Substituting Equation(2.29b) in Equation(2.28) yields

()'Vu“ 1 O'AF(
F = m|g s i (2.3
at’ K at-
Foo= oA
where o 15 the stress in the pile and A 15 the aica of
cross-section.
du, du
F. = AE 57— and 0 = E 7
Ax Jx
du
oot
Vo= AE 57 O
du
AE o
- &8> >
F c at (2.31)
]
Jdx
where c = FYY
-

- .

Combining Equations (2.30) & (2.31)$and rearranging leads to

a'u 8\/' du
pg Y% 9Y L oaE O
C ot ot” c

=13
Q

If the velocity of the end of the pile is denoted by V,_ and

ou

noting that =— = V_, the equation above becomes
9 ot p g

(2.32)

This equation may be recognized as the equation of

motipon of a single degree of freedom system subjected to

o
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static loading. In Egquation(2.32) E%g represents the part of
the contact ftorce applied to the hammer weight, which 15 a
small fraction ot the 1nertial effect and 1t may be

neglected. Theretore the Equation(2.32) becones

Y v \
- + L(.)Eaﬁt“ + mV‘ = 0
4 ok _ ke
Where o - o and 2wt = AE

b4

The solution of this single degree of freedom damped
ftree vibration equation 1is
t

V.= e A Sinw t *+ B cosw,t (2.33)

: .

’

where w = w(1 - t)'“; by differentiating the Equation

>

{(2.29) with respect to t,

iz du, L1 oF
ot ot k ot
F
auo 92z 1aFC
oAttt =0, 5p =0 T iar = W

where V, i the hammer velocity at impact

IF,

5T =kV, (2.34)

By differentiating Equation(2.31)



/ ot

Combining Equat i

a:u“
ot”

Using the initia

Jdu

©

ot

82u

O

at”
Therefore A
"Hence the t

The variati

This soluti

.

during pile driv

while the hammer

the stress wave

and returns to t

'

2.3.2 Particle a
‘ There exist

veloéity‘and the

velocity of piue
\

velocity of the hammer which is normally about

>

C

28

(o8]
.

E Y'u
t? e
(

QD

ons (2.34) & (2.35) gives

kc

AE v

N 2wiV,

1 condition at t 0

0 - [A(o‘)’ R B(])l; ie, B -0

2wtV

A w, (1]

h

W
2£;)—Vh

n

. . au(}
ip velocity V =

ot

on of contact force

fut w .
= e 28—V, s1nw t
(A) 1} n

N

1s given by

V,.e “'sinwt

on demonstrates the nature of stress wave
ing. However, this solution is valid only
is 1in contact with the cushion and before

is reflected from the other end of the pile

N

he pile head.

nd Wave Velocity

a simple relationship between the particle
stress level in the pile. The particle
during driving depends on the striking

2 to 8 m/sec
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while the wave velocity in pile 1s about 4000 to 5000 m/sec N
Figure (2.8) shows the stress condition in a pile
during driving. Figure (2.8a) shows stress wave which

.

propagates in a pile with veloclity ¢ and reaches the section
a-a at time t=0.
The velocity of the particles ahead the wave front 1s

equal to zero while behind the front, the velocity will be
du,
Vo = Gt
Figure (2.8b) shows the situation at time t=At. As

where u, 1s the particle displacement.

mentioned in Section 2.1, the cross—-section of the pile at
section a-a which has been displaced by distance u, 1is

assumed to be plane. Also, the velocity v, 1s considered to
be constant during this time increment At. Displacement of

the particle in time At is given by
et du, du, .
u, = J 57.dt = 3.4t (2.36)

During this time interval At, the wave front would have

—

travelled the distance AL = cAt

The ratio between the particle displacement and
-

A

distance of wave travel e = up/AL.
u \Y/ du
_9 _ “p _ e . P
€T E cAt ~ ¢’ where V, dt
o
Vo
€ = = (2.37)

Thus the axial strain corresponds to the ratio of the

particle and wave velocities. The relationship between the
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axial force in the pile and particle velocity V., can be

obtained from Equation (2.37).

. k.9 - E
€ = E‘.’O CVp
F = (IA=ﬁ.V
C P
%
F = Z.Vp
The factor 7? = Z is called the 1mpedance.
This simple relationship is frequently used to s

calculate the axial force in a pile from the partiéle
velocity by measuring the acceleration during the driving.

The impedance,  Z is also called dynamic stiffness due to its

\
similarity with the expression for the axial stiffness of a
AE
rod L -

L
2.3.3 Influence of Impedance on Stresses

When the hammer with velocity V_  strikes the pile, the
particld velocity in the pile is V, = %%5. The cofresponding
particle velocity in the hammer which is directed upwards is
v, = %%l. A compression wave is generated which
simultancously moves upwards through the hammer and
downwards through the pile with the velocity c.

During the impact, the pile and hamper will remain in

contact only for a short time. At the time of impact, the

force between the hammer and the pile must be equal.
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Z,.V, = Z_ .V . (2.38)
Where Z, and Z  are the impedance of the hammer and

pile, respectively. The particle velocities in the pile and

in the hammer at the contact surface must be same.

V.-V, o= v (2.39)

If z, = Z,, by combining Equations (2.38) & (2.39) ~
, .
Vi‘ = §V(
1f oz, # 2,
|
Z,
Lo YT g

The force F during the impact depends on the striking
‘velocity f the hammer V_ and the impedance of the.pile Z.
This force can be calculated from F = %VO.Z

It is evident from the above discussion that ghe ratio
pf the transmitted and reflected stress waves depends on the
'impedancelof the different pile segments. Also, pile

integrity can be checked by measuring force and acceleration

at the pile head using strain gauge and accelerometer.



2.4 Summary
The solution of one dimensional wave equation has been
‘used to investigate the wave-propagation mechanism in a pile
during dribing. This solution has also been made use to show
that the energy delivered by the hammer 1s transferred to
the pile toe via stress or an elastic strain wave. These
analyses indicate that when the pile being driven into a
hard material such\as rock or very dense sand, thelincident
wave created by the hammer impact 1s reflected at tthe pile
toe as compressive wave. On the oth;r hand, when thea soil at
the tip 1s soft and driving is easy, the compressive wave 1§
reflected at ﬁhe pile point as tensile wave. 'Further, the

~

total stress in the éile at subsequent times depends on the

. -~
incident and reflected waves.

The factor a has been derived from the continuity
condition imposed at the pile joint. This factor defiffds the
character of the discontinuity or joint in a pile and
controls the relative amplituae of the reflected and
refracted waves, .

It has beeh shown that the pile velocity and the stress
level in the pile can be related using stress-strain
relationship. The existence of this simple relationship is
frequently used to calculate the axial force in a pile. The

factor relating the force and the velocity is called the

impedance.



3. PILE DRIVING HAM}“ERS
The development of piling equipmeni proceeded on
different lines in various parts of the world, depending
maiﬁly on the influence of the local ground conditions.
Typical pile driving hammers include drop hammers,

single-acting hammers, double-acting hammers, differentjal
‘,Y" .

RETE A ) .
hammers, compowhd hammers, diesel hammers and vibratory
. xi”‘ 3 -
drivers. In a dr‘xon there are special types ofd?ammers,
r

°
such as air-gun, vibratory-impact and electrohy

aulic
hammers. Powered pile-driving hammers can be classified as
air or steam hammers, diesel hammers and vibratory drivers.

The growth of the offshore o1l industry in many parts
of the world necessitated the development of an entirely new
range of very heavy single acting steam hammers @esigned for
driving large diameter steel piles guided by tubular-jacket
structures. However, diesel hammers have gained acceptance
throughout most of the world, principally because they are
economical to operate, do not requiré a remote energy

’

source, are easily mobilized, and lighter than comparable
steam/air hammers. In this chapter, the discussion is
confined to thé impact type of hammers and their working
principle and also to the hammer accessories and its
functioﬁs. Detail informations about various types of pile

driving hammers can be found in Fuller (1983) and Tomlinson

(1977).

33
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121 Working Principle of Various Impact Type of Hammers

3.1.1 Drop and Sihgle—Ac}ing Air/Steam Hammers

The drop hammer is the ¢ldest type and simplest form of
pile driving hammer in use and 1s simply a heavy weilght that
is allowed to drop freely on the head of the pile. The drop
weight iﬁ,ueﬁglly guided by 1lugs or jaws sliding in.the
leaders and actuated by the lifting rope. Today, because of
their slow rate of operation and inconsistent delivered |
enerqgy, drop hammers are seldom used to drive foundation
piles. They are sometimes used to drive piles for small
projects and in remote areas. Details of the hammer and
accessories are shown in Figure (3.1).

The drop hammer consists of a solid mass or assemblies
of forged ®teel. The'striking speed is slower than in the
case of single or double acting hammers, and when drop )
hammers are used to érive concrete piles, there is a risk of
damage to the pile if an excessively high drop of the hammer
is adopted when the driving becomes difficult.

The velocity of the ram which is the heavy weight that
strikes the pile can be computed from the kinetic—enefgy
equation,

%wr;vf = (E;)(ram ehergxi.

where ram energy = W_gh,

5
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W 1s the weight of ram and h, is the height of . its fall; E,

s the hammer efficiency to accommodate energy losses during

hammer operation. p 4
V," = 2gh(E,
\
\.
~~
V, = v/2gh,E, (3.1)

The single acting hammers are powered by compressea air
or steam pressure, which 1s used to ralse the hammer ram for
each stroke. The gteam or alr 1is exhéusted on the down
‘stroke. The delivered energy results froh the kinetic energy
developed by the gravity fall of the ram.

Figure (3.2) shows séhematically the operation of &
single acting hammer. At the start of the qycle,‘the ram has
impacted, and air or 'steam pressure is being admitted into
the cylinder below the piston. The prard force resulting
from this pressure/}é/about twice the weight of the ram.
This pressure raise; and accelerates the ram Qntil the lower
wedge on the slide bar trips the valves to shut off the air
or steam supply and open the exhaust. Eecause of upward

accgleration, the ram continues to move up until its kinetic
jod . - N '

energy 5 zero, at which time it starts its gravity fall.

: { g . . - ' . ’ .
Just prior to impact, .the upper wedge on the slide bar’'trips
the valves to close off the exhaust. and admit air or steam.

-

The ,complete valve action is not immediate, and the ram



eontinues 1ts doewnward mevement to o ampact on the cap block.
};y thie time the 1ntake valve 1s completely open. The alr o1
Steam pressure bullds up raprdly to 1alse the ram, and the

cycle 1 repeated.

The velocity of the hammer at 1mpact ¢can be comput ed
trom the kinctaic equation as explained above. Also, BEqguation
(o) as applicabie tor single acting alr.steam hammers.

-
3.1.2 Double Acting or Differential-Acting Hammers

Douvtle actang hammer s are steam or alr cperated both on
the upstocke and dowr stroke, and are designed to 1mpart a
rapld sucs v;siun ot small stroke blows to the_lpile. The
double acting hammer exhaust the alr or steam on b(jh up and
down strokes. In the case of differential-acting hammer,
however, the cylinder 1s under equal pressure above and
below the piston and 1s exhausted only on the upward stroke.
The downward force 15 a combination of the weight of the ram
and the difference 1n total fcrce above and below thee.

i

piston. The force below the piston 1s less because of the

area occupled, by the piston rod. Double acting hammers have
t

light rams and operate at relatively high speed.

Differential hammers have>*shorter strokes than comparable

single acting hammers and combine the adventages of the

heavy ram of the single acting hammers with higher operating

speed of the double-acting hammers.,

The working principle of one type of double acting

‘hammer is illustrated in Figure (3.3). The pressure applied
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Figure 3.2 Single-Acting Air/Steam Hammer
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at the top of the piston acts against the top ot the
cylinder. The pressure could li1ft the hammer assembly of

welght W, to which the cylinder 1s connected. Maximum hammer
~

output will be achieved when the pressure 1s kept at 1ts

h

upper limit P (le, gauge pressure) at which assembly lift

off is inciplent. The maximum energy of a differential

acting hammer 1s E

o
max

Env.\x = (wx * Ple )ht

Wwhere A 1s the effective area of the cylinder, W is

the weight of ram and h, 1s the maximum stroke of the

hammer . ) j/

PIA( = wh L]
wh
A = El—
The potential energy of a hammer driven by an actual
\
pressure P, is E,
' W,
= L -
E, = (W _+ Pﬁ.p1 ) h

From this relation, an effective stroke H, is derived
that a weight W _should fall in order to provide a kinetic

energy equal to E,.

(3.2)
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/44225u1e and other losses might occur during the fall

-~

«f the ram and alsc, the ram might not rise high enough. For

’
—_—

these reasons 1t 1s common to multiply the effective stroke
-« -

by an efficiency E,.
The ram velocity at 1mpact 1s calculated same as 1in

Sectioir 5. 1.0,

V. =y 2qH,E, ' (3.3)

3.1.3 Diesel Hammers

Dxesel hammers are self contained power units. The
principle of the diesel hammer 1s that as the falling ram
compresses air in the cylinder, diesel fuel 1s injected 1nto
the cylinder and this is atomized by the i1mpact of the ram
on the concave base. The impact i1gnites the fuel and the
resulting explosion imparts an additional 'kick' to the
pile, which is already moving downwards under the blow of
the ram. Thus the blow is sustained and imparts energy ovexs
a longer period than the simple blow of a drop or
single-acting hammer.

The hammer is started by raising the ram or piston with

1Y

a crane line to the top of its stroke and releasing 1it,
p;}mitting 1t to falf inside the cylinder. As the ram
udescends, it closes off the air intake port. Some hammers
are of the impact-atomization type, whereas others have a
spray-atomization fuel injection system. The ram continues

to compress and heat up the air in the cylinder, and at

impact, the air-fuel mixture ignites under pressure and

m—
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heat. The resulting explosion raises the ram for its next
stroke. At the start of the upstroke, the exhaust 1ntake
port 1s opened, and the products of combustion are
exhausted. As the ram moves upward, fresh air is drawn into
f“he cylinder. The ram continues its ascent to the top of its
stroke, and the cycle repeats.

A difficulty arises in using the diesel hammer 1n soft
clays or weak fills, since the plle yields to the blow of
the ram and the impact 1s insufficient to atomize the fuel.
When the hammer 1s used to penetrate such 5011% to reach

s
more resistant soil below, the fuel 1s cut off and the
hammer 1s operated from the winch rope as a simple drop
hammer, performing what are known as 'cold blows'. The
diesel hammer operates automatically and continuously at a
given height of drop unless the lever 1is adjusted. Whereas
with the single-acting hammer every blow is controlled in
height. There are three basic types of diesel hammers in

practice and these are discussed below.

3.1.3.1 Open Ended Diesel Hammer

Figure (3.6) shows schematically the operational
cyhe of an open ended diesel hammer and components of
the hammer are shown in Figure(3.4). Basically this
hammer differ from other type of diesel hammers by
having an open end at the‘cylinder top. The open end
diesel hammer operates on a two stroke diesel cycle,.

As mentioned in Section 3.1.3, the hammer is

started by raising the ram with lifting mechanism. At

t



43

the upper end of travel the lifting mechanism 1s
tripped, the ram is released and descends by gravity.
At the time the ram bottom passes the exhaust ports a
cértain volume of air at atmospheric pressure 1s
trapped and 1s compressed. When the ram impacts against

the anvil the air 1s compressed to a final volume.

3.1.3.2 Closed Ended Diesel Hammer

The ¢losed end diesel hammer works very much like
the open ended one. In principle the main change
consists of a closed cylinder top. Figure (3.7) shows
two of these hammer types. When &£he ram moves upward,
air 1s being compressed at the top of the ram which
causes shorter stroke and, therefore higher b}ow rate.

The bounce chamber has ports such that atmospheric
pressure exists as long as the ram top is below these
ports. As the ram moves towards the cylinder top it
creates a pressure which increases until it is just in
balance with the weight of the cylinder jtsexf. Further
compression is not possible and i1f the ram still has an

upward velocity, uplift of the cylinder will result.

3.1.3.3 Vacuum Chamber Diesel Hammer

This hammer type employs a vacuum chamber below
its ram to i1ncrease its operating speed. Two phases of
this hammer's operation are shown in Figure (3.8). As
‘can be seen, the hammer 1s not really closed at the top

although a protective cover is usually present.

[
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—eeoe—_Cylinder

~+————Cam and Fuel Pump

Port
[
o Cap Block
;____—__1»—— Helmet
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Figure 3.4 Components of Typical Open Ended Diesel Hammer

The material’ involved has been removed because of
the unavailability of copyright permission.

This portion of the page contains the
recommendation of Rempe and Davisson (1977) on gas
fo;ce'd;velopment during diesel hammer operation.
Refer ptoceedings of the InternationalAConference
on Soil Mechanics and Foundation Engineering, 9th,

Tokng pp.350, July, 1977.
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@

However, the stroke i1s limited by the vacuum action
under the upper portion of the ram such that 1t does
not become visible during operation. In addition to
being faster than an open end hammer, this hammer type
has the advantage of not lifting off during operation

since the vacuum force is always less than the cylinder

weight .

3.1.4 Generalised Diesel Hammer Operation
3.1.4.1 Force in Compression, Combustion and Expansion
Phases

As discussed above, the falling ram when passes
the exhaust ports prevent further escape of air.
Continued downward motion compresses the remaining air
into a progressively decreasing volume. The lower ram
and upper anvil surfaces are mated, such that when
impact occ¢urs the fuel pooled on the top of the anvil
1s displaced laterally into the annular combustion
chamber where it mixes with the compressed air. The
result is spontaneous ignition of the fuel-air mixture
and a rapid increase of gas preesure. The ram is in
contact with the anvil for several milliseconds, during
which time the impact and gas force continue to
decelerate the ram to zero: The gas forces may be
apBroximated in three phases; compfession, combustion

and expansion (Rempe & Davisson (1977)). All three

phases are shown in Figure (3.5).
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It 1s evident from Figure (3.5) that the maximum

gas pressure 1n compression phase 1s developed at the

time of 1mpact. Force on the pile during compression

phase 1s estimated from the gas pressure at the time of

impact. This phase is approximated according to the gas

law which 1s given by the equation below.

®
v, f
oo
where :
P, - Gas preésure at the time of igpact
S Atmoépheric pressure (14.7ps:)
V, - Initial ;olume of gas
Vo=V +V,
V. = A,
A - Area of cross-section of the ram
‘ h,, - Distance between anvil and exhaustiport
V, - Volume of combustion chamber

n - Gas constant

The constant n is a parameter dependent on the specific

heats of the gas in the cylinder. For adiabatic compression

of air n is taken as 1.4. Since the process is not

completely adiabatic, n should be chosen less than 1.4 and

greater than 1.2 (Goble et al. (1976)). Hence a value of 1.3

~1s assigned for n.
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Arhex vt
+ 1
t at}i V

t

Therefore the force F_  exerted on the pile is given by

+ 1 (3.4)

As indicated in Figure (3.5), the delay, rise and hold
t ime depehd on hammer design, injection timing, hammer
temperature, fuel volume and other factors (Rempe & Davisson
(1977)). However, the additional force after impact at any
time interval t is estimated by approximating the combustion
and expansion phases as indicated in Figure (3.9).

The cycle 1s simulated from impact by considering the
gas force in combustion and expansion phases. The combustion-
phase is approximated by three straight lines (Figure
(3.9)), described by the delay, rise, and minimum hold time.
Expansion phase is approximated by considering the time
taken .for the gas force to become ineffective. The pile
force is cal;ulated throughout the period from impact to
exhaust. Figure k3.9) is used to correlate a relationship
betweeﬁ the gas force F, and lapse time t in each.phase
after the hammer impact. Details of these correlations are
given below.

1)~Deiay time’is the time lag between the ram impact

and development ofrgas force after ignition. Figure

(3.5) indicates that the gas force on the pile ddfipg

4
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this perrod {(t-t)) 15 equal to the gas torce (FF.) priot

to the 1mpact

2) Rise time t 1s the tame taken to 1ncrease the gas
force to 1ts peak value F__ aftter 1mpact. Gas torce on
the pile during this period (t-t *t ) 1s given by the

equat 1on,

3) Hold time 1s the period during which the peak torce
s

is maintained (t +t ) <t (t +t +t ). Gas ftorce 1n this

h

period 1s equal to the peak value.

4) The expansion phase 1s when (t +t +t )<t<(t ,+t +t +t )

and the gas force is given by

(ty*+t +t,+t -t)
F_=F (3.8)

e ex t
r

3.1.4.2 Velocity at Impact

The velocity at impact is calculated assuming that
the ram velocity remaiﬁs constant after the ram passes
the exhaust ports on the impact stroke.

The potential energy of the ram at impact



whete o= b |

ROt —

The kinetil. enerygy eqguation 1s b

where V, 1s the velocity of ram at 1mpact, h

1S

the ram

stroke during 1mpact and E, 1s the hammer efficiency.

3.'.4.3 Ram St:iftness

As shown in Figure (3.10), ccnsider

thickness d, and diameter D_,

where

L - Length of the ram

D, - Top diameter of the ram
D, - Bottom diameter of the ram .
T i il yA :
A, = ZD: = Z{(D‘_Db)i + D,

Q,
~N

arn

»
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element of
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F bz
A F'dz -
"OF ' 4F [° z
J‘“ }*TEdy - J: dz = ;I'EJ‘U l(l) D‘)I; + D, dz )
. 8L )
b = Fleénp,
7D, D,E
F i
4L
Therefore the stiffness k, of the diesel hammer ram 1s given
by
. T
k, = 37D.D.E g (3.10)

3.2 Function of Accessories

3.2.1 Anvil

The anvil is one of the basic components of diesel
hammer and 1t acts as a impact block for the ram. The lower
ram and upper anvil surfaces are mated such that when 1mpact
occurs the fuel pooled on the top of the anvil is displaced
laterally in to the annular combustion chamber. The

stiffness of the anvil k, is given by

K. = \ (3.11)

N

where

L. - Length of the anvil

A - Cross-sectional area of the anvil

1
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E, Modulus of elasticity of the material constitute

the anvil

3.2.2 Pile Cap (Helmet)

Generally some type of cast or forged steel helmet 1is
used to tit the hammer base to the top of the pile and to
unitormly distribute the hammer blows to the pile top. The
hammer energy must be transmitted through the helmet, and
enerqgy losses within the helmet are usually quite small.

The hélmet is short heavy rigid object and 1t should be
of the correct size and provide full bearing over the entire
cross section of the pile. For precast concrete piles, the
helmet should be sufficlently loose so as not 50 restrain
the piles from their tendency to rotate during driving. When
sectional precast concrete piles are driven, a specilal pile
cap may be required to accommodate any protrusions above the
.surface of the joint fitting such as rods, bolts, pins or
raised portions,

Pile caps for H-piles are often of the H-shape to fit
the size and configuration of thgféiles. Pipe;pile helmets
are called adapters. This can be of the inside or outside
type constructed to accommodate a variety of pile sizes. The

pipe pile helmet must fit the pile diaméter accurately and

have a mechanical surface to fully engage the end of the

pipe. -
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3.2.3 Cap Block and Cushion .

The hammer cushion, or cap block, 1s 1nserted between
the striking part of the hammer (ram) and the helmet to
condition the blow by reducing peak forces. Thus both the
pile and the hammer are protected from damage. However, the
cap block must effectively transmit the hammer enerqgy to the
pile, and the ability to transmit such energy dépends upon
the elastic properties of the cap block material

In'tbe past, most cap blocks consisted of a hard wood
block. This type of cap block becomes crushed and burned
during pile driving, and the result 1s variations in elastic
properties and the need for frequent changing. Now most cap
blocks are of laminated construction, with alternating
layers of aluminium and micarta diskﬁ/;r similar material.
Others are m of material such as asbestos or woven steel
wire. These cap plocks are generally sgiffer than the wooden
cap blocks and more efficiently trandéit hammer energy to
the pile. Afso, some of these hammer cushions retain
constant elastic properties and have relativély Jong life.

Mechanical cap biocks have been developed. They ) .
consists of a cylinder, a piston and disk §prings or other
types of sprihgs. The hammer ram strikes the piston and
compress the spr{ggs. This reduces the forces and prolii?
the duration of the hammer blow. Cap blébcks having
consistent elastic properties must be used if piles are

being driven to a penetration resistance determined by a

wave equation analysis.
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A pile cushion is necessary between the helmet and the
top of a precast concrete pile. The primary purpose of the
pile cushion 1s to protect the p{le from damaging under
compression and tension stresses. The cushilon also serves to
distribute the hammer blows uniformly over the pile head and
to compensate for any irregularitiez on the top surface of
the pile.

The pile cushion generally consists of layers of
hardwood or softwood boards or plywood. The pile cushion
must protect the pile while at the same time trénsmiﬁting

sufficient hammer energy to the top of the pile. Stiffness

ot the cushion and cap block k.  1s given by

k = —— / (3.12)

. -~
y

where L, - Thickness of the cap block or cushion
A. - Area of cross-section | \ ~
E. - Modulus of elasticity of cushion or cap block
material

i ¢

3.3 Summary S”\-;.

The operation and constrﬁction of various impact type
hamﬁers have been discussed. These information indicate that
the energy delivered by the drop hémmer or air/steam hammer
results from the kinetic energy developed by the grévity

fall of the ram. Also, the operation of these hammers are

~ o
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not complicated. As such the kinetic-energy equation has
been used to compute the velocity of ram at impact. The ,
information about the diesel hammers reveal that the
operation and construction of these hammers are complicated
and als;, the explosion resulting from the ram impact
imparts additional kick to the pile. Gas law has been used
to calculate the force exerted by the gas at the time ot.
impact. The velocity of the diesel hammer at 1mpact 1s
computed as;uming that the ram velocity remains constant
after the ram passes the exhaust ports on the 1mpact stroke.
—

Informagion presented above indicate that the hammer
accessories such as helmet, cap block and cushion are used
to uniformly distribute the force resulting from the hammer
blows. Also, in the case of “concrete piles a cushion is
provided to protect the pile Irom damaging under compressive
and tensile stresses. Further, if wave equation analysis 1s
used to determine the resistance to penetration, cap block

having consistent elastic properties must be used to drive

the pile. N



4. MATERIAL RESPONSE TO DYNAMIC LOADING

f.l So1l1 Response During Pile Driving

There are two tybes of driven piles used in practice to
support the superstructures. These are the displacement and
non displacement types. The displacement type piles such as
timber pilles, prestressed précast concrete piles, and closed
end steel pipe piles displace a significant‘volume of soil
from the bottom of the pille during driving. Piles such as
open ended pipe piles, steel H pilles, sheet piles and
cylindrical precast concré@Q piles do not displace a
significant volume of soil mass during driving. These piles
are called non displacement piles.

During pile driving the soil underneath the tip of the

pile is subjected to shear stress in excess of the shear

strength of the soil. Excessive stress cause deformation of

I'e
e -4

the séil mass and 1ts ultimate failure. The failure of the
q

soil mass during driving is in the form of plastic flow
which is different from the failure during static loading.
During flow and deformation, clayey soil is disturbed
and remoulded, and excess pore water pressures are )
generated. Aé a result of remoulding and generation of
excess pore water pressure, the shear strength of the soil
around the pile during driving is significantly lower than
the shear strength of the undisturbed soil. However, when a
pile is drgven into sands and cohesionless soils, the soil
is usually compacted by displacement and vibration,
'

-
rt
~
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resulting in permanent rearrangement and some crushing of
\

the particles.

4.1.1 Soil Response Under Dynamic Loads

Dynamic soil response is of particular 1mportance 1in
fine grained soils and is associated with the layers -of
water which are bound to the soil particles by molecular
forces. These layers surround the particles and prevent
mineral to mireral contact. Relative movement between
particles take place within the layers and due to the
molecular forces gives rise to a strong viscous resistance.
For clay soils, tbe resistance at fast rates of loading may
be several times greater than when the soil is loaded
slowly.

It is known from the dynamic tests on soil samples that
the compressive strength of a soil sample is greater under a
short term impulse loading than under static condition. The
magnitude of excess pore water pressure generated during
driving 1is se\'zeral Eimes greagr than the excess pore water
pressure generated during 5tatic pile load test.

In wave equation work the wordtrdamping is usec? to
'iicate the gain !n strength which soils show under fast
ra'te of loading. This dynamic behaviour is characterised by
the damping constant which.s a viscous parameter., Variou.s
methods proposed by different author$ tc@andle the damping
consﬁnt in wave eqguation analysis are discussed in this

section. iy
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4.1.1.1 Smith's Idealization )

In 1960, Smith suggested a numerical SOlUtiOA to
the pile driving problem. He presented the concept for
statlc loading at the point of a pile such that the
ground compresses elastically for a certain distance
and then fails plastically with a constant resistance.
This concept is 1llustrated in Figure (4.1a). The
maximum static elastic ground .deformation or quake 1s
represented by Q in Figure (4.1a) and the total
ultimate plastic ground resistance to the pile 1is
represented by R, .

Under static loading, the pile deforms the ground
elastically through OA and then plastically through a
distance S. The soil then rebounds from B to C leaving

a permanent set of S.

SmithyL&MﬂM‘;;;eloped a mathematical equation
which accounts for both static- and dynamic soil
behaviour. Figure (4.1c) shows the rheological model
which simulates the mathematical eguation propoéed by
Smith. The model consists of a spring and a friction
block in se;ies connected in'parallel to a dashpot. If
the model is suddenly compressed a distance, x, the
following equation will describe the soil resistance in
the elasfic region (Figure (4.1b))

R = Kx + SV, . ' (4.1)

where,
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R = Soi1l resistance

K, = So1l Spring constant

Sy = Vi'scous damping of soil

x = Elastic deformation of the soil

V= The instantaneous velocity of the pile point in

P

any time 1nterval
The friction block accounts for the constant soil resistance
in the plastic region during static loading. Smith (1960)
assumed that the damping resisténce 1s linearly proportional
to the instantaneous velocity of the pile (Figure (4.1d)).
The ratio between the velocity and the damping resistance 1is
called the damping constant. It 1is usually denoted‘by J. In
Smith's model, thée dimension of the damping‘factor is
inverse velocity, time/length (sec/m or sec/ft), and the
damping force generated is equal to the damping factor times
the velocity of the pile point times the activated static

so1l resistance.

\

whereé, R, = K.x and the Equation (4.1) can be rewritten as

R = Kx(1 + Jv) ' (4.2)
/
The concept of the dynamic loading is represented by
: L . - : .
line OA'BC inm Figure (4.1b). If R, is the peak static soil

resistance, then RJV, is the dynamic compgnent of the peak

.
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total soil resistance R .
R, = R, (1 + Jv)
R, = K,Q(1 + Jv ) (4.3)
e
R, R
KS=6‘ o (4.4)

it is evident from Equation (4.3) that the concept for

the resistance at the point of the pile takes into account:
Y
X

1) Elastic ground deformation %.
2) Ultimate ground resistance
3) Viscod@sdamping based on damping constant J

-

¥

Smith assigned a value of J = 0.15 sec/ft for use by
investigators until suth time that new facts are developed.
For practical purposes, it was suggested that J, = 39,
where J; and J_, are the damping constant for pile toe and

shaft, respectively.

