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PREFACE

H The work réported herein was conducted at the U. S. Army Engineer
Waterways Experiment Station (WES) under the sponsorship of the
Directorate of Military Copstruction, Qffice, Chief of Engineers, under
Research in Military Engineering and Construction, Project 4A161102B52E,
Iask 04, Work Unit No. 010, Study of Pile-Driving Stresses by the

Wave Equation.

This study was conducted and the report was prepared by Mr. D. M.
Holloway of the Soil Mechanics Division (SMD) under the directiom of
Mr. C. L. McAnear, Chief, SMD, Soils and Pavements Laboratory (S&PL).
Mr. J. P. Bale was Chief, S&PL.

BG E. D. Peixotto, CE, and COL G. H. Hilt, CE, were Directors
of WES during the course of this investigation and the preparation of

this report. Mr. F. R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U, 8. customary units of measurement used in this report can be

converted to metric (SI) units as follows:

el

Multiply By To Obtain
fnches 2,54 centimeters
feet 0.3048 meters
square inches 6.4516 square centimeters
inches per second 2.54 centimeters per second
inches per second 2.54 centimeters per second
per second per second
feet per second 0.3048 meters per second
feet per gecond per 0.3048 meters per second per
second second
cubic feet per minute 0.02831685 cubic meters per minute
pounds (mass)'J 0.4535924 newtons
pounds (force) 4,448222 newtons
kips (1000 pounds) 4448,222 kilograms
pounds per inch 175.1268 newtons per meter
pounds per square inch 6894,757 pascals
pounds per cubic foot 16.0185 kilograms per cubic meter
tons per square foot 9764,86 kilograms per square meter
kips per square inch 6894757 kilopascals
pound—second52 0.10693 newton-seconds
per inch per centimeter
pound-seconds 515.4369 newton-seconds
per feet per meter
pound-seconds per inch 1.751268 newton-seconds per meter
foot-pounds 1.355818 joules
seconds per foot 3.2808398 seconds per meter




WAVE EQUATION ANALYSES OF PILE DRIVING

PART TI: INTRODUCTION

1. The selection of compatible and economical pile-driving equip-
- ment, the prevention of pile damage in driving, and the prediction of
pile bearing capacity from driving data are nften major considerations
in pille-driving problems.

2. The application of stress wave propagation theory to pile-
driving problems has provided the only rational method for analyzing
an extremely complex engineering problem. The development of high-
speed digital computers has made numerical solutions to wave equation
problems the most versatile method for studying pile-driving behavior.

3. The purpose of this study is to examine wave equation solutiong
to pile-driving problems and to present particular applications of the
methods thé£ have significant practical value to the Corps of Engineers.
Computer programs from Texas A&M University (TAMU) publications have
been adapted for use on computer facilities at the U. S. Army Engineer
Waterways Experiment Station (WES), and a condensed version of the
design-oriented TAMU program has been modified for time-sharing usage.

4. Wave equation theory is discussed in Part II. The one~
dimensional wave equation is derived in detail based upon the equilib-
rium equation of motion at a point on a rod. The necessary initial
conditions and boundary conditions are described, and the inherent
assumptions generated by the problem formulation are emphasized in
this part.

5. Direct solutions to the differential (wave) equation are ex-
tremely difficult except for a few special cases. The general pile-
soll interaction behavior is far too complicated to solve by cleosed-
form solution techniques, as a rule. The mathematical models which may
be employed in obtaining practical {(approximate) solutions to the wave
equation problems are described in detail in Part III. Finite differ-
ence (lumped parameter) methods are given particular attention. An

electronic analog computer method is described in some detail, and
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finally, applications of finite element methods te pile foundatdon
behavior are briefly discussed.

6. Part IV focuses on the material behavior representations that
may be applied in the solutions of pile-driving problems. Hammer as-
sembly components and piling materials have been thoroughly studied to
determine necessary behavior parameters for use in wave equation
éhalyses. Pile-soil interaction properties at the pile tip and along
the shaft have received considerable attention in the literature. The
work of various investigators in ascertaining these data is describked
in this part.

7. Part V contains detailed descriptions of wave equation appli-
cations to practical engineering problems. The finite difference
computer programs developed at TAMU are described in some detail. A
version of the design-oriented TAMU program has been adapted for use
on time-sharing computer facilities at WES. The file name for the
time~sharing program is TAMFOR, a FORTRAN program, and a printout of
TAMFOR is included in Appendix A. Several basic concepts of pile-
driving behavior have been delineated as a result of wave equation
applications. Use of the wave equation methods in equipment selection,
pile-driving performance, and bearing capacity prediction are described.
Example problems solved using TAMFOR complete Part V.

“8. Part VI discusses several conclusions and recommendations
that can be drawn from this research effort.

9. Impact pile driving infolves a multitude of essential var-—
iables in describing the mechanical behavior of the hammer-pile-soil
system, The dynamic interaction of the component parts of the physieal
system includes nonlinear and inelastic material deformations, complex
energy losses, foundation nonhomogeneity, deformation and deformation
rate—~dependent soil response, and transient phenomena such as pore
pressure dissipation and counsolidation. A mathematical model which can
incorporate any and all of the system variables for a driven pile has

yet te be developed.
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PART 11: WAVE EQUATION THEORY

10. The basis of the dynamic wave propagation problem rests in
Newton's second law; namely, the vector sum of the forces acting on a
body is equal to the product of mass times the resulting acceleration.
In ¢ontinuum mechanics this sfatement is incoxrporated into the equations
of motion at a point (dynamic equilibrium) employing appropriate con-
stitutive model representation for the transmitting medium. The sim-
plest form of these equations describes dynamic equilibrium at a point

on a one-dimensional rod subject to a longitudinal stress wave.

One-~Dimensional Wave Equation

11. If an element of the rod is examined in a free-body diagram,

Figure 1, the equation of equilibrium is prescribed by Newton's second

law:
iy wl —
rF = (—) a 1
. W
where
T = resultant force
W = element weight
g = gravity acceleration
a = particle acceleration
1 X [ dx l ,/ROD OF CROSS SECTION A
Ux E dor
e = o o+ X dx
11 X dx
A du
g ix, 1)~ — u(x-rdx,t)ru(x.t)i-gdxi"...
LEGEND
uix,t} = DISPLACEMENT AT A POINT ON THE ROD, L
o, (x, 1) = STRESS AT A POINT ON THE ROD, F/L?
Ri{x,t) = RESISTANCE AT A POINT ON THE RQD, F/L

A{x) = CROSS-SECTIONAL AREA AT A POINT ON THE ROD, L%
£ix) = MASS DENSITY AT A PCINT ON THE ROD, M/L3

Figure 1. Rod element free-body diagram

* For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix B).
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12, Regardless of the deformation properties of the rod, the
sum of the forces applied to the element equates to the product of the

elemental mass times the resultant acceleration in the form:

Box 82u
mox+ gx+'é-;—d:ﬂA—Rdx=(pAdx)-—é- (2)
ot
Qhere
g, = Ux(x,t); stress at a point on the rod, F/L2 where F = force
and L = length
¥ = coordinate location of a point along the rod
A = A(x); cross-sectional area, L2
R = R(x,t); element resistance force, 1b*, F/L
g = p(x); mass density, M/LS, where M = mass
u = u(x,t); element displacement, L
t = time

13. Rew%iting Fquation 2 after cancelling and factoring like

terms gives the wave equation in terms of stresses

Lo} 2

X - d u
Agy —R=0A 2

|

(3)

Q2

If the material may be assumed to be a linearly elastic solid subject
only to infinitesimal strains, a Hookean stress-strain law for small

strain theory vields

- =g
o, = B €y E = (&)
where
E = E(x) = Young's modulus, F/L2
e~ strain at point along the rod

14. Imposing these assumptions on Equation 3 gives the general
differential equation of motion as a function of the unknown displace-

ment u(x,t) in the form:

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.
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A%<'%>—R=m% (5)
3t
15, With a knowledge of the material properties as well as the
resistance behavior along the rod, the differential equation can be
;olved. To determine a sdlution to a particular problem, sets of
initial conditions and physical boundary conditions must also be known.
16, 1Initial conditions generally specify the displacement,
velocity, and resistance distributions at a known instant of time, t0 .
Boundary conditions establish the appropriate deformation response of
the rod at each end. For example, the boundary at the free end must be
stress—free such that the strain is zero. At a rigidly fixed boundary,
the displacement remains constant.
17. Writing out the system of equations which completely define

a problem gives the differential equation (wave equation):

2
) 30 _ ¥ u
A aX(E 3}—{) - R = pA watz (6)

a., Initial conditions:

u{x,t) = uo(x) at ¢ = tO
ég{x t) = V. (x} at t =t

ot 7’ R o
R{x,t) = Ro(x) at t = t0

where

o(subseript) = initial value with respect to time

!

VR = ram impact velocity

b. Boundary conditions:

il
]

du
u{x,t) or sg(x,t)‘at %

il
o

Ju .
ux,t} or ngx,t) at ¥

B 2 e S S S
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18. Application of these initial and boundary conditions satis-
fies a necessary condition for the existence of a unique solution. An
exact mathematical solution to such a system of equations is practi-
cable only for certain special cases. TFor general problems, an
engineering solution is usually found by approximate methods.