4.1.1.2 Coyle and Gibson’s Proposal

Various attempts have been made to measure J from
static and dynamic tests on triaxial specimens(Coyle &
Gibson, 1970). 1t has been found however, that J is :
‘dependent on the velqcity of deformation for both sands

and clays, decreasing as velocity increases. The linear

proportionality of the damping resistance with the pile
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velocity assumed by Soath{(1969) has been shown to be
tnecertdet o The telationship between the dynamic

cestatance and velocrty of pole assumed an all three

Y

proposals which are beinag dicsussed 18 shown 1n Flgure

the assumpt 1on of linearity 16

(A, 0. However

’

constdered as oan acceptable simpliticat 1on 1nomost

4

practrcal cacses and this apprtoach 1% used 1n
commercially n\'uiIubl&(‘(\mputor programs to handle pile
diaving using wove eguati1on. Coyle gnd Gibson suygested
that this problem can be overcome by rewriting Smith's

criginal Egquat iun\( 4.2)

wherte, J, is. the medified damping constant and the exponent
N 18 less than . The most sultable values were found té be
TN N - 0.20 for sands

N = 0.18 tor clays

.

~On the basiz Qf modified Equatioh (4.5), Coyle and
Gibson found J, to be almost independent of velocity, and
rgasonable qorreLation.bétween J, and soil properties\couid
be cobtained. The relarionsh{; between J_ and é' fof sands 1s
shewn 1n Figure (4.4), while the relationship between J, and
liqﬁidity index (PI) for‘ciays is shown in Rigure (4.5)1

.

Subseqguently this view was supported by several

“authors, Litkouhi and Poskitt (1980), Heerema (1981). In

"papers published by Heerema £1979 & 1981), it is shown that

) - &
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for clays, skin friction 1s very strongly velocity dependent
at low velocities and relatively 1nsensitive at high
velocity, whereas wall friction 1o sand 15 not velocity

dependent () 9)

4.1.1.3 Proposal by Case Western Res_(‘x've* University
In an approach by Goble and Rausche(1976), sthe .
dampang factors are dimensionless and damping force 1§
obtained by multiplying the velocity with the damping
factor and the pile material 1mpedance, % which 1s
defined 1n Sectlon 2.3.2. Total so1l resistance 1n this
dpproach is given by
R Kox ¢+ J\(‘%’El.vy ‘ (4.6)
whére, J 15 called the case damping factor.

“Thi1s approach also assumes that the damping resistance
1s linearly proportional to the velocity of the pile (Figure
(4.2)). In Smith's approach the dynamic resistance is zero,
when the static resistance is zero (Figure (4.1b), point C)
even thougb’the pile has a velocity at this point. But 1n
this approach, irrespective of static resistance, the
dynamic resistance is zero only when the pile velocity
becomes zero. This is shown in Figure (4.3) (point C').
However, with case damping,‘thé soi1l damping force becomes
dependent on the particular pile material and

-»~
. , ¢ .
cross-sectional area. L



The material involved has been removed because of
the unavailability of copyright permission.

This page contains the damping parameters for
soils recommended by Coyle and Gibson (1970).
Refer proceedings of ASCE, Vol.96, SM3, ppt 956 &

962, 1970.
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1.2 Time Effects - ’ )

There are number of foundation reports, Yang{(1970}),
George et al. (197¢) and Thompson and Thompson (1985)
suggest that piles exhibit a drop off in resistance after a
period of rest in the ground. Such a drop-off 1s usually
observed at the re entry of pile driving and this phenomena
is called "relaxation”. Increase 1n p¥le capacity after
driving in fine grained soils due to the adjustment of soil
structure together with the pore water fluctuation after the
driving is called "freezing”

Several cases are repbrted in the literature and text
books. Figure (4.6) shows the increase 1n bearing capacity

with time of piles driven in soft cldys: It indicates that

in most cases 75 percent of the ultimate carrying capacity

is achieved in 30 days of driving. From several case
records, Yang (1970) reviews the effect on plle capac1ty of
time lag between. 1nlg’Jl driving and restriking or test 7
loading. He concludes that pile rela%ation could be

»

encountered for piles driven in dense fine sand and

“inorganic silts. It is clear from the above mentioned

reports and case records that the calculated capacity of

it
3&
v, »

pile represents only the resistance during the time interval
of driving and it is necessary to introduce a factor to
stimate the static pile resistance from the soil resistance

during driving. The ratio of soil strength a considerable

‘atime after driving to that immediately after driving »s

called the soil set-up factor.
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The materi ' ed has been removed because of

the unavailability of copyright permission. This
page contains the following.

1) The observation and recommendation made by
Vesic (1970) on gain in carrying capacity with
time of piles driven in soft to stiff é;ays. Refer
proceedings of ASCE, Vol.96, SM2, pp.56li584,

1970.

-

2) Effect of pile characteristics observed. by
McClelland et al. (1969). Refer proceedings of

ASCE ®Vo01.95, SM6, pp.1503, 1969,

A [

\
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4.1.2.1 So1l Set-Up Factor

The pi1le load test 1s always carried out many days
after the pile has been 1nstalled. TE; time lag betﬁeen
these two events will &wrmit the general relaxation or
freezing of the pile and 1ts surrounding soils after
the pile driving.

Cases have been reported where the capacity of
shaft bearing piles in clay has kept increasing over a
period of time longer than the duration of the clay
reconsolidat ®n resulrting from the equalization of pore
pressure (Flaate 1972 Cooke et al. 1979; Bergdahl &

Hult 1981). Based on the tests carried out on jécked
piles 1n London clay, Cooke et al. (1979) found a *
consid@rable increase in pile capacity with time., The'"
increasé_in capacity over a long périod of time varies
between 20 and 50 percent. Also, the results published \
by Bergdahl and Hult (1981), based on a series of

loading tests on half-scale shaft bearing wood piles inq//
glay indicate an gverage increase in capacity of about
22%.during the period from 1 to 2 months after pile
ihstailation, ;nd also the increase extended over

several months. .

A predicE}on of ‘the pile gﬁg@gity ?n the basis of
the wave equation, however, 'will only give the pile
capacity immediately after driving; thus, if pile
capacity some time after driving is required, some

knowledge-of the amount of "set-up" is needed. When the
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pile 1s acted on by combination of soils having

different set-up factors the following general equation

suggested by Lowery et al (1969) can be used to

”»

transform the after set up resistance 1nto the static

resistanceé immediately after driving by

where,

~ (8R)) (S,,-1.0)

ut t ‘

e
I

a Resistance- immediately after driving

-

R Total soil resistance determined by load test

uf

after all set-up has ceased

AR, = The ratio of the amount of resistance of each

type of soil "i™ to the total soil Jfesistance, both ‘

determined after set-up has ceaded
e

\

S,. = Thé set-up factor, cbrrespondisg to the soil type

fi

wimn
1 T v

Lowery et al. (1969) tentatively suggested that a set

=
)

up factor of 3 might be appropriate for soft clays, 2 for

firm and ;tiff clays, and 1 for other soils. McClelland et
al. (1969) (Figure (4.7)),lon the other hénd, cdnsiderithat
for piles driven into hard ﬁléy or sand, a decrease of soil
'stre;gtﬁ and adhesion with time could occur. The ,final -
static resistance of the pile would then be lg;s ;héﬁ{%ﬁe

L]
;e

» - - L B i -
. : e : w . ‘
v . & N . :

-

(4.8)
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N
resistance during driving. However, for purposes of

estimating the soil set up tactor, local geology and so1l*

response to pile drivingrand its behaviour with time should
be considered.

’

4.2 Internal Damping in Pile and Accessories

4.2.1 Pile

.. When the pile is subjected to driving force, the force

in the pile 1s given by

F, = KC, | (4.9)
S
whete,.
F, = Force in the pile‘ o
K, = Pile stiffness or spring constant
C, = Compression of pile at time interval t

Equation (4.9) is valid only, if there is no internal
damping present in pile (Figure (4.8a{). Figure (4.8)
suggests different posibilities for representin‘.the load
deformation’chaa?cteristics of Fhe pile material. In Figﬁres
(4.8b5 and (4.84d), Qhe material 1s assumed to have internal
damping according to the linear relationships. In Figure
(4.8c), ldgding and unloédin@jgrevconsidered to occur along
a hysteresis loop.' The assﬁmption that should be made for a

given problem depends on the material and its load

deformation behaviour under dynamic loading. a

. | -
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Smith (1960) suggested that the Eqguation (4.9) may be,

modified as follows to accommodate the internal damping in

pile. . -
(Ct“c‘ I) »
Fn = C(Km + BKm At T (4 ‘O)
where,
At - Time interval -
B - Internal damping constant of pile material

Sm;th further suggested that a small value such as
0.0002 should be assumed for B so as to produce a narro; \
hysterés}s loop. Since little is knan about the correct
‘structural damping behaviour and also this type of damping-

produces relatively small forces compared to soil damping, a

detail analysis.@ay not be justified.

4.2.2 Hammer Accessories

The elastic mpodulus for most engineering ma%srials in
'pgpcéice 1s never fruly constant, nor 1s the average slope
6% loading a%d unloading curve. It varies with the stress
evel and depends on whefther the load causing the, elastic
deformagion is increaéihg or decreasing. This variation®is
dsually considered insignifigant in practjce for com&on pile
méterials,gsgch as concrete and steel. However, for wood and
other materiais used in cap blocks and cushions, and when,
energy transfer takes place from hammef to agvil, the

difference in»s(;;fness in loading and unloading, causes a

loss d; energy that is far from insignifisant.

U,
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The form of the force-displacement diagram that 1s

' L pro’d& as the cap block or cuwshion is suddenly compressed

and then allowed to expand is shown in Figure (4.9a).
& <

N
Compression occurs along AB whose slope is determined by the
elastic constant k. of the cap block. Restitution occurs

first alg)g the line BD and then, 1t 1is completed.alonqLBA,

- % because the cap block cannot transmit tension. From Newton's

: law - ‘

. p |
e(MV  + MV ) = (MV, + Mcvhﬂ (4.11X

The relgtive energy loss 1s givénvas coefficient of

. restitution e of the cap block or cushion material.

] Awhere
M - Mass ‘of ram
M. - Mass of cap blpck or cushion (approximately zéro)”
 % v. ,V _ - Init;al velocigies of ram and cap block,

1ir! Tac

- - N

respectively (Vv =0) ' .
Vi, Vie - Final velocities . A
- L - : ,

. L . .
Subsbitut?%g V,.=0 and M.=0 in Equation (4.11) leads to

The kinetic energy equationvis'%.MVZ

From Figure (4.9a) "
K 4 ¥

- . ' 2
Energy output _ Area BCD gvh
Energy input Area ABC v

. -

! Lo R
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4

-~



- Area BCD _ e = DC
Area ABC AC \
o -
- 1] Ll N
BC = k_.AC = k1..DC = k! .AC.e
) k .
K o= — (4.1
e .
where k' 1s the unloading stiffness of the cap block or _
- , - N
cushion.
From Section 2.3.1, it is clear that a stiffer cughsn

N

«

transmits higher peak stress with shorter impgact dgéatioq.

Thé magnitude of energy transmittéd to the pile is gxéatlg

dependent on the coefficient of restitution of the cyshion

material. The cushlon propertle‘ directly affect the#shape;
of the impact force pulse 1mparted to the pille. /

Based on the test performed on cushion moterimls:‘

Texas A& M University (Holloway (1975)) the dynamié
L - . ’
static stress-strain behav1our of most cushxon m74er;als are

kY

very similar. Holloway (1975) suggested that the¢ secant

1y
¢

modulus from Static stress-strain behaviour corresponding to

the peak stress condition must be used to calculate the

=

loading and unloading Stiffness of the eushion materials.

v

Anstantaneous loadatransfer through cyshion material is

;'shown in Figure (4.9b). The cushion maférial is assumed to

exhibit 1nternal damping accordlng to the llnear
relatlonshlps. Forgce in the CUShl‘ at t1me t is glven <y MR
and the force corresponding to temporary max1mum‘¢omﬁressxdn

(C.,,) of cushion is giVen by PQ. Equation (4.9):may‘be

max

mod1f1ed as follows to accommodate the 1nterna1 damplng in

. , /" - X

-

i
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anvil, cap block and -cushion. I'n Figure (!.Qb), force F s

given by . : %
F = PQ - 00
k(
F,o= k. .Coay * (0, -CLu) 14.13)
e
| Egquation (4.13) takes into account of the energy loss

’

in the accessories due to internal damping. However, other
forms of energy losses during hammer 1mpact are not

considered in the analyé@s.

»

N
4.3 Summary

The damping parameters derived from various methods,
behaviour of soil during and after pile driving and material
response to dynamic loading have been discussed. These
information reveal tha{ in wave equation analysis the word
damping is used to indicate the gain in strength which soils
exhibit under fast rate of loading. Also, the damping
constant is a viscoug' parameter which characterise the
dynamic behaviour of soils. The following have been revealed
from the examination of the three methods which suggested
damping parameters. .
1) In Smith's method the damping constant is the ratio
between the velocity and the d?mping resistance. This
is based on the assumption thg@ the damping resistance
is linearly proportional to the instantaneous velocity

of the pile.

2) The damping constants recommended by Coyle and
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Gibson are independent of pile velocity. These damping
parameters are related to the basic soil properties
such as liquidity index or ¢gffective angle of internal
shearing resistance. The power law as well as‘the
dnmpipq parameters were recomhended based on triaxial
S tests,

3) }n the case method the damping factors are
d1mensio{1555. These factors depgﬁd more on the pile

4
properties rather than on soil. ) ~

~,
N

Intormat ion presented in the reports of various studies
A J

on soil response to pile driving indicate that after a
period of rest in the ground the driven piles exhibit a
drop-off or gain 1n resistange depending on the type of soil

in which pile was driven. Also, knowledge of the soil set-up

is very important to predict the pile capacity on the basis
. , .

cﬁx%he wave equation analysis.
‘Various possibi{ities for representing the load
deformation characteristics of the pile and cap block *
materials have been discussed. These details reveal that the
presence of internal damping in any material depends on its
v
load deformation.behaviour under dynamic loading. ﬁlso,
internal damping is insignificant in common pile materials
such as concrete and steel. However, this is very

significant for wood and other materials, used in cap blocks

and cushions.



rd

! '?ﬁf i
) S ‘R 7 ' a
9% MATHEMATICAL MODELS AND DEVELOPMENT OF PROGRAM "ALWAP"

The operation and working principle of various types of

-

‘Pile driving hammers weTe discussed in chapter 3, and also,
//in chapter 4 the d{ﬁamic response of material and.the method
of handling damping constant in wave equation analysis were
examined in detail. In this chapter mathematical modelling
of hammer, pile and soil, and also the use of the wave
equation to develop the computer program'"ALWAP" will be
discussed. ’

: « " ol

The analysis i4 based on the numerical equivalent
proposed by Smith (1955) to replace the differential
Equation (2.5) describing transmission of a shock wave along
the pile. Smith's finite difference solutldn is extended to
inclhde gravity effect and subsequent résearch works by
various authors to handle soil damping properties in wave
equation analysis. The gravity effect is indluépd by giving
the initial values to produce equilibrium of the system. ¢
Considering the diesel hammer operation and its |

-

co;struction, modelling of diesel hammer is separated from
other type of hammers.' 4 T a

The hammer, pile and other parts involved are
represented by a series of weights and :prings. The time
during which action occurs is divided into small time '
intervals., The velocities, forces and'displacements for each:
time interval are computed so as to differ from those |

existing in the preceeding interval by just enough to

represent the change occuring during the time intercziw-\

81 t e \
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The foregoing materials outline the problem and discuss
the physical conditions that must be taken into account. The
following gives the mathematics used for the numerical

P

solution of the wave equation as applied to pile driving.
The equations and routines required to generate a computer
program are developed in following sections.

-

5.1 Mathematical Models

t
The idealization of the ram of a pile driver depends

5.1.1 Hammer -
AN

upon 1ts construction. Drop hammers and steam hammers are

.

usually constructed so that the ram impacts directly on a

cap block which cushion the impact of the ram. Also, the ram
. a

of drop hammers and steam hammers is ordinarily a short,
heavy, rigid object. For these reasons the flexibility of
the ram is ignored and represented by a single rigih mass,
In the case of diesel hammers, the ram is fairly
slender compared to other type of hammers'under discussion (
and also the ram strikes agaimnst the anvil. The ram of ’
diesel hammer i9¢§epresented by a concentrated weight and a
weightless spring. Even though the anvil is a short rigid
body, it is represented by a concentrated mass an® a sprihg
to take into account of th; energy loss at the interface ‘of
the rann&ﬁa anvil, The springs which represent the ram and

anvil are connected in series, the force is the same in Qoth
. L

springs and the total deformation is the sum of the
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individual spring deformation. ?herefore, the combined
stiffness of the ram and anvil is given by the eguation
“ .
! S R
Sp(l) kh * ka (5.1)
Where, SP.,, 1s th ombined stiffness of ram and anvil, Kk,

and k, are given by the Equations (3.10) and (3.11),
respectively.
The idealization of the cap block and cushion consis&\

of specifying weightaess spring with ceefficient of

restitution. Dynamlf responSe and coefficient ofsrestitution

of hammer accessor1¥s were discussed in detail in Sectxon
4.2.2. Stiffness of the cap block and cushion springs are
represented by SP,, and SC, respectively. These parameters
are calculated by Equation (3.12). When the coefficYents of
restitution is equal to one, the load transfer prOperty of
these hammer componénts is characterised by Equation (4.97
and if the coefficient of restitu;ion is less than one it is
characterised by Equation (4.13). Hammer accessories such as
anvil, cap block and cushion are seﬁaratg pieces which
cannét transmit tension andﬁexpected to transmit compressive
forces only. The helm®t is a short rigid body and it is
represented by a concentrated weight W, without elasticity;"

Figure (5.1) shows the schematic representation of pile

driving hammer and its model. ' . S
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Figure 5.1 Schematic Representation of Hammer and its Model
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5.1.2 Piie and Soil
The pile and the corresponding model are shown in

Figure (5.2). The model consists of a series of mass

elements connected by weightless springs and subjected to

outside soil forces. The maés elements are infinitely stiff.

Their actual stiffness 1s represented by the welgthless

spring, which has stiffness K, equal to &E, where E 1s the

modulus of elasticity of the material, A 1s the

cross—sectionai area, L is the léngth of the mass element.

The weight of the element is concentrated at thé bottom of

the spring. The last pile segment weight includes weight of

drive point if used. As explained in Section 4.2.1, internal

damping of the pile material is not simulated in the model. -

If cushion is provided, the copbined stiffness SP,, of the

(AN

cushion and first pile ®egment is given by

) - - .

1 1 . 1
= + — (5.2)
Sp(3) K(m) kc

As explained in Section 4.1.1.1, the soil forces along
each piie segment and pile tip are modelled to consist of.
static and dynamic damping resistance. The resisﬁance ag)the >
pile point includes the side resistance of the bottom most
segmeht. Also, the point bearing force ‘is prevented from
exerting tension on the pile. The detail s0il models along
piie shaft and tip are shown in Figure (5.3):-The soil model
is assumed to be weightless, @e,‘the pile moves through the
soil mass and does not move the adjacent soil mass, and is
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/Figure 5.2 Smith's Mathematical Model of Pile and Soil
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simulated by a spring and dashpot on each pile segment.
Stiffness of the soil spring corresponding to each pile
bsegment is given by the Equation (4.4). Based on the
proposed model, loading and unloading at the pile point will
gccur along OABCB. !Ubding and unloading in shaft frietibn

will occur along OABCDEF.
5.2 Numerical Treatment

5.2.1 Development of Basic Fo;mulae

The time during.which the actipn occuré is divided into
small time intervals At such as 1/4000 seconds. It 1is
assumed that all the velocities, forces and displacements
have fixed values during any particular time interval. In.
Figure (5.4), the instantaneous displacement D ., of any
element is the sum of the displacement one time interval
back D, 1) plus the product of instantaneous velocity V. .,
and time interval At.

Dim,e» = Dim,e-n) * Vim, o)+ AL - | (5.3)
. «
(m,t) represents a functional designation; m dghotes the
element number; t denotes the time inteéval number;lAt 1s
the size of time interval. v
The net compression C(m,t) of the- element épring is -

computed from Figure (5.4). Initial length of the spring m

is 1 and 1' is the length after time interval t=n
. ‘ .
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Figure 5.3 Representation of Soil Model
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Cimey = 1 - 17§ but
1 * D(m*l,() I+ D(m,t); Hence
C D(m,t) - D(mﬂ,() (5.4)

The resulting force F( ,, in tha element spring is 3iven by

F(rn.t.) = K(m)c(m,t) DN I ) {5.5)

"

Referring to Figure (5.5k), it may be noted that the element

mis acted‘Upon by springs m and m-1, and soil resistance
R,. The accelerating force.F, is given by 0
Fam = F(m-!,t) - I‘;‘(m,t) - R(m) (5.6)

v

The element velocity V., of element m is computed from

the conventional velocity equation as

-
1

'S
V(m,t) = V(m,t—1)l‘ + aAt (5.7)
Fang
where, a = —/—
! w(m) N
W, = Weight of pile element T e
F._ = Force due.to acceleration

Multiplying Equation (5.7) by At and substituting for a

leadé to
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Figure 5.4 Element Displacements
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Figure 5.5 Element Forces
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an9 2 v
V(m,t)A‘t = V(m,t-l)At W (At) . (5.8)
(m)
»
Voo -
Rearrdnging Equation (5.3) leads to )
: LY ‘
/ Vim, Bt = Dy = Doy ) (5.9a)
By anology diéplacement at time interval t = t-1 can be
writen as S
V(m,r”At = D(m,t—l) - D(m,(»z) . N (5.9b)

By substituting for Vv, .,At and V(, ,.,,)At in Equation (5.8),
and by rearranging one gets
Dim,ty = 2Dp, -1y * Dipi-2) ' Fand

{ot)’ T Wi - (5.10)

-

1f the soil resistance along the pile is comsidered in
. . -

formulating Equation (2.5}, the resulting equation will.be

.

in the form . . A
3 ,
2 2 N
u 2 0°u ' -
. 9y _ 2oy =0 \ .
‘ atz ax - (m) ‘ ' ) »
2%u

PYes can be expressed 'in finite difference form using the
first-backward difference eguation

»

- 20, *+ U, o
un_ = — ~ . ' (5.11)
- " (at)’ R




Compatision of Bquations (5.10) and (5.11) indicate that the
simplitication of Egquation (2.%) which describes the stress
wave transmission threugh a pirle 15 justaified. Also, this

Sshows that these tive basic equations are equivalent to the

wave equation tor purposes of numerical computation.

W

. (o ) X .
By substituting F_oo= ay in Egquation (5.6) and replacing

a an Bguation (5.7) we get

9J .
v Voo orL oo (at) (5.12)

HS.00010010 Gravity Eftect

The procedure presented by Snlitrm (1962) does not
account for static weiéht of the pile, weight of hammer
housing and 1n the case of di;?sgl hammer, gas pressure
pricr to ram impact. In other words, all the i1nternal
and external springs exert zero force prior to impact.
I1f the effect of gravity is to be included, these
forces must be given initial values to produce
equiliﬁiium of the system. Strictly speaking, these
initial values should be those in effect as a result of
the pfevious blows. However, it should be recognized
that the solution obtained with the program represents
thg‘results for one blow of the hammer at the specified
sol1l embedment and soil resistance.

As an approximate method it is assumed

(H.Samson,Jr.et al, 1963) that the soil springs resist
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the static welght of the system according to the

relationship

R N - _*,,,,,,.w’!‘ (E)- ‘3)

where, R, Static weight resisted by seoil corresponding

to the pile segment m

= Ultimate soill resistance on the pile segment m

Rn(m')

W, = Total static weight resisted by soil !
n‘\’l

WT = wu * Fp * _ w(n) ~
m- 4

W, = Weight of hammer assembly excluding ram

F = Gas pressure prior to impact

The internal forces that initially exist in the piie

may be obtained from Figure (5.5a) and in general 1t 1s

given by ’
Fiamo Finr o Wi = Rino (5.14)
Thus, the compression of the internal spring may be
expressed as- : )
F
o (5.15)

C =
{(m,0) Kim

The displacement of the pile point may be obtained from
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. D Y SR i (5.16)

In working progressively upward from the pile point,

displacement ot other springs may be obtained.

D = Do + C (5.17)

Equation (5.12) should be rearranged as follows to include

the gravity effect.

Vi, - V.ot |F F R, + W, ‘—Jq(;'»(m) (5.18)
5.2.2 Computer Solution

The initial velocity V, of ram at impact 1s determined
from the properties of the pile driving hammer as explained
in Chapter 3. Other time dependent quantities are
initialized at zero or to produce equilibrium of forces
under gravity. The action of each weight and spring 1s then
calculated separately in "each and every time interval. In
this way a mathematical determination may be made of
stresses and plastic deformation or pile penetration against
any amount of soil resistance.

Prior to hammer impact, internal forces, compressions
and displacements of the internal springs are calculated by
Equations (5.13) to (5.16). However, the external springs to

be compatible with the assumed initial forces R”w” and

initial displacement D, o . Plastic displacemeht D' (n.0)



should be set equal to

R
' (m,0)
D {m,0) = D(m,\\) - r ) (5. ]9)

s{m, )

Displacements D ., ére calculated by Egquation (5.3).
The initial velocity of the ram is the velocity V, at
impact. Depending on the type of hammer it will be
initialized as follows.

Drop and Steam hammers V., ., = V|
Diesel hammers V., ,, = V,
Compression of the internal springs are calculated using
Equation (5.4). Forces in the pile segments are calculated
by Eguation (5.5). However, to calculate the forces in the
internal springs which exhibit internal damping, Equation
(5.5) is used until C

C becomes negative. This

(m,t-1)

‘1ast value of C.. ., is tl\‘e*e&ft\er treated as a constant
called C

'may Which is same as C,,Nin Figure (4.9b). Time

(m,t)

dependent variable C., ,, in Equation (4.13) ‘is replaced as

follows. )
K(m) 1
Fimo = 2 C(m,t) - —r -1 R’(m)clmn (5.20)
em‘ em
when C, ) - C(u..1, becomes negative Equation (5.20) is

used to calculate the force in the springs SP,, SP, and SP,
until C., ,, - C,,,, becomes possitive. Thereafter Equation
(5.5) is again used until C., ., - E(n,t_(, again becomes
negative. This éives a new value for C,,, equal to the

latest value of C(, .. Then Equation (5.20) is used wi::h
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-

as a constant. If additional recompression

new value of C

“Imax

occurs, the above procedure 1is repeated. In the case of

diesel hammers F includes the explosive force which 1s

[

computed by Equations (3.5) to (3.8) depending on the lapsed
4
time after the ram impact.

All the basic Eguations (4.3, 4.5 & 4.6) discussed
under Section 4.1.1 for purposes of calculating the dynamic
resistance R, are modified as follows to include the pile

°

displacement and plastic displacement of the soil.

R(nl) (D(n\,t) D'(m,t))Ks(m) (1 + J(.hn)v(m,x—l)) (5.2‘8)
' N
Ry = (Dmhn - D MnH)Kﬂm)(] IV e n) (5.21b)
@
.  AE
Ry = (Do) = D00 Ko Jeim CoMWVim o (5.21%c)

Depending on the method of choice, Eguation (5.21) is used

to calculate the forces in the external springs. Velocities

Vim . are calculated by Equation (5.18).
It may be noted that Equations (5.21a) and (5.21b)
produce no damping when D ,, - D', ,, becomes zero. To

overcome this occurrence, these two equations are modified
based on Smith's (1960) recommendation. In such occurrence,
the folﬁowing equations will replace Equations (5.21a) and
(5.21b).

Ry = (Dnuu - D

D Rstm * I QmKstm Vim, e-1)

1]
(m,t



N

— _ \]
'R(m) - (D(m,‘) D (m,t))Ks(m) + J(rn)Q(m)K:;(m)V (m,t-1)

Displacements, velocities and forces at every time
interval are calculated by assiginia1 for begining and 2
¥

for the current time interval. All the time dependent -

parameters for the current time interyval are computed based

v

on the previous time interval results and the cycle 1is
repeated by initializing the current time-dependent
quantities to begin the next cycle of computations. This
process is repeated until the élastic deformation (permanent
set) of the soil reach a maximum value and also the
velocities of all the elements are simultaneously become
negative or zero. By combining the foregoing formulae and

routines a complete computer program is prepated.

5.2.2.1 Selection of Time Interval and Segment .Length

-

In wave equation calculations, care must be taken
to make certain that tﬁe fim; interval used ;; not too
large. On the other:hand,'the time interval should not
be unnecessarily small, because this would use an
unnecessarily large amount of time in computation with
little or no increase in accuracy. Consequently, the
choice of the correct time interval becomes an

— " )
important;considération. Smith (1960) suggested that
the best time interval At, for use in making»a piie
calculation, may be defined as the largest intggval

that will produce a completely stable calcu£9£ion. Each

spring in the model has a "critical” times-interval
.“"_/{



¥ ‘ ' gg

which is the time that it would reguire for a sound or
stress wave to traverse this particular sp#ing and its
associated weight. Considering the possibility of sound
or stress wave travelling in both direFtions, Smith
(1955) recommended jwo formulae for the critical time

interval. These are as follows.

S — ALY (5.22a)
T 19,648 K *

™
T, = o /WT”" (5.22b)
T 19,648 K * ¢

{m)

The minimum value of T, that can be obtained by using these
formulae is the "critical”" time Tc;

Smith (1960) and Samson, et al.(1963) recommended to
“use one half of critical value so as to prevent instability
from arising due to other factors not included in Equation
(5.22), such as the effects produced by coefficient of
reétztutioﬁ e, ground quake Q and damping constants.

The length of the pile segments chosen must be
considerably shorter than the wave length of the stress or
impact wave produced by the hammer. Usually pile driving
hammers produce fairly long wave form. Division of the pile
into lengths of the order of 5 to 10 ft was recommended by

Smith (1960) and Samson, et al.(1963).
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5.3 Summary

"Basic equations and routines which are required to
deve%op a wave equation computer program have been derivgd.
For khis purpose, thé hammer components and pile are
repregented by masses and weightless springs and the soil is
simulated by dashpot and spring on each pile segment. Also,
it was assumed that the mass elements are infinitely stiff
and their actual stiffness is represented by the springs.

Gravity effect has also been included by considering
the equilibrium of the system before impact. Based on the
information gathered from various studies citéd indicate
that the choice of the correct time interval ;§ an important
consideration to produce a complete stable calculat}on.

-y
Also, these studies indicate that one half of the critical

time interval will prevent any instability in cemputations.



6. CHARACTERISTICS OF ALWAP AND INPUT INFORMATIONS

6.1 Program Flow

ALWAP 1s a‘computer program written in FORTRAN 77 code
which performs a wave equation analysis of the pile driving
problem. Details of ALWAP such as basic flow chart, listing
of the program, input'da?a’Sheet and other informations

©

related to the program are given'in appendix A-1 to A-4.
This proéram will solve problems i{ either imperial units or
metric units, as specified by the uéer throug? input data.
The program will compute segment weights and gpring
constants for constant section piles of any shdPe. It will
also compute average properties for round tapefed hollow or
solid piles and allow reading individual segment areas and
wéights for stepped piles. Velocity of ram at impact will be
calculated by the program from the hammer properties.
Several output options control the amount and typé of
printed results. Prior to the results of the analysis, the
input parameters and the computq? pile/Bropertiés will be
printed to verify the accuracy® of the input data. Analysis
is made for each ultimate soil resistance and depending on
the option, output méy be pile segment forces, stresses,
velocities, displacement} and. plastic deformations'at each
time interval, as Qell as pile point displacement and
plastic deformation of sbil, and maximum stresses in a

segment at each time interval. Also given is the maximum

stress ever obtained in any pile segment and corresponding

100
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time fn{erval and, as a check, the last stress and segment
velocity. If specified, program will obtain maximum tensile
stress in the pile and coressponding pile segment where the
maximum tensile stress 1s obtained. Finally summary of
results include assigned ultimate soil resistance, number of
blows required to drive per ft or 300mm and corresponding
maximum compressive stress ever obtained in the pile. Also,
if specified maximum tensile stress ever obtained in the
pile. o

Graphic output option is also included for bearihg
graphs obtained for blow count, maximum compfessive stress
and tensile stress in thé pile. 8n the activation of the
option the following graphs will be plotted on separate
pages. The graphs are (1) Assigned ultimate soil resistance

'

versus number of blows (2) Maximum compressive stress versus
number of blow% (3) Magﬂmum tensile strFss versus number of
blows |

In application a set of soil forces R, ,, are assigned
at each elemegﬁg Computed ram velocity at impac; is given
and the dynamic computation is continued through successive
time increment until all soil forces are less tban R,,
where, =

mep
R =z R

u ui{m)
m=4é .o

-~

For the purposes of computing the permanent displacement,
;hé program ‘scans the pile point plastic deformation D', .,

(permanent set) for the five largest values unless values

J
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differ by more than 0.005 unit, sums the values and divides
by the number of valﬁes used. The blow count is obtained
from the calculated permanent set. In this way the permaneﬁt
set (or blow count) is detegmined for a set of assigned soil -
resistances. Thé total'shape of the bearing graph can be
obtained by using variety of“Ru values.

The wave equation bearing graph obtained is associated
with a single driving hammer and gts accessories, pile tjpe,
soil profile‘%nd particular pilq‘penétration. I1f any one of
the above items’are changed, the bearing graph will change.

The program is designed to stop when the plastic
deformaijon at the pile point in the previous t ime interva}
is greatéf than at current (D' .,, > D', ,) and all pile
segment velocities are simultaneously zero or negative.
These conditions are based on the permanent set reaching a
maximum valueé from which it should not decrease and pile
does not come out of the ground. If the ground resistance R,
1s too low or time interval is too small, the conditions
outlined above will be met only after high number of
iterations. Under sdch conditions the program will stop if
the number of iterations exceeds 250. Also, if the ground
resistance is high or the capacity of the hammer is too low,
the program will stop with the suggestion in the output to
change one of them, Thé program is also designed to stop, if
the number of blows reguired. to penetrate one ft or 300mm
exceeds i200. Blow counts becoming greater than this value

result in very small increase in capacity and often referred
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to as "at refusal”.

6.2 Input Informations

In this program the input parameters such as pile
segment lengths, shaft friction distribution and hammer
details have to be used dirgctly. Also, the program requires
that the user obtain the hammer details from the i
manufacturers or dealers. In the caSe of diesel hammers,
informations such as lapsed time in each phases and bottom
diameter of the ram are difficult to obtain. No ;omputations

can be made without these details. Assigning zero for these

parameters will make the computer to make use of the vhluyes

assigned in the program to continue with the computatigns.
Program input data falls in the general catego;fes of .
pile characteristics and_pile capacity desired, hammér
ddetails,'sqil properties ané pile soil interactions.
Considering the possible variation of some of the‘input
paramé}ers, a sthdy was‘performed to adjudge the sensitivity
!.lthe program to these parameters. Results of this study is
dlscussed in subsequent sections of this chapter and -
comparision is also made_w1;h the prev1ously published
results b} various authors. ’L
6.2.1 Input Data
Thé wave eqguation analysis requires certain input data.

Manufacturers' catalogs may be consulted for the details of

.- » R
pile and hammer to be used in the analysis. It is important
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to note that the reliability of predicted bearing capacity
and predicted driving stress 1s primarily a function of the
accuracy of the soil parameters. Also proper assessment of

the pile soil interaction is very important".

6.2.1.1 Pile Properties and Time Interval

Pile details inclyde number of piie segments

including ram, cap block, helmet, anvil and cushion if

+ used. Some enginéers are of the opinion that the first
pile segment in the ground may not have a soi?
resistance dug to driving and other surface
disturbances. Also, if thé pile 1is driven through very
soft (peat) soil or water surface, the pile segments
within the soft ‘strata will not have soil resiétance.
Considering these possibilities, provision is made in
the program to include pile segments which will not b%
subjected to shaft resistance.

Pile properties required by the computer are
modulus of elasticity and wave velocity of pile
materialﬁ pile cross-sectional area, segment length,
weight of unit 1ength‘and wall thickness if pipe pile
is used. If the pipe pile is d;iven open ended, a soil
plug exists when the soil does not move relative to the
pile. It may be assumed that the soif has a negligible
stiffness compared to the pile stiffness and therefore
only pile unit weight is affected. I1f soil plug is to-

be considered in the analysis, it should be added to

the weight of the pile.
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I1f any pile drive point or driving shoe ishhsed,
it can be accommodatea in the input data and this will
be included in the weight of last pile segment for
computational purposes. Usually the pile segment length
is not too critical. However, too few elements.may not
yield the desired computational accuracy. Number of
pile segments 8 to 10 with segment lengfh not exceeding
10 ft will be satisfactory. i |

As gxplained in Section 5.2.2.1, one should be
aware that the minimum number of iterations occurs when
the correct value of]&i is used; but if At is too big,
the computations diverge; if it is too small, it will
take many iterations. The ptogram requires constant
time interval to be used. If zero is assigned in the
input data for time interval, the program will compute
and use one half of the critical time (TL) for the
analyéis. However, in the case of pipe piles, if soil
plug is included in the weight of the pile, it 1s
important to specify the time interval in the input
data.

1f a composite pile is analysed, the input
parameters such as weight per unit length, area of
cross-section, modulus of elasticity and wave velocity
of pile material of each segment shéuld be specified
irrespective of the éhabe of pile. , |

In practice splice or connectors are used to

'conhect concrete piles. In such case, the program

;
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requires informations such as maximum slag or movement

allowed 1n the joint, maximum tensile force that can be
: }’Nat ransmifted through the joint and the location of the
joint . Springs other than the joints should be assigned

soeto value for slag and tensile force.

L.2o 1.2 Sell Properties

Soi1l data consists of guake, damping values and
ultimate soil resistance. However, 1f Coyle & Gibson's
method 15 used, value of N appropriate to the F:Oil 1n
;vhicf\ pile 1s driven i!‘l'@quired. In practice, plle
point may be founded in a soil strata different from
that of shatt and also the soil i1s remoulded along the

\

sh‘aft during driving. For these reasons, gquakes are

generally specified tfor skin and toe separately. This

program reguires the gquake values to be specified

4
. separately for skin and toe. Also, an ﬂn 1s

&
avallable to analyse pile with various quake values

keeping "other parameters constant.

.Most of the published results ( Coyle &Gibson
(1972), Heerema (1979 & 1981), Litkouhi & Poskitt
{1980)) related to damping parameter reveal that in
sand, pile toe should be given relatively higher value
than shaft whereas in clay it is the opposite. For :
these reasons the soil damping values are specified by
.;wo parameters. By activating the option, the user of
;o

~this_program can select any one of the method discussed

¢ ° 1in Section 4.1.1 to compute the dynamic resistance. If

¢ o
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the so1l strata 1s considered as a single layer for the
purposes ot analysis, the program requlres separate
damping values to be specitied tor skin and toe and 1f
number of soil layers are considered, damping and N
values for each pile segment should be specified.
However, this im‘iolity is limited to Smith and Coyle's
approaches only.

The desired ultimate s0i1l resistance at the pile
point 1s assigned as percentage of total resistance.
The computer will determine the resistance at the pile
point. The ultimate shaft friction distribution can be
of any torm. If the distribution 1s Mngular, t he
program requires only the ultimate soil capacity and
percentage of soil resistance at the pile point and by
activating the option the computer determine the soil
resistance 1n each plle segment. Soil resistance

distribution other than triangular needs detail input.

6.2.1.3 Hammer Details

- -

As mentioned before, the program reguires the user
to obtaip the hammer details. Based on the construction
and method of operation of hammers, these are
categqyised into steam and diesel hammers.

Steam hammer units are not as complicated as
diesel hammer units are. However, proper choice of
efficiency is very importaqt. For example, a thick
cushion may produce a.redG;ed stroke while a thin

cushion may allow early air/steag injection because of
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self cushioning. Double acting hammers are even more
Sdatticult to evaluate since they are extremely
sensitive to alr/steam bxessure changes.

Single acting air/steam hammer data consists of
welght ot ram, weight of hammer assembly excluding ram
welght | rated hammer energy output and efficiency.
Hammer efficiencies which are recommended by the
manufacturers reflect ideal conditions that are usually
not present in the field. Provision 1s made in the
program to assign the stroke observed 1n the field. It
no value 1s assigned for stroke, the computer will
determine the stroke from the input data. The double
acting hammers require the following details 1in
addition to the information required in single acting
hammers. The detalls are maximum stroke, operating alr
steam pressure, and manufacturer's rated limiting
pressure. In the absence of any value for observed
stroke, the program will compu}e the stroke from the
hammer properties.

Drop hammers are modelled like single acting
air/steam hammer. Stroke 1s usually rather variable and
efficiency 1s often unknown because of a dependency on
inertia, operator skill, friction or other qQuantities
that are hard to evaluate. Option is available in the

program, either to specify observed stroke or to

determine Yhe,stroke from the hammer details.
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Working principle of diesel hammers varies
depending on the type of hammer. All types of diesel
hammers are generalised to avoid complications arising
from various modifications and detail thermodynamic
modelling of its operation. The program reguires fairly
extensive details of the hammer including maximum
explosive force at the impact, top and bottom diameters
of the ram, volume of combustion chamber, distance
between the exhaust port and anvil top, lapsed time
after impact in each phase, length of ram ;nd alsc
other details such as weights and rated energy.

Hammer stroke varies widely in the field depending
on the soil resistance, combustion delay, fuel type and
preignition. The program requires elther rated energy
to calculate the stroke or observed stroke to continue
the computations. If, there are no values assigned to
lapsed time in each phase, the computer will use the
values which are assigned in the program itself. Some
manufacturers provide the combined stiffness of ram and

q

anvil, This can be directly specified without giving

detail physical dimensions Qf ram and anvil. If there

are no values for combined stiffness SP;,, and bottom
N

diameter of ‘the ram, the sgiffness will be calculated

assuming that the bottom diameter of the ram is equal

to one tenth of top diameter. - |

¥

Details of hammer accessories such as anvil, cap

-

block and cushion consist of modulus of elasticity ;?\“\

“(\
\



the material, area of cross-section, thickness and .
coefficient of restitution. Other detaills such as
weight of anvil and helmet are also required. The
stiffness of these components will be calculated by the
program along with other calculations.

In the process of driving, the cap block usually
gets burnt or crushed 1f wooden material is used.
Considering this possibility, facilities are available
in the program to specify change in thickness or N
modulus of elasticity along with the ultimate soil
resistance to which analysis is made. Usually cushions
are used only for concrete piles and if steel piles are
to be analysed, it can be simulated by specifying zero
for modulus of elasticity, thickness and area of

cross-section and assigning one for coefficient of

restitution of the cushion.

6.3 Program Limitations

Usage of this program . is limited to impact type hammers

with pile head driving. Also, modelling of diesel hammers do

not include the thermodynamic action of these hammers to

determine the hammer stroke and gas pressure stage by stage.

The program exclude the residual stresses in the pile

as well as in the soil. Residual stresses in the pile may

develop either during manufacture or from previous hammer

blows. Holloway et al. (1978) concluded that for impact

driven displacement piles, a significant residual point load
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often develops, dependirg primarily on pile-soil system and
this is independent gf pile driver. Authier and Fellenius
(1983) suggested that the residual stresses are rarely of
any significant magnitude and they are of much greater
importance for thé evaluation of static load test. However,
by the time the computations are terminated, the major
driving force has been expended and only secondary or

residual forces are acting. These are of little interest and

no attempt is made to include these in the 9766F2;3\

6.4 Gravity Effect

Five cases indicated in Figure (6.1) are considered to
‘study the effect of gravity on permaneﬂb set and stresses in
the pile. All calculations associated with this pile were
performed on the basis of the following data: Quake =
0.10in. for side and point; Damping values side = 0.05

0.15 sec/ft; Weight of ram = 5.0 kips;

set/ft and point

1}

weight of helmet 0.70 kips; Cap block spring stiffness =
2000 kips/in; Coefficient bf’restitution = 0.50: Hammer
stroke = 2.40 ft; Total ground resié}ancé =200 kips. Case 3
was.further extended tol\study the effect of ignoring gravity
on the blow count diagram. Results of this analysis are
shown in.Fi’(6.2) and-(6.3).

The plots of soil resistance versus number of blows'
requiréd to penetrate one foot (Figures (6 2) & (6. 3))
indicate that the effects of grav1ty are in the range of 6%

to 11% below 120 blows/ft and it varies from 17% to 25% as
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the soil resistance reaches the hammer capacity. Increae 1in

combressive stress (Figure (6.2)) due to the influence of
gravity effect is in the range of 4% to 12% when the soil
resistance is below 100 kips and the difference 1is
negligible (1.7% to 2%) with the increase in soil
resistance. The analysis without the gravity (Figure (6.3))
indicatés no tensile stress in the pile when the soil
resistance exceeds 150 kips. However, when gravity 1s
included, the increase in tensile stress 1is iﬁ the range of
K% to 11% below 150 kips and when soil resistance eRrceeds
this value, significant amount of tensile stress 1s
influence on tensile stress can become

observed. Its

significant, specially for prestressed concrete piles.

Table 6.1 Gravity Effect on Maximum Forces and Permanent Set

Case Maximum Compressive Maximum Tensile Permanent set
No Force in Pounds Force in Pounds in inches

Gravity Gravity Gravity Gravity Gravity Gravity
neglected includead neglected included neglected |included
1 405640 411685 0 0 0.2057 0.22
2 291630 297360 0 9460 0.2949 0.3156
3 291100 296750 0 9770 0.2744 0.2940
4 287030 290210 80950 82150 0.48B36 0.5152
5 286020 291030 76980 77560 0.4262 0.4553

Results of the analysis carried out for different cases
of soil resistance are given in Table 6.1. The gravity
effect on compressive forces in all the cases analysed 'is
small (1.5% to 2%). In all the cases, except. case 1, the
inclusion of gravity produced significant amount of tensiie

forces. However, this is not evident from the analysi! ,

e
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!

arer

without the gravity effect and also only case 4 & 5 produced
tensile force in the pile. Gravity effect on permanent set
varies between 6.5% and 8.5% depending on the load at the

pile point.

6.5 Influence of Input Parameters

The computer program deQEloped requires several input
parameters to analyée pile driving problems. Because of the
potentially large variation of the va{ues of the parameters,
su¢h as hammer energy, quake, properties of.cushion
materials, percentage of load at the pile point and damping
values, a study was performed to adjudge the sensitvity of
the program to these parametérs; Case 3 shown in Figure
(6.1f was selected to perform this study. In each case, all

variables other than the parameter under study were held

constant.

6.5.1 Hammer Selection

One pf the most important question to be answered in
the installation of piles is the selectien 6f a hammer to
drive the pile to ;heirequired penetration successfully. The
dxiving capability of any ha;mer’is greatly imfluenced by
numerous factors. In order to study the effect of driving
with varying"energy, ram dr9p of 2, 4 and 6ft were used.

As shown in Figﬁfes‘(6.4) and (6.5), although the

energy output of 4ft and 6ft drop of ram are respectively
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two and three times that of the 2ft drop, in no case was the
driving capacity of the 2ft drop doubled or tripled by usé
.of the higher stroke. Actually, the 100 percent increase in
energy from 2ft to 4ft drop increased the driving resistance
by 46% and also 50 percent increase in energy from 4ft-to
6fé‘drop increased the driving resistance by only 24%. -

Figuie’(6.4) shows that the increase in energy output
by 100 percent (2ft to 4ft) increased the compiessive stress
in the pile by 40 percent‘and also an increase/ in energy by
50 percent (4ft to 6ft) increased the stress by 22 percent.
Increase in stresses in the pile 1is substantlal compared 96/
the ability to driveythe pile. However, increase in tensile
stress (Figure (6.5)) is not signitficant aft;r the initial
stage of dr1v1ng Usaually hlgh stresses are induced 1;*the
plle during dr1v1ng and therefore any increase in stress
beyond the design limit due to improper hammer selection or
operation can cause damage to the pile:

\\\ N 8

6.5.2 Cap Block Properties

Cap blocks are normally used to reducq the stresses in
the pile and hammer dufing driving. The mth significant
piMoperties 6f a cap block include its stiffness and
coefficient of_restitution. |

Figure (6.6) indicates that the driving resistance is
not sensitive to the cap block stiffness. Also, 100 percent

increase in stiffness increased the driving resistance‘gl//

on¥y 2% to 4% in the possible range of .blow counts usually

)

)



o

30

204

154

MAXIMUM STRESS ( Ksi )

- : 81t

L — a1t

21t

10

SOIL RESISTANCE ( Kips )

21t

\160 00 300
BLOWS PER FT

Compressive Stress

4

p
0

500

Figure 6.4 Effect of Driving Energy on Blow Count and

118



600

61t

500—‘ /”‘

400
2ft

3001

2004

SOIL RESISTANCE ( Kips )

100

21t

TENSILE STRESS ( Ksi )

-12 " o

200 300 ° 400 | 500
BLOWS PER FT

(-4
[
o
(-4

Figure 6.5 Effect of Driving Energy on Blow Count and

v

Tensile Stress

LY

119



120

v
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empNoyed 1n prle drrving practice. However, L0 percent
increase (2000 to 3000) produced almost negligible effect on
draving resistance.

Increase 1n stittness frem 1000 kips,in to 2000 kips/in

|
(Figute (b.6)) increased the compressive stress 1n the pile
by 1% percent und. tncrease from 2000 to 3000 produced 10
pé‘['("(‘nt increase. Also, stifter cap block produced higher
tensile stiess at the initial stage of driving and there 1is
n\g“mwt 1ceable etfect after the soill resistance exceeds 200
kips (Figure(eo.7))

Figures (6.8) and (6.9) show the effect of varying the
coetticient of restaitution ot the cap block. The more
etticient cap block 1ncreases the ability to drive the pile-
at all levels of resistance since less energy 1s absorbed in
the cap block. However, the effect 1s not as pronounced as
one expects. Thi's can be observed in Figures {6.8) and 133;\

: 1
(6.9). Increase 1n coefficient of restitution by about 80%

produced only 4% to 5% 1ncrease 1n driving-ability of

‘hammer . Correspondidﬁ increase in compressive stress 1S only

2 percent. Change in coefficient of restitution has no

effec%ﬁén tensile stress developed in the pile.

6.5.3 Soil Properties

Several authors had recommended values for guake to bBe

used 1n the wave eguation analysis. These values vary
depending on. the type of soil and the method of evaluation

$sed byﬂthe authors. The results discussed herein are based

Vd

.



121

\
30
o
'f 25 -
V]
98]
A N
~ \ S - -~ - kc=3000
= 201
v — kc=2000
=
& o S B
- - - kc=1000
- 13<
M )
<
=
10
400 4 //r*“kc = 3000
e, = kc=1000
= g
;; 300
(]
Z.
L.
[
wn
5 2004
o
[ |
—
©
n
100
07 Y B4 T ¥
0 100 200 200 400 500 600

BLOWS PER FT

Figure 6.6 Effect of Cap Block Stiffness on Blow Count and

Compressive Stress



300

400

300

200 1

SOIL RESISTANCE ( Kips)

100 1

kc = 3000

5 ’ el
/éf// -ke=1000

e

~-104

TENSILE STRESS ( Ksi )

-13

260 330 460
BLOWS PER FT

600

122

Figure 6.7 Effect of Cap Block Stiffness on Blow Count and

Tensile Stress



123

25
»
£
w
w
14
(04
= 201
2 ST o o ”ASEO"Q 0.7
; DT T 0.5
3 - o
= 0.3
>
<
=
15
300 -

200

SOIL RESISTANCE ( Kips )

100

0 100 200 300 400 500 600
BLOWS PER FT

Figure 6.8 Effect of Coefficient of Restitution on Blow

Count and Compressive Stress



124

400

300 1

2004

SOIL RESISTANCE ( Kips )

100

0
n
=
7
w
=
(o4
b=
wn
=
-1 -101
—
72}
Z
<]
b=
F d
-135 T T 14 1 14
0 100 200 300 400 500 600

¢

\BLOWS PER FT

Figure 6.9 Effect of Coefficient of Restitutiom on Blow

Count and Tensile Stress



125

on the analysis carried out using the same quake value for
skin and pile point.

Figures (6.10) and (6.11) show the results of the
analysis for various guake :alues. Variati%n of fgb\percent
in gquake value produced only 6% reduction in driving
resistance corresponding to 100 blows/ft and when the quake
value was inc5§ased by 100 pefcent, the driving ability was
reduced by only 11 percent/( However, changes in gquake value
did not produce any pronoyhced effect on compressive
stresses (Figure (6.10)). Figure (6.11) indicates that the
change in quake values produced appreciable variation in
maximum tensile stress. Maximum tensile stress increases
with increase in quake. Change in quake value from 0.101in.
to 0.15in. produced 93% increase in maximum tensile stress.
Variation of this nature can prove significant for
prestressed concrete piles.

Varying thegpercentage of load applied to the pile
point influences both the maximum pile stresses and the )
Eaximum point set (Figures (6.12) & (6.13)). The percentagé
increase in maximum compressive §§ress and the corresponding
percentage of total load at pile point are gixén in Table
6.2. \

The pronounced effect on the maximum stress at 100

percent point load is aétually due to the complete loss of .

ide resistance and damping.
L)
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Table 6.2 Change in Compressive Stress

Percertage Ru Change 1n
on pile poant stress (%)
0O - 50 i - 4
50 - 7% 23 - 37

75 100 277 - 3¢ '\
b

~

Pile set or resistance to penetratibn depends heavily
on the assumed ultimate soil resistance R_ and the assumed
point resistance. Varying the percent’ of point load from 0%
to 50% can vary the set 40 to 100 percent and the variation
of point load from 50% to 100% can vary the set 20 to 37
percent. Also, it can be noted in Figure (6.12) that the

ability of hammer to drive the pile decreases with the
\

{ LY

increase in percent of point load.

The pronounced effect on the maximum tensile stress 1is
when the load at pile point is zero. Varying the perceﬁtage
of poimt load in the range of 0 to 25 percent gan véry the

i
maximum tensile stress 90 to 95 percent. However, this
variation is not significant when the percent}ge of point
load exceeds 25 percent.

All three approaches discussed in Section 4.1.1 to
handle damping in wave equation analysis were'employed to
study the effg;t of varying damping values on pile
drfveability and stress in the pile. Damping values
applicable for sandy soils were chosen for this study.

The result§ of the analysis using damping values
recommended.by Smith ( Figure (6.14) ) indicate that the
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"increase in damping value reduces the pile driveability.
Variation of +50 percent in damping value can vary the
driving resistance 8% to 12%. However, 150% variation in
damping value had(no effect on maximum compressive stress
developed in the pile.

Figure (6.15) shows the results of the analysis using
the damping values recommended for sand by Gibson and Coyle.

: /
Variation of damping value in the range of 40% to 50% can
vary the driving resistance 13 tg,17 percent and also,
variation of this magnitude 1in démping value can vary the
compressive stress by about 12 percent.

Results of the analysis using Case damping values are
shown in Figure (6.16) which indicates that this approach is
fairly sensitive to the change in damping values. variation
of +30 percent in damping value can change the driving
resistance from 13 to 26 percent. However, no effect on
comprefsive stress can be observed within the range of
damping values varied (50%). Figure (6.17) showing the
percentage increase in damping value vefsus number of blows'
per ft for R, = 150kips'and R, = 250 kips was plotted to
compare andlalso examine the approach which is least
sensitive to the change in damping value. It can be.o%éerved
that the values recommended by Smith as- well as Gibson and
Coyle are not sensitive in the lower‘range and noticeable
change can be observed as the soil resistance (R,) becoming
closer to the hammer capacity to drive the pile. In contrast

.
to these two.approaches, Case damping factor is fairly
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sensitive in the lower range and it becomes very sensitive
as the so01l resistance increases. Also, wiéﬁ’Case damping,
the soil damping force becomes dependent on the particular

pile material and cross sectional area.

6.6 Summary
The computer program has been used to study the effect
of gravity on.predicted results and also to adjudge the
sensitivity of the program to minor variations in the input
parameters. The following have been observed from this
study.
1) For the case considered, permanent set and
compressive stress are not significantly influenced by
the gravity effect. However, influence on the tensile
stress 1s significant. \
2) Increase in the hammer énergy is not expected to
ipcrease the pile driveability proportionally but this

can cause excessive compressive stress. However,

tensile stress is not significantly influenced after
h .

the\initial stage of driving.
3) Variation in cap block stiffness does not influence
the driveability of the hammer. But the increase in
"5 stiffness produces higher compggssive stress in the
pile. Also, stiffer cap blocks produce higher tensile
stress at the initial stage of driving.

More efficient cap block increases the ability to

drive the pile at all level of resistance. However, the
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effect is not as pronounced as one expects. Tensile
stress 1s insensitive to any varilation 1n coefficient
of restitution But the increase 1n efficiency of the
cap block produces higher compressive stress.

4) Minor variations in quake values do not affect the
pile penetration or compressive stress significantly.
However, this produces appreciable variation 1in tensile
stress and this may be significant for concrete piles.
5) Percentage of load at pile point influence the pile
driveability, compressive stress and tensile stress
very significantly. Proper assessement of pile point
load 1s very important.‘

6) Variation in Smith and Case damping has no effect on
compressive stress. However, the compressive stress
predicted by Coyle and Gibson method is fairly
sensitive to minor variatig\s. Driveability of pile 1s

least affected by minor variations in Smith damping

parameters.



7. PROGRAM PERFORMANCE

7.1 Introduction

\

The successful application of wave equation analysis

require8 a knowledge of static and dynamic soil properties,

dimensions of pile and properties 9f the material from which

it is made, and imfgrmation on the physical properties of
the pile driver and associlated equipmen;/nééd. The overall
consideration is to relate the dynamic behaviour of the
driving equibment-pilelsoil system, witﬁ due consideration
to changes in properties of thé soil during and after
driving of the piles.

The program performance 1s tested using five case

hijstories obtained from Geotechnical Engineering Division of

ER:ET R:HI and other published records. The informations
required for program testing consisted of three different
groups.
1) Driving system data such as helmet weight and material .,
properties of cap block and cushion. These were chosen from
manufacturers' catalogue and large range of possible values
published by various institutions. Mate;ial properties such
as elastic modulus and coefficient of restitution often
proved to be difficult to obtain. However, study on the
input parameters indicated that the variation in cap block
properties have marginal effect on the predicted results.

2) Hammer data including physical dimensions of the ram and

other details such as efficiency, peak explosive force and

138
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volume of combustion chamber were obtained either from
manufacturers' catalogue or from published recofds. Values
recommended by Rempe and Davisson (1977) for delay time
(t,), rise time (t ) and minimum hold time (t,) in combustion
phase of diesel hammers were used in the analysis.

3) Soil datd such as skin and toe quakes and skin and toe
damping values were chosen from the published literatures by
various authors. The guakes were mostl; chosen at 0.1
inches. Selection of damping parameters in wave egquation
analysis are dictated by the type of soil in which the pile
is driven and the damping model intent to use. The
distribution of the soil resistance forces affected the
shape of the force and velocity‘curves as well as stress in
the pile and blow count diagram. The ratio between the load
at the pile point and total resistance (percent) was
observed to influence.the predicted pile capacity. In the
absence of field measurements, percentage of load at pile
point was calculated using various static formulae énd
possible pile—;oil interface failure mode during driving.
The final analyses were carried out for most suitable
combinatiéns of soil resistance distribution along the pile
shaft and percentage of load at the pile point.

. In order to place the wave equation in context, it is
appropriate to use dynamic formula and compare the results.
A number of dynamic pile driving formulae are used in
préctice to predict the load carrying capacity of piles.

"Hiley's formula was developed to eliminate some of the
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errors associated with the theoretical evaluation of energy
_absorbtion by a pile soil-system during driving. The Hiley's
fdrmula has been used extensively in practice. This formula
N
is included in this study to examine whether there 1s any
direct correlations existing between Hiley's formula and
wave equation analysis. A computer program was written for
Hiley's formula to make the computations easy. Listing of
the program and other details related to this program are
given in appendix B-1 to B-3.

Formula for use with drop hammers and single-acting hammers

e,W h
R =

W
p
" s + 1 2((:‘ + Cz +CJ) W (7.]8)

Formula for use with double acting and differential-acting

hammers and diesel hammers.

12e E, W, o+ e’W
v s+ 1/2(c, + ¢, + c;) W + W

r

(7.1b)

where

R, - Ultimate carrying capacity of pile in 1b

W, - Weight of ram in 1lb

E, - Rated energy of hammer per blow in ft-1b

h - Length of free fall for drop hammers and stroke of
ram for single-acting hammers in inches

\

e, - Hammer efficiency *
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W, - Weight of pile in 1b

1 - Length of pile in 1inches

e - Coefficient of restitution
s - Permanent set 1n inches
c, - Temporary compression allowance for pile head and

cap in inches

. R 1
“2 T AE
¢, - Temporary compreséion allowance for quake of
ground
A - Average cross-sectlon area in sg-1in
E - Elastic modulus of pile material in psi

7.1.1 Interpretation of Load Test Results

The results from the load tests carried out by the
respective organizafions from which the case histories were
obtained are used to compare with the wave equation
analysis. The results of these tests have been replotted and
reanalysed for this report.