‘ 19. Some simplifications of the differential equation should be
discussed. For an isotropic, homogenecus rod, E and p -are constants,

such that

iy Ty veiaie (72)

20, For a freely suspended rod, the resistance R wvanishes such

that the differential equation becomes

2 2

u
ox 3t2

This is the most common form of the one-dimensional wave equation
1,2 The quantity E/p is
usually given as a term c2 ; ¢ is defined as the velocity of wave
propagation, a measurable material property.

21. The influence of end conditions and the resulting stress
wave reflection deserve consideration at this point. TFor a freely
suspended uniform elastic rod, an impact compression stress wave
travels with constant velocity ¢ and no change in wave shape. As
this compression stress wave reaches a free end (stress-free boundary),
the boundary condition imposes a zero stress state at the end, As a
result, an incident stress wave is reflected from a free end traveling
in the opposite direction with the same wave shape but with the op-
posite styress sense; i.e., a compression stress wave 1s reflected as
a tension stress wave. At a fixed end, on the other hand, the stress
wave is reflected as an identical stress wave of the same stress sense
traveling in the opposite direction. Thils causes the stress wave to
"stack up" at a fixed boundary, and indeed double the stress wave

magnitude at the boundary. Typical physical problems provide
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intermediate boundary conditions to these two extremes (see Figure 2).

t iz tsy
— —r—
T T
+ a & 1+
t 1 5TRESS - ]
: 4 3 ~ FREE ~
‘ END ‘
2 ‘“::l: X
—— —————
———
T
+%Fl D
—_— 24 ""_:/E;CJE T-q—-——- v
a + a +
f 1y VB o ¥ 4
=L
& “*, #\ X T

Figure 2., Boundary stress wave reflection

Assumptions

22. The limitations and discrepancies inveolved in the mathemati-
cal formulation of a problem are often unclear. It is therefore im-
portant to reiterate the assumptions involved in the problem derivation.

23, Equilibrium Equation 5 imposes small strain theory (infin-
itesimal displacements) for the rod. As long as the rod is stiff
relative to the stress level, this assumption causes little inaccuracy.
Were the rod relatively soft, the three-dimensional effects and geo~
metric nonlinearity could cause considerable errors. In most physical
problems, the rod is assumed to behave as a linear elastic solid, fol-
lowing the stress-strain relation given by Equation 4. Significant
material nonlinearity may also require reevaluation of these assumptions.

24, The dynamic resistance to motion due to external forces may
be a complex function of space-~ and time-dependent variables. For
example, the resistance at a point along the rod may depend on the
displacement and time derivatives of displacement at that location.
Material damping and related dynamic phénomena may be included as

"resistance" forces opposing the rod motion.

10
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25. The problem of pile-soil interaction is the focus of the one-
dimensional wave equation analysis described herein. Equation 5
pernits variatioﬁs in cross section, Young's modulus, mass density,
and resistance along the axis of the rod. The determination of "known"
material behavior parameters is no simple task. Knowledge of soil
stress~deformation conditions in the vicinity of a laboratory model
test pile is rather limited. For the field problem, the estimation of
the pile-soil interaction properties is, at best, a crude exercise of
engineering judgment.

26. The one-dimensional wave equation is the mathematical repre-
sentation of an idealized, classical mechanics problem. In applying
solutions to the wave equation, it is of utmost Importance to recognize
the gross simplification that is required to provide an engineering
solution to an extremely complicated problem. As in all engineering
problems, the solution may be only as reliable as the assumptions

required by the method.

11
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PART III: MATHEMATICAL MODELS

27, The solution to an engineering problem generally requires a
mathematical formulation which represents the problem and which may be

solved economically with "'reasonable" accuracy. The pile-driving prob-

: lem is extremely complex in terms of physical variables which signifi-

cantly influence pile behavior. Incorporating all these factors in a
rational formulation of the problem is a mammoth undertaking. It is
generally concluded that approximate solutions of considerably simpli-
fied (solvable) problems are the only reasonable engineering solutions
available.

28. Finite difference numerical analogs to the physical problem
have been employed with much success in the past decade. Numerical
solutions to the ildealized problem have been developed using both
digital and analog computer programming techniques. Finite element
techniques have developed sufficient sophistication to describe the
possible material behavior and soil-pile interaction adequately.

With finite element methods, a finite difference scheme is generally
emploved to include time~dependent behavior iteratively. To date,
however, a dynamic finite element formulation of the pile-driving
problem has not been presented in the literature.

29. This part will describe the basic mathematical formulation
in some detall., The limitations and advantages of each procedure

will be discussed for practical purposes.

Finite Difference Method

30. A finite difference approximation to a differential equation
discretizes the physical problem into small segments. For the wave
equation solution, the pile must be subdivided longitudinally into
discrete masses interconnected by springs allowing equivalent defor-
mation characteristics between mass centroids. Time also must be
subdivided into small increments. The solution to a pile-driving

problem may be approximated by integration with respect to time

12



progressing from prescribed initial displacement, stress, and velocity
conditions for all elements in the hammer-pile-soil system. A brief
derivation of a finite difference representation follows.

31. The first partial derivative of displacement with respect

to lecation, %% , may be written in finite difference form as
du su(m, n) ~u(m-1, n) (8a)
X Ax
m-1,m

for the change in u with respect to x , where AX is the pile element
length, between pile elements m and m - 1 during time interval n.

The change in u with respect to x between eléments m+ 1l and m

may also be written in this form replacing appropriate element displace-

ments

au - u(m+ 1, n) -~ u{m,n)

axm,m.+1 bx

(8b)

such that the change in u with respect to =x is defined between
elements m ~ 1 and m and between elements m and m+ 1. In a
similar fashion, the second derivative with respect to X across
element m may be approximated as the difference between equations

(the changes in u with respect to x) divided by Ax , or

4

'82u -~ [ﬁ(m + 1, n) —u(m, n) u(m, n) -ulm -1, n)}.i_

2 Ax AX Ax
9x
) (9
du~u(m+1, n) - 2u(m n) + u(m - 1,n)
sz (Ax)2

32. An identical operation may be performed to obtain the second
partial derivative of u with respect to time t such that one may

write

82u - u{m, n + 1) - 2u{m, n} + u(m, n - 1) (10)

3t2 (At)’2

where At 1s the time increment magnitude used for calculation.

13
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33. In the one-dimensional wave equation (Equation 6) as
described in Part II, these quantities may be substituted in difference
form for the. partial derivatives. For the solution to a general prob-
lem, these difference equations may require some modifications.
Equations 9 and 10 assume that the change in length Ax and the change
in time At are constants. The quantity At usually is a selected
constant, but the quantities Ax , A, E , and p may vary {(composite
or tapered pile, for examples). These cause complications in generaliz~
ing this finite difference formulation since a change in stiffness
(due to changes in A , E , Ax , or p) between elements causes a change

in the prescribed quantities between elements.

Smith's Numerical Model

34. To account for such possibilities, an alternate approach may
be taken. Recalling that the differential wave equation represents
dynamic equilibrium at a point along the pile, E. A. L. Smith formulated
the difference equation describing the equilibrium of a discrete 'point"
mass in the discretized hammer-pile-soil system.3’4 Smith's 1960 paperl!r
provides the most thorough description of his numerical procedure,
along with several excellent analogies for clarification.

35. S8mith describes a subdivided hammer-pile-soil system as a
one-dimensional problem, i.e., one degree of freedom per element. Fach
element in the hammer-pile~soil system is described as a combination of
point masses, weightless springs, and dashpots. The system is inter-
connected as discrete elements, and these elemental properties are
lumped parameters approximating the continuous system of components;
namely, hammer-capblock-cushion assembly, discretized pile elements,
and so0il shaft and tip resistances. A typilcal representation of a
hammer-pile-soil system is given in Figure 3.

36. The equilibrium equation for pile element m during time
increment n may be written as Newton's second law, Equation 1. The
pile spring forces are related as a function of relative element dis-

placements. Soil resistance acting on an element is computed using

14
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{(from Reference 4)

element displacement and velocity values. The total displacement of ele-
ment m after n time increments is generally computed by integration
with time from specified initial conditions using the equilibrium
equation of motion in difference form.

37. Smith's notation will be described and used in presenting his
algorithm. The use of uppercase (capitgl) lerters denotes quantities

after the current time increment n ; lowercase letters represent values

after the previous time increment, n - 1 . The asterisk value of a

15
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variable, for

example d% , is defined as the variable's value after two

time intervals previous, n - 2. The variable subscript m denotes

the element component.

A =
C =
D =
pt o=

(SRR~ B B <5 )
i

m
(subscript)

n
(subsecript)

1

p =
Qz
R =

RU =

()]
il

N = o< g g
|

At

it

cross—gectional area, sq in.

spring compression, in.

displacement, in.

plastic displacement, in.

coefficient of restitution

modulus of elasticity, 1b/sq in.

spring fofce, 1b

gravity acceleration, 32.2 ft/sec/sec
point resistance damping constant, sec/ft
shaft resistance damping constant, sec/ft
pile spring constant, 1b/in.

soil spring constant, 1b/in.

pile element length, in.