The interpretation of the results from test loading can
be made according to many methods. Pile capacity may be
viewed either in terms of "failure", that is, rapid
progressive settlement at constant load, or as a load
satisfying a particular settlement criteria. Each approach
has its uses, especially when correlated with local
éxperience, however, the fraction of ;be failure load
obtained from ﬁny settlement criterion.depends greatly on

"~

the pile type, diameter, length, and method of installation



142

and on the soil conditions at the site. In any case, a
failure de&%nition must be based on some mathematical rule
and generatq‘a repeatable value that is independegt of scale
relations ahd the opinions of the individual interpreter.
van de Veen (1953) was probably the first to deal with
this problem in a rational manner. He postulated that the

relation between the tip load P, and the tip deflection §

could be expressed by

wh
Po= P (1 —e™) (7.2)
where
P,,, - Ultimate pile capacity at the tip
e - Base of natural logarithms
w - Arbitary constant

1f it is assumed that a relation of this form 1s also

applicable to the butt load P and butt displacement & then
In(1 - P/P,,) = - wb (7.3)

Where P, is the ultimate capacity of the pile. Accordingly,

t

a value of P, is selected and 1ln(1 - P/P ) versus § is

ult
plotted. The correct value of P ,,, has been assumed when a
straight line plot is obtained.

Davisson (1972) suggested the determination of a limit

load calculated as the load for a pile head movement
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corresponding to the elastic column compression plus an
offset, x, equal to 0.15 inch plus T%B times the pile
diameter.

5 = O, + O, * O, (7.4)

where

N
A, - Elastic compression of the pile

I

A, - Elastic compression of the soll at the pile tip
o, - Limiting plastic compression of soil at the pile
tip

Chin (1970 & 1971) p;%posed that, as an approximation,
the butt load versus butt displacement could be expressed by

a hyperbola of the form :
p o (7.5)

Where the asymptote P, = and b 1s a constant.

1
ml

Rearranging Equation (7.5) leads to

aeli=g

=ms + b (7.6)

After some initial variation, the plot of % versus § fall on
a straight line. The inverse slope of this line is the Chin
. 1
failure load (P,, = ).
Fuller & Hoy (1970) proposed a simple definition for
the failure load. The failure load in their method is

defined as the load equal to the test load at which the load
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[N

movement curve slopes 0.05in./Ton (0. 14mm/KN).

Butler & Hoy (1977) defined the failure load as the
load at the intersection of the tangent sloping 0.05in,/Ton,
and the tangent to the initial straight portion of the curve
"or to a line that is parallel to the rebound portion of the
curve.

Each method has its advantages and disadvantages. The
Davisson limit was developed in conjunction with the wave
quation analysis of driven piles and has gained wide spread
Use in phase with the increasing popularity of this method
of/gnalysis. The Davisson limit results normally in a load
which 1s smaller than a subjectively evaluated failure load.
It is intended for use in the evaluation of quick tests, but
it is commonly applied to evaluate results from slow tests.

The actual Chin value has very little bearing on the
estimate of the pile capacity. The advantage of the Chin
method is that it can be used to support the judgement of N
the quality of the pile test and other evaluations. This
method allows a antinuous check on the load test results.
Check is made by observing sudden kinks or slope changes in
the Chin line,. —

The Fuller & Hoy method penalise the long pile, because .
the” larger elastic movements occurring for a long pile as
opposed to a short pileq>causes the slope of 0.05in./Ton to
occur sooner. The Butler & Hoy development takes the elastic

deformations into account and this offset the length effect

substantially. However, the slope of 0.05in./Ton is .
A

=
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It is difficult to make a rational choice of the best

approached only if failure 1s imminent.

criterion to use, because the one preferred is heavily
dependent on one's past experience. Methods of evaluation
discussed above result in upper and lower limits of the
ultimate pile capacities estimated from load test results.
Considering the -purpose of the study.and the merits of the
methods, all five methods discussed above will be applied to
obtain the ultimate static bearing capacity from theé load

‘ -
tests.

7.1.2 Damping Models

Three approaches were discussed in Section 4.1.1 to
handle damping parameters in wave equation analysis. Options
built into the program allow the user to choose the method
of analysis depending on the availability of relevant soil
informations to select the damping parameters. The study on
the effect of varying damping parameters revealed that the
Ca§e’method is very sensitive to minor changes in damping
values and other two methods are insensitive.
[‘&ﬂﬁn the Case method, selection of démping values impose

A B

..a'greater problem because they affect the blow count result

to a much larger degree. Smith's damping values were
relatively well proven during several years of use. Gibson™ &
Coyle's damping parameteré are related to the basic soil
properties such as liquidity index andlangie of internal

friction. Also, use of this approach and the damping
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parameters recommended for this approach are examined 1n
this study. However, the damping parameters recomgended for
this method were derived from triaxial tests and those are
available only for highly compressible clay (CH) and sandy
soils. Successful application of the program requires
reliable informations and methods which are least sensitive
to minor variations. Hence, Smith's and Coyle's appfoaghes

are chosen to test the performance of the program.

7.1.3 Representaion of Results

The results of the wave equation analysis and Hiley's
formula can be represented by the curves. The design pile
capacity is given as a function of blow count (blows/ft) and
is known as bearing graph. Results of the wave eqguation
analysis and Hiley's formula are given in the form of |
bearing graphs. Also, the number of blows required during
the last foot of driving and the corresponding soil
resistance are indicated in these plots. Maximum stresses
obtained in the piles are also given as a functioh 6f blow
couht. However, considering the importance of tensile stress
in concrete piles during driving, the detailé of tensile
stress’are limited to concrete piles only,

In addition to the ﬁaximum stress in the 'pile, maximum
stresses obtained in each pile segment‘afe plotted against
the pile length. As a means of checking the numerical error
in the computation and representing the results, the time

dependent variabies such as force and velocity of pile head
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and toe corresponding to the soil resistance during the Jast
foot of driving are given as a function of time interval,
and for pile toe, displacement and permanent set are also
included in these plots. These plots are instructive where
wave propagation considerations are concerned and also,
force and velocity plots are indicative of bouﬁdary
conditions at pile toe, .

Finally the predicted static bearing capacities by the

wave equation analysis and evaluated pile capacities f{rom

load tests are compared to aid in determining degrees of

accuracy obtainable and eXpectable. Results of.Hiley's ﬁ-A
formula are also cémpared with Davisson limit load and the
pile capacities predicted by the wave jequation analysis. In
addition to these details, a summary of results are also

given in Table 7.1.



148

7.2 Fdmontocn Rapid Transit 112-Avenue Station

The test pile tor the above project selected was a 401t
long WI2xeS5 H Section. The pile was driven with a Delmag
D 12 diesel hammer to a depth of 3ottt and driving was
terminated with an average blow counts of 18 per 1nch
(216, tt). Detarls w}« prle draving record are given 1n the

.
appendix € 1 B, .

Pile borehole log close to the test pile indicates
presence of 15ttt depth O.ill underlain by about eft thick
clay. This 1s tellowed by till which extends up to the depth
ot penetration. Also pile driving data indicate that there

was soil resistance starting from 10ft depth. Detai\{ soill

AN

—

intormations are given in the appendix C 1-A.
)

7.2.1 Pile Capacity From Static Formula
| D

Site investigation report (Elsensteln and Thomson
(1976)) suggested 5001b/sg tt for Lake Edmonton clay and
10001b,’sq ft for till to be used to estimate the frictional
resistance of the pile shaft. Presence of fill is not
expected to provide any support and no soil resistance was
asszf@d up to a depth of 15ft from ground level;

The ultimate load capacity of -a single pile is given by
the sum of the ultimate shaft arid base resistances. For
piles in clay, the undrained load capacity is generally
taken to be the critical value unless the clay 1s highly

overconsolidated. If the clay is saturated, the undrained

angle of friction ¢, is zero. The load capacity of a pile in
!
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saturated clay 1s given by

[ ) b —

-~ /‘\\ m 4
;4’\‘ \\
s
wor where
el N
v-\y
= NCA ¢ R
wip!? [ _ ufm)
mop ' /
R ., = ¢, CL
c, = Undrained pile-soil adhesion
C_ = Undrained shear strength of the soil

C = Perimeter of the pile segment

L = Length of the pile segment

Z
i

Bearing capacity factor

>
1

b Base cross-sectional area of the pile

The ultimate pile capacity based on static formula was
estimated assuming two failure modes of pile-soil interface.
1) The development of the limiting pile-soil shear strength
along the entire surface area of the pile. The ultimate
capacity of pile estimated based on this failure mode gave
114 kig; with 9 percent of the total soil resistance acging
at the ﬁile point.

2) The development of the limiting p}le-soil shear strength

along the outer parts of the flange, plus the development of

the full shear strength of the soil along the plane joininé“sx

}



the tips of the flanges (1e, the so1l within the outer
boundaries ot the pile effectively forms part of the pile
shatt) . This approach gave an ultimate capacity of 379 kips

with 5 percent of the total resistance at the pile toe.

7.2.2 Wave Equation Analysis and Hiley's Formula

Soil informations available are inadequate to use
Gibson & Coyle's approach and as such, the wave equation
analysis was carriled out only with Smith's dampind
parameters. The difference between both failure modes
considered to estimate the percentage of load at the pile
point was marginal. Hence, the soi1l resistance distribution
with 9 percent at pile point was considered for the
analysis.

Results of the analysis are shown in Figure (7.1). Pile
driving records indicate that 216 blows were required for
last foot of driving and this corresponds to an ultimate
pile capacity of 392 kips. The maximum stress in the pile
dufing last foot of driving is computed as 36 ksi. Figure
(7.2) indicates that the maximum stress in the pile occurs
at 16ft from the pile head and reduces towards the pile toe
to 6 ksi. The tihe dependent variables such as force,
velocity and displacement are given as a function of time
interval in Figure (7.3) which indicates that there are no
possible numerical errors in the computations.

Results obtained from Hiley's formula indicate ultimate

soi1l resistance of 465 kips at 216 blows per ft. In practice
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a minimum factor of safety of 6 is employed with this \
formula. However, the results of Hiley's formula shown 1n

Figure (7.1) do not include any factor of safety.

7.2.3 Summary

In the absence of load test, no comparison can be made
with the predicted pile capacity. However, the ultimate
static bearing capacity estimated assuming the limiting
pile-soil shear strength along plane joining the tips of the
flanges plus the outer parts of the flanges is 379 kips and
it is very close to the ultimate pile capacity (392 kips)

predicted by the wave equation analysis.
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7.3 Test Pile At Beaumount, Texas

The pile selected was a 16-in. diameter, 3/8-in. wall
thickness, steel pipe pile 53ft long. The strain gauge data
from the field tests indicated that 15 percent of the total
load applied at the head of the pile during the static 1dad
test was carried in point bearing at the tip of the pile.
Alsé, the drivfng record indicated 28 blows per ft were
required during last foot of driving. The pile was driven
with a Delmag D-12 diesel hammer.

The soil profile at the test site is given in the
appéndix C-2-A. Details of soil informations include unit
dry weight, Atterberg limits, moisture content and
unconfined compressive strength at every Sft interval. The
clay layers presence upto 9ft depth and from 32 to 50ft
depth may be classified as highly compressible clay (CH),
ang the clay soil exten@s from 9ft to 28ft depth m5§ be
classifled as low éompressible clay (CL) using the unified
soil classification system. Unconfined compressive strength
(C,) varies between 17501b/sq ft.and 29101b/sq ft and

natural moisture content varies between 20.8% and 56.5%.

7.3.1 Damping Parameters ;nd Soil Set-Up Factor

The plasticity index (PI) of the clay layers presence
at the test site varies from 12 to 66 and the liquidity
index varies from 0.036 to 0.575. Pile point was founded in
highly compressible stiff clay with liquidity index 0.224,.

Upper and lower limits of damping parameters corresponding
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to ligquidity index 0.224 are 0.977 sec/ft and 0.707 sec/ft
(see Figure (4.5)). An average value of 0.84 sec/ft was
chosen for the pile point. In the case of pile shaft, 1t
passes through CH and CL materials. However, 60 percent of
the pile shaft is embeded i1n CH material. Damping value for
piie ghaft was chosen .based on an average liquidity index of
0.316 which corresponds to an upper limit of 1.061 sec/ft
and lower limit of 0.784 sec/ft. Analysis was carried out
using an average value of 0.92 sec/ft.

Damping parameters for Smith's approach were selected
from range of values. Damping values of 0.20 sec/ft for skin
and.0.0gj%éc/ft for toe were used 1n the analysis.

’Consistency of clay presence at this test site varies
from medium to stiff. Soi1l set-up factor of this type of
clay is expected to vary between 2 and 3 over a considerable
period of time. Based on the experience of the authors
(Coyle,et.al 1970b) with this soil and other geological
conditions of the test site and the time allowed for soil to

regain its stfength before load tesf (13 days), they

recommehded a set-up factor of 2.

7.3.2 Pile Capacity From Static Formula

The test pile was driven open ended. Considering the
possibility of forming soil plug in the pi¥, the ultimate
pile capacity and the percentage of load at pile point was
calculated for both plugged and uaéi;gged conditions.

Ultimate capacity of pile for plugged condition estimated

L
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based on the lambda method suggested by Viquvergiya and
Focht (1972) gave 354 kips with 10 percent éf the total
resistance acting at the pile point and for unplugged
condition this method gave total resistance of 320 kips with
1% of the total resistance at toe. In the absence of any
informations about the ground water condition, pore pressure
was assumed hydrostatic for the purpose of estimating the
effective stress at the pile point.

Ultimate pile capacity was also estimated using fhe
relationships between the adhesion factor and undrained
shear strength suggested by Toﬁlinson (1970). For plugged
condition, this method gave an ultimate capacity of 328 kips
with 11% of the total resistance at the toe and for
unplugged condition the total resistance was 295 kips with
1.5% at the pile point. However, the strain gauge data
indicated 15% of the total resistance was acting at the pile

poiﬁt.

7.3.3 Pile Capacify From Load Test
The load test at this test site was performed 13 days

after driving and the static ‘earing capacity obtained from
this test was 240 ¥®ips. The method of evaluation used to
obtain this pile capacity as well ag the detai‘s o{ the test
results are not a?ilable to replot and evaluate by any of
“*e methods used in this study.

9

. ‘ @



158

7.3.4 Wave Eguation Analysis and Hiley's Formula

Wave equation analysis was carried out using Smith's as
well as Gibson & Coyle's damping parameters. Computer run
was made for both plugged and unplugged conditions assuming
15 percent of the total resistance acting at the pile point.
Ultimate soil resistance corresponding to each pile segment
was assigned based on the shaft frictional resistance
estimated from static formulae.

Bearing graphs obtained from wave equation analysis are
shown in Figures (7.4) and (7.5). From Figure (7.4), for
Smith's and Coyle's approach, the tdétal soil resistance at
28 blows/ft 1is 118 kips. Assuming a soil set-up factor of 2,
the prgdicted ultimate static bearing capacity 1is computed
as 118x0.85x2 + 118x0.15 = 218 kips.

Results of the analysis for plugged condition are shown
in Figure (7.5) which indicates total resistance of 117 kips
at 28 blows/ft for both approaches. Ultimate static bearing
capacity for soil plugged condition is computed as
117x0.85x2 + 117x0‘.1?= 216 kips.

Results obtained from Hiley's formula afe represented
by the bearing graph in Figures (7.4) & (7.5). These figures
indicate an ultimate soil resistance of 228 kips at 28
blows/ft. Generally a minimum factor of safety of 6 is
employed with this formula to estimate the design pile
capacity and no set-up factor 1is appliedrto dynamic

formulae.
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Maximum compressive stress obtained in the pile are
also shown in Figures (7.4) & (7.5). It can be observed that
the plugged, condition predict higher stresses in the pile
than the unplugged condition. Also, it can be noticed in
Figure (7.6) that stresses in the pile segments for plugged,
condition are 66% to 77% higher than the unplugged
condition. This may be attributed to the inertia effect
resulted from increase in weight per unit length of pile.
Gibson & Coyle's approach predicts slightly higher stresses
than Smith's approach. The location of éhe maximum stress in
the pile for unplugged condition is also different from that
of plugged condition. In the case of plugged condition, the
maximum stress occured at the location (20ft) where the high
frictional resistance is offered by soil, whereas in
unplugged condition, it is located close to the pile head (8
to 12ft). However, in both cases the maximum stress varies
according to the shaft friction:

Variation of time dependent variables such as
displacement, velocity and force with time interval are
given in Figure (7.7). The force and velocity diagrams
reflect the boundary conditions at the pile toe. Higher
velocities in the pile are accompanied by low resistance to
penetration. This condition is reflected in the pile point
velocity and force diagrams..Also, it can be noticed that

the pile head velocity and force increase steadily to a

'maximum value‘égz}l\the ram impact is made and after that it

varies acgording to the reflected waves.
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7.3.5 Summary

Ultimate static bearing capacity predicted by the wave
equation analysis varies only by 10 percent from the load
test result. However, for clay soils proper assessment of
the soil set-up factor is very essential. Ultimate pile
capacity eSSimated from static formulae are 23 to 47 percent
higher than the load test result. One of the reason for this
variation may be the lack of time period allowed for soil to
galn 1ts strength. .

Results of this ;nalysis indicate that the analysis
should be performed for possible combinations of driving

conditions to avoid high driving stresses in the pile as

well as to select suitable pile driving system.
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7.4 Test Pile No V11-9-22C Thornton Yard

Ths test pile selected was a 75ft long, 15-1n. square
precast concrete pile. The pile was driven to a depth of
57ft below ground level. The driving record indicates thmt
163 blows/ft were required during the last foot of driving.
Pile was driven with a Vulcan-0 single-acting steam hammer.
Details of driving record are given in the appendix C-3-B.

The subsurface stratigraphy (ref. Appendix C-3-A)
indicates presence of 5ft thick sandy fill. This 1s followed
by thick layers of peat and mixture of clay and silt upto a
depth of 47ft below ground level. This is underlain by fine
sand in medium to dense state of compaction. This sandy
layer extends upto the depth of bore hole termination. Also,
pile driving record indicates that there was little or no
resistanée to pile driging upto the depth of 45ft (2 to 8
blows/ft)

»

7.4.1 Damping Parameters

Considering the relative density of sand presence from
47ft to the depth gf benetrati?n of the pi}e, effective
internal friction angle of 36 degrees was assumed for
selection of damping parameters. For sandy soils, the wall
friction does not depend on velocity (J,=0) and point
bearing depend on velocity. Analysis using Gibson & Coyle's
approach was performed with pile poing damping value of 0.88

sec/ft corresponding to ¢' = 36 (see Figure (4.4)) and skin

damping value of 0.001 sec/ft.
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Damping parameters for Smith's approach were chosen
from range of values. This method generally assumes that the
dampihg values for cohesionless materials at pilﬂ point are
three times of those 1in skin. Analysis using Smith's
approach was pertormed with J = 0.20 sec/ft for pile point
and J, = 0.06 sec/ft for skin. '

7.4.2 Pilé Capacity From Static Formula

Based on the subsurface stratigraphy and pile driving
record, no shaft resistance was assumed upto a depth of
47ft. Also, ground water level was assumed st 5ft below
ground level. The ultimate pile capacity from static formula
was estimated by two different methods. The method using
Berezantev's bearing capacity factor (N, = 85) corresponding
to ¢' = 36 resulted in an ultimate pile capacity of 270 kips
with 87 percent of the total resisténce actina at the pile

Y, .
point.

Second method is based on the correction factors
recommended by Kishida (1967) for effect of pile driving in
sand and the relatiqnship between K,tan¢', and angle of |
intérnal friction suggested by Meyerhof (1976). Use of this
_approach resulted in an ultimate pile capacity of 415 kips

with 86 percent of the total resistance acting at the pile

point.
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7.4.3 Pile Capacity From Load Test

The test pile was loaded to a maximum of 350 kips\and

the corresponding pile butt settlement was 0.44 inches. The
load test was not taken to failure and the details of the

load test were not sufficient to evaluate the pile capacity.

The load settlement curJ& was extrapolated beyond 350 kips

using Chin's method. However, ultimate capacity of pile was

estimated ing modified n de Veen's method indppe?d$pt of
extrapolated values. .

Load settlement curve of the load test is given 1in
Figures (7.8) & (7.9). From Figure (7.8), the Davisson limit
ioad is estimated as 369 kips. Davisson limit load is
influenced by the elastic modulus of the pile material from
which it was made and in this case a value 5£ 5000 ksi was
used. Ultimate failure load according to Butler & Hoy's |
definition is 480 kips (see Figure (7.9)). Also, Figure
(7.9) indicat;s an ultimate failure load of 520 kips
according to Fuller & Hoy's definition.

Evalf®tion of load test fesult§”by modified Van de
Veen's method is given in 'Figure k7.10). Use of this method
resulted in %p ultimate capacify of 450 kips.'Chin'S'method

of evaluation is given in Figure (7.11) and this method

estimates the ultimate pile capacity as 656 kips.

7.4.4 WaverEquation Analysis and Hiley's Formula
Results of the wave equation anaiysis are represented

by curves in Figure (7.12) and (7.13): The analysis was '

’

’
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carried out assuming no shaft resistance upto a depth of
47ft below ground level and 86 percent of the total soil
resistance actyng at the pile point.

Bearing éraph obtained using Smith's damping parameters
indicates that the total soil resistancéﬂat 163 blows/ft 1is
552 kips. The analysis us‘ng Gibson & Coyle's damping
parameters indicates total resistance of 404 kips at 163
bléws/ft. In sandy soils no soil set-up 1s expected to
occur. Howevef, relaxation may be expected in dense fine
graineé sand. Hence, the ultimate pile capacity from Smith's
and Coyle's approaches are 552 kips and 404 kips,
respectively. P .

Results obtained frqgm Hiley's dynamic formulaAare also
plotted in Figures (7.12) & (7.13). This formula estimateé
the ultimate soil resistance as 301 kips at 163 blows/ft. R

Max 1mum compressive stress in the pile corresponding to
each design'pile capacity 1s given as a function of blow
count in Figure (7.12). G;bson & Coyle's method predicts
slightly higher stress than Smith's method. As far as
concrete piles are concerned, the development of stresses
are 9f concern and invthis case, the maximpm compressive
',stresse§ predicted by smith's and Coyle's methods during
last -foot of drivihg are 5500 psi and. 3600 psi,
respectively.

>

In addition to compressive stresses, maximum tensile
~ .

stresses are also given as a fumnction of blow count ig
’ L 4

Figure (7.13). This indicates high tensile strésses during

v
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the 1nitial stage.of driving and reduces as the soil
resistance increases. Maximum tensile stress during last
foot of driving for Smith's and Coyle's methods are 320 psi
and 470 psi, respectively.

Maximum compressive stress obtained in each pile
segment 18 shown in Figure (7.14). Highest stress in t%e
pile is located about 4 to 8ft from the toe of the pile.
Figure (7.14) ipdicates, in both methods, the stress is
fairly uniform (2500 psi) upko about 25ft and then graduall{
increases towards pile toe to about 3500 psi in Smith's
method and 3600 psi in Gibson & Coyle's method.

Time dependent variables are given in Figure (7.15).
High soil resistance at pile point (86%) results in low pile
toe velocity and higher forces at pile toe. This condition )
{s'reflectéd in force and velocity diaérams. Also, variation
of force with time interval indicates (Figure (7.15)) very
high force in pile toe at the time of termination of \
computations.

)
" 7.4.5 Summary € '

Wave equation analysis using(gibson & Coyle's method
predicted ultimate static bearing capac?ty of 404 kips which _
is about 9.5% h?gher than Davisson limit load and about 11%
lower than Van de Veen's failure load. However, Smith's 4%%a

method predicted about 15% higher than Butler & Hoy's

failure load and 6% higher than Fuller & Hoy's‘failurq load.
“» , .

.

A. -‘Q“
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Static bearing capacity predicted by Smith's method 1is
37% higher than that of Gibson & Coyle's method. Generally
stress measurements are made close to the pile head. In this
case ﬁaximum compressive stress as well as tensile sére§s
are located close to the pile toe. Analysis of this nature
will help to plan the location of the stress measure;ent and
also to avoid any pile damage close to the pile toe.

Ultimate pile capacity estimated using the
recommendatiéns of Kishida (1967) and Meyerhof (1976) is 415
kips and this is within close range of pile capacities
obtained from load test. This may be due to the fact that

their recommehdations take into acgount of the changes that

take place during pile driving in sand.
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tt and 3000lb/sqg ft and remoulded strength varies between

HSI0lb sq ft o and 8201b,/8g ftt. Natural moisture coﬁsgnt OI

this ¢lay layer varies between 27% and 45%.

Atterberg limits are available only at two locations

(15ft & 40ft) as such proper assessment 6f clay type (

CH or

CL) 1s very difficult. Sensitivity of clay was calculated

from vane shear test results. Sensitivity of clay presence

below 10ft depth varies between 3.0 and 4.8 with an average
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7.5.1lDamping Parameters and Set-Up Factor

Inadequate 1ntormations to assess the clay type 1mmpose
greater difficulty 1n chogsirtg damping parameters for Gibson
and Coyle's mc’tl‘md‘. Liguidity index at 16ft and 40ttt depth
are 0.0 and 0.36, respectively. Considering the varitation
of 1iq‘uidity index with depth and the nature of clay
presence at this site (CH & CL), lower limit of the damping
values correspond to the liquidity indexes were chosen.
D‘ampinq parameter of 0.95 sec/tt for skin and 0.70 f.;mj”tt
for pile point were used’in the analysis.

In Smith's appproach, damping forces are distributed
proportional to the static resistance. Damping parameters
for this method were chosen from range of vgjues. Damping
values of 0.20 sec/ft for skin and 0.04 sec/ft for pile
poin't were selected for the analysis.

Informations about the soil set-up factor. of the soil
or redriving records of the test pile are not available to
estimate the static bearing capacity. However, the results
published by Cooke,et.al (1979) based on tests carried out
on jacked piles in london c}ay wi}h compressive 1oai’testing
indicate that the percentage of increase in pile capacity
with time vary between 20% aﬁd 50%. Cohsiderinq the type of

clay presence at this test site, a £oil set-up factor of 1.4

is assumed to estimate the static bearing capacity of the -
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7.5.2 Pile Capacity From Static Formula 1
“The pile driving record indicateé no resistance to

penetration upto a depth of 10ft. Considering the resisténce
to driving and presence of organic clay upto 10ft.depth, no
shaft resistance was assumed upto a depth of 10ft from
ground level. For purposes of estimating the pile capacity,
it was assumed that the unconfined compression strength is
equal to one half of vane shear strength.

’ The ultimate static bearing capacity of pile based on
static formulae was estimated using two different fallure

(

1) The development of the limiting pile-soil shear strength

modes of shaft.

along the entire surface area of the pile. Use of this mode
of tailure resulted in an ultimate pille capacity of 106 kips
with 1.5% of the total resista@ce acting at the pile point.
2) The development of the limiting Sile—soil shear Strengtﬂ
along the outer parts of the flanges, plus the development
of thé full shear strengtﬂ of the soil along the plane
joining the tips of the flanges (ie, the soil with in the
outer boundaries of the pile effectively‘fofms part of the
pile shaft). Estimation of ultimate pile capacity using this
mode of failure gave 156 kips with 9% of the total

resistance acting at the pil& point.

~d
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7.5.3 Pile Capacity frokaoad Test

The EfSt pile was loaded to a maximum of 195 kips and
the corresponding pile butt movement was 1.79 1inches. The
load settlement curve of the load test 1s shownlin Figures
(7.16) & (7.17). From Figure (7.16),the Davisson limit load
was-estimated as 159 kips. Estimation of ultimate fallure

bl

load according to Butler & Hoy and Fuller & Hoy are .gshown 1n
Figure (7.17). Ultimate failure load according to Butler &
Hoy 1s 150 kips and according to Fuller &fHoy is 172 kips.

Van de Veen's method of estimatinq ultimate taiiure
load is shown Figure (7.18) and this megﬁod gave an ultimate

failure load of 150 ‘kips. Use of Chin's method resulted 1n

an ultimate failure lPad of 214 kips (see Figure (7.19)).
* .
’/
[ A
7.5.4 Wave Equ?&ion Analysis and Hiley's Formula
The analyxjs was carried out for the total lemdgth of
the pile (60ft) that was in leads during driving. Computer

run was made for both modes of failure those were discussed

-
a

in Section 7.5.2. No soil resistance was assigned to the
pile segments within 20ft from the pile head and reét of the-
pile segments were a;signed based on the skin friction
obtained from static formulae.

Bearing g;aphs obtained using Smith's damping
parameters are given in Figure (7.20). Results of both
failure mgdes are almo%t identical. From Figure (7.20), for

both féilure modes, the total soil resistance at 36 blows/ft

is 115 kips. Assuming a soil set-up factor of 1.4, the
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predicted ultimate bearing capacities for failure modes |1

and 2 are computed as 115x0.985x1.4 + 115x0.015 = 160 kips

I

and 115x0s 9 1x1.4 4 115%x0.09 =157 kips, respectively.

Results of wave equation analysis using Gibson & ~

Coyle's damping parameters are shown in Figure (7.21). In
this method the bearing graphs deviate from eth othg? as

the soil resistance increases. However, both fa}lure modes
predicted total soil resistance of 107 k&ps at 36<blows/ft. R
The ultimate static bearing ﬁapacities are cgmputed as

107x0.985x1.4 + 107x0.005 = 149 kips and 107x0.91x1.4 +

L .
107x0.09 = 146 kips, respectively. _
*
Results obtained from Hiley's formula are shown 1n

Figures (7.20) & (7.21). Tbis formula estimates -an ultimate
soil resistance o#1205 kips at 36 PIOwé/ft.
Maximum stress in the pile is given as a function bof

blow count. Smith's method predicts about 31.5 ksi at 36

”n

blgws/ft and Gibson & Coyle's method predict it as 32.5 ksi.

Maximum stress in each pile segment is given in Figure
. R *
(7.22). It can be noticed that the maximum stress close to:

the pfle head reduces upto 15ft as there is no soil

resistance and beyond this length, it fluctuates as the skin
A}

.

friction varies.
Time depéndent variables such 3 4 force, velocity and

» ' .
displacement are given 1in Figqre,(7.23). As expected, pile

toe has high velocity and low force. Pile head force as well

as velocity increase initialyvuntil the ram impact is made

and then the force and velocity varies according tp the
: ) \ o



reflected stress waves.
7.5.5 Summary R

-Smith's met hod predicted ultimate static bearing
capacities of 160 kips and 157 Kips for tarlure modes 1Toand
2, réspectively. Gibson & Coyle's method pregicted 149 kips
and 146 kips, respectively. Davisson limit load, Butler &
Hoy and Van de Veen ultimate failure loads are in the range
of 150 to 159 kips. In clay soils, preper assessment of o1l
Set‘u; factor is very essential. Also, ultimate teat ing
capacity estimated from static formula using second fairlure
mode (156 kips) is within the range of failure lcads

obtained from load test.
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7.6.1 Damping Parameters
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s1lty sand 10 loose to
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upto a depeth of

between 10 and 50 Thio laye:

and gravel 1n dense state of

tends Tupto a depth of 45ttt and

nges ftrom 319 to refusal. Bore hole

ted at Bott depth 1n very dense sandy layer which

grave., and cobbles.

The blow ¢bunts derived from the standard penetration

test

sand

are a means by which the angle of internal friction of

may be assessed. Pile passes through medium dense sand

and the toe 1s founded i1n dense sand. An 1nternal friqtion

v

a



angle ot 36 degrees was assuned up to the depth ot 3ty
below ground level, l{e\ywmi thais depth o cortrtespending value
L]

ot 0 degrees was assuined.

In sandy sorl wall ftractren does ot depend o o velooaty
{(J, ) but point beating depoends stoongly on o velooity . A
damping value of 00588 sec o correnpoiding teo o 0o
prle pornt was used 1o Grboson & Covie s method ot anaiyaas

S h' vt hovdd B R 11y v L ) tier [ .

Smith o methed generna yoasosumes that the oamping
values ftor cohesionless materiais ot pale pornt are three
tirmes of those 1ot tron. Dampang pratameters b 0o 1h

sec tt o tor paile pornt and 005 qec bt tor skan were assumed

in the analysis.

7.6.2 Pile Capacity From Static tormula
L4
The static bearing capaclity irom statac formula was

estimated by two ditferent methods. The method uaing

Berezantev's beatring capacity tactor (N 137}

i

.

corresponding to @' = 40 degrees and valugs suggested by
Tomlingson (1977) for earth pressure coefficient (K -1.0) and
angle of wall friction (6=20) resulted in an ultimate pile
capacity ot 205 kips with 83% of the total resistance acting
at the pile point. ’

Second method is based on the critical depth approach
“and the relationship between K tan¢', and ¢' suggested by
Vesic (1967). Use of this approach resulted in an ultimate

pile capacity of 317 kips with 75% of the total resistance

acting at the pile point.
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J.6.3 Pile Capacity From load Test ?
The test pale was loaded to a maxtmum of 1ot Tons and
.
the conrespondrng bhutto sett tement was 1,10 1anches. When the
poale was o unloaded, the pale head rebound by .40 1nches. The
o espondinag Toad uv?tl«‘m‘vnt curve 15 shown in Firgures
G0 8 (o Froem Frogure (Z00%), ultaimate tallure load
dccording too Butler & Hoy s 302 kips o and tarlure 1 oad
G ding to Fulled & Hoy 1s 3.0 kips. Davisson Limit load
froan Frgure (7003) was estamated as 258 kips.

Van de Veen o method of estimating the ultimate tarlure
Levadd from the load test 15 shown 1n Figure (7.26). This
tigurte 1ndicates the ultimate tailure load as 336 kips. Use
ot Chain's method tesulted 1in an ultimate farlure load of 420
Kips ’(f\('t’ Frgure (/7..07)).

2
7.6.4 Wave Equation Analysis and Hiley's Formula

Percentage ot load at pile point was assumed 79% for
the analycis. Damplng parameters appropriate to sandy solls
tecommended to use with Smith's as well as Glbson & Coyle's
methoed were used in the analysis. Bearing graphs obtained
from these analysis are given Figure (7.28).

Analysis using Smith's damping parameters gave total
soil resistance of 247 kips at 84 blows/ft. Bearing graph
obtained using Gibson & Coyle's damping parameters indicates
total soil resistance of 220 kips at 84 blows/ft. In sandy

soils, depending on its structure and relative density

relaxation may be expected but no freezing. Therefore, the

N
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ultimate static bearing capacities from Smith's and Coyle's
methods are 247 kips and 270 kips, tespoectavely.,

The bearing graph obtarned trom Hiley's tormula 1o also
shown 1n Firgure (7.28). This tormula predicted an ultimate
Soll resistance of 321 kips at 84 blows ft';

Ma x 1mum Stress in the pile 1s given as a tunction of
blow counts in Figure (7.28). This indicates that the
stresses predicted by Sibson & Coyle’'s approach 1s
considerably higher than the stresses predicted by Smith's
method. Stresses close to the plle head predidted by sSmath's
and Coyle's method during the last ftoot of driving are 41,5
ksi and 44.5 ksi, respectively. These values are about 8% e
and 48% greater than the stress measured by the analyse:
menitoring. Stresses obtained at every 4ftt 1nterval are
given in Figure (7.29). This indicates higher stresses close
to the pile head and reduces slightly towards the toe.
However, the reduction 1s not apprecilable and the stress at
tce is almost equal to the stress at the pile head.

~

Variation of force and \flocity of pile head and toe

time interval are given/in Figure (7.32). Also,
displacement and permanentlet of pile toe are given in this
figure. It can be noticed that the vélocity of piie head and
force increase gradually until the ram impact 1s made a?d
then the force dis#gram varies with time, depending on the
soil resistance. Velocity diagram of pile toe and head as
well as pile toe displacement diagram indicate that very

little penetration is achieved and this results in higher

-«



Stresses an the pile.

Considering t:!il{‘ wide varilation between the predicted
pile capacity and the bearing capacities evaluated from the
load test results~and presence of gravel at the founding
level of the pile toe, analysis was x’opcm\ted with damping
values lower than the values used for sandy soil.

There ate no proven damping values avallable for
gravel. However, Goble et al. (1976). recommended values 1n
the ranage of 0.05% to 0,10 sec, ' ft fox: Smith's method. As
explained betore, 1n sandy so1l wall friction does not
depend on velocity., After f;evéral trial runs, a damping
value of 0.30sec, ' ft tor pile point was used 1n Gilbson &
Coyle's method of analysis. A damping value of 0.05sec/ft
tor skin as well as for pile toe was used in Smith’'s method
of analysis. |

Bearing graphs obtained from the second set of computer
tuns are given in Figure (7.30). Anal)‘is using Smith's
method gave a total soll resistance of 276kips at
84blows/ft. Bearing graph obtained from Gibsot& Coyle's
met hod indicatesf'total so»l resistance of 243kips at
84blows/ft. Also, Figure (7.30) indicates that the stresses
predicted by both methods are very close compared to the —-
results of the previous analysis.

Stresses obtained at every 4ft interval during the last
foot of driving are given in Figure (7.31). Stresses close

to the pile head predicted by Smith's and Coyle's methods

during the last foot of driving are 41.6ksi and 42.8ksi,
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respectively. These values are 38% and 42% greater than the

stress measured by the analyser monitoring.

7.6.5 Summary

Ultimate static bearing capacities predicted by Smith's
method 1n the first and second set (f rQns‘are 247k1ps and

R

276kips, respectively. Gibson & Coyle'g method predicted .
220kips and 243kips. Ultimate bearing capacity predicted by
Smith’'s method in the second run 1s 16% lower than Fuller &
Hoy's tailure load compared to 30% 1D ﬁﬁg first set of run.
In Gibson & Coyle's method, the ultimate bearing capacity
corresponds to 0.30sec/ft is 6% lower than Davisson limit
load compared to 17% corresponds to the damping value of
O.SéBsec/ft. Both methods predicted stresses higher than the
analyser monitoring showed. However, in Gibson & Coyle's

method, stress predicted ip the second run 1s 6% lower than

that of first run. .
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7.7 Discussion of Results

Testing of -the computer program invoived study of five
case histories with different soil conditions and various
type <f hammers and piles. Pille driving hammers used in fhis
study 1nclude diesel hammers, single-acting steam hammer and
drop hammer. Type of piles selected for this study 1include
H-sections, closed-end pipe pile, open-end pipe pile and
%oncrete pile. In the following the resulis are examined 1n
relation to the ultimate statig bearing capacities obtained
from load tests by applying vari%us methods of evaluation
and also, stresses in the pile during driving.

Ultimate static bearing capacities predicted by Smith's
and Coyle's methods are compared with the pile capacities
estimated using Davisson method and failure criteria
suggested by Fuller & Hoy, Bu;ler & Hoy and Van de Veen.
Detail results of the study are given in Table 7.1.
Comparison of predicted pile capacities w{th Davisson limit
loads are given in Figure (7.33). This indicates that the
ultimate. pile capacities predicted by Gibson & Coyle's
method vary by t10% from Davisson limit loads. Predicted
pile capacity of site U assuming damping value ihat is
-appropriate for sand varies by ]7%. Ultimate pile capacities
predicted by Smith's method for-qlgyey soils are about 10%
lower than the Davisgon limit loads. Hdwevef, for -sandy
soils, pile capacities predicted by Smith's method. vary

considerably. ﬂ “
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than Van de Veen's failure loads. The predicted pile
coapactity b o saite U oan the tirst oset of computer run o 1s H 3%
Van de Veen s tallure load-compared to 38% an the

second et b Tun. However ultimate pirle capacities

'

. . .
predicted by Smrth™s method are 4% to 22% higher dhan Van de
. 3

P . .
Veen's tatlure loads. "’
.
&

Ultimate bearing capacities predicted by Smith's
method, except f-or site U, vary only by +8 percelnt from
Fuller and Hoy's faillure loads. However, 1n the case of site
U, 1f presence of gravel 1s considered, the predicted pile
capacity is only 16% lower than Fuller & Hoy's failure load
compared to 29% when it was not accounted. Pile capacities i

predicted by Gibson & Coyle's method vary by about 15% to

~



)

Sotrom fuller & Hoy's tatlure loads (nee Frgure .30 )

The ultimate pirle capacity predicted by i;m)’i/h'f‘ asowe 1l .
as Gibson & Coyle s method tor saite U assuming damping
values of sand vary conshiderably tirom these of Toad ten
values. The bore hole data indicates that the sandy <ol
presence at the founding level of the pale toe contarng
mixture of gravel and cobbles, Presence of gravel and

P .

cobbles 1n o sand was not taken 1nto accoount anochoosing he
damping parameters for the farst set ot analysis and an this
case the 1nfluence ot gravel may be the recanon why the
predicted prle capacitiles of sate U 1s incensiatent with the
predicted pirle capacities of other si1tes. The dampina value
is expected to decrease with the 1ncrease 1n consistency of
clay o1t density of sand, hence the damping values lower than
those were used 1n the analysis will be more approprirate,
This fact 1s evident from the prle capacity predicted aning
Jamping values lower than those were used 1n the prevron
set of run.

Examination of the ultimate pile capacities predi ted
by the wave equation ahalysis and the static beariny
capacities evaluated from load tests reveal that the
ultimate capacities predicted by Gibson & Coyle's method
vary marginally froh Davisson limit load and tailure loads
cval@ated using ,Butler & Hoy's as well as Van de Veen's
failure criteria. Also, ultimate capacities predicted by

" Smith's method are comparable with Fuller & Hoy's failure l
L

load (+ 8% variation) and the capacities predicted by this N



methe el foar c Tayvey son g vary by maxaimum of 10 firom those of
Padrdture loads evaluated toom Load test result o,

A ment poned betore the actual Chin value has very

artng cn the cestimate of the pirle capacity other
than having o he koon the gquaiitty of the load test ., The
tarlure doade evaluoated vuorng this method were not used ton
"T]IL).]I [N R N

13

by Hiley' s

The ultimatle ol resastance obtalned
foamuta vartes widely depending on the prle lenagth and
hamme: type. Thie altimaie sorl o resistance predicted by
Hidley s tormula are within the range of values evaluated
it practioe a mpnimum factor

trom the lToad teata, Howeveg

Gfocatety of Coas employed with this formula and thas result
\
In very connervative estimate of the pirle capacity.

Fraure (7.37) 1s the plot of Davisson limit load versus
ltimate o1l resaistance predicted by the Hiley's formula.
A expen ted, there s no pattticular trend and the results of

) »

Hiley s tormula varles between  29% and Sk trom those of
Davisson limit loads. Comparison of wave equation analysis
values with results of Hiley's formula are given i1n Figure
(/7.38). Basic approaches of these two methods are completly
ditterent and also, Hiley's formula i1gnores the type ot so1l
in which pile is driven. Figure (7.38) indicates that the
results are scattered and variations are wide.

Maximum stresses developed close to the pile head

during the last foot of driving are given in Table 7.1.

Except for site U, there are no stress measurments avallable
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to compate with the predicted stiesses. The ditterence
between the stresses predicted by Suith’s wmethod and Gibson

& Covie's method was considerable tn the case of sandy

sorls. o both appregthes, damping forces ate darstraibuted
!

proeportional to the statio resistance . However, damping
torces 1tn Smith's method vary linearly with the velooirty but
tn Girbson & Covlie's method 1t vartes neon Lrocear by ond also

’

i sandy sol1ls, the distroabuat

P

—

on of dynamre foro e vany
considerably from one another . In sandy sorls, Smaith's
method distiabutes considerable proportion ot the dampang

forces along prle shatft

, whereas 1n Gibson & Coyle’ o method,
almost all the damping forces are concentrated at the pile
prornt .

Analyser monitoring ot test plle at site U showed o
maximum stress of 30 ksi. Maximum stresses predicted by
Smith's and Coyle's methods are 41.5 ks1 and 42.8 ko,
respectively, Predicted stresses vary by about 8% to 4.
from measured stress. However, the stress predicted in the
first set of run is 44.5ks1i (48% higher) which 1s 6% higher
than the stress predicted in the second set of run. The
variation between the meaered and predicted stresses may be
attributed to mushrooming of the pile head during driving
and also some energy loss in plastifying the hammer o
accessories such as cap block and cushion 1s not accounted
in the model. This problem can be resolved by introducing a

cushion in series with cap block or helmet for gqualitative

purposes. In the absence of any stress measurements, no



207

analyvars of this nature can be under taken to match the

measured stresses.,

It was observed in atll the cases that the sti¥sses were

hiagh when the so1l resistance was low and the stress reduces
as the 501l resistance 1ncreases. This may be due to
thadequate ol resistance at o the anitial stage of pile

diaving to transtfer the energy 1mparted to the pile by the
: T
hammer . This explains why the hammer stroke should be
\

teeduced ("cota Llow™) at o the 1nitial stage of pirle driving

AN

and 1 the case of dresel hammer 1t 1s used as a drog
14

hammer by shutting off the diesel - 1njection to the

.
combustion chamber .

-

The force and velocity dlagrams of the piles whi®h

carry higher proportion of the load at piie point(end
bearing piles) 1indicated that the pile points are highly
stressed and possible damage may be expected if excessive
d

number of blows are used during the last foot of driving.

s



Table 7.1

Stress in Ksi

Te

Lorat ron

Soil
Type

Prie
Type

Hamme

Type

Statac
Formula

Smith:

Wave

analysis

Coyle:

Hiley s
Formuia

i.0ad Test
Davisson
Butler & Hoy

van De Veen

Fuller & Hoy

Smith

Coyle

110 Avenue

Edmonton

Clay &
Till

H Section
LRWS T

Diesel
Delmag 1.

RT3

379

392

36

Beaumount Thornton * Fraser Site
Texas ’ Yara Sulxlivision Noo U
Clay Peat & Clay Sand  Grave]
sand & vobble
Pipe Pile Precast H Section Pipe Pile
Open Endg concrete V2BPS Closed Ena
Diesel Steam Diesel Drop Hammer
Delmag 12 vulcan O LB 32 6250 1bs~
— S N U S5 S OO
320 354 270 106 205
298 3ze 415 156 37
- B D
218 26 852 160 157 247 276
2L 26 404 /«fr/'ﬂ\ 220 . 249
‘
e~ [P S U I
20F 30 205 3o
- J4C
369 ‘ 159 258
480 150 302
450 150 336
520 172 320 3
-
- 656 214 420
34.3 |, 42. 3.4 29.6 4.5 , 4.6
34.7 , 42. 3.6 30.6 44.5 , 42.8
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Summary of Test Piles Analysed by the Program
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8. CONCLUSIONS AND RECOMMENDATIONS
The prime objectives of this study were:

to produce a computer program which includes options
of using the damping parameters suggested by Smith,
Case Western University and Gibson & Coyle.

to examine the possibility of using Gibson and
Coyle's recommendat ions

to test the performance of the program by comparing
the predicted ultimate static bearing capacities with
the faillure loads obtained from load tests.

/

A computer program capable of solving pile driving
[ ] .

problems in either imperial units or metric units has- been

-developed. The results of the parametric study ‘and case.

histories obtained using the program support the following

cohclusions:

1) e program can be used very easily for most of commonly

enccuntered dynamic pile_analysis.

»

2) 1t 15 well known that steel piles are bent or damaged at

M

the pile point when driven thrbugh hard strata. The program
can be used to determine the stresses in the pile and

thereby establish a driving procedures to help eliminate

-~

these difficplties.

3) Prdcast concrete piles are sometimes cracked or hroken

\ / e

212
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due to excessive compressive stresses caused by the hammer
blow. In some cases excessive tensile stresses may also
result from the hammer blow, especially 1f the pile 1s long.
The program can be used to determine the correct
reinforcement and driving procedures to help eliminate these

\

troubles.

e : . . . . .
4) 1f the soil resistance distribution, soil properties and
. ~ ~
the driving system propertlesl?re accurately known, the

Statlc¢ bearing capacities can be predicted within +10% of

the faillure loads obtalned from load test.

p:

%) The method suggested by Gibson and Coyle predicted
ultimate static bearing capacities within +10% of Davisson

\

litmit loads.

t) Predivtioa of ultimate stati§ bearing capacities by
Smith's method are within +8% of Fuller & Hoy's faillure
loads.

It should be mentioned that the Case démping values are
non*dimensicnalized.by pile properties. Thus, different v
values may need to be used in the same soil for different
types of pile. Also, the Case method is very sensitive to
minor errors in choosing damping valu;s. It is for these

reasons that Smith's or Gibson and Coyle's damping should be

used whenever no experience with Case damping exists.
2
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7) The program is well suited to solve the driveability
problem since it uses the actual hammer potential for a
given *soil condition. Also, it can be used to establish the .
driving criteria.

1t should be remembered that all the damping parameters
redommended by Gibson & Coyle were the result of trfaxial
tests conducted on prepared samples. Aléo, the failure "
mechanism occurring in the soil samplg tested in the
laboratory may Qot be the same as the failure mechénism
occurriné at the pile tip of a full scale pile 1n the field.
Use of this method requires fg;ther work to establish
damping parameters for low compressible clay (CL) and
gravels.

Accuracy of compressive as well as tensile stress

prediction by this program can be improved by introducing a

cushion in series with helmet or cap block for qualitaive.

purposas. Examination of this possibility needs measurement

of stresses during pile driving.
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APPENDIX A-2

—

List of Common Variables in "ALWAP"

TITLE: Project title not exceeding eighty characters.

UT1-UT8: Read the choice of>unit (fps or metric); the order
1s as follows
FT, IN, KIPS, KIPS/IN,‘K/SQ IN, FT/SEC, SQ IN, CU IN
M, CM, KN, KN/CM, KN/SQ CM, M/SEC, SE»CM CU CM

FU1l: Conversion factor equivalent to ft in inches or meter
in centimeters (fps=12 & metric=100)

FU2: -do- forearea (fps=144 & metric=10000)

FU3: Acceleration of gravity in ft/sec’ or m/sec’ depending

on the choice of unit (32.2 ft/sec2 or 9.807 m/secz)‘

NELEM: Number of elements including ram and cap; in the case

of diesel hammer ram, cap and anvil

NSAS: Number.of pile segments above ground level or number
of pile segments from pile head have no soil resistance

NSOIL: Control to activate the selection of dampinlg
parameter; <1 read only skin and toe damping values; >1
‘read damping value of all the pile segments including

pile point : e -
MDR: Control to choose the method to’ compute the dynamic

) ' 228
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resistance; =1 Cage method; =2 Smith's or Gibson and

ERRN

Coyle's methoq\ \

®

ELEML: Length of pile segment 1n ft or meter
TWALL: Wall thickness of pipe pile in inches or cms

PILTYP: Pile type; -0 constant area of cross-section; =0
e read area and weight ot each pile segment; <0 compute

average area and weight of each pile segment

IFHTYP: Type of pile driving hammer; =5 drop hammer or

: A . . -
single/double acting air/steam hammerj; :7 diesel hammer

NCOM: To identify the nature of pile (composite); >0 read
welght, area of cross-section, modulus of elasticity :

and stress wave velocity of each pile‘segmen\; <0 read

N

elastic modulus and stress wave velocity of ;}ie

) \—/ . 3

material Ca \
Y

Y

STEAM: Differentiate between drop or single acting hamme r
and double/differential acting hammer; >O‘hwn)hamméY

or single acting hammer; <0 double écting or “

differential acting hammer o

DIESEL: To specify diesel hammer; >0 read stroke; <0 read
s , AN
indicated ram energy output and compute stroke \

NPLOT: To identify output option; >0 bearing graph is

produced in addition to the results; <0 only results

NW: Control to activate the output option if detail of any
i _
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plle element 1s required; this option can be activated
by specifying the element number 1n question; force,
velocity, displacement and set. of the specified pile
segment and the pile point at each time interval w{ll

be included i1n the output

IFD: Control to activate the output oktion of pile point; -0
maximum stress in the pile, and pile point displacement
and set at each time interval will be included in the

output
V]

JJS: Identify the shaft soil resistance distribution; =0 to
compute linear distribution of shaft resistance on
sides of pile segments; =1 read distribution of shaft

resistance on the sides of the pile segments

NCHECK: Counter in computed GC TO statement; 1= vary qQuake
values keeping other parameters constant; 2= vary
perc;htage of ultimate soil resistanéé-at pile point
keeping other parameters constant; 3= vafy ultimage
soil resistance and cap block properties keeping other
pérameters constant; 4= change all problem daté

including TITLE; 5= stop after one run

IFWRIT: Control to write element forces, stresses,

velocities, displacements and sets; 0= does not write;

>1 depending on the choice, writes element forces or-

velocities or displacements or sets

- -

IFFSV:-Identifylfhe output'requirement{ 1= writes element
. . ° . . . . :

/
& -

.
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L]
N at eas bt antervallr ol wilttoes Streasaes at
e b i Yhee it e vl 8 wiltes \~‘1w( 1tres o at each taime
) L 4
Tt o I A teo draplacement s ar e h time s
e N coetoat o cach taime 1nterval
L J

NRU: T o0 cneber o ultamate conl recistance values used an

i TN (R
! -

NJOINT: dear ity whesher thete s oany splice o0 jernt oo the
por ol O et e levment Nooo o maximum tensile torce that
an e tranatered thoough the yoant and maximum
rovene it g boewedd oy U hee j\)lHT

COMFM: (oo It vmpute tension toroes an the prle; O
tenstlie toreoes not rteguired; -0 compute and obtain

. -
tenale foroes
Wy 3 wWeeoght ot pale cap Chelmet ) o Kips ot Kn
DRIVPT: Weight ot diive pornt fshoe) an Kips or Kn
3 - i
DT: Time 1interval 1n seconds; 0= to compute by the program;
- J
tor pipe pales 1t should be specified
T iy ~N i - - //
NE: I{ NUCOM™MO; pile 1hant number <
{
\
. ¢ . . N
ECOM(M): do- ; E value of pile elements in Ksi or Kn/sg cm
VCOM(M): -do- ; stress wave velocity of pile elements in

.

ft sec or m/seg

EMOD: If NCOM<0; E value of pile material 1n Ksi or Kn/sg cm



WVEL: Jdo postiess wave veloo ity of o prdle materital o an o osec

ECAP: & value of cap block an Koo or BHnoowg om

ACAP: (1oss sectional areva ot cap block o LD 0T ()
THCAP: Thickness of cap block o anches or oms

EPCB: Coefbticient ot restaitutien of cap block

ECUS: & value of prle cushion in Ksi oo Knoosgoom

ACUS: (1ous sectilonal area of pirle cushion 1o s 1in o sqg om

5

T THCUS: Thickness of pirle cushiron an anches o oms

EPC: ¢oetticient of restitution of pirle cushion
L4

SJ: It NSOIL- 1; skin damping constant 1n sec bt oo secom

’

. .

PJ: do. ; pile point damping constant an sec [t oor sec o

RS ,RP: do ; velocity exponention of side and pile point,

respectively; for Case and Smith methpds RS - kP = 1.0;

A

tor Gibson & Coyle's mefhod it 1s dictated by the soil

4

type
NS: If NSOIL>1; pile segment number

D(M): -do-; damping constants of pile elements in sec/ft or

-

sec,/m

RX(M): -do- ; velocity exponention of pile elements
s
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depending on the so1l type

N

W(2): 1t TFHTYE S weaght of tam an Kips or Ko

r

WH: Total welght of hammer housing 1n Kips or Knp tor diesel

hammer Jeas welaght  ob ram

RENG: It STHAM 0: rated hamme:r enerqgy an Kips 1o o Kineoom

FFF: Hammer ofticiency

STROKE: tam tall of drop hammer; observed tield stiroke of
angle o double actaing and diresel hammer 1n tt o or om;

0 to compute by the program trom the hammer propertiles

STRMAX: it STEAM-0: maximum stroke of double/difterential
gcting hammer an ftoor om oas 1ndicated by the

manutfactur et

POP o opclating all Steam pressure 1n Kspoor Knosg o om
L

'

PRLIM: Jdo ; manutacturer’s rated limiting pressure 1n Ksi

ol Kn/sqg om

L
W(1): 1f IFHTYP-/; weight of ram in Kips or Kn
EXPF: do- ; maximum explosive force 1n Kips or Kn
RENOP: -do- ; rated hammer energy output
’

DHK: -do- ; stiffness of ram 1in Kips/in’or Kn/cm

DRAM: -do- ; top diameter of ram in inches or cms



DBT: do ;o bottom dirameter of ram; 1t DBT 0O 10%  of DRAM

14

will be assigned

DAEP: do  ; distance trom anvil to exhaust port in tt ot m

!
TD,T1,TL, TR: do - 3 delay time, 1taise time, peak tane and
exhaust time of explosive torce at a1mpact; 1t cere s
specitied for all these parameters, program will ansume

AN

these values
VFIN: do ;o volume of combustion chamber 10 cu 10 or cu om
PAT: do- ; atmospherlc pressure 1n Ksl or KN s¢g om

ERAM: E value of the rtam material in Ksi or Kn/sqg om; read

1f DHK-O0

EEAN: E value of anvil material 1n Ksi1 or Kn/sq ¢m; read 1t

DHK- 0O
RAML: Ram length in ft or m; read 1f DHK-O
ANL: Length of anvil 1n inchesYor cms; read it DHK-0
. \

DAN: Diameter of anvil in inches or cms; read 1f DHK-<O0
WAN: Weight of anvil in Kips or Kn

. . « . ‘ ’ .
EAN: Coefficient of restitution of anvil
RIENP: Indicated ram energy in Kips-ft or Kn-m; read if

DIESEL<0

v

WFT: Weight per unit length of pile in Kips or Kn



AREA: (ross sectional area of prle 1n sq in or sg ¢m
IC: 1f NCOM-0; read composite plle segment number

WCOM(M): Weight per unit length of composite pille segment 1n

l\'i})f; o1 Kn

N as
A(M): Ciross sectional atea of plle segment 1n s 10 or sq

cm; orgad 1f NCOM-O ar PILTYP=0

™~

: : _ 1
W(M): Weight ot pile segment 1n Kips or Kn; read 1f PILTYP=0

DIAT: Top out side diameter of pile 1n inches or cms; read

1 PILTYP- 0
DIAB: Bottom do

UNITWT: Unit weight of pile material in Kips/cu tt or Kn/cu

m; read 1f PILTYP- O
IU: 1t NCOM-0 & PILTYP-0; read pile element number

UWCOM(M): -do- ; unit weight of pile segment 1n Kips/cu ft

or Kn/cu m

MN: 1f NJOINT-C; read pile element number

¥
SPLICE(M): -do- ; read maximum tensile force of joint in

Kips or Kn

SLACK(M): -do- ; rea& max1mum movement allowed in the joint

in inches or cms
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0S: Quake value of ground adjoining the pile shaft in inches

or cms
QP: ~do- pile point
PER: Percentage of ultimate so1l rtesistance at pile point
RUTOT: Assumed ultimate pille resistance 1n Kips or Kn.

IP: 1t JJS=1i

I3

; read pille segment number

RU(I): -do- ; read distribution of pille resistance on sides

of the pile segments (Kips or Kn)
«



APPENDIX A-3

Listing of Program "ALWAP"

| \ WAVE POUATION hOk FILE KESPUNSE TO IMPACT TYPE DRIVING
. - PILE MAY DI STRALGHT, TAPERED, STEPPED OR H-SECTION | ALSO

‘ ' LIl MAY BY WITH JOINTS CAPABLE OF TRANSMITTING

R ‘ TENS G P"H)h'ﬁl UNDER SPECIFIED CONDITION.

* . AL n AR A RAAAAPARAR T ATARAAARAARAARARARRANARAAAAAARAAANARRARAAAAAAAS

' | THS PHOGEAM WILL COMPUTE THE FOLLOWING.

o 1) SEGMENTS WEIGHT AND SPRING CONSTANT

" . PILE SEGHMENT FORCE,STHRESS AND VELOCITY AT

¥ . EACH TIME INTEKVAL DEPENDING ON THE OPTION.

e v 1) POINT DISEPLACEMENT,NU OF BLOWS REQUIRED TO

I . PENETHATE ONE FT AND MAXIMUM STRESS IN A SEGMENT

1. s AT EACH TIME INTEKVAL

1 c 41 MAXIMUM STRESS EVER OBTAINED IN ANY PILE SEGMENT

g ‘ AND A% A CHECKF  THE LAST STRESS AND ELEMENT VELOCITY
[ y COMPUTATITON,

e C ) QP SPECIFIRD TENSILE STRESS FOR CONCRETE FPILE

Vo & 6 SUMMAKRY OF RESULTS INCLUDING ULTIMATE SOIL RESISTANCE
m - CNO OF BLOWS REQUIRED TO PENETRATE,MAXIMUM COMPRESSIVE
1 ( STHESS LN THE PILE AND JF SPCIFIED MAXIMUM TENSILE
R [ STeEESS O IN THE PILE.

A v
oL PIMPNCEON COf0 1) R0, 2) ,V30,2) ,8(30,7) ,W{30),SP(30).
AN . . D10, DEQ30,2)  EK(30) ,R(30) , 1X(30)  ku(30),
S . AV (30 0 DEV(300) ,D1(300) KKK (30) , FKAX (300) ,
o . JXA300) JFM30) ,A(30) ,DB(30) ,DI(30) ,FMIN(30,2),
Lt . TITLE (C0) (ES(10,2) BV (30, 7)) U BFE(30,7) ,REU(30),
¢ HPF(30) [ CSMAX (30) ,CTS(30) ,SPLICE(30), SLACK(30) .