= pile element

current time interval of computation

value of m subscript at pile point

quake {maximum elastic soil deformation), in.
resistance, 1lb

maximum static goil resistance, 1b

permanent pile set, in.

critical time interval for spring m , sec
element displacement, in.

element velocity, ft/sec

element weight, 1b

resultant force, 1b

lbmsecz

ft4

time increment magnitude used for calculation, sec

mass density,

38. Smith's algorithm in general form employs a nest of five

16
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basic equations which he presented originally in 1955.3 These

equations are in the forms:

D =d_+ vmtlz At) (11a)
' c =D =D (11b)
F o= K (11c)
2 =F ,-F ~R (11d)

m m m W (11e)

39. S'mithl+ showed that these five equations can be combined to

solve for displacement Dm as follows:

2
12 (AL
= — g% -
Dm 2dm dm + Wm * {Q%r& dm)Km—l

USRIy P

where d; is the value of displacement after n - 2 time intervals.
40. If Equations 9 and 10 are substituted into the differential
equation, Equation &,.Smith's notation may be used to substitute for

quantities as follows:

D = ulm, j+ 1)

™
dm=u(m, i)
d; = u{m, 3 - 1)
R =48R
m m

_ AE
I<m TR

m
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Rewriting Equation 6 in these terms gives

K& (4 -d) R W D -2d + d*
A 9 mm _ mtl m. o m o m m m m (13)
B 2
3x A 5 g ko (128) (8t)
Performing the partial difference on the left-hand side gives
A Km~l (dm - dmml) - Km (dm - dm+l) = Eg
AL L)
m m
W D -24 + d*
_ m m m m (14)
Qm(lzg) (At)2

Solving Equation 14 for Dm gives a solution identical with Smith's
formulation, Equation 12,

41, -In order to apply this procedure for a pile-driving problem,
several significant conditions need clarification. Most of these
points are discussed in detail in Smith's paper.

42, Time increment magnitude At wused in the calculations is
particularly important for assuring a convergent, stable solution. If
too large a time increment is chosen, the stress wave may "bypass" an
element, and the solution would become unstable. Should too small an
interval be selected, the economy of the solution would be seriocusly
reduced and possible numerical errors may be magnified.

43. The "critical" value of the time increment would be at least
ag small as the time required for the stress wave to traverse each
element in one or more intervals. The stress wave velocity in a freely
suspended elastlc rod is given by the quantity Efe . The time
required to transmit a stress wave a given distance along the rod is
simply determined as the distance divided by the wave velocity.

44, TYor the discrete elements of the procedure, a finite time

interval may also be defined. The value of p may be computed as




13)

14)

Likewise, the value of K 1ig defined by

45, For the critical time interval for spring, m , the stress
wave may pass in either direction such that the "critical" value of time
interval for this spring is the lesser of two values defined by the

equation set:

o1 [Mmsea
m~ 1.9648 { X
" (13)
W
T I m

m . 1.9648 K
m

46, In the case of a freely suspended rod with equally spaced,
uniform segmeﬁﬁs, a time increment computed by Equation 15 would give
the "exact" solution.4 In pile~driving problems, the composition of
the pile, the soil resistance, and the boundary conditions influence
the wave transmission velocity at a given location. For that reason,
the magnitude of time interval At generally is chosen as a fraction
of the minimum Tm value of the pile-soil system (commonly 0.5 Tm).

47. Soil resistance behavior is usually specified in a simplified
fashion due to the uncertainties involved in estimating in situ scil
conditions. Pile driving intreduces significant soil system disturb-
ances, causing large shear deformations, soil volume change and/or
excess pore fluid pressures, and serious changes in soil stress condi-
tions from "at rest' conditions.

48, Smith proposed the use of a simple elastic-plastic soil
deformation model for static soil response. As such, the entire ele-
ment behavior can be defined by two parameters: the elastic quake Q
and the peak elemental seoil resistance RUm (see Figure 4). The

elastic stiffness of the soil spring is defined as

K' = — ' (16)
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Figure 4. Soil behavior model (after Smith4)
and, therefore, the static resistance in the elastic range of displace-
ments (-Q <D < Q) is proportional to Dm . For values of Dm out-

side the elastic range (IDm| > Q), the statie resistance remains a

constant value (+ RUm). Te facilitate computations, Smith introduced a

value of plastic displacement D& as the difference between Dm and
the corresponding quake (#Q) The static 50il resistance may be

20
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written as

R = (@ - DI;!)KH[1 (17)
where Rm = shaft element resistance in which the value of Dé must be
set equal to zero whenever Dmris elastie.

. 49. Recognizing the occurrence of transient resistance forces
duving driving, Smith proposed that a viscous component of resistance

be included. This assumes that the transient driving effects are
separable from static resistance forces as dynamic components of
resistance. Smith defines the dynamic resistance as the product of

the instantaneous values of static resistance and velocity and an
appropriate damping constant, J or J' , for the tip or shaft behavior,
respectively. The damping constants are prescribed in seconds per foot.

The general form of shaft element resistance, Rm » is given as

R = (D -DHK'{@A +J'v) (18)
m m mm m
and for the point resistance, Rp+l s the proper comstants are sub-

stituted as

Rp+1 = (DP - DI'))K;)_’_]_(]_ + va) (19)

50. It must be noted that the dynamic resistance curve shown in
Figure 4b does not correspond to the damping effects represented in
Equation 18. The damping component for negative resistance forces with
negative element velocities in Equation 18 describes a dynamic resistance
force that is less than the static (dashed curve) force level. For
conventional analyses (single blow stopped at the start of tip rebound)
this error is inconsequential. Further discussion of this is given
elsewhere.5

51. Cushion inelasticity may have a profound effect on the energy
transmirted by the hammer to the pile. Permanent deformation of

cushion materials causes energy losses which reduce the gefficiency of

1
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; the pile-driving system. Smith suggested that an equivalent bilinear
cushion model could be applied in the numerical model with little loss
] in accuracy.

: 52. The coefficient of .restitution e is readily computed from

the ratio of energy output (during unloading) to the energy input (dur~
1  ing loading), i.e.,

2 _ Inergy Output
e -
Energy Input

53. For the case of a bilinear material, Figure 5, the ratio

of the load modulus to the unload modulus is equivalent to e2 » such

that the cushion deformation behavior may be defined by two parameters,

¥ and e , where K is the loading stiffness of the cushion.

- A
R et am st e it

K/e?2

FORCE

ORIV PP

- -
DISPLACEMENT

Figure 5. Bilinear elastic spring defined
(from Smitha)

54. Using the bilinear representation, Smith4 prescribed an

alternate to Equation llc¢ for an inelastic spring in the form

Km . 1

Fm - 2 Cm - 27 1 chm max (20)
(&) ()
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whenever the spring compression Cm is less than the temporary maxi-
mum compyression value previously computed, Cm max This formulation
provides for an unload/reload wodulus which models cushion inelasticity
as in Figure 5.

55. TFor real materials the load~displacement behavior is gen-
erally nonlinear. The normal recommendation is that secant modulus
values be selected, and these are dependent upon the peak stress level.
The details of the behavior of cushion materials are described in
Part IV. _

56. No tension conditions oceccur wherever interconnecting ele~
ments are incapablé of transmitting tension stresses/strains across
their boundaries. The ram impact does not involve any contact tension
stresses. The helmet, pile cap, and -cushions are usually loosely fitted
to prevent the transmission of tension stresses across these elements.
The soil tip resistance has no capability of generating tension stresses
to resist motion. Finally, some joints may be included or required in
4 pile. These connections can permit unrestrained or limited tensile
deformation at such a joint to reduce or eliminate tensile strains and
stresses. OSmith discusses procedures involved in establishing such
element conditions in the numerical model.4 Programmable computer logic
can easily accommodate these conditions.

57, Smith generated a computer program incorporating these
equations.4 Subsequent investigations have refined this method to im-
prove the compufational accuracy based upon program usage and field
observations. The most extensive efforts have pursued the determina-
tion of system material properties and correlations with field tests.

The results of these studies are discussed in subsequent parts.

Electronic Analog Method

58. An alternative method for solving systems of differential
equations involves the use of analeg computers. Basic comcepts and
various applications of analog computation are beyond the scope of

this report. Fundamental texts on this subject may be referred to for
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specifie techniques.6’7 This discussion will be limited to one
particular study of the pile~driving problem.

59. . In his dissertation Parola developed an analog computer
program to model the behavior of impact between a ram and a drivehead,
transmitting driving energy to a continuous elaétic rod.8 He assumes
that the rod is of infinite length to eliminate reflection boundary
conditions. In the equilibrium equations of motion, he neglects
the weight of the drivehead in order to simplify the system of equa-
tions, but does include the drivehead mass. With these points in mind,

the equations of motion for the ram and drivehead may be written in

the form
Wl
B, _ - -
e iy K]_ (ul u2) Wl 0 (213
"y
g— i, + pcA Gy - Kl (ul - uz) =0 (224
where
wl = ram weight, 1b
g = 386 in./sec/sec
dzum
i = , in./sec/sec, where m = subscript denoting element
dt number
K, = cushion stiffness or spring constant, 1b/in.

= ram displacement, in,

1
1
u, = drivehead displacement, in.
= drivehead weight, 1b

2 2, 4

g = pile mass density, lb-sec” /in.

c = wave propagation velocity, in./sec
A = pile cross~sectional area, sq in.

du
4 = =% in./sec
dt ? '

60. 1In Equation 22, the term pcA represents the "pile im~

pedance” to motion, a quantity dependent upon material properties and
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ing capacities” by 23 percent, 32 percent, and 20 percent, respectively.

180. Analyses of pile tests conducted for Jonesville Lock and
Dam, Jonesville, Louisiana,41 indicated that significantly different
soll parameters were in order. Example problems from these pile tests
are also included in the next section.

181. Precast concrete piles, 18 by 18 in. square, were driven
into an abandoned course deposit of medium dense to very dense fine
sands, with a highly penetration-resistant lense between 35 ft and 40 ft
below grade. Test pile 1 penetrated 38 £t so that the tip rested in
this stiffer material., Test piles Z and 3 penetrated through this
stiffer layer with tips at elevations 45 ft and 54 ft, respectively,
well within a very dense sand deposit.

182, The use of a higher quake value (0.15 in.) underestimated
the pile capacities considerably. The standard value (0.10 in.) did
not sufficiently correct the estimates. Reducing the tip damping
parameter to zero provided the best 'prediction' for test pile 1. Rec~
ognition of higher tip capacity in the stiff layer was also necessary.
Test piles 2 and 3 still had somewhat lower '"predicted" capacities,
nonetheless. The data for these problems are presented graphically
in the results of these example problems.

183. A study examining the driveability of large-diameter steel

pipes with a fixed soil plug introduced some interesting facts that
]

"“were borne out by field observations. Wave equation analyses of the

6-ft-diam, 1.5-in.-thick walled pipe with a 19-ft soil plug at the
bottom revealed that the added masg of the soil in the tip caused
serious stress reflection and "stacking" at the diaphragm because of
the discontinuity. It was recommended that these piles were unsuitable
for driving with such a plug. Piles which had been driven previocusly
exhibited buckling behavior at the diaphragm.42

184. The results of the various‘investigations indicate that
accurate pile capacity predictions require a prior knowledge of soil
parameters that vary as much as site conditions. This is not surpris-
ing since the behavior of every single pile is a unique engineering

problem,
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prediction. TAMU investigators have held that the tip quake should be
relatively independent of any scale effects., For the case of large-
diameter piling, particularly in softer soils, it might be expected

that the "elastic" displacement (quake) is somewhat larger in magnitude.

176. The consideration that tip quake might in some manner be
proportional to the tip diameter was discussed at the Second CWRU
Pile-Driving Seminar, August 1972. A tip quake value of 0.10 in. per
foot of tip diameter was suggested.

177. Use of larger tip quake values profoundly reduces the ap-
parent pile driveability or the attainable pile capacity for a par-
ticular impact hammer. An increase in tip quake value reduces the
computed set and therefore increases the blow count. It is of interest
to note that the computed total pile tip displacement is little affected
by the tip quake value assumed, The significant factor rests with the
assumption of full elastic tip rebound commonly used in the compu-
tations.

178. The details of analyses performed on test piles 1, 2, and
3 of the Arkansas River Lock and Dam Né. 4 pile test projectao are
included in the example problems. Briefly, steel pipe piles were
embedded approximately 53 ft into a medium dense deposit of primarily
fine sands and silty sands. Smith's standard soil parameters were
assumed except for the tip quake values. These piles were 12.75-in.,
16-in., and 20-in. OD pipe piles driven closed-end. The tip quake
was assumed proportional to the tip diameter for these analyses.

17%. By using the adjustment to tip quake wvalues, better RUTOTAL
values were ''predicted" than when 0.10-in. tip quake was assumed. Note

that is the maximum resistance that must be overcome to cause

Krorar
penetration. Pile capacities based upon bearing capacity criteria
often are significantly less than the maximum load the pile would
sustain during the load test, especially for piles in cohesionless
soils. Any correlations must take this into consideration. The wave

aquation predictions underestimate (measured) by 13 percent,

RUTOTAL
9 percent, and 9 percent for test piles 1, 2, and 3, respectively. In

these cases, however, {measured) was greater than the "bear-

RUTOTAL
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employ procedures for inputting force pulse data in lieu of hammer
impact simulation., The TAMU report includes pile-~driving force and
acceleration measurements in the analyses.

172. 1In addition to the wave equation procedure, CWRU has
developed a simplified method which has been adapted to a specialized
fieid computer. The procedure involves integration circuitry to
determine the velocity at the pile top from acceleration input. The
plle is assumed to behave as a rigid mass, but the scheme uses the
average of the force measured at the time of zero velocity tO and
at one full wave length later to + 2L/C , less the average inertia
resistance over the time interval (tO s tO + 2L/C). The field com—
puter instantaneously performs this function calculation and displays
the computed vesistance for every blow or every nth blow as
required.33’36

173. The field computer operation and measurement methods have
been demonstrated at two seminars held at CWRU and at the Specialty
Conference held at Purdue University in June 1972.39 The field instru-
mentation may include a pipe pile sectioﬁ degigned as a force transducer,
or "eclip-on" strain transducers, and piezoelectric accelerometers. These
are arranged and connected such that bénding effects can be cancelled
out. The most significant advances have ééméﬁin the development of

four~channel magnetic tape recordingsg of the instrumentation data and
in the development of an analog-to-digital conversion process that have
streamlined the operation immeasurably.

174, The modified, time-sharing version of the TAMU computer
program, TAMFOR, has been used at WES to analyze several pile-driving
problems. Pile tests conducted at Arkansas River Lock and Dam No. 4
and at Jonesville Lock and Dam, Jonesville, Louisiana, were analyzed
in detail. The example problems at the end of the part include these
piles. Analyses of an off-shore pile and a large~diameter, partially
plugged pile were also studied. The wave equation program has also
been used to evaluate the performance of the WES soil compaction hammer.

175. One consideration which was investigated involved the

influence of tip quake magnitude in the eventual pile capacity
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this research has alsec been published,

167. The method prescribed by the CWRU group utilizes the
mathematical redundancy of having measurements for both force and
acceleration. With acceleration data, the force can be computed as
an output from a one-dimensional wave equation (lumped mass) solution.
The CWRU procedure adjusts element soil resistance parameters {(linear
eléstic—plastic springs and linear viscous dashpots) numerically to
match the measured force-versus—-time data using the acceleration-versus-—
time data as the input boundary condition at the pile top. In this
fashion, both the pile capacity and the resistance distribution along
the pile may be predicted.

168. The dynamic measurements used in the prediction scheme are
made upon redriving of the pile after all transient effects (setup,
pore pressure dissipation, etec.) are assumed to have passed. The
numerical propedure used to generate the solution employs a predictor-—
corrector method (Newmark method) which the CWRU group recommends as
more efficlent and more accurate than current techniques being applied
to pile-dyiving analyses.

169, The results obtained by the CWRU studies indicate reason~
ably accurate predictions of both pile capacities and load distribu-
tions for piles in cohesionless seils. Differentiation between static

i

and dynamic resistance forces was gema%kébly'consistent for piles in
cohesionless deposits, S

170. Predictions determined for piles in cohesive soils were far
less accurate. The CWRU group attributed the inaccuracies to in-
adequacy of the soil resistance model for predicting the response of
cohesive soils.

171, The primary advantage of obtaining force and acceleration
meagsurements is obviously that these quantities are measured directly
at the pile top. Inaccuracies in assumptions and simulations of hammer
assembly behavior can be avoided since the acceleration~ and/or force-
versus~time records can be used as input to the pile top in the wave
equation analysis. The research version of the TAMU computer programl

and the finite difference program used by Parola in his dissertation8
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tions may be subject to considerable scatter, In a TAMU study, pile
load tests in sands, in clays, and in layered sands and clays revealed
appreciable scatter in the prediction accuracy.31 Soil resistance
distributions, so0il quake, and soil damping parameters were varied to
determine a "best fit" of the field data; nonetheless, the scatter was
sigﬁificant. For plles in sands only, the average error was computed as
i25lpercent with some errors as great as *40 percent. For piles in
clays only, the average error approached +55 percent while in two
cases, capacities estimated by the wave equation were more than twice
the pile capacities at driving. The error in terms of load magnitude
was comparable to that noted for piles in sands since the piles in
clay generally had lower capacity.