NI . ECOMO30)  VEOM (10) ,CAS(30) ,WCOM (30) , uWwCoM (30) ,
R . Hir( 40, 7)Y (BS (30,7)  FP (30, 250) ,STP (30, 2%0) ,

[ . VE (IO, 0000, DR (30,250) , S50 (30,250) ,RO(30) ,FO(30) ,
i . DOCAC) CO(30) ,DEOC30) XS (30) ,YS(30) ., be(30) JRX (10)
1 . XT A0 YT (90)

AR

A [wousg b PRECISTON U‘I’f.,U'I“,.11'1‘«»_11'&\),11'1‘?1

R 1

e COMMON EXPE DT OINTV TDTL,TL, TR, TIND,TINT TINL TINK

; ¢

1t Jecu s KEAD(S Ve END- 1 SQ)TITLE, UTT UTY ,UT S, UT4, UTS, UT6. UTT U
(] 10 FORMAT (CORG /4 (ARG X)) S (A, 1X))
a0 WRITE (6, 20) TITLE
41 G FORMAT ("1",//,10X, 20A4)
q. READ(S 30 FUY  FUY FUS
G 0 FORMAT (3F11.3) .
44 WRITE(6,40)UTt UT2 UTS,UT4,UTS,UT6 UT7,UT8 FUI,FU2,FU3
an 40 FORMAT (/ /v , 5%, 3(A%,3X%),5(R10,3X),/,/,5X,3(F10.3,3X))
at, 2100 READ(S,50) NELEM,NSAS ,NSOIL,MDR,ELEML, TWALL,PILTYP
4 50 FORMAT (41%,2F7.3,F%.2)
4K KEAD(S,70) IFHTYP,NCOM, STEAM , DIESEL
40 70 FORMAT(215,2FS. 1)
50 READ(S,90) NPLOT  NW, IFD
N 90 FORMAT (315)
52 READ(5,110)JJS,NCHECK, IFWRIT, IFFSV,NRU ,NJOINT , COMFM
5 3 1o FORMAT (61%,F7.2)
s READ(5, 130)W(3) ,DRIVPT, DT
95 130 FORMAT (2F10.3,F10.8)
56 IF (NCOX.GT.0) THEN
¥ DO 15 , M = 3 NELEM
58 READ(5, 170) NE, ECOM (M) , VCOM (M)
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RN

S0

S50

S0

RIETS!

FORMAT (T4, bao . 0 b))
CAS(M) - ECOMAM) /VOoaM (M)
CONTINUE
CAS(LA) = CAL(LA 1)
FL.CL
READ (5, 190) EMOD, WVEL
FORMAT (JF 10, 2)
ENDIF
IF(IFHTYE . By, ") Voe = NELEM
IFQIFHTYPR  EQ . 7)FO = NELLM s
X = KO
I.LA = NELEM * 1
READ (S, 210)ECAP ACAR  THCAE bicB

FORMAT (AP0, 1)

READ (%5, 2J0)ECUSL  ACUS  THOUS B¢
FORMAT (410, 3)
IF(NSOIL.LT. 1READ (S, 290) S0 1T RS BE
FORMAT(4FG . 3)
IF(NSUIL.GT. V. ANU . MDK.EQ. Z) THEN
READ(S, 270) (NS DC(M) JRX(M), M - 4, LA
FORMAT (2 (i%,FS. 3, FS. 1))
ENDIF
IF(IFHTYP.EQ.S) THEN
IF(STEAM.GT.0.)THEN
READ(S,290)W (1) ,WH RENG,EFF STLOFL
FORMAT (5F10..2)
IF(STROKE.EQ.O.0)STROKE = (RENG)/(W(2)#FU1)
ELSE
READ(S, 3T00W(0)  WH STRMAX  POR PHEIM FEE
FORMAT(6F10.2)
READ(S, 130) STROVE
FORMAT (F& . %)
IF(STROKE.EQ . O.0) THEN
STHOFE = J(STRMAX) A (1 ¢+ ((POP)A(WE) )/ ({FKLIR) AW () ) )
ELSE
STROFE = QUROFE

ENDIF
ENDIF

VIMP = SQRI{2AFU*EFFASTROFE)
ENDIF '

IF(IFHTYP.EQ. 7) THEN
READ (S, 350)wW (1) ,WH,EXPF, RENOP, DHY
FORMAT (5F10.2
READ (5, 370)DKRAM, BT, LDAEP, TD,T1,TL, TR, EFF
FORMAT (3F7.3,4F8.5,F5.3)
READ (S, 390) VFIN, PAT
FORMAT(F10.2,F10.5%)
IF(TD.EQ.0)TD=GC. 00
IF(T1.EQ.0)TI=0.005
IF(TL.BEQ.O)TL=0.00%
IF(TR.EQ.Q) TR=0.0025
1IF(DBT.EQ.O0)DBT = O.1'»(DRAM)

ARAM = 0.7854* (DRAMK) a2

VIN = (DAEP) * (ARAM) = (FU1)

IF(VFIN.GT.0)FC = (PAT)* (((VIN/VFIN)+1)*x1.30)«(ARAM)
IF(DHK.LE.O) THEN
READ{5, 410) ERAM, EEAN,RAML, ANL, DAN
FORMAT (2F10.2,3F8.3)
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A0

1o

G0

S0

550

570

239

b
v
T
KON = ¢ g n (AN A A
THE = AP RAKE S (DRAM S ET) /(A (KANML A EU L))
ANP = (IPAN!~ (AARNY/ (ANDD)
RO
BELD G A 10D WAN P AN
FORMAT (RO O Py )
ITPyhIto Ll ol o) ihth
READCS 40 0) STRovE w
FORMAT (Pro oy
VIME ~ St (oAbl A (ol ioOr DALY ) AELE)
Blost
WEADCS, 470 T ENT
FORMAT(F 0 )
STROFE = (KibNEY/W(O)
VIME - SoF T (AR oA LOTROME DAEE) AEFE)
ENDG Y
ENivTE
WRLITE (6, 6OV HELEMD JUT)  NELEM NSAS
FORMAT (12, //, 10X, A+ GENERAL INPUT DATA aa’ [/ /. 9K, LLEMENT’
XL TDETALLY L/ UX, N0 OF PILE SEGMENTS = LRSS,
/. 9N CLENGTH (b PILE FLEMENT = ‘LR L3, 1X, A2,/ .9X, "NO'
LvN, 'uF ELMENTS INCLUDING RAM AND CADP - ',l14,/,9X,
"N OF PLLE SEGMENTS ABOVE GROUND LEVEL OR' /L YX
CASSUMED CERC SIDE KRESISTANCE ON PILE SEGMENTS'
D U SR T
ﬁ(N\uH.lk’.(l)’I'HkN
WA TE (e, BO)EMOD UTS  WVEHL L UTE
’ﬁ'HHAIKVX_/,Hh,'PlLL DETALLS LT /L9X P LLE HODULUS OF T X
TOF BLASTICITY = " Fairoag, !X,AB_‘/,B)&_ 'STRESS WAVE",
T, CVELOCTTY =~ R o IX.A8 /)
£iost
WRITE (¢, 100)UTS , UTE
FORMAT (4% "SEGMENT NO_7X . "k VALUE' 10X, "WAVE Vel vy '/
CSGX . RO 0K, ARG, ) ‘

WRITE (¢, 120) (1, ECOM(I) VOCOM(]) 1~ 3 NELEM)
FORMATOIOX L, IX, B 2 IX  Fs o)

ENDIT
ITE(PILTYR . GT. 0. 0) THEN
IF(NCOM . LE . O)THEN
KEAD (S _440)WFT, AREA
FOURMAT (2F 0. 4)

e S, 1 = 3, NELEM

All) - AREA
CONTINUE

ELSE
READ (S, 510) (10 WCOM{M+ 1) (A (M) M=3 NELEM)
FORMAT (I3, F10.3,F10.3)

ENDIF

GO TO 2200

ELSEIF(FILTYF.EQ.0.0)THEN
READ(5,530) (W(M+1) ,A(M) M ~ 3 NELEM)
FORMAT (2F10. 3)

GO TO 2200
ELSE

READ(S5,5%0)DIAT,DIARB, UNITWT
FORMAT (3F10. 3)
IF(NCOM.GT.0)READ(5,570) (1U,UWCOM(I), 1=3,NELEM)
FORMAT (13,F10.4) :
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e
S
SR
21y
22
222
223
224
225%
226
227
228
229
230
231
232

1

T

55
2300

65

240

WholTn (e, THOYDIAT, UT  DIAR UTS, TWALL, UTS L UNITWT
FURMAT (SN TTOP DIAMETER =~ ' F10.3,1X,A,/,9X, "BOTTOM’
UM LTDEAMETLR = ' F10L3 X, AL, /,9X, 'WALL THICKNES!D!
LN, T R0 YK AL,/ LUK, TUNIT WEIGHT = ' B0, /)
TEONCOM GT L O) THEN
Whilh (6, 160)
FORMAT (9%, "SEGMENT NO' /X, "UNIT WEIGHT')
WRITE (6, VHO) (M UWCOM (M) M= NELEM)
FORMAT (/ V20X, 13, 12X Fro, 1)
ENDTE
prun - (DIAT DALY /X
B ~ 0.5
Ixy 341 = 1 KO
DBy~ DIAT BHADELD
i) = DrD) CLOATWAL
PEUTWALLLUEQ. Q) THEN
ACi) = 7854+ ((LB(L))An)
Biot "t
ACL) = 0 7854 ((DBCI) ) Ay (DI(I))Ar)
ENLE
PP ANCOMLLE O) THEN
W(i*1) =~ A(L)"UNITWTAELEML/FU.
SEOEes) = A(L) »EMOD/ (ELEMLAFU)

YLt
Wlie ) = ACL)AUWCOM(M) AELEML/FU L
SP{ies) = A“)*PVUH(H)/(ELEHL*PU1)
ENDCLE ~

HH = Bh o+ 1
CUNTINUE
BN
GO PO 2o
Ixi 4% M = 3 NELEM
PP ANCOM LB O) THEN
SEA(M) =~ A(M)AEMOU/ (ELEMLARFUY)
PioE
SE (M) = A(M)AECOM(M) / (ELEMLXFUL)
ENDIEF
CONTINUE
[F(PILTYP.LE.0.0)GU TU 2300
DO %Y M = 4 LA
IF{NCOM.LE.0) THEN
W(M) = ELEMLAWFT
El.SH . -
W(M) = ELEML*WCOM(M)
ENDIF
CONTINUE
W(LA) = W(LA) * DRIVPT
WP ~ 0
DO 65 , M= 4,LA
WP = WP + W(M)
CONTINUE
IF(IFHTYP.EQ.S)WTO = WH + WP + W(3)
IF(IFHTYP.EQ.7)WTO - WH + WP *+ FC
IF (DHK.GT.O.AND.ANK.GT.0) THEN
AHK = 1./DHK + 1./ANK -
sp{1) = 1./AHK
ELSE
sp(1) = DHK
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. n
ANAS
R
SR
PRrAR]

JSRO

PEIERE

PR
J849
285
286
287
288
2849
290

o

bt

JSan

2¢0

280

PRt ¥
S lor = (ECAE)Y A CACKREY JUTHOAER)
TEOTH UL L GT 0050 = (LUl a CACUS) / (THOUD)
PR G G OYTHEN
SEXOs (O /nbes)) e (/a0
RSN EVER DX
PN
PEODT B b 0T (W) 7/ (p(3) s U AR ) ) ang ) /0 0
CEULEHTYE . RO 7)) EEC T = U /EANA,
o = AL /ERPCHA A,
Pincl s [V AR Y
G Drabua
oo DTEU S -
INTVO- 0
EMo~
N G
R ll) =
BEECDY - 0

SHAN L) - 0

iy = 0

PF(NJCINT.OT  O) THEN

eIt M =4 NELEM

READ (T, S9C)IMN SPLICE (M) | SLACK (M)

FORMAT (14, F10. 2, FH . %)

TRASEPLICEMM) L GT 0 u) SELTCT (M) = SELTCR (M)

IF(SLACK (M) T GL0) SLACE (M) = SLACK (M)

CONTINUE

ENDIF

[t M o= NELEM LA
SPLICE(M) = ¢
SLACK (M) - O

CONTINDE

TEARLOTYE, LY 0 ) THEN

WHITE Ceo, 20MUT 7, (A(N) N =~ 1 }O)

FORMAT (10X, " a2 COMPUTED PILE SEGMENT PROPERTIES #%' / cx.
TAKEAS VXK ARG, 1K - L 5F0.4 /20X, 5F10.4,/,
SOMNLCSEI0.04 /0N AE0,4,/  L0X P08/ 20X S 0L a)

WRITHLO, 20 UTS, (W(M)Y ¥ = 4 LA)

FORMAT(SX, "WEIGHT ' [ iX A4 1X, "~ " SFV0. 4,/ 20X, 5F10.4.,/ . 0x

VOFTOL 4,/ 20X B0, /20N, S04,/ , 20X, 5F 10, 4)
ENDIF

TF(PLiTYE . GT .00 )THEN

1F(NCOM.LE.U) THEN

URITE(G,ZOO)UTl,NFT,UT*,AREA,UT7_TNALL,UTZ

FORHAT(/,QX,'HT/',AQ,IX,'OP PILE = ' |F9.4,1X A4,/ 69X,

'PILE X-SECTION AREA = ‘L FB8.3,1X,A5,/,9X, "WALL"'  1X,
"THICKNESS = ' F10.3,1X,A4./)
EL.SE

WRITE(G,260)UTY,UT3,UT?

FORMAT (/,9X, "WEIGHT/' (A2, 1X, "IN’ ,1X_A4,7X, 'AREA IN', 1X,6ARB)

WRITE(6,280) (WCOM(M+1) A(M) ,M=3 NELEM)

FORMAT(/, 12X,F10.3,15X,F8.3)

ENDIF
ENDIF
WRITE (6,300)UT3,W(3),DRIVPT,W(LA) ,WP,WTO
FORMAT(/,5X,” ELEMENT WEIGHTS IN',i1X,A4,':',/,9X, 'PILE CAP'
J1X,'= ' FB8.4,/,9X,'WT OF DRIVE POINT = ' F9.4,/,9X,
"WT QF BOTTOM ELEMENT + DRIVE POINT = ',F9.4,/,9X,
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291
TOY
R
<949
2495
LUt
<9
2ay
29y
300
00
0L
303
104
105
A0t
3037
308
309
110
KRR
LRI
313
114
519
e
ER I
ERRS
1Y
320
320
LI
321

324

w
N
s

W W s
[V S NN

o SRS e

330
331

140

1w

4C¢0

440

460

480

500

520

540

+

+ 4+ o+

\
- \

)

‘TUTAL WEIGHT OF FILE ="' F12.3,/,9X, 'TOTAL STATIC', 1X.
"LOAD" RESISTHED BY SOIL ~' F12.2.//)

WEITH (6, 320) ECAR, UTS  ACAR  UT 7, THCAP  UT2 ,SP ()  UT4, EreB

FORMAT (55X, "CAP BLOCEK DETAILS' X, ':',/,9X, 'MODULUS OF',1X.
'ELASTICITY = ', Fti.1 11X, A8,/,9X, 'AREA OF X-SECTION'

DXL = T B3 X, A, /9K, "THICKNESS = ' Fo.3,1X, A4,/
@Y., 'SPLING CONSTANT - ' F12.3,1X,A08,/,9X, "COEFFICIENT"
J1X, "OF RESTITUTION ~ ' F6.3,/)

I CIHCUS . GT.0) THEN

Wit 1TE (6, 340) ECUS,UTY, ACUS, UT 7, THCUS, UT2,SC,UT4 . EPC

FORMAT (SX, "PILE CUSHICN DETAXLS',1X,':',/.9X,'HODULUR (9] 2
VX, "ELASTICITY = ' ,F11.1,1X,A8,/,9X, '"AREA OF ', 1X,

"X SECTION = ' ,FB.3,1X,Ad,/,9X, 'THICKNESS - ',
Fo.3,1%.A4, /9%, "SPRING CONSTANT = ',FlZ.],lX,AH,/
L9X, 'COEFFICIENT OF RESTITUTION - ' F6.3,/)

ENDIE ~»

WRITE (h, 360YSP(3) ,UT4,5P(4) ,UT4

FOKMAT (/, %X, "PILE SPRING CONSTANTS' ,1X,':',/,9X, VST PILE'
X, CSEGMENT = ' F12.3,1X,A8,/,9X, "2ND PILE SEGMENTY

X, = ' F12.3,1X,R8,/)

IF(NSOIL.LT. 1)WRITE(6,380)SJ,PJ,RS,RP
FORMAT(1X,/, 9%, "ASSUMED DAMPING CONSTANTS 11X, ':',//,9%,
'SIDE - ' ,F6.3./,9X, 'POINT = ',F6.3,//,5X,

'VELLOCITY EXPONHNTION',\X,':',/,Qx,'SIDE ' F6. T,
/,9%, 'PUINT =',F6.3,/)

IF{NSOLIL.GT. 1) THEN

WRITE (6, 400)

FORMAT (1X,/,5X, "ASSUMED DAMPING CONSTANTS'  1X, ':',//,9X,
"ELEMENT NO',5X, "DAMPING CONSTANT',K &X,
"EXPONENTION' /)

WRITE(E,420) (M,DC(M) ,RX(M) ,M~4,LA)

FORMAT (10X, 15, 14X ,F6.3,12X,F6.3)

ENDIF

LF (MDK. EQ. 1) WRITE (6, 440)

FUKMAT (//,12¥, '#* DYNAMIC RESISTANCE IS COMPUTED #2', /
L12X,'** USING CASE-METHOD #%' /)

IF{MDR.EQ.2.AND.RS.EQ.1.0) WRITE(6,460)

FORMAT(//.12¥, '** DYNAMIC RESISTANCE IS COMPUTED #x' /
12X, "aA USING SMITH'S PROPOSAL 2+’ [f) '

IF(NSOIL..LT.).AND.RS.LT.1.0)WRITE(6,45C)

FORMAT (//, 12X, ' *#* DYNAMIC RESISTANCE IS5 COMPUTED USING #»',
/, 12X, ' »*» SMITH"S EQUATION WITH VELOCITY', 61X,
'EXPONENTION #»+' /)

IF(NSOIL.GT.1.AND.RS.LT. 1)WRITE(6, 500)

FORMAT (/, 12X, '*%x DYNAMIC RESISTANCE IS COMPUTED USING =**' /.,
124, 'NON LINEAR RELATIONSHIP FOR MORE THAN ONE', 1X,
'SO1L LAYER Ax')

WRITE(6,520)DT

FORMAT (/,9X, 'TIME INTERVAL = -' ,F10.8,1X,'SEC',/)

IF{IFHTYP.EQ.5) THEN

IF(STEAM.GT.0.) THEN

WRITE(6,540)W(2) ,UT3,WH,UT3,RENG,UT4 ,EFF,STROKE,UT!,VIMP UT6

FORMAT (1X,/,5X, 'DROP OR SINGLE ACTING HAMMER DETAILS',1X,':',

/,9X,'WT OF RAM = ' F10.2,1X,A4,/,9X, 'WT OF HOUSING',

1X,'= ',F10.2,1X,A4,/,9X, '"RATED HAMMER',

1%, 'ENERGY = ',F12.2,1X,A8,/,9X, '"HAMMER EFFICIENCY' .
- 1X,' = ',F5.3,//,9%, 'HAMMER STROKE = ', F7.2,1X,A4,

/,9X, 'VELOCITY AT IMPACT = ',F7.2,1X,A8,/)

2
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ELOL
wv:vr(u_nnu)w(y)_uTi_uH,UTa,STRHAx_UT1_Por,UTh_rHLIH_UTH.EPr
FORMAT (12, /9%, "DOUBLE Ok DIFFERENTIAL ACTING HAMMER DETAILSS

. L',/ ,9X, "WEIGHT OF RAM =~ ', F10.2,1X A4,/ g8X. WEIGHT'
. VXL, POF HOUSING = ' F10.2,1X, A4,/ ,9X, "MAXIMUM HAMMUR'
. VA, CSTHOKE =~ ' F7.2,1X,RA4,/,9X, 'OPERATING AIKR/STEAM',

. 1X, "PRESSURE =~ *,F12.2,1%.B10./.9%, '"MANUFACTURER"S ", 1%,
. CKATED LIMITING PRESSURE = ' F12_ 01X A0,/ 9%, "HAMMEK'

LIX, "EFFICIENCY = ' ,F5.3,/)
WEITE (L, S80) STROKE, UT1 , VINP ,UT6
FOKMAT(1%,/,9%, '"HAMMER STROFE = * F7.7,1X A4,/ 9% 'VELOCITY’

' 1%, 'AT IMPACT - ' ,F7.2,1X,A8,/)

ENDIT}

FNDIF

TF(IFHTYP.EQ.7) THEN R

WHITE (6, 600)W (1) JUT3, WH,UT ), EXPF,UT 3, RENOF, URAM , UT., DET, UT.
FORMAT (1%, /,5X, 'DIESEL HAMMER DETAILS :',/,9X,'WEIGHT OF

. 11X, 'RAM =' F10.2,1X,R4,/,9%, "WEIGHT OF HOUSING ='

. Fiu.2,1X,A4,/,9X, 'EXPLUSIVE FORCE AT IMPACT =" [0 &,

. 1X,AR4,/,9X, '"RATED HAMMER',6 1X,

. tX, "ENERGY OUTPUT =~',F10.2,/,9X, 'TOP DIAMETER OF KAM =
. JE7.3,1X,A4,/,9X, 'BOTTOM DIAMETER OF RAM -' F7.3 11X R4,/)

WR1Tt(6,620)FC,UT3,PAT,UTS, DHK,UT4, DAEP ,UT 1  AKRAM UT/ EF}
FORMAT (9X, 'PORCE EXERTED BY COMPRESSED GAS =' F10.3,1X,

. A3,/ ,9X, 'ATMOSPHERIC PRESSURE =' F10.5,1% A8,
. /.9X,'STIFFNESS OF RAM =' F10.2,1X,A}0,/,9X,

. ‘DISTANCE FROM ANVIL TO EXHAUST PORT =' FS.2 11X,

. A4,/ ,9%, 'RAM AREA OF CROSS-SECTION =" Fr.., 6 X, A6, >
. /.,9X%, '"HAMMER EFFICIENCY =',F5.3,/)

WRITL (€, 640)WAN UT3 EAN,TD,TI,TL, TR, VIN UTR VFIN UlH
PORMAT(1X, /,9X, "WEIGHT OF ANVIL =' F10.2,1X, A9,

. /.9X, 'COEFFICIENT OF RESTTITUTION =' F5. 4, // 9x,

. "DETAILS OF EXPLOSIVE FORCE EFFECTIVE TIME:' / 1.X,

. '1) DELAY TIME =', F8.5,1X,'SEC',/, 12X,

' *2) RAISE TIME ~-',FB.S,1X,'SEC",/,12X."'3) PLAK TiMF -~

- FB.6,1X, "SEC',/,12X,'4) EXHAUST TIME =" FY.5 1X,6 'SE",/,
. s 9¥ ' INITIAL VOLUME OF GAS =',F10.2,1X A6,/ 9X,

. 'VOLUME OF (OMBUSTION CHAMBER =' F10.3,1%X.A6.,/)

IF(ANK .GT.0) THEN
WRITE(6,660) ERAM,UTS, EEAN,UTS, RAML, UT1 ,ANL UTY DAN UTY
FOKMAT (/,9%, "ELASTIC MODULUS OF RAM MATERIAL =',F10.2,

’ VX, A10,/,9X, 'ELASTIC MODULUS OF ANVIL MATERIAL =',
A F10.2,1X,A10,/,9X, 'LENGTH OF RAM -'.F7.;.IX,A4‘/.QX,
+ "LENGTH OF ANVIL =',F7.2,1X,A4,/,9X, DIAMETER OF', iX,
- "ANVIL ="' ,F7.2,1X,R4,/)

WRITE(6,680)DHK,UT4 ,ANK,UT4,SP (1) ,UT4,AAN, UT7

FORMAT(1X,/, 10X, "#* COMPUTED HAMMER DETAILS *x', //, K 9X,
s "STIFFNESS OF RAM =',F10.2,1X,A10,/,9X,
+ 'STIFFNESS QF ANVIL =',F10.2,1X,A10,/,9X, .
' 'COMBINED STIFFNESS OF RAM AND ANVIL =’ ,F10.2,1X,A10
‘ ,/,9X, 'ANVIL 'AREA OF CROSS-SECTION =' F8.2,1X.A6,/)

ENDIF

IF(DIESEL.GT.0.) THEN .
WRITE(6,700)STROKE,UT1,VIMP, UT6

FORMAT (9X, 'OBSERVED RAM TOTAL STROKE =' F7.2,1X,A4,/,9X,
+ ‘VELOCITY AT IMPACT =',F7.2,1X,A10,/)

ELSE | ) ’

R1$Np - 12*RIENP
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WRITE(O,720)RIENY , UTS, STROKE, UT1, VIMD, UTG

Lo FOIMAT CIX, /9N, "INDICATED RAM FNERGY ~' F10.0,
. TX, A4,/ ,9X, "VELOCITY AT,

"EQUIVALENT STROKE = F7.2,

' 1X, "IMFACT = F7.2,1%,R10,/)

ENDIF

ENDIF .
IF(NJUINT.GT.O) THEN

WRITE(6,740)UT3, UT2

740 FORMAT (/,0X, "SPLICE DETAILS, "', /10X, "SPKING NO
. LIX, "FORCE ", 5X, "SLACE ALLOWED " ./, 25X, "IN'  1X At UxX

+ ‘IN' X ,A4./)
WHITE (6, 760) (M, SPLICE(M) ,SLACK (M) )M - 4 LA)
1,0 FORMAT (10X,15,7X,F10.2, 10X, F8.5)
ELSE
WRITE (6, 780)

.

»

T80 FORMAT (/,20X, "r+r NO SPLICE OR CONECTUK USED
ENDIF

2400 READ(5,610)QS,Qr

650 FORMAT (2F8.3) .

, IF(QS.LE.O.AND.QP.LE. Q) GO TU 2000
%00  READ(5,630)PER
t 30 FORMAT (F8. 3)
IF(PER.LT.0.0)GO TO 2000
U600 READ(S,650) RUTOT, ECAP, ACAP, THCAP
6by  FORMAT(F12.3,3F10.2)

. SP(2) = (ECAP)* (ACAP) / (THCAP)
NPS = 0
ZS = 0

IF(RUTOT.GT.O.0)NSR = NSK + 1
1F(RUTOT) 150, 2000, 2700
2700 WRITE (6,800) PER /

B0 FORMAT (/,9X, "*xaxxa%  OF RUTUT CAKKIED BY PILE POINT -

. F6.3,/) -
WRITE(6,820) KUTOT,UT3,SP(2)

Aat)

(24

TXLATO, L 4X,

‘SPLICE!

£

-

Ha FORMAT (/,9X, '##x#x ASSUMED ULTIMATE PILE RESISTANCE =

+ F10.2,1X A4,/ 9X, rxaxx CAP BLOCK =
WKITE(6,840)UT
840 FORMAT (15X, "'1"',4X, R(U) IN',1X,AG)
1F(JIS.EQ.1.) THEN
READ(%,670) (IP,RU(1),1 = 4, NELEM)
670 FORMAT (4(15,F10.4))
ELSE
DC 95, M = 4,NELEM
RU(M) = (1. -PER)ARUTOT/(X - (NSAS+1))
ER CONTINUE
ENDIF
DO 105, M =~ 1,NSAS
RU{(M+3)=0
105 °  CONTINUE
RU (LA) = RUTOT*PER
WRITE(6,860) (M,RU(M) ,M = 4,LR)
860 FORMAT (14X,12,F12.2)
DO 115, ¥ = 3,LA
1IF{M.GT.3)EK(M) = RU(M)/QS
v(M,1) =0

>

118 CONTINUE

v

1F(QS.NE.QP) EK(LA) =RU (LA) /QP
IF (IFHTYP.EQ.7) THEN

Lv12.3,//)

Y
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VIHEN
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ARG IVIiM
v M)
V(ML)

) THEN

RAMIT = (gm0 ) DEA(N .
FLSE

VM, 1) ~ ABS(VIM
HiM) = ({r(M,2) DE(M,.

VM, 1) = ov(M 1)

ENDIE
ENDLH
CONTINUE

IF((DCLA,2)

D (LA, 2Y))

v (V(LA, 1) . GE.O)THEN

RLAY=(D(LA, QD)

ELSE
VLA, 1)

R{LAY=(U(LA,2) "DE(LA,2)) ®EK (LR) —QP*PJAEK (LA) A (V(LA, 1) 2 aRE)

V(LA )

)arr (LA o}

L7 Y THEN
[ S

PA LY O

o THEN

V)
2EE AN

P AER (M) (0

I}

PPREK (M) 2 (0

LB, O) THEN

-~ ABS(V(LA, 1))

~ -V(LA,1)
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COASIAER (M ALV (M
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PACAI=C A Y DR ALA P ARE CURY &Y o et Ve apy Y

il
VALY = AR UVEA L 1))
B n =t GE A ) DECLA Y AR LDAY A (0 b a0 G A ey 1
VLA 1Y - VILA, 1)
ENDODY
PN ~
ENDTE

PE MDY by L OLUANDUNSUTLL G V) THEN
THO(eE DCLA L)) L GT 0.0)G0 To 3250
DECLA. )Y = DCLAT Y)Y o

T Obbh b 0 ) Ge T 1350
oL M- 4 NELEM
A GERE ] DEA(M,.)) RO O THEN N

PPAVIM 1) b OYTHEN
KoMy ~ (DM, ) DE(M _ CXYARR (MO pic (M) by (MY AV M ) aabix (M)
Bl -
VM, ) = ABS(V(M, 1))
FAMY = (00M ) DEAM LYY AEE (M) O Al (M AR (M) e {VEF 1) aah ¥ (M)
VML) = VM)
PN}
[
SEAVAM ) Gl OYTHEN
Farr = (U(M,0) DEM D) Y AR (M)A el (M) (VM 1) asKN MY ) )
Bk

V(ML) - ABS(V(M, 1))

(MY = (O(M, 0 D E(M, o) ) ab b (M) 20 i \V?HKV!H,'l'»hX(%‘il
VML) = V(ML) N

ENTLE

ENU LY

CONTINUE
THO(DOLLA ) DECLA 2V JEG Q) THEN
IF(V{LA_ ) _GE.O)THEN
HOLAD = (D(LAL L) DECLA, L)) atr (LA)
¢+ OPADC(LAY AEK(LA)* (VLA 1) aaRX (IR
FlLoL
VLA, ) = ABS(V(LA, 1))
FILAY=(D(LA,2) DE(LA,2))*EK (LA)
QPADC(LA) AEK (LAY A(V LA, v) AsRN (LA
VLA, 1) = V(LA, )
ENDIF
ELSE
IF(V(LA,1) .GE.O) THEN
R(LAY=(D(LA,2)-DE(LA,2))*EF (LA) * (1 . +DC(LA)* (VLA "I #aRX(LA)))
ELSE
V(LA,1) = ABS(V(LA,1))
R(LA)= (D(LA,2)-DE(LA,2)) #EK (LA) # (1 . ~DC(LA) # (VLA 1) ##RX(LA)))
V(LA,1) = -V(LA,1)
ENDIF
ENDIF
ENDIF
CALL OVERFL(1V)
IF(IV.NE.2)GO TO 5900
FIND MAXIMUM POINT SET VALUE FOR LATER AVERAGING OF SET
vplLUE (DE(LA,2))
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IF(IFHTYE B

HER S Y
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THAC (T 0]

PEACOY L) GT o,

| ]
FS( L)
er To
FN =}
TYAFN. b 1)
THAFN GF o)
Foa,s) o=
oo, 2) = F
THAOE (Y, )

LE(Lsor )
ENDLE
TEOLUFY . MYGo

TF{C(2,2) LT
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TR, 20 GE .
F(o,D)

be(e, ) =
GO TO
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Pobrol IMONE D s NEoor
JTRE DV
NLt
DY (iAL )
DEMAXY G T v
DE g
DAL
S)THEN
CUNFIE™

DM, OeMe )

7)THE N
VONEL BN

(M, Letse s )

PORCES AND ©Thic b IN FILE CAb Az aae
W I)THEN

Tor Yhou

IFCIMOEQ.1)CMAXH = C(c, )

JF(IM.GE. 1)CMAX =
F(2.0) =
Es(z,2) =

IF(F(2.2) .LT.