164, Similar correlation studies have been performed in an ef-
fort to Improve predictions by the wave equation, A new soil resist-
ance model was.developed from laboratory soil testing and model pile

tests.21’23

The revised model has proven unacceptable in applications
to full-scale pile tests, such that TAMU researchers have returned to
Smith's basic model, Equation 18, with appropriate adjustments to the -
parameter values to correct the computation predictions.24’25’32

165. Foye et al.25 adjusted pile capacities to values estimated at
the time of driving. For the case of p%lgs load-tested long after
driving, he corrected for pile "setup.", In some cases, redriving data
“after pile load tests were used to'déiermine wave equation predictions.
With these modifications to the application of wave equation results,
Foye's data provided superior "predictions' of pile capacity. Once
again, the new values for soil parameters, listed in Table 5, were used
in Smith's rheological model.25

166. Investigators at Case Western Reserve University (CWRU)
have developed a sophisticated instrumentation scheme to record contin-
uous impact force and acceleration data at the pile top during driving.
Detailed information on the CWRU research is provided in the August
1970 project report.33 Papers published in varioﬁe technical journals
and presented at technical sessions of conferences describe the on-

going research at CWRU.34_37 A dissertation by Rausche38 concerning
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formulae for timber, precast concrete, and steel piles. Other investi-
gators have performed similar exercises rendering "corrected" formulae
using analyses of their own data,. ‘

159. The general dissatisfaction with the use of pile~driving
formulae to predict pile bearing capacity accurately is well documented
in the literature. The vast number of formulae available testifies to
the fﬁtility of such formulations. WNonetheless, dynamic formulae are
still used in foundation degign and are also written in many building
codes in lieu of a reasonable alternative. Dynamic formulae have been
used quite successfully in analyses of "standard piles" in local
projects where considerable field data have been correlated.

160, Wave equation analyses provide a rational method ¢f in~
corporating almost every conceivable variable in a mathematical model
of the physical problem. As such, the wave equation solution is the
most versatile and most complete procedure for analyzing pile-~driving
problems. Sincé a host of variable combinations are possible, the
wave eduation solution deoes not condense inte a single formula,

161. With regard to pile capacity predictions, the wave equation
computer program calculates pile penetration under a single hammer
blow. The pile~soil resistance properties are input parameters for
the particular problem. The computation progresses from the initial

ram impact, employing numerical integration with respect to finite

.time increments. Pile element displacements are accumulated until the

pile tip element begins to rebound. The pile set per blow (for the

prescribed RU capacity) is determined as the maximum tip dis-

TOTAL
placement minus the elastic quake, Qp .
162, A series of problems can be solved for a given hammer

assembly-pile system using a range of RU values anticipated in

the design. The results may be presentedngiihically as a curve of
pile capacity (during driving) versus blow count (1/set)., Pile
capacities can be predicted directly from the curve by comparison with
routine blow count field data.

163. Comparisons between waveeequation calculations and pile load

tests indicate that the predictive performance of wave equation solu-
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as precast concrete piles.

155. Piles of low impedance may prevent achievement of designed
foundation performance. High impedance piling may be inefficient and,
therefore, less economical under some circumstances. The selection of
an efficient pile-hammer-soil system should include a parametric evalu-
ation of the equipment under consideration at the design phase, This
is subject to the foundation design, the contractor equipment avail-~
ability, and the effective selection of accessories consistent with
engineering decisions necessary. The optimum design of pile foundations

requires a delicate balance of equipment and foundation conditions.

Bearing Capacity Prediction

156. The determination of pile bearing capacity from measure-
ments made during pile driving has been the subject of hundreds of
engineering studies. The results from most of these investigations
have been limited in walue at best and genevrally inadequate for
practical purposes. -

157. Several hundred pile-driving formulae proliferate in the
literature.29 These formulae usually éssume rigid mass impact between
the hammer and pile, The interaction of ‘the ‘hammer assembly-pile-soil
system is crudely approximated, ifféE all, in every case. Behavior
variables in stress wave transmission are impossible to include in
these formulations.

158. Many of the pile-driving formulae are generated using
empirical correlations, and published formulae often are subsequently
modified after correlation studies of other imvestigators. A typical
study of the performance of several formulae in predicting pile
capacities in sand330 indicated that the type of pile significantly
influenced the accuracy of a given formula. TFor the 93 pile tests
examined by Olson and Flaate,30 the Engineering News formula and the
Pacific Coast Uniform Building Code formula exhibited considerably
more scatter than some others they studied. Based upon correlations,

these investigators modified the Gates formula and recommended new
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stresses may be calculated for preliminary analyses are also included

in Reference 8. It should be noted that these curves do not include the
effects of resistance magnitude and distribution which can cause an
increase in peak stresses under hard driving.

151, Piles stiffer (having higher impedance wvalues) than pre-
scribed by Equation 36 cause the ram to rebound and thus retain energy.
Piies having too low an impedance obtain only a part of the energy
as the ram will follow the pile after impact, causing less efficient
driving and possible pille damage. Either extreme reduces the efficiency
of energy transmission significantly,

152, The most efficient combination of components for driving
piling involves not only the efficient transfer of energy te the pile,
but also includes the shape of the transmitted force pulse. As de~
scribed previously, more efficient driving under particular resistance
conditions may require a longer impact duration (easy driving), or a
short duration and higher driving stresses (hard driving). An imped-
ance match using Equation 36 is only a guide.

153. A softer cushion and/or a heavier drivehead cause an in-
crease in stress wave length (impact duration) and reduction in peak

8,14 A larger coefficient of restitution causes higher

driving stress.
efficiency of energy transmission to the pile. Cushion material and
accessory selection can be evaluated fér{a particular problem using

the wave equation computer program to assist in an efficient and
damage-£free pile design.

154, Parola suggests guidelines for pile design based upon the
results of his research.8 With the knowledge that impact duration is
roughly inversely proportional to pile impedance, two general extremes
in pile~driving systems are discernable. Long-duration impact and low
pile stresses are recommended for low pile impedance conditions. These
conditions are more efficient for low pile capacities (easy driving
conditions). Short-—duration impact and high driving stresses are
compatible with high pile impedance values, yielding more efficient
driving for high pile capacities (hard driving conditions). Caution

against pile damage must be emphasized for high impedance piling such
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detail that is often overlooked in engineering practice, though it may

significanﬁly influence both the efficiency (cost) of the construction
and the quality of the final product. Wave equation analyses provide
an economical method for assisting the foundation engineer in designing
a compatible pile-driving system. Some applications of wave equation
solutipns to the selection of proper driving equipment are discussed

in a subsequent section.

Equipment Selection

148, The wave equation solution provides a particularly useful

tool for selecting compatible hammer-pile-soil systems, Preliminary

- design studies may best employ curves and formulations based upon wave

equation analyses without need for computer calculations. Detailed
computer computations based upon alternative designs will thereafter
provide a more accurate assessment of a proper selection, as well as

delineate potential problems that may be encountered.

149. Par0138 studied the hammer-cushion-pile system compatibility

problem using analog computer methods. He proposes a method of equip-
ment selection based upon the maximization of pile-driving energy
transmitted to the pile. In an impact problem, transmitted energy is

maximized by transferring the ram mass enefg§ to the pile head as effi-
. "

ciently as possible. Based upon his anaiyses, Parola determined a range

of values for hammer-cushion-pile parameters for which the energy trans-

fer exceeds 90 percent efficiency. For pile drivers commonly used in
practice, the match of hammer and pile impedance is accomplished if the

parameters are within a range given by the relationship:

W

ocA = [0.6 to 1.10] —gl ¥ (36)

150. The quantity pcA denotes pile impedance while the term
le/g)K represents a hammer system impedance (see Part III}. Pile
impedance values and equivalent pile section data are included in

Table 1 (after ParolaS). Design curves for parameters from which pile
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transmitted to the pile is greatly dependent on the coefficient of
restitution of the cushion materials. The cushion properties directly
affect the shape of the impact force pulse imparted to the pile.8’14
Thus, cushions play a dominant role in preventing hammer/pile damage
and improving pile driveability. Because of the influence of peak
stfesses and impact duration on pile driveability and pile damage
conditions, the selection of compatible and efficient cushion(s) may
profoundly affect the overall design of the pile-driving system.

144, Problems of pile damage during driving can be very expen-
sive. Several possible causes of damage may be cited. Eccentricity

of ram impact can create bending and torsion stresses and stress

1 R R e e

concentrations which may damage the pile butt. The striking of an

ot

obstruction or excessively hard driving may cause compression failure

ke

near the pile tip. Bending in the pile due to obstructions or mis—

alignment can cause pile buckling.

i
:

145. Precast, reinforced concrete piles may exhibit damage due

to excessive tensile stresses/strains.‘ Depending upon pile length and
driving conditions, breakage may occur at specific pointe along driven
piles. A TAMU research report28 provides specific recommendations for
driving precast concrete piles based upon wave equation analyses and
field observations. . L

146. Parola8 studied the effect of pile length upon driveability.
He found that for relatively stiff piles, the impact duratien is short,
such that pile length and reflected stress waves have minor influence.
Piles having low impedance values exhibit longer impact duration, and
consequently, longer stress wave length. This is an advantage for
short piles of low impedance since the addition of a reflected stress
wave at the tip can perform useful work as the stress wave interacts
at the tip. Parola found that for piles of low impedance, shorter
plles drive more efficiently; for piles of high impedance, the pile
length made little difference.

147. Proper cushion selection, based upon hammer-pile-soil
conditions of a given project, is an integral part of the foundation

design. The proper cholice of cushion materials and dimensions is a
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impact than the "equivalent" single-acting hammer under otherwise
identical conditions. )

139. The influence of force pulse shape has been examined
analytically to evaluate pile driveability under various driving
conditions. For easy driving conditions, the penetration per blow was
foupd to be primarily dependent upon the impact duration. The longer
the impact duration (stress wave), the greater the penetration. Peak
force level had little effect on the penetration obtained for easy

driving.8

140. For hard driving conditions (high blow counts), pile penetra-

tion was relatively independent of impact duration.

141. The peak driving stress transmitted to the pile tip has the
dominant influence on the attainable pile set. The driving conditions
may, therefore, cause one type of hammer to be more economical than
another type for a given pile~soil system, though each hammer may have
the same rate of energy.

142, Pile stiffness has a comparable influence on peak driving
stresses. The use of a higher impedance (stiffer and heavier) pile
causes an increase in peak pile stresses and a decrease in impact
duration. This has a profound influence omn driveability that might
not be readily apparent. The selection. of a heavier pile section

under otherwise identical conditions improves the driveability of a

" pile under hard driving conditions. A heavier, stiffer pile might

drive to a desired penetration when a lighter pile cannot. Under easy
driving conditions the lighter pile will exhibit more penetration per
blow.8’27 This comparison is not directly applicable for a stiffer
pile with a greater effective tip area and greater shaft area. These
changes generally would produce a greater penetration resistance as
well,

143. The cholce of pile~driving accessories often has a pro-
nounced effect on the stress wave. The primary purpose of capblock
and cushion materials is to reduce driving.stresses in the hammer and

pile to tolerable levels. A stiffer cushion transmits higher peak

stresses with shorter impact durations. The magnitude of energy
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advantage in a user package described as the MAX SYSTEM. Within the
remote terminal control, MAX can be called upon to list any user file,
including data files, externally at the computer system printer. This
availability reduces on-line terminal usage (expense) and may permit
more rapid printing of the computational results. Indeed, the detailed
outbut could be processed in this fashion since the normal remote
terminal carriage character limitations would not interfere with the
computer output,

134, A listing of TAMFOR, the time-sharing version of the TAMU
computer program, is included in Appendix A. Details of input file
usage paralleling the usage guidelines prescribed by TAMUZ6 are also
included. Example probilems offered in this part were solved using

TAMFOR.,

Basic Concepts

135, The wave equation analyses have clarified several funda-
mental concepts of impact pile-driving behavior that, heretofore,
could be interpreted only from experience., A brief discussion of these
concepts should facilitate understanding of pile-driving observations.

136. Pile~driving stresses are often a critical concern to the
designer., Driving conditions, hammer and accessory selectiom, and
pile driveability are all related to”driving stresses.

137. TFor a given driving system, the peak impact stresses are
propertional to the ram impact velocity. This is obvious in the case
where the ram stroke is increased, since the energy is proportionally
increased. ¥For two different hammers delivering the same energy to
the pile, a lighter yam impacting at higher velecity will cause higher
peak driving stresses. The higher peak stress will be accompanied by a
shorter impact duration and, therefore, shorter stress wave length.

138. Diesel hammers and double-acting or differential-acting
hammers generally have lighter rams and higher impact velocities than
single-acting hammers at the same rate of energy. The force pulse for

these hammers will show higher peak force and shorter duration of
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128. For most practical problems, a simpler version of the wave
equation program normally will suffice. A design-oriented computer
program, adapted from Smith's basic model, is well documented in the
TI1 Research Report 33-11, "Piling Analysis Wave Equation Computer Pro-
gram Utilization Manual."26 Program listing, usage guidelines, and
sample problems are included. A batch computer deck reproduced from
the. program list is operational on the computer system at WES.

129. A condensed version of the designw~oriented computer program
has been adapted for use on the WES time-sharing facilities. The
major modifications concern the reduction of output to essential in-
formation in a form suitable for printout on a remote time-sharing
terminal. The detailed output option on the TAMU program is deleted
from the time-sharing version. - For detailed output the batch mode is
far more economical.

130. Program documentation and utilization guidelines for the
batch version of the TAMU program are identical with those given in TTI
Research Repert 33~11.26 The time-sharing version employs the same
input sequence of parameters as the batch version. For convenience and
economy, both the input and the output to the time-sharing pregram are
accomplished using stored data files in the computer.

131. The input data file, PILES‘E, uses free-form input of param-
eters. On the WES system, this involves the use of fixed-point and
floating~point values for the parameters for which either a comma or a
" space specifies the end of a data item. Line numbers are used to
sequence the data input in the same fashion as properly sequenced data
cards are used for batch programs.

132. The data files, OUTPUT and PLOTIT, permit the storage of
the computer program output. This may serve multiple purposes. The
time-sharing output during program execution is usually more expensive
than external listing of data files. The output data files may be
renamed and saved for later listing to permit the reuse of program out-
put files for a new problem. Several separate problems may be run in
turn before the listing of the output data files by renaming these,

133. The time~shaving facilities at WES provide an additional
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PART V: WAVE EQUATION AFPPLICATIONS

123. Since Smith presented the first viable solution to pile-
driving problems using a one-dimensional wave equation formulation,
much progress has been made in application of such methods.

: 124. A brief description of the finite difference computer
pfogram developed at TAMU is given in this part. Some practical
applications of the wave equation by wvarious researchers are discussed
in some detail. Example problems are solved using a version of the
TAMU computer program adapted for use on time-sharing computer facil-
ities. A listing of the time-sharing version of the wave equation

program is included in Appendix A.

Finite Difference Wave Equation Computer Program

125, The lumped mass discrete element model described in Part I
is the basic representation of the hammer-pile-soil system used in the
finite difference solution (see Figure 3). The various components
which may be included in the physical system include the ram, capblock,
pile cap (drivehead), cushion, pile, and soil resistance. The hammer
assembly may include additional items such as an anvil. Certain ele-
ments of this configuration may be,absénﬁ, éuch as the cushion bhetween
the drivehead and the pile. Any combination of elements is easily
accommodated in the mathematical model.

126, The original program developed by Smith has been modified
by several research engineers to facilitate program usage. Flexibility
of input/output procedures, detailed computations of additional useful
information, and minor techmical changes are the main modifications
that have been made to Smith's original program,

127, TAMU has published two wave eguation computer programs in

14,15 A highly versatile,

Texas Transportation Institute (TTI) reports.
research-oriented program has been developed to examine the effect of
virtually any variable on pile-driving behavior. A listing of this

program with input parameter guidelines is given elsewhere.
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Figure 11. Typical interface shear test results for sand on mortar

final predicted blow count with the 'measured static pile capacity at
final penetration. Having these soil parameters from one load test
with a particular hammer-pile-soil system may not be sufficient for a

major change in hammer, pile, or soil conditions.

122. Smith's rheolegical model is also prescribed for tip

penetration resistance. A commonly assumed quake of 0.10 in, is
P usually taken to be independent of pile cross section (scale effects).

. For nominal pile sections in everyday practice, this assumption is

o

reasonable. For larger diameter displacement piles, experimental

evidence suggests that the "elastic" tip displacement at bearing

increases with increasing diameter. The theory will be discussed in
l Part V.
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represent correlations for which the RUTDTAL versus below count
curve most closely approximated the driving resistance-blow count
point corresponding to final penetration,

117. The vulnerability of the correlation procedure should be
emphasized at this stage. These tabulated values are reasonable esti-
mates on which to base preliminary calculations. Should the magnitude
of the project warrant pile load tests, an effort to derive appropriate
goil parameters should be included in the foundation analysis. Even
with pile load test correlations, such values for soil parameters rep-
resent a one-point correlation through which a multitude of curves
could conceivably pass. The generalization of such parametérs for a
foundation design change must be done with great care, especially if
the pile bearing capacity correlation is under consideration.

118. The frictional resistance model deserves comparison with
laboratory measurements of pile-soil interface shear behavieor. A
direct shear box may be used to simulate interface behavior. The
lower section of soil is replaced by a block of pile material and the
shear deformation is imposed at the material interface.

119. A plot of laboratory interface shear tests in the form of
the ratic of shear stress to (constant) normal stress (T/on) versus
relative displacement is shown in Figure 1L for a medium dense sand on
mortar. The peak shear resistance'is develaped prior to the elastic
quake value commonly assumed (Q = 0.10 in.), and there is significant
nonlinearity in the interface shear behavior. The load modulus and
the unload modulus values deviate significantly from the stiffness
generated by Smith's assumed quake.

120. The area between the laboratory test curve and the linear
elastic-plastic model represents a substantial amount of energy which,
foer this material at least, is not accounted for by the static resist~
ance model. For given hammer-pile-soil conditions, it 1s conceivable
that the dynamic component can be adjusted to compensate for such an
error in assumed static behavior.