TF(ES(2,2) . LT
*% CUMPUTE FORCE AND STRESS

T.CCOT YV CAND RN (B Do e e
T OMAXY 0 To st0n
VYIRN - O
S S Asb )
- Fear, 0/ CARAM)
I
N ¢ 1
CMAXYH = cer
CMAXY =~ (TMANYYH
SECUVYAOMAXY 0 b () s i ia e (L CMANYY
(1,.0)/ {ARAM)
T.O MV OY ) o= e
[UDURE D S U A B CY
TO ARRES T
G0, Y CAND ITM OB o Y Go o e
CMAX Y an - Tor w00
C(D 1) IM =
CleL M anp e ‘
P, o)/ (ACAR)D
3000
1™ "
CMAXH
SP(2)ACMAX ¢+ SP(2)AECB* (U (., ) CMAX)

F(2,2)/(ARCA})
0.)F(2,2) = 0
LOU)ES(2,2) = 0

IN FIRST PILE SEGMENT. PILE

CAF  CANNOT CARRY TENSION. *#

IF(1.FQ.1)GO
1F(C(3,2) .LT.
IF(C(3,2).LT.
IF(C(3,2) .GE.

TO 4100
C(3,1).AND.KM.EQ.0)GO TO 4200
CMAXX) GO To 4200

C(3,1))KM =~ ©

F(3,2) = €(3,2)*SP(3)
IF(ACUS.GT.0)ES(3,2) = F(3,2)/(ACUS)
GO TO 4300

KM = KM + 1
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194
Tae,

AT
797
798
794
800
801
802
803
804
80%
806
807
808
809
810
811
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4400

TF (KM BEQ. 1)CHAXXH = (1, 1)
IVAFM.GE . 1) CMAXX -~ CMAXXH
PO, 0) = SPC)ACKAXY ¢ SEOOD St 2 (0 (1, ) CMAYY)
IFCACUS  GT.0) THEN
ES(3.0) = FOI,2) /Ao
bLSE
BES ), - FO3,2)/(AL4))
ENDIF
TEAECS, ) LT oy RO, 0 = o
IF(ES(3,2) LT 0 ES(s.2) =0
AA COMPUTE FORCES AND STRESSES TN KEMATNING PLLE SEGMENTS s
KL = KL + 1
IX(KL) =~ 1
O 21, M o= 4 NELEM
F(M,2) = C(M,2)A50 (M)
1F(NJOINT.GT.Q) THEN
IF(C(M,2) LT O AND.C(M.2) .GT.SLACK (M) )F (M, 2)=0
IF(C(M,2) LT .SLACK(M))F(M,2) = (C(M,2)- SLACK(M)) ASP (M)
PE(EMM, ) LT SPLICE(H) LANDL.SPLICE(M) LT 0.0 E (M, 2)=SPLICE (M)
ENDIF
ES(M,2) - F(M,2)/AN)
BE (M, KL) = F(M,2)
B(M,KL) = ES{(M,2)
BV(M,KL) = V(M 1)
BOA(M, KL) = D(M,2)
Bo(M,KL) = DE(M, )
CONTINUE
F(LA,2) = R{LA)
ES(LAL ) = FCLALD)/AQLA )
IV (KCOUN.LE.Q)GU TO 4409

‘

KKK (Z) =~ © \
*r TEST FOR TENSTON (NEGATIVE) SEGMENT STRESS CONCRETE
PILES #»

IF(IFHTYP . ED. 7)1 =
1F(IFHTYP . ED.&5)IL = 2
PO 285, M =~ 1L, LA
FM(M) = ES(M,2)
IF(ES(M,2) .GE.FK(M))GO TO 24%
H(E.‘I(H,;f)AL'I'.[-;S(H,l))KKF(/) = KKK (.) +« 1
CONTINUE
IF(IFHTYP.EQ. %) THEN
B(2,KL) = ES(z.2)
B(3,KL) = ES(3.,2)
B(LA,KL) = ES(LA,2)
BF(2,KL) = F(2,2)
BF(3,KL) = F(3,2)
BF(LA,KL) = F{(LA,2)
BV(2,KL) = v(2,1)
BV(3,KL) = v(3,1)
BV(LA,KL) = V(LA,1)
BD(2,KL) = D(2,2)
BD(3,KL) = D(3,2)
BD(LA,KL) =~ D(LA,2) >
BS(LA,KL) = DE(LA,2)
ENDIF
IF(IFHTYP.EQ. 7) THEN
B(1,KL) = ES(1,2)
B(2,KL) = ES(2,2)
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Fadr
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400

400

4800

[T N U B SR RIS
BOCALKLDY = B GA
BE O VLD [ !
BECOPLDY - B0 0
BECO P ) = (s,
Bt (LA R FULA L
SRS RN OB Vi '
bBv (o bl = v,
BV FL) = v
BY LA LKLY = VLA )
IZERN TR I 3 U B O I
phi(o, KLYy =~ Lo,
BDCOt PL)Y = Dt ) -
BOCLA NL) =~ D(LA,
b (LA FL) UF (LA,
ENU DY
IFCIMHTYE Ly DIFE
IFCIFHTYE EQ . S)FE- .
N = Nooo*
Dooeats o M o= KELULA ~
FE(HM NC)Y = B (M, L)
STHAM,NC)Y = ES (M, 0
VE (M N) = V(M )
DFM,NCY = D(¥, o)
TF(M.GE.4)SSP (M NC)Y = D (¥ 0
CONTINUE
TF(L .G 0G0 T 4500
IFCILEHTYE B )N =
TP CLEHTYR B S)YIN = &
et N - LN LA
AR (N, V) = B(N }L)
FMIN(N, ') = BN KL}
FMINC(N ) =
AF(N ) =
CONTINUE
Aaa P IND MAXIMUM B EMENT STRESS OAND COKKESPONDING D

PFAIEHTYE B )LD -
IFCIFHTYE EG . S LT =

Do, N = 1] LA
lP(B(N,K;).LEAAF(N,l)!uu Tor A6 00
AF(N_ 1) =~ H(N VL)

AF(N,2) = 1

IF(CUMFM.LE.0)GO TO 319
IF(BON,.KL) LGT.FMIN(N, 1)) GO TO 470G

FMIN(N, 1)
FMIN(N,2)

= B(N,KL)
- 1

I[F(N.LT.4.OR.N.GT.NELEM) GO TU $1%
IF(B(N,KL) .GE.BMIN)GO TO 215

BMIN
NMIN

IMIN

CONTINUE

= H(N, KEL)
- N
=1

TF(KCOUN.LE.0)GO TO 4800
IF(KKK(2) .LE.KKK(1))GO TO 5700

KKK (1)
FMAX (1)
JX(1)

= KKK(2)
- B(4,K[)
- 4

DO 325, K = 5,LA

"
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tetde
tHe
feZe N
SIS
8u4q
Hy
68
887
332131
IRl
840
8§91
[ei=
893
2494
B9%
gat,
B9/
g9y
e
SIVIV]
BTVEl
9o
GO s
Y049
S0%
Slel
90
aou
ISR
910
941
91
91z
$14
915
916
917
918
a9
920
921
922
923
924
925
926
927
28

12118

Hon

Q20

BTV

A ¥}

ARSIV

100U

1020

1040

1060

1080

4900
5000

£10(
So00

5300
5400

345

TFABCE P L) CGTUFMAN D)) FMAX L)Y = PR MDD
IE(BCF  FD Y CED FMANCIY N (1Y = b

CUNTINUE
IFAKRLLLT. D)oo T Hoou
IF(I . LT S AND. IPWRIT.GT.O)YTHEN
IF(IFFSV L EQ. VDIWRITE (6, 880)UT
FORMAT (// 15X, "COMPUTED SEGMENT FORCE IN' WX, A2, /7))
IFCIFFSV B IWRITH (6,900 T
FORMAT (//, V59X, "COMPUTED SEGMENT STRESS IN' VX, A6,/ /)
IF (IFFSV.EQ. )WRITE (6, 2 0)UT6
FORMAT (// . 15X, "COMPUTED SEGMENT VELOCITY IN' X A //)
IF(1FF5V.FQ. 4)WRITE(6,940) UTD
FORMAT(//, 15X, 'COMPUTEL SEGMENT DISPLACEMENT IN'
IF(IFFSY.BU. S)WRITE (6,960 UTY
FORMAT (// . 19X, "COMPUTED PILE SEGMENT SET IN' 1X, A2, //}
ENDIY
IF(IFWKIT.LE . 0)GO TO 4900
WRITE (6,980) (I1X(NK) NN = 1. 7)
FORMAT(// 7%, "DT=" 33X, 14,6(71X, 14))
IF(IFHTYP.EQ. T)NL =~ 1
IF(IFHTYP . EQ . S)NL = 2

x

AL,

IF(IFFSV . EQ. V)WRITE (O, 1O00) ((BF(IT1,J0) ,00=-1,7)  11~NL LA

FORMAT (GX , 7F11.2)
IF(IFFSV_EQ. 2)WRITE (6, 1020) ((B(11,J0) =17 1I=NL LA)
FORMAT(3QX,7Ft1.2)
TF(IFFSV . EQD. 3)WRITE(H, 1040 ((RV11,0J0) 0= 1) [11=NL 1A)
FORMAT (99X, 7F11.2)

IF(IFFSV . EQ.4)WRITE(6, 1060) ((BD(i1,.11) Jg0=1_7) [1~NL LA

AORMAT (12X, 7F10.%)
F(IFFSV.EQ.S)WRITE (6, 108C) ((BO UL, J0) ,00=1,7)  11=4 LA)
FORMAT (12X, 7F10.%)
¥l = O P
IF(IFHTYP  EQ.5) THEN
DO $4% . M~ LA
IF(M.Ep.LAYGU TU 5100
V(M. 2) = V(M )+ (P8 20w (M) F(M, ) K(MY)*G/W(M)
GO T 5200
VM, 2) = VM, D)+ (F(M 2 W (M) R(M))AG/wW(M)
CALiL OVEKFL(1IV)
IF(IV.NK.2)Go TO 5900
IF(Vv(M,2) GT.0.0)G0 TO 348
LSUM = [[SUM + 1
CONTINUE
ENDIF
IF(IFHTYP.EQ.7) THEN
F(1,2) = F(1,2) + FFEX(INTV)
DO 345 , M = 1,LA )
IF(M.EQ.LAYGO TO 5300 :
VM, 2)=v (!, 1)+ (F(M=-1,2)+W(K)-F(M,2)-R(M)) AG/W(M)
GO TO 5400
VM, 2)=V (M, 1)+ (F(M-1,2)+WiM) -R(M) ) *G/W (%)
CALL‘OVERFL(IV?
IF(1IV.NE.2)GO TO 5900
IF(V(M,2) .GT.0.0)GO TO 345
LSUM = LSUM + 1
CONTINUE
ENDIF
IF((LSUM*1 - LA) LT.0)GO TO 5500

)

)

252



¢
o

.
. e

SO0

1100

375

TFADE (LA, ) D LL DEALA Y hae To o Soun
LsuM =~ 0
IF(NCON.EQ.0)GO T 54%0
ITFANCON.GT. SO AND . DECLA, ) L0k iMlue s T0 ey
IF(IFHTYP EQ.7)NI =~
TFLIFHETYP BEQ . S) N =
Iy 3545, M = NI LA
DM, 1) = DM, L)
FAM,1) =~ M, )
ES(M, 1) = ES(M, )
IF(M . NE.LAYC(M, 1) = (M 2)
ViM,1) - VK, )
CONTINUE
DECLA, 1) = DEWLA, L)
TE(I.GE.250) I£X ~ 1EX +
NEX = NSk 1EX
IF(NEX.GT.O.AND.1.GE.25%0)60 Tu “90o
IF(KCOUN_EQ.O.AND .1 . EQ. 250160 To SBOO
TFCLLLT. 2%0) GO To 28oo
EN{' CF SEGMENT FORCE LOOP* AND SET FOkR 500 [ TERATION:
FIND LARGEST SET VALUES IF NOT LEFSS THAN _004% OF
MAXIMUM VALUE
DSET = 0O
1L = 0
IF(UEMAX . LE.PSLIM) THEN
IF(FUT. ED. 12 ) THEN
WKITE (6, 1100)
FORMAT(//, 10X, 'Aa NU OF BLOWS MORE THAN Gcou/FL As’)
ELSE
WRITE (6, 1120)

FORMAT (// . 10X, ' a2 NO OF BiOws MORE THAN 1,000/ 100MK Ar

ENDIF

ENDIF

IF(DEMAX . LT . PSEIMY GO TO 6000
DO 46h, L= 1 MM

DIFF = DEMAX - DE1 (1)
IF(ABS(DIFE) .GT.0.005%)G0 TO 36n
DSET = DSET + DEI (L)
LL = LL +
CONTINUE
SET = DSET/LL
IF(SET.EQ.0.0)SET = 0.001
BLOW = (UNL)/{(SET)
IF(NSR.GT.0.AND.I.LT.250) THEN
BPF (NSR) = BLOW
REV(NSR) = RUTOT
CTS(NSR) = BMIN
CSMAX (NSR) = AF(4,1)
DO 375, M = 4, LA
IF(AF (M, 1) .GT.CSMAX (NSR) ) THEN
CSMAX (NSR) = AF(¥,1)

ELSE
CSMAX (NSR) = CSMAX(NSR)
ENDIF
CONTINUE
~ENDIF
IF(BMIN.GE.O.0) THEN
NMIN = NELEM ¥ 4
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o0y
Tood
Vo
Tood
Vir0g
ARCIVAN
TGO
1607
(NISIS]
ISNA ]
YOO
Tetd
Yoy
(AR
T 14
10y
[EURTS
by
1y
Ty
YOO
tGo)
1000
TGl
1048
TO2Y
1026
1077
1O H
1029
1030
1031
1032
1033
1034
1039
1036
1037
1038
1039
1040
1041
1042
1043
1044

¢

1140

1160

11HO

/00

LAY

1240

160
17280

1400

N
1400
Viq0
1360
1380
1400
wéuo

1440

1460

1480
1500
1520

1540

IMIN = ]
ENDIF
IF(NW.GT.0) THEN
WHITE (6, 1140) NW
FORMAT (/ 10X, "DETAIL S OF PILL SEaOMINT N

'FORCE, VELOCITY ',/ , 10X, "DISEPLACEMENT,

JIX, "TIME OINTERVAL' //)
WRITE (6, 1160) (FP(NW_ 1), 1=1 MM)
FORMAT (5(F10.2,2X))
WKITE (6, 1180)
FORMAT (//)
WRITE (6, 1200) (VP(NW, 1), 1-1 MM)
FORMAT (S (F10. 2, 2X))
WRITE(6, 1220)
FORMAT (//)
WRITE(6,1240) (UP(NW 1) 1=1 HM)
FURMAT(5(F11.6,2X))
WRITE (6, 1260)
FORMAT(//)
IF(NW_GE.4)WRITE(6, 1280) (SSP(NW_ 1) 1~ MM)
FORMAT (S (F11.6,2X))
WRITE(6, 1300)
FORMAT(//, 10X, "DETALILS OF PILE POINT FORCE,

10X, 'DISPLACEMENT, SET AT EACH TIME

WRITE(6,1320) (FP(LA, 1), 1=1,M8)
FORMAT (S {(F10.2,2X))
WRITE(6, 1340)
FORMAT(//)
WRITE(6,1360) (VP(LA,1),1=1 KM)
FORMAT(S(F10.2,2X))
WRITE (6, 1380)
FORMAT (//)
WHITE(6,1400) (DP(LA, 1) 1=1 MM)
FORMAT(S(Ft1.6, 2X))
WRITE (6, 1420)
FORMAT(//)
WRITE (6, 1440) (SSP(LA,1),1=1 MM)
FORMAT(S(F11.6,2X))
ENDIF

VX

SET AT EACH

VELOCITY /),
INTERVAL',//?

WRITE(6, 1460) MM, QS ,UT2,0P,UT ,SET, UTY, LI, BLOW

FORMAT (//, 15X, 'NUMBER OF ITERATIONS =',14,/,15X, 'SIDbE",

1X, 'QUAKE =',F5.3,1X,A2,/,15%, '"POINT QUAKE ="' F5.3,
1X,R2,/,15X ,'AVERAGE SET =' F7.4,1X,A.,/,15X%,
'NO OF VALUES USED =',i2,/,15X, 'NO OF BLOWS/FT ="',

_ F8.2,//)
1F (KCOUN.GT.0)GO TO 5700
IF(IFD.GT.0) THEN

DO 385, M = 1,MM 11

¥1 = (M+10)

IF(M1.GT.H¥N)M1=MM
WRITE (6, 1480) (K,K = M, M1)
FORMAT(/,4X,'DT =',1X,13,1 X,13))
WRITE (6, 150@ (DE1(K) ,K = ¥, M1)
FORMAT (3X, 'SET ="', 1X,11F9.5)
WRITE(6, 1520) (D1(K) ,K = M, M1)
FORMAT (5X, 'D. =',1X,11F9.5)
WRITE (6, 1540) (FMAX (K) ,K = M M 1)
FORMAT (4X,'ES =', 1X,11F9.3)

>
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|[RURNY]
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Tt
V(stn
LERA
POt
[RVARS
O
o
Tior.
YO
100
Tt
TO6d
1065
1Ot
roed
TO6H
T
10 1o
;(‘ "
1070
TS
1074
[N
TO
177
INRNAT]
10776
1O
VOt
[RUISIN
POIROR
1O
108s
108G
roR?
1084
1O8Y
1030
10491
1082
1093
1094
1094
1096
10497
1098
1099
1100
1101
1102

Te.00

SO0

o0

1640

1660

HHeo
TEBO

00

Voo

6000
6100

1740

1760

4

WEHITL (o, 1960) COXE) - M ML)
FORMATOOX . "RLNG =" ¥ 14 1ate X i)
CONTINUE
ENDIF
WHITE e, 188 ) Ut i, Ut
FORMAG C// 00X, "THE SIRESS DN Pl SEGMENTS AkE AN FOLLOWS "
[/ .74, TELEMINT | 3K, "MAXIFUM ELEMENT ,GX, "TIME',6X,
TLAST STRBESS' 66X, 'LAST VELOCITY' |/ BX. "NO" , 8X., 'STRESS
VX, CINTEVALY  aX, TCOMPRELLION' (66X, "v(M,0) IR/ 18X,
CINT UK LUAB, 20K, CINT UIX AL 99X, TN XL AL, /)
I CIFHTYP.EQ. 1) KC=1
IFOIFHTYR O EY. S)Fo=2
WHITE(t, 1600) (N, {AF (N M) M = 1,.0) ES(N,2) V(N,2),N = KC,LA)
FORMATOIX I8 66X, Fro. 2 12X, F60 0 33X, P10, 26X, Fro. )
KCOUN - FCOUN +
FECCOMEM . GULOCAND . MM NE . 250 -0 Thr SH00
ITFA(NSK.EQ.NRID) GO TO 6100
GO TO €000
WHITE(L,1620) 1, UTS, UT
FOKMAT(///,5X, "MIN ELEM STRESS (TENSILE CTRESS) AT DT -
15, 3X, "LLAST STRESS COMP " X A8, 4X, "LLAST VM, ) °
JIXLAG,L /)
IF(IFHTYDP EQ. 1) Ns=1
IF(IFHTYP.EQ. %) NS~
WHITE(6, 1640) ((FMIN(M,L) L =~ +,0) ,ES(M,2) VM, ), M ~ NS LA)
FORMAT (SX . F14.3 12X b6 1, 18X, Faa. 4, 10X, F14.%)
WRITE(6, 1660)BMIN UTS, NHIN, IMIN
FORMAT(//, VOX, "MIN NEG SEGMENT STRESS =" F12.4, 10X, AB, X,
"IN ELEMENT' X, 13, 1%, AT ITERATION NO' X, 13,//)
IF(NSR.EQ.NRU)GO TO 6100
FTF(KCOUN.GT.0)GO TU 6000
WKITE (6, 1680)
FORMAT(////,BX, "##ax#x2PROBLEM UNSTABLE OVER 250 ITERATIONS'
DT TOO SMALL axsxr’ [/)
GO TO 6O
WRITE(6, 1700)
FORMAT(// ,8X, "#*2a» PROBLEM UNSTABLE CHANGE ONE OF' 11X,
"FOLLOWING*#xax" / 14X ‘1) PILE HAMMER',/., 14X, 2) "' %,
"INCREASE OR DECREASE TIME INTERVAL'/ 14X,

'3) DECREASE SOIL RESISTANCE',/, 14X, '4) CHANGE CAI'' 11X,

"BLOCK OR CUSHION SPRING CONSTANT',//)
GO TO (2400,2500, 2600,2000, 150 , NCHECK
IF(FU1.EQ. 12.0)THEN '
1F (COMFM.GT.Q O) THEN
WRITE (6, 1720) UNRUTS, UT5
FORMAT(/,20X, '#axn#* SUMMARY OF RESULTS ##a%2' [/ 6X,
‘ULTIMATE SOIL',5X, 'NO OF BLOWS', 13X, 'MAXIMUM' 1X,
‘STRESS',/,7X. '"RESISTANCE',8X, 'PER FT', 11X,
'COMPRESSION', SX, 'TENSION',/,8X, 'IN', 1X,A4, 26X,
"IN',1X,A10,4X, "IN’ 1X,210,//)
WRITE(6,1740) (REU(1) ,BPF(I) ,CSMAX (1) ,CTS(1),1 = IEX,NRU)-
FORMAT (4 (3X,F12.3,1X))
ELSE
WRITE(6,1760)UT3,UT5
FORMAT(/,20X, '##%4s SUMMARY OF RESULTS #*axx' // 10X,
'ULTIMATE SOIL',6X,'NO OF BLOWS',6X, 'MAXIMUM',1X,
"COMPRESSIVE',/, 11X, 'RESISTANCE',8X, 'PER FT', 13X,
'STRESS IN',/, 12K, IN'(1X,A4,26X,A12,//)

f
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1780

oo

1820

18540

1860

150

256

WRITE (6, 1780) (REV(1) ,BPF (1) ,CSMAX(1),1 - 1EX,NRU)

FORMAT(3(6X,F12.3,2X))

ENDIF

ELSE
IF{COMFM.GT.0.0) THEN

WRITE(6, 1800)UTI,UTS, UTS

FORMAT (/,20X, "aaxax SUMMARY OF RESULTS anann' [/ bX,
'ULTIMATE SOIL',SX,'NO OF BLOWS',K 13X, 'MAXIMUM ' 11X
"STRESS',/,7X, '"RESISTANCE' ,8X, 'PER 300MM', 11X,
'COMPRESS1ON',5X, 'TENSION" |/ 8X, '"IN' 11X A4, 26X,
YIN',IX,A10,4X,"IN' 1X, R10,//)

WRITE (6, 1820) (REU (1) ,BPF (1) ,CSMAX(1) ,CTS(1),1 - 1EX,NRU)

FORMAT (4 (3X,F312.3,1X))

ELSE

WRITE (6, 1840)UT3,UTS

FORMAT (/, 20X, '#*xa&% SUMMARY OF RESULTS #a#*4' [/ 10X,
'ULTIMATE SOIL',6X, 'NO OF BLOWS', 6X, 'MAXIMUM' K 1X,
'COMPRESSIVE',/, 11X, '"RESISTANCE' ,8X, 'PER 300MM' 13X,
"STRESS IN',/,12X,'IN' 1X,A4,26X,A12,//)

WRITE (6, 1860) (REU (1) ,BPF (1) ,CSMAX(1),1 = IEX,NRU)

FORMAT (3(6X,F12.3,2X))

ENDIF

ENDIF

IF(NPLOT.GT.0)CALL RBPLT (BPF,REU,NRU,FU1)

IF (NPLOT.GT.0) CALL CSPLT (BPF,CSMAX,NRU,FU1, 1EX)

IF(NPLOT.GT.O.AND.COMFM.GT.O)CALL TSPLT(BPF,CTS,KRU,FU1,1EX)

STOP
END

FUNCTION FFEX (INTV)
COMMON EXPF,DT,TD,T1,TL,TR,TIND,TINI,TIKL, K TINK
IF(INTV.LE.TIND) FFEX~FC
e IF(INTV.GT.TIND.AND. INTV.LT.TINI) THEN
FFEX - (EXPF-FC)#((DT*INTV-TD)/(T1)) *+ FC
ENDIF
IF(INTV.GE.TINI.AND.INTV.LE. TINL) FFEX=EXPF
IF(INTV.GT.TINL.AND.INTV.LE.TINR) THEN
FFEX = EXPF# (i (DT*INTV - TD - T1 - TL)/(TR))
ENDIF
RETURN
END

SUBROUTINE RBPLT(BPF,REU,NRU,FU1)
DIMENSION BPF(30),REU(30),XX(30),YY(30)

CALL DSPDEV('PLOTTER ')

" CALL PAGE(8.5,11.0)

CALL AREA2D(6.5,8.5)

1IF(FU1Y.EQ. 12.0) THEN

CALL XNAME('No of blows per ft$',100)
CALL YNAME ('Soil resistance in Kips$', 100)
ELSE

CALL XNAME('No of blows per 300mm$', 100)
CALL YNAME('Soil resistance in Kn$',100)
ENDIF

YORIG=0.

YORIG=0.



1160
1162
vl
1164
ey
116t
e
1168
R AE]
1170
117
Vie
1173
Vi74
1174
YT
1
V7Y
174
t180
Lig
LR R P4
1183
1184
118Y
118¢
1187
1186
1189
1190
11914
LR A=K
1193
11494
1194
119¢,
11977
1198
1199
1200
12

120
1203
1204
120%
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218

TF(BFF(NKRU) .LE.600.) THEN

XMAX=600 .
XSTP=100.
ELSE
XMAX= 1200.
XSTP=150.
ENDIF

IF(REU(NRU) . LLE. 1000. ) THEN
YMAX=1000.
YSTP=100.
ELSE
YMAX=KEU (NRU)
Y§TP=250.
ENDIF
(‘,AI,L\ GRAF (XORIG L, XSTR, XMAX, YORIG, YSTE, YMAX)
CALL THKFRM(.02)
CAl.l. FRAME

XX(1) = 0.0

YY(1) = 0.0
DO 11, I=1,NRU
1IF(BPF(1).LE. 1200.) THEN

XX(1¢1) = BPF(1)

YY(I+1) = REu(1)

ENDIF
CONTINUE
CALL SPLINE
CALL CURVE(XX,YY,NRU*1,0)
CALL HEADIN('ASSUMED SOIL RESISTANCES',100,1.29,3)
CALL HEADIN('VERSUSS'.100.1.0, 3)
CALL HEADIN('NO OF BLOWS $',100,1.2%,3)
CALL ENDPL (0)
RETURN
END

SUBROUTINE CSPLT(BPF,CSMAX,NKU,FU1, 1EX)

DIMENSION BPF(30) ,CSMAX (3C) ,XS(30),YS(30) M

CALL PAGE(B.5,11.0)
CALL AREAIZD(6.5,8.5)
IF(FU1.EQ. 12.0) THEN
CALL XNAME('No of Dlows per ftS$', 100)

- CALL YN@HE(‘Haxxmum Stress in Kips/sq inS$',100)

ELSE

CALL XNAME('No of blows per 300mm$', 100)
CALL YNAME('Maximum Stress in Kn/sq cmS', 100)
ENDIF

XORIG=0.

YORIG=O.

IF (BPF (NRU) .LE.600.) THEN

XMAX=600.

XSTP=100.

ELSE

XMAX=1200.

XSTP=150.

ENDIF

CSMAXX=CSMAX (1)

DO 6 , I = IEX,NRU
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1219
1220
120
1222
1223
1224
1225
1226
12277
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
12472
1244
124
12460
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1286
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276

TF(CSMAX (1) . L.T.CSMAXX) THEN
CSMAXX = CSMAXX
ELSE
CSMAXX = CSMAX(1)
ENDIF
CONTINUE
YMAX=CSHAXX ¢t 10.
YSTP% .
CALL GRAF (XOKIG,XSTP ,XMAX,YORIG,YSTP , YMAX)
CALL THXFRM(.02)
CALL FRAME
NO = NRU *+ 1 1EX
DO 12 ,I-1EX,NRU
IF(BPF(1).LE. 1200.0) THEN
K = I+1-1EX
XS(K) =~ BPF(1)
YS(K) = CSMAX(1)
ENDIF
CONT1INUE
CALL CURVE(XS,YS,N%,0)
CALL HEADIN ('KAXIMUN COMPRESSIVE STRESSS',100,1.25,3)
CALIL HEADIN('VERSUSS',100,1.0,3) -
CALL HEADIN.('NO OF BLOWSS', 100,185 3)
CALL ENDPL(0) tw
RETURN
END

SUBROUTINE TSPLT(BPY,CTS,NRU,FU1,IEX)

DIMENSION BPF(30),CTS(30),XT(30),YT(30)
B
CALL PAGE(8B.5,11.0) i%
CALL AREA2D(6.5,8.5)
IF(FU1.EQ.12.0) TREN
CALL XNAME('No of blows per ft5',100) :
CALL YNAME('Maximum Stre®s 1in K1ps/sq'§$' . 100)
ELSE
CALL XNAME('No of blows per 300mm$’,100)
CmYNAHE('HaX.\mum Stress 1n Kn/sq cm$',100)
E -
CTSS = CTS(IEX)
DO 11 , 1 = IEX,NRU
IF(CTSS.LT.CTS (1)) THEN
CTSS = CTSS
ELSE .
cTSs - CTS(I)

- ENDIF

CONTINUE
XORIG=0.
YORIG=CTSS - 5.
IF (BPF (NRU) .LE.600.) THEN
XMAX=600.
XSTP=100.

ELSE

XMAX= 1200.
XSTP=150.
ENDIF

YMAX=0.
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APPENDIX B-1
'

List of Variables in Hiley's Formula

TITLE: project title not exceeding eighty characters
\
L]

WR: Weilght ot ram in 1b

'

HATYP: Hammer type; -0 drop or single acting hammer; -0

double/di1fterential acti\\\g or diesel hammer

EFF: Hammer ficiency

i

CHC: Temporary compressioh allowance for pile head and cap

in inches (C,)

QC: Temporary compression allowance for gquake of ground in

)

inches (C

1

FS: Factor of safety desired

EMOD: Modulus of elasticity of pile material in psi

-

AREA: Cross-sectional area of pile in sg 1in

1 . o
PLEN: Length o&ﬁnle measured from  head $o center of driving

* resistance in ft

Al \

PTL: Total length{of pile measured from head to pile toe in

<3

ft

WPFT: Weight of pile per ft in 1lb
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26
DRVPT: Weight of drive point (shoe) in 1b
ECP: Coetticient of restitution

STROKE: IV HATYP-0; length of free fall for drop hammer and

normal stroke of ram of single acting hammer 1n inches

WHEL: Welght of helmet 1n Ib

ERN: [f HATYP-0; rated energy output of hamm&
K
WAN: do  ; weilght of anval 1n 1b
RULT: Ulti1mate carrying capacity of pile 1n 1Ib before

applying factor of safety



39
)

17
Ris
I}
40
41
4.
43
44

45 .

46
4’7
48
49
50
51
52
53
54
55
56

58

10K

70

90

140

) APPENDIX B-2

Program Listing of Hiley's Formula

THIS PROGRAM Wil COMPUTY | PERMANENT SET, NO 0L
BLOWS REQUIREFL TO O PENYTRATE N3 INCH ANL STRE Y
IN THE BELE WEAD.

DIMENSTON TUTLE (o)

KEAD(S, 10)TIT..L
FORMAT (2O (RA))
WRITE (6, 2 OYTITLE
FORMAT ("', // ., VOX, JOAS)
READ (S, 30) WK, BATYE EFF CHO 0 b
FORMAT (F10.2,5F9 . V)
1F (HATYL.GT.0) THEN
WRITE (¢,,40) n
FORMAT(// ., V0X, "»oDRODP Glo D I6GLE ACTING HAMMERA e /)
ELSE
WEITE (6, 60}
FORMAT (//, 10X, "##DOUBLE/DIFFERENTIAL ACTING OR DIESELDS
VX, THAMMERS ' /)
. ENDIF
WRITE (6, 80) W, EFF CHC L OC
FORMAT (/, 10X, "WEIGHT UF}RAM LI SR RTINS V) S AN N3, O
‘HAMMER EFFICIENCY ~° PS03/ 00X, "TEMPORARY ' X,
"COMPRESSTON ALLOWANCE ="' F&%. 3,/ 10X,
'QUAKE OF GROUND ="' F4%.3,/)
READ (S, 50) EXOL, AREA  PLEN  PTL WPFT DRVET FCE
FORMAT(F12.2 .6FB.2) i
WRITE (&, 100) EMOD, AREA, PLEN, PTL  WPFT, DRVPT, ECP
FORMAT (/. 10X, "PILE MODULUS OF ELASTICITY =" bz o X, ksl
./ .10X, "ARE OF X-SECTION OF PILE -'" F7.2,1X, 4 iN’
L/ 0%, TLENGTH OF PLLE =" F7.0 X, "FT" /7 vox,
“TUTAL LENGTH OF PILE ="' F7.2,1%,'FT',/, 10X,
‘WEIGHT OF PILE PER FT ="' FJ..0 X, 'LB" /. 10X,
i "WHIGHT OF SHOE ="' F8.2 1% LB /0%,
‘COEFFICIENT OF RESTTITUTION - ' F5.3,/)
.
ECK = (ECF)#*»C
IF(HATYPAGT.O)TH;N
KREAD (5, 7/0) STHOKE , WHEL
FORMAT(2F10.2)
FALL = (STROKE)/(17.0)
WRITE (6, 120) FALL , WHEL
FORMAT (/. 10X, '"HEIGHT OF RAM FALL -' FbB.2 'X,'FT
"WEIGHT OF HELMET =',F8.2 1X,°'LBs", /)
WP = (WPFT)*(PTL) *+ DRVPT + WHEL
SEIMP = (EFF)# (WR) # (STROKE) )

oron,

ELSE .
READ (5,90) ERN ,WAN ,WHEL N
FORMAT(3F12.2) ¢
WRITE (&, 140) ERN ,WAN  WHEL. )
FORMAT(/, 10X, 'RATED ENERGY ouTPYT =',F12.2,1X, FT-LB".,/,
10X, 'WEIGHT OF ANVIL -',¥uo.z,vx,'L55',/,:ox,
‘WEIGHT OF HELMET =',F10.2,1X, 'LBS'/)
WP = (WPFT)*(PTL) + DRVPT + WAN +WHEL
DEIMP = 12, *(EFF) % (ERN)

ENDIF
e wCct = (WR + (ECR)*(WP))/(WR + WP)
WRITE (6, 160)
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7
Tt
N
T
74
HO
61

b
44
He
86
[,

16O

110

T80

FORNAT(/, 4%, 'ALLOWABLE SOIL',SX, 'NO OF BLOWS',(5X, 'NO OF',

1X, "BLOWS ' SX, 'STRESS AT',/,9X, "RESISTANCE' [9X, "PER
JBX, "PER FT' 00X, "PILE HEAD', /77X, "IN KIFPS', 40X,
IN KIPS/SY IN' /)
READ (S, 1V 10)RULT
FORNAT (P12, 2)
IF(RULT.GT. () THEN
o= ((RULT) A (PLEN) 212) / ((AREA) A (EMOD) )
CCS = (CHC + U+ ¢CY /2.0
IF(HATYP . GT.0) THEN
SET =~ ((SEIMP) A (WCC) /(RULT)) oS
BLOW = 1./ (SET)
BPF = 12.0%(BLOW)
PST = (RULT)/ ((ARER) *1000.0)
RALL = (RULT)/((FS5)#*1000.0)
LLCE
SET = ((DEIMP)* (WCC) / (RULT)) CUSs
BLOW = 1./SET
BPE = 12.0%{BLOW) .
PST = (RULT)/((AREA) *1000.0)
RALL ~ (RULT)/ ((FS)41000.0)
ENDIF
IF(SET.LT.0.)GO TO 15
WRITE(6, 180) RALL, BLOW, BPF, PST
FORMAT(/,3X ,F10.2,10X,F7.3,9X,F10.3,5X,Ft2.2)
GO TOVS
ENDI1F
sTOR
END

INCH®
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APPENDIX C-1-A

.
POREMOLE RECORD )OLL Wt 2
resacy EAmonton Rarad Transit 112-Avenue Station |t saTt
wcanew | 12 - Avenue, Edmonton AR o s
Qration satue st (YOS . B R
- SmQUMD waTER L] A o
WL ' GROWSS WATDR LEVEL ' [ Al ) (Y20 63 ' SAnin- 48T anaTecs
- == [ ] B W e wtest (s ou
M U ¢ SO D COMPRIION ( T/80 "L Y
$S : T OO, ! - ob . m Q ' emDAAMNTD TRuaLAL L T/8Q 1T )
TW : Wi - was BARADR - % N SrANDMD FUCTMTION WUl (Boes/ 7T ( W) STAME AT Fewam
PS ¢ PraLD "EO SAMALEA, - W K MRASLITY (Om/MEC) [ 3
X ' e CORC, UANONN BF V0V SR We Y4 ® - Aas yun
WS wase S VR waml ON M WOLSED SO (LR /BRSY ) A ' UV Lien
AS ' aeDh s . WV ¢ LABORATORY Wl (LB /88 71} @ ' @ATVAM WATD: CONTEINT
0D ®OCE QuaifTY QLB RATION (N)
PROF LE g. SAMPLES 4
o1 st E w & TESTS
o een BCOCR® YO .“m :Lﬂ 4 )
. Ground surface 25% 50~
|
-N=58 « |
— Y T
.
i F111l : =
~ ’ +
4 3 -N=10
) '
-
o ] .
- |
. |
-—
~N=16
- Lake Edmonton
-
- clay y
it U=2.0 T
] /
—N=11 Y
v ) 7
a—
- hJ ¥
§ .
. -N=51
12 Till >
-
[, » J e
_ End of Borehole
- ~/./\, | : 1
4 ¢
—— —— . ‘
i 4
o
. ) -
-
- * A
-
" ]
— -~
v adk e 4
- 269 - :
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APPENDIX C-1-B

- &
# P DRI VIAG
Cantrector: Date:r _
A Pile No.s Test P1le R size & Type: ¥12x85 H-Piie Design Load:
Gross Lgths Cut-af L Net Lgth: Yers
Cut-0ff Elev: Qround Elevi Tip Qevy
Pen. Final § EBlowa:s Ave. Pen/Blow: Rebound
Hammer Type: _Delmas - 12 wgnts 279010 MHght.of Fall or Brergy . 22500 ft 1b
Formulat £ L Resarks:
—_— - > Inspector: ' —
-~
(o} 25 50 75 100 129
o HLOWS PER FOOT
1 13
2 11 ¥
b} —
L o 1
»-E v — —
45 oL s 10
6 | =2 | %
. a .\
2 W )
8 58 r
1
9 = 9 J:
10 ’ & p 20 1
11 36 61 1 1 T
12 45 })2 L } v
13 | 44 63 E
1L 45 6L
15 |47 65 p 30
16°| 49 66, . —
A
e 67 X
18 | 69 é8 E re
! A
19 |22 69 T }L 1 T
208 | N :
21| 67 n
K = T . v
22 ” I - 4+ +
2 80 7 Q r—i—at- 1 4+
Py L 2 U 1 —+ +
95 D T T 11
25 75 50 ’ 1d B -1
26 97 76 L 1 } +1
27 99 ha] T - 11
28 | '0s 76 +—— . 4
29 110 79 !J Y i
0 |19 ) 6 p— = ——t—
3 [ 128 '} - +— 41—
2 e | e2 + —+ s o
» 188 8) . rm—
i, | 200 8 3 +—4
. . b
35 216 85 g s .
26 8bé 1
AW T
37 -l e, riom .
AL} ]
39 & o o o ;
[ %o} ¢ 0 | o] ! i1
Ll n
L2 - 92 f *
3] URE 1 ,
S . T i‘
= — ~ GEsms=ms
LS " % 1 .
. L6 »%:
L7 N x "
L& 9 -
<9 ”
b.+] i 100
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APPENDIX C-2-A

ouxY__ef
.
BOREHOLE RECORD moLE
rooRCY Test Pile - ws patt
uSCaTYOn Beaumount, Texacs asmerh: Wl Yy
QLA YO Batund L ot asndDR « GROP "
SAQUND WATER BAMPLE CONDITIONS IuET:
WL’ SRCWND waTDR LIVEL L ) [V G ' sham- AT eIt
= =1 (] B ' WA T v B /Cu T Y
SAMPME TYPES U | WO D COMrMETIOn 17/ 80 710
$S  eomtooom_2 wmos IR Q ' UMORAINTD TRZ:AL ( T/BO T )
Tw © won - SamruR - W N Fraepent FUCTRMTOR Wk (BOB/TT) (W) STALS AT Faus
PS . ANID FETOR SARLLA, L) %N K ¢ ACgasaITY (Om/BL) C ' ComsoLIBATON
OC ¢ onasmee cORE. V | m- W (AR /%0 ® - Aanx pwn
WS . wase sawnt VR el O A MOLDED RO { LSR. /901T ) . A wvewe ven
AS + e sas s W ¢ LASDRATOSY wud (LEE./98 X @ ' QATURAL SATER GOWTINT
ROD ®OCE QUALITY DEBEnATION (%) B
PROFULE o] SAMPLES v
= . : TESTS ..
sy scsonrTom gh—JZ‘,—.‘ ~ - ,
. Ground surface 50% 100%
|
Fi1ll organic clay = 1
~ , :
7] St1ff tan and g f
-~ . -
. grey si1lty clay a=98.8 4 A
- U=0.87
. with calcareous N |
= + 1
B nodules 1 : 4
1 |.
L l B
o 1- L N
"0
- \, T
- .
- ‘Tan and grey Ud=96.3 1
-1 silty clayey, U=0.85 :
~1 some sand 1
), p
e . 1
B ! ]
[
] T
i : )
. []
[ Soft tan and Ja=107.5 .
- grey silty U=1.37 .
. sandy clay q‘ 1 ¥ 'S
: "
-— e“: ;
g6 ° \ - '
i Soft sandy, 63-80;;‘
-1 silty clay . ‘ "
o Y
\
] Grey sana . \
— -N=40 4
- Ay
\
n Ja=3.3 ~
~ i v=1.12 7
s v J >

2
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FROACT st . ey 2 o2
. 'BOREMOLE RECQRD MOLE MY -
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- . 3 N
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v S LR 44 v e
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— —
_4 \
7 X
o A T
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— ‘%] Firm to stiff U=1.10 —+—
- dark blue clay - | 1 -+
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4 shells . ‘ —
[N o 1
-4 ° ' ‘ : .
a3 N
—te ' - ;
B ! T
i < : o .
- ) . . -
sol End of borehole _ , 60-65.4 | |
U=1.45 T B
- ‘ e
- } N
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— , Tj
- ._L ‘ l
N ’ il ]
— A R - -
~ + -
B | L )
j v ! i
] -
] ] " - c
— i / .
B 4 " N 3 |
_ 7
- * - . prove—y
- , ] -
[ro ] 41 ‘
=
.
- ' . ; !
2 . |
A , o : -
- . N [ 7
-1 ‘
- . .
L . . X .
2‘ ) . RS } - o
. " —" »
' BascdiE )



v »
APPENDIX C-3-A » ~
ot __ ' er__-
.
BOREMOLEYRECORD i x
seoacy 10t Paje No \'11_27:3\ B wnt Gary .
waanon__Thorntor Yara, CN hasl : e ot IR XY
OQravton eatim o [ . gmoe .-
SROUND WATLR PAMPLE CONDITIONS JERTS l
w SROUMD A TUR LOVT W (O [ e [V GS : emam- Wt M Ty
L I k = 23 B0 WA Gt wlee o rour
BAMPLE TYPES ~ U - O COMPRiEson 1Y/ 8C 1)
s wmapoom 2 mon JESTE Q ' URBRANID TR LT /80 T
Y’ Toow - wauy BAMAR - W N anDMD FUMTRATION il (BUOR/ T { W SYAME at rasuam
“' PYRLD TN SAMM LR - b S X - Pl ABTY (Cm /B C COO0 1 OAT W
X a0 AL wrt Vo - BTV W U /B0 T B RANK e
WS wass Bammy VR Wt Ov AT MOLOED SOA 1 LB /9RFY ) A e L1un
AS ' aeDr sawmt W\ ' LABDGAYOAY WM (0 B8 /B0 7Y A ® ' WATUAM wAYDP CONTI ™" .
RQOD ®OCe GuaL!TY DESGmATION (%)
PROF ILE o] SAMPLES
< TESTS
1ot oy Q& f0LC
5; l:'i SLacH®TI0N g= "'Jm ™~
° Ground surface . lr
il
|
-1 *IMedasur arainea 1
-1 compact sand fill : ]
1 ]
. |
I —t
1
) |
Peat “si1lty, moist ! !
4
0 compact woody,
p—q
Drown very clayey
a |
-
”
e |
4
v
ro
——
-
]
"
——
-
-
n Peat and orgaric
n with occasional
» pockets of clayey
= silt ahd sand
-
- »
”
1
-
»
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APPENDIX C-3-B .
- — 4,,} _ N o
r DRIVING
Cantractors _ Date: July 9. 19
File No.1 AR Sh.{A Type: _'"'0 square com Design loeds
Cross Lgthe P e Cut-Offs Net Lgth: S
Cut-Off Elevi - Qround Elev:i Tip Rev:
Pen. Final $ Blowar - _——— Ave. Pen/Blow: Rebound s
Mamnar Type:s Vuican O . Mghty 150010 Hght.of Fall or Dhergy ;24375 ft ib
Formalat _ o o Remarke: Test Pi_l‘g,,,k
—————— e e Inspector:
0 23 50 75 100 12%
BLOM COUNT REFORT o KLO¥S PER POCT
y 51 VO :j —4
2 [N 5@ VA
3 9 53 o }—4-
L Ve sS4 6. }
S 8 s 1 10 -
[ 7 56 e -
7 Bl 57 V6 .
a4 2 58
9 ) 59 1
10 4 60 p 1
11 ! 61 1 - +
— v I lA +
12 ? 62 L 1
1) : 63 E
A 2 6L
1% e 65 P 30
16 4 66 Y n
— y-——o--—4 B ~4-
17 L& e x
18 6 68 E u T
< T "
19 69 . T T "
2 4 70 "‘ 0 y % = 2 -
21 5 71 T I —
22 b 72 1 apei 1 s T
2 4 7 0 + v + +
2 : 74 " + % —+ iLI
25 3 73 0 = S 1
26 2 76 T ) ~—s
Pej 3 n 1 ) -
28 3 78 : i g
29 3 ) i3 { - A
L IE 80 © — ] —~+T++
n[o] e B 1 = -
1 a1 P
N2 4 82 T + +
N S e) 1
bR 5 8 } 1]
+—+
L3 B es n = ; :
26 5 86 -t s
5 - 1 ) |
W 87 ' T e
18 6 8s
19 6 )] - Y .
LI 8 -+ 90 [ o] =1
L1 7 9
L2 8 . 92
L) 7 93
v - §
ok 9% T
LS 6 95 % .
b 9 *%
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‘a 1 ”
9 |2 » ;
10 10 100 3
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APPENDIX C-4-A

o | er_2
R R ) MLE nt 74-4
recacr Rerlacement of a 30 Bent Taimber Pile Trestle -t sary
wxanoe ACross Bent {Lfl Fraser, Mile:6.6 oam . o Yy
QIATION SATUS ET‘F .€ [ -4 ‘n” (L]
ND WATER ™ NOIT BTG
WL SRS waTD LIVEL -rnee o $000 AO8T CS ' smam- T mnTins
= - Bt WM el w0 /Tu )
SAMALL TYPES U SO 1D COMPRISSION { T/8C 7L )
$S - mareoon, _ 2 mon JE3TS Q ' VNMBRAINED TRaziAL ( T/80 Y
TW : win - AR, - W R granDMD FOMCTRATON WUl (BOWS/ L) { W) SYAUR AT fawunt
PS ' FIRED FITON SAMARR, - % K eURemASMITY ¢ Cm/egC C ' comsoLiDaTION
OC : saswo cORC, art V e~ W (LS /90 7T [ B VY, SV D)
WS . waAbe Samwmt VR et ON REMOLOED SOs (LBR /B0FY ) A : uswe e
Al ' aveDr sy W ' LABDAAYOM Wl (08 /87T @ ' MATVAAL WATDR CONYINT
ROD ®OCE QuaLiTY DEBEmATION (%!
PROF ILE o] samPLES
P~ s TESTS ,
S §=n3::.: n
° Ground surface 5% 50%
}
N Firm medium b
] brownish grey
] clay, highly
o] plastic, black
— organic pockets A.S Y
: occasional sand V=941 ﬁi
grain VR=353 1
- \ +
-~ ! !
— - &
= ¥' B.S
N V=941 ¢ i
B VR=254 .
. ol I T=117.4 j‘F
il -
" T.W N —
= U=0.77
- LN ! |
]
— . - 't
_ ~1 V=2529 1
VR=§529
Iy Firm'to very stiff L
—_— clay A.S
V=2588 '
i Y
VR=588 1
.
[
-
2" .
- A.S
-
Jd 1 V=2470 4
N » VR'\S%B . 1 *
. A ~ *S . [}
- ° T.W -
»
heoed 1
!
- V=2882 '
- VRe 765 |
») [~ v
- A.S jl ;é
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MMOSCT ns - ongrt pi dr 2
REM R R . HOLL Nt
PROFILE g <] samees -
- - s - TESTS -
g O = R B
2 l S 25% 50%
7 -
i V=-2882 ! \
A VR=823 ,
. ]
0 ' A.S Lr
- Medium grey silty ' +
clay with mica V=4559 I\ .
] particles, medium [ VR=941 [ \‘
to high plasticit \
x ahp rel ,y- o A.S T -
=2 ) ) o . * > ‘
) g T.W A T
— . 0 . . Y ‘[
- \’ g; ~ ‘ *+
: X !
- \ -t
i ¢ ! o R 41
- o
A.S . ek # o
L—J Stiff to very N .
’ stiff - V=3059 ol
R L VR=706 - TN
] ’ ' X ‘ A N L
22 | ' . A.S - Jf#—;—-'L
B Fine sand layers . P ;
i V=3294 ]
VR=765
— P’
-— i - 2
= A.s! ‘
-— v
] V=3000 !
L4
R VR=765 i
— - '
B F A.S ﬂi T
B v=3147 '
VR=706 vy, 9
! .‘
o] ' A.S
7 v=3706 h
VR=882 HH
- ' : 1
- X t . : -
) A.S i
- v
V=3088 \
- A
J VR=765 A
S~ 1
- Occasional silt .‘
| 80, pockets l A.S
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APPENDIX C-4-B

POLE DRI G
Contractor:y _P ¢ B Torces Dete: June 23, “76
Plle No.: _Test Pite  S1ge & Typesr _'2RPSY W File Design Joeds __ .
Cross Lgths €01t Q-0 101t Net Lgth: 50t o
Lut-Off Bleve-, Qround Dlevi . Tip Oov:
Pen. Final $ Eowvar —— —— &ve, Pen /Blow: Rebdound ¢ -

8,000 froib

Madvmar Type: LNk Belt 317 wgnts JB00L Db Hent.of Fall or Dergp
Forowla: Remarks:
> lnepectors
o 25 50 ” 100 12%
Bl COUNT REFORT 0 XLO¥S PER FOOT
1 NI 1
2 ™
y Lys 4 9 . "
L 2 5——‘ 5 I L
S bt b)) 10
6l ]
7L 40w -
[ N 8 | ~ +
9 »._L— 59 T
10 60 ‘ 20 1
1 S : ’ 7
12 , 62 L - T "
1 63 E T
1w 6L B
e ] 6 30
15 | w» ] T
16 [ & 66 L -
— — ) 4
17 Lo ed 67 x .
18 [ 58| ¢ £ -
Lo T 1 T 1 -
19 354 & A S 1
20" | R T = + +
- n A ™ 4
21 T ! +
22 72 1 - 1 s 1
2 10 k3! o v + 1
2 20 W " & -1 +
25 | 73 " : > +— 1
26 12 76 1 lL T Y
n 14 n > = —
28 22 76 v - ——p
P LI ™ > T -
30 18 o) 0 T j " 1
3 18 " —4—+ + —
32 18 - 82 ) - + —1
SE ) BIER 8 — I i
g M R } i
13 ML o, R = - —
26 25 86 b — ¢
b g . 22 2] v ﬁl 1
18 23 (Y} -
9 22 L)) =7 +
w22 L] ©, 1
61,22 )
2] 2 .92
4
3] 2 9
o 22 9% "
L3 23 9 9% a 1
46 2 9%
L7 29 n
L8 28 98
a9 2 »”
L W o) 190 -
—
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APPENDIX C-5-A

.

BOREHOLE RECORD MOLE Wt
rRoACT Site U .t Bary
LOCATION e s 140
QOaTion gaTu o S0 A - gwOP 3¢ "=
ROUN ” (] NDITION JEsTS
WL ¢ GAOUND mATDM LEVEL WINSeL 0 SO0 Vo3 GS ' smam-38T mavers
! g - ¥ ' WAL T S Wt /U Y
M U ' COM (D COMPRESEION (1 /80 M)
$S st _ 2 mad JE3TS O ' UNBAAINEID TRuiaL | T/30 FT )
TW © ™ - s SAMAIR, - % N SYANDMR FLMCTRMATION MLl (@MOWS/ TT)  ( W) STAMLA AT ram
PS | AKD AETON SAMALLA, - %N K sEMaaBaITY (Om/BEC) C ' COmSOL1DATION
OC : manoe cORL, art V L G- TV WA (LBR /80 M) B RASK Lm0
WS : wape SAwAL VR wanl Ov A NOLOCH SO { LBS. SBOFY } A UK L1t
AS ' aSOR S WL ' LABDAATORY Wik (LBS./90 ) @' BATVRAL WATDM CONYIN'
QD ®OCK QuALITY DLBINATION (N | .
PROF LE 3. SAMPLES
oty H o o [nec TESTS
s |:vv SeACRW TN =h4 rer o)
° lce surface 50 100
Ice Z i
T i
- water 1
j -
-4
'} : ¢
— Grey silty sand, N=Refusal] B
-1 y loose to dense B
= ‘ i
-N=10 |
. A i i
- L s
[
ad [ 4 -N=22 l
1 I
— +
-N=23 .
N ]
" . \
— -N=25
— y
[ 7
-
N=20
ha ’
rl
r] p
— -"-9 . 1Y
- 'Y
. -N=28 NE
-
2 b1
- -N=32 T
H
] !
- , '
- - 7] ~N=35 1
o= ; -
< R
- Grey silty sand :
L:': and gravel, dense’
4
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2

=

reoaTT 8 . \ e —
\\‘ REM R R L Nt
PROFILE g; SAMPLES TESTS
. 5 L3 B4 t
g ot sce o i Rl o
" 50 100
LUl / ~N=42
- Grey silty sand
— and gravel, “
4 continued = -
- -
40 4
a— _N.39 ~ 1 [}
~ S L
- |
y ) ‘g
] TS
- N=Refusal T
. Grey silty sang, 1
. gravel and cobbles t %
] . i
] T
~ b
3 N=Refusal 5
- T T
. ‘ e
i 1
: \ T
i N=Refusal % ;L
— i
: / )
1
80 | N-Refusgl i
n -+
] 5
] |
i N\ ' :
1) 1
—
-
-
n a
)
Bl
-i} N
- \
.'j ' \ /
- s
-—
, =
; End of Borehole




Basic Conversion Factors

APPENDIX

Metric Conver

D

(

sions )

1 mm = 937 1n I an = 25.4 mm
1 m = 3.281 ft Ve = (0.3048 m
= 1.094 yd v yd | = 0.9144 m
1 km = 0.6214 mile ! mile = 1.609 km
1 sg mm = 0.00155 sg in 1 sq in = 645.2 sq mm
1 sgm = 10.76 sq ft 1 sq ft = 0.0929 sq m
Force
.1 N = (0.2248 1Dbf = 0.1020 kgf
4.448 N = 1 1Dbf = 0.4536 kgf
9.807 N = 2.205 1Dbf = 1 kgf ,
1 kN = 0.1004 tonf = 102.0 kgf = 0.1020 tonne f
9.964 kN = 1 tonf = 1016 kgf = }.016 tonne f
9.807 kN = 0.9842 tonf = 1000 kgf = 1 tonne f
4.448 KN = 1 kips = Q§3.6 kgf = 0.4536 tonne_f
4.448 kN = 0.5 ton(us) = 453.6 kgf = 0.4536 tonﬁ!tf
ton -- British unit
tonne -- Metric ﬁnit —
ton (us)

-- U.S unit

Force Per Unit Length

//)1 N/m ’

14.59 N/m
9.807 N/m

1 kN/m

32.69¢kN/m
9.807 kN/m

0.06852 1bf/ft =
1 1bf/ft =
0.672 1bf/ft

0.0306 tonf/ft
1 tonf/ft =
0.300 tonf/ft

ft

Force Per Unit Area

1 N/sq mm.
0.006895 N/s§ mm = 1 1bf/sq in
0.09807 N/sq mm = 14.22 1bf/sq

1 N/sq

m

47.88 Nfsg m
9.807 N/sg m
1 N/sg mm

i5.44 N/sq mm

.

= 145.0 1bf/sq

0L 1020 kgf/m

1.488 kgf/m

kgf/m

. 1020 stonne f/m

.333 tonne f/m

tonne f/m’ -k

- WO -

/
in = 10.20 kgf/sqg cm

= 0.0703 kgf/sqg cm
in = t xgf/sq cm .

= 0.02089 1bf/sq ft = 0.102 kgf/sq m

= 1 1bf/sq ft
= 0.2048 1bf/sq
‘= 0.06475 tonf/
= | tonf/sq in

4 281

= 4,882 kgf/sq m

ft = 1 kgf/sq m
sq in’ = 10.20 kgf/sq cm
= 157.5 kgf/sq cm

19
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cont 1nued

0.09807 N/sg mm = 0.006350 tonf/sq in = 1 kgf/sq cm
1 N/sq mm = 9.324 tonf/sq ft = 10.20 kgf/sq cm .
0.1073 N/sg mm = 1 tonf/sq ft = 1.094 kgf/sq cm

0.09807 N/sq mm = 0.9144 tonf/sq ft = 1 kgf/sq ' cm

Force Per Unit Volume . L -
. E 4
1 N/cu & = 0.006366 1bf/cu ft = 0.1Q2 kgf/cu m
157.1 N/cum = 1 1bf/cu ft = 16.02 kgf/cu m
9.807 N/cu m = 0.0624 1bf/cu ft = 1 kgf/cu m
1 kN/cu m = 0.003684 1bf/cu in = 0.1020 tonne f/cu m
271.4 kKN/cu m = 1 1bf/cu in = 27.68 tonne f/cu m
9.807 kN/cu m = 0.03613 1bf/cu 1in = 1 tonne f/cum
1 kN/cu m = 0.002842 tonf/cu ft = 0.1020 tonne f/cu m
351.9 kN/cu m = 4 tonf/cu ft = 35.88 tonne f/cu m
9.807 kN/cu m = 0.02787 tonf/cu ft = 1 tonne f/cu m
Velocity |
1 ft/sec = 30.48 cm/sec = 0.3048 m/sec

¢