121, It would be expected that, within bounds, a compatible

quake and damping combination may be determined that correlated the
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sensitive clays, the remolded strength is substantially less than the
undisturbed strength such that driven piles may, indeed, reduce the
soil resistance capacity. There ig often a strength regain in these
materials due to consolidation (pore pressure dissipation) of the

material after driving. This behavior is commonly described as

. "'setup.' A strength regain in some sensitive clays may continue for

- many years due to consolidation and thixotropy. Piles driven in loose

cohesionless deposits may also exhibit an increase in capacity after
driving due to pore pressure dissipation. The actual soil resistance
during driving may be considerably less than that observed after setup
in these materials.

112. For granular materials in dense deposits, pile driving may
induce negative pore pressures which increase the soil resistance and
the related pile capacity during driving. A pile test (or subsequent
redriving)_after these pore pressures have dissipated may reveal
considerably less resistance to penetration. This phenomenon is
referred to as “"relaxation." .

113. In order to correlate wave equation results with pile load
test data, an estimate of the amount of soil setup or relaxation must
be incorporated in the analysis. An alternate method of achieving an
accurate account of such behavior would include a redriving of the pile
and recording of the penetration dué to the first few hammer blows.
This redriving should be performed after sufficient time has elapsed to
ensure pore pressure dissipation,

114. For piles driven in dense cohesionless deposits, the re-
driving procedure should be an essential check of the foundation
behavior since relaxation is an unconservative change in predicted
pile capacity.

115. The most recent correlation study performed by TAMU re~-
searchers returns the deformation model to the form of Smith's original
model. The values of seil damping parameters for use in Equations 18
and 19 are given in Table 5 after Foye et al.25

116. These values provided the best correlation with driving

registances corrected for soil setup and relaxation estimates. These
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upon Smith's experience with wave equation analyses. He suggested that
these values would suffice until more accurate quantities could be
obtained, either by correlation or testing procedure.

108. Static and dynamic triaxial tests have been performed in
order to determine appropriate deformation parameters. Reeves et 31.20
employed a triaxial testing apparatus to measure relevant parameters
for saturated sands in the laboratory; Gibson and Coylezl investigated
the behavior of clay soils. The testing device in each study employed
impact loading conditions under various sample confining pressures.
The data suggested that the dashpot parameter J as applied in Smith's
model is velocity-dependent. These investigators modified Smith's
model to account for this discrepancy by ralsing the velocity V to'l

an exponent, N , in order to determine a comnstant J wvalue, as

follows:

= + .

Rdynamic Rstatic 1 JVN)’ 0<N<1.0 (35
109, The J wvalue is assumed to represent the tip damping

parameter over the range of velocities encountered at a driven pile

tip. Model piles were driven in clayé to examine the side friction

damping parameter J' .22’23' The results of these studies indicate

that the tip quake and tip damping parameters for clay soils are best

represented as the values assumed_b§ Smith (i.e., N = 1 in Equation 35):
Q= 0,10 in. and J = 0.1l5 sec/ft

110, The side friction values for clay were determined paramet-

rically to include

Q = 0.03 in., J' = 1.25 sec/ft, and N = 0.35

to be used in Equation 35.24
111. The influence of soil disturbance on driving resistance and

subsequent static load test capacity may be quite pronounced. For
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"roughly 3 pile diameters wide and extends one pile diameter beneath the
tip.17

103. Soil disturbance due to driving includes high effective
stresses, shear deformations, volume change, and pore pressure develop-
ment. These conditions severely affect the deformation behavior of the
foundation materials during pile penetration. An adequate means of
evaluating the soil response due to pile driving remains to be found.

104. The pile-driving problem involves high-amplitude impact
stresses which are designed to "fail" the soil and cause pile penetra-
tion. The material beneath the tip is highly compressed, and the
volume of the pile penetrating the soil must be displaced and/or com-
pressed into the adjacent soil. The volumetric compression of the
material beneath the tip causes a tendency for the soil immediately
adjacent to the tip to stretch. This behavior has been observed ex-

18,19 as well as predicted numerically.ll’13

perimentally,

105, Obviously, the stress-strain state which exists at any point
in the pile-soil system depends on a multitude of factors. Nonethe-
less, reascnable approximations to the shaft friction resistance and
point-bearing resistance are needed and can be made to wmodel the prob-
lem numerically.

106. The most common assumption, in lieu of more accurate data,
employs the proposed model of Smiiih4 ér some variation of this model.
This rheclogic behavior is described in Figure 4a, and the equations
for computation of resistance forces are included in Part TIII.

Basically it includes & modified Kelvin model with an elastic~plastic
spring and a nonlinear viscous dashpot linked in parallel., The spring
represents the static soil resistance response while the dashpot super-
imposes the rate dependency of the resistance force. This impliecitly
assumes that the static and dynamic components of resistance are sep-
arable, though the dynamic component is propertional to the static
resistance, Equations 18 and 19.

107. Smith proposed that the value of soil quake be set as
Q = 0.10 in., while the J wvalue be equated to 0.15 sec/ft. The side

damping parameter, J' , was estimated as J/3. These values were based
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with length. Smith4 provides excellent analogies to represent these
considerations in simple terms.

98. The choice of dynamic pile spring stiffness should be based
upon appropriate "elastie" moduli values. TFor most soil conditions,
the development of a soil plug (in an open-end pile, for instance)
should have minor influence on the element stiffness value, but the
ﬁass of a "fixed" plug should be included in the calculations as
equivalent pile weight,

99. A change in pile spring stiffness along the pile length (due
to change in cross section or material) can cause some numerical in-
stability in the calculation. It would be advantageous to employ pile
segmént lengths which minimize the difference between values of critical
time interval, Tm » for pile elements, Equation 15. TFor a uniform
pile, the use of equal pile segments is advisable.

100. Some typical values for Young's modulus and mass density of
three basic materials are given in Table 1. TFor different materials
an appropriate material property handbook should be consulted. An
alternative method might involve material testing and/or wave velocity
and density determinations for a suspended pile. For many wave equa-
tion analyses, the values in Table 1 should be adequate.

101. The assumption of a linear elastic equivalent pile spring

e et - P r
e e ek

constant is justifiable, providing thétﬂthe'peak strese is well below
-~ a yield stress level. The effect Sf pile damage may be described as

a reduced stiffness for the affected element, such as for pile break-

age. The influence of material damping (hysteresis) in the pile has

been found to be negligible for most problems.l4

Pile—-80il Interaction

102. The behavior of soil in the wvicinity of a driven pile is a
very complicated phenomenon. It has been observed that the zone of
soil disturbance for piles driven into sands is on the order of 7 to
12 pile diameters wide and extends to a depth of 3 to 5 pile diameters

beneath the pile tip. TFor piles driven into clayey soils, this zone is

35



b e s gl TR TN L

—— T -

T R R L eI LR T T TS TRt o SO

consideration in a design, these modulus values may be compared with
details of TAMU laboratory results.l6 Computed peak cushion stresses
from the preliminary calculations should be used. A substantial differ-
ence from the selected modulus (greater than +25%) may influence the
peak pile stresses computed and may cause a significant change in the
blow count, particularly for higher resistances. A sample calculation

of stress magnitude and cushion modulus selection is given in Part V.
Piling

95. There are numerous ways to classify foundation piles. They
may be grouped, for example, according te shape, material, purpose,
method of manufacture, or method of installation. Several significant
considerations may be involved in determining the most effective and
mest economical design for driven foundation piles. Wave equation
analyses provide an excellent methoed for examining the alternatives
available in terms of driveability, damage prevention, and comparative
eCconomy.

96, Several guidelines are recommended in applying the finite
difference method to a given problem. A subdivision of the pile into
10 or more segments generally permits the stress wave propagation to
generate a smooth function with 1ength; Fdr longer pile lengths
(greater than 100 ftr) it may be nécessary to increase the number of
segments. Smith recommends segment lengths on the order of 5 to 10 ft:.4
The total number of elements must be lesd than the array dimension for
pile properties prescribed in the computer progran.

47. This dimension may be increased to accommodate very long
piles. A normal rule of thumb for discretizing a pile might be: a
minimum of 10 pile segments; a maximum pile segment length of 10 ft.
These limits provide for a smooth stress distribution of the traveling
stress wave with reasonable accuracy. The use of a greater number of
pile segments than necessary increases computational effort with little
improvement in accuracy. The use of segments longer than 10 ft does

not permit a smooth mathematical representation of the stress wave
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upon peak driving stress condition in the cushion. Moreover, the
secant modulus and coefficient of restitution may vary, depending on
the applied load cycle number. It is recommended that for analyses of
piles near bearing that "well-consolidated" cushion properties be
selected. The only material which did not exhibit appreciable change
ip stress-strain behavior with repeated load cycles was the Micarta

piastic.l6
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Figure 10. Typical stress-strain curve
for a Micarta cushion block (from Lowery14)

84. Table 4 gives typical secant moduli and coefficients of
restitution for various cushion materials based upon TAMU measure-

14 ] -
ments., Should ram stresses or pile stresses become a critical

37



£ mn

N e it s it b ST

e i S by s ms e L 2

o ——"

r e b s

s B eiady b it et s LT 5

Driving Accessories

89. DNumerous combinations of accessory elements may be included
in the hammer assembly. There are four fundamental purposes in select-
ing necessary driving accessories: to prevent hammer damage during
impact; to prevent pile damage during driving; to adapt the connection
between the hammer and the pile; and to obtain the most efficient
combination of these elements to drive the pile economically.

90. All four of these purposes are usually interdependent for a
particular pile-driving problem. This section discusses the mechanical
properties of these elements. The proper assemblage of these compo-
nents will be discussed in Part V,

91. The basic means of reducing hammer and/or pile damage is the
use of cushioning material to "soften" the impact. A vast assortment
of materials and a multitude of combinations and dimensions have been
used for pile-driving cushions. Cushions may be used between the
hammer striking parts and a drivehead, and between the drivehead and
the pile. Indeed, either or both cushions and even the drivehead may
be absentnt the contractor's setup.

. 92, Two types of cushions may be distinguished in general
practice: a hard (stiff) cushion component of Micarta, asbestos, alu-
minum, or hardwood, which gives é’ﬁigh'modulus of elasticity and a
reasonably high coefficient of:restitution; and a soft cushion composed
of softwoods having a low modulus of elasticity and a low coefficient
of restitution.

93. Laboratory tests on cushion blocks performed at TAMU have
shown that the dynamic and static stress—strain behaviors of most
cushion materials are very similar.16 Analyses using the wave equation
have shown that the use of a bilinear cushion representation is the
mosgt sultable approximation available, The nonlinear characteristics
of the stress-strain data require the selection of an appropriate
secant modulus for the linear load modulus. A typical stress—strain
curve for a Micarta cushion block is shown in Figure lO.l4 1t should

be emphasized that the value selected for secant modulus is dependent
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E_ = W,h (31e)

while the impact velocity of the ram is determined by the equation

Ve = -ﬂZg(h - d) (32)

87. A modification to this system to increase the driving rate
and driving energy employs air pressure at the top of the ram during the
impact stroke. These hammers are described as closed-end diesel pile
drivers. The equations for hammer energy output and velocity are given

as follows:

E. =W hn (33)

v, = W/Zg(he - dyn (34)

he depends upon the bounce chamber pressure. Manufacturer's charts
provide evaluation of this quantity based upon bounce chamber pressure
gage readings during the driving operation.

88. A schematic diagram for each of these types of impact pile
hammers is given in Figure 9. Typical quantities for properties of

commercially available hammers are given in Tables 2 and 3.

AR OR
STEAM PRESS,
COMPR, AR
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STEAM
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)
]
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g

DACP AND DIFFERENTIAL-
SINGLE-ACTING AND DOUBLE- 4 DIESEL
HAMMERS ACTING HAMMERS HANMMERS

Figure 9. Schematic diagrams of impact pile drivers
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80. Using this procedure of energy computation, the mechanical
efficiency ¢f the double-acting hawmer is approximately 85 percent.l

8l. For single-acting and drophammers, the hammer efficiency is
nermally estimated in the range of 75 percent to 85 percent.14 The
higher efficiency values are generally associated with heavier rams.
: 82. Diesel hammers provide the most recent innovation in impact
pile drivers. For these hammers, the combustion of diesel fuel during
ram—anvil impact in an enclosed chamber provides the energy necessary
to return the ram to the peak stroke. The explosive force of the
diesel hammer also outputs energy that performs useful work during pile
penetration.

83. The rated kinetic impact energy for an open-end diesel hammer

is given as

By = Wo(h - d) (31la)

where

rated kinetic impact energy, FL

fa|
SRS
It

distance from exhaust ports to anvil, L

84. This equation assumes that the ram velocity remains constant
after the ram passes the exhaust portS{onl;he impact stroke. There-~
after the air—-fuel mixture is compressed in the combustion chamber.

85. The rated explosive enéfgy is the useful work done by the
explosive force after ram impact. It is generally on the same order

as the quantity14
E, = W.d (31b)

where EE = explosive energy of the system which performs useful work,
FL.

86. Thus, the total rated energy is given as the sum of these
quantities. The normal efficiency of these hammers based upon the
energy calculation shown is considered te be 100 percent, such that

the output energy of the open-end diesel hammer is given as
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economical will be the pile-driving operation, The next stage in
hammer development involves the use of steam or air pressure to raise
the ram to the required stroke prior to free fall of the ram. This
hammer is described as a single-acting pile driver, and its output

R * and impact velocity, VR s
tions 28 and 29, respectively., The obvious advantage to this hammer

energy, & are also computed from Equa-
is the opportunity to increase drive rate to a limit of about 60 blows
per minute.

78, A second innovation in steam or air hammers employs pressure
to raise the ram to the height of stroke h at which time downward
pressure on the piston is developed to increase the accelerating force,
adding energy by increasing impact velocity. Such hammers are termed
double-acting or differential-acting pile drivers, depending on the
ratio of piston areas for upward and downward strokes of the ram. The
addition of useful work force on the downstroke increases the frequency
appreciably to rates in excess of 120 blows per minute in some instances.

79. Evaluation of the output energy of double-acting and
differential-acting hammers requires consideration of the additional

driving force. It is commonly assumed that
E =Whn . (30)
where h_ = "equivalent" hammer stroke, L, and

VR = H/Zghen

The value of he may be determined for a double-acting pile driver as

W
h = 1+——P~m—><ﬁ§:
¢ rated R
where
P = operating air or steam pressure, F/L2
’ 2
= '
Prated manufacturer's rated pressure, F/L
W, = weight of hammer housing, F

H
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PART IV: MATERIAL BEHAVIOR REPRESENTATIONS

74. A significant portion of the engineering research into pile-
driving behavior has been in search of appropriate material behavior
parameters. The weight of striking parts, stroke, and efficiency of the
hammer, the deformation properties of the cushions and piling, and the
soil response parameters are integral parts of any amalysis. A summary

of available information on these various components is given below.
Hammers

75. The impact pile driver may include a vast assortment of
driving accessories necessary to adapt a particular hammer to the pile
and to the driving conditions. The behavior of vibratory pile~driving
equipment is beyond the scope of current wave equation applications.

For this reason, impact hammers will be examined exclusively herein.

76. The simplest hammer available is the drophammer. The ram
mass is raised mechanically to a desired stroke and released. The
free-fall force of gravity imparts energy to the mass which strikes
the pile-driving assembly and transmits driving energy to the pile.
The energy output by the hammer is‘giveq as the product;

ram output energy, FL

]
n

ram weight, F

e
e
il

hammer stroke (height of fall), L

il

hammer mechanical efficiency

=
il

The velocity of the ram at impact is given as

Vg = -/ 2ghn (29)

77. The greater the driving rate (blows per minute), the more
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aw co.s° tutive relations for these elements are major tasks. Proper
o ~ ion of the model in both space and time variables in such
ome ineous system in order to propagate accurately both shear
o ‘$ion stress waves is perhaps the most severe difficulty.
i ‘he use of finite element techniques in a pile-driving
yeis 111 remain in the research domain for quite some time. The
.2 pile-soil system interaction, site nonhomogeneity,
avior representation, and, most obviously, economic con-
s require that improvements and refinements of the one-

din  mio analysis should take precedence in research activities.
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Figure 8. Detail of interface element
(from Desai and Hollowayll)

71. These studies involved pile load test analysis; therefore,
only static behavior was investigated. The system of equilibrium
equations could readily be modified to account for dynamic behavior
with greater mathematical complexity, of course. The computational
effort is much greater than that applied to the one-dimensional
analysis after Smith, but the modeling of the problem is clearly more
suitable to the purist.

72. The major obstacle to the develeopment of a finite element
procedure for analysis of pile-driving behavior rests with the proper
representation of the dynamic pile-soil interaction in the soil and

interface elements. Determination of in situ stress/strain conditions

30




e AL N e e

LR T Lt

. “RIGID' ANGLES

JKV

Vi !

oy
-

f |

Figure 7. Details of axisymmetric point
spring element (from Ellisonl?)

70, In another study of pile load test behavior, Desai and
Hollowayll found comparable accuracy in predicting leocad-deformation
behavior using finite element techniques. 1In this work, a stress-—
dependent, nonlinear (hyperbolic), elastic constitutive model for
deformation behavior was used for the soil and pile~soil interface.
Instead of employing nondimensional node springs, "one-dimensional"
axisymmetric joint elements modeled the interface behavior. These
elements permit interelement slip with deformations prior to failure
{see FPigure 8). The constitutive parameters were generated from labora-
tory interface shear tests.ll The results of both these finite element

analyses ghow great promise in the potential applications to piling

problems.
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. . 13
A later journal article presents a portion of that research. The

constitutive model for soils involves a trilinear approximation to the

stress-strain curves employing an incremental procedure. The stress-

deformation behavior of the pile-soil interface is prescribed by the

[

application of nondimensional (point) spring elements (see Figure 7).

The deformation between corresponding pile and soil is concentrated at

these nodes. When the stress exceeds the Mohr~-Coulomb strength at the
interface, the spring is allowed to "slip" with no further stress-

retaining capacity permitted.
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The value of V,_, depends upon the ram weight, the output energy, and

R

" mechanical efficiency of the hammer. The hammers studied by Parola

did not include the direct interaction of diesel hammers. The repre—
sentation of equivalent force pulse replacing the hammer was applied

in the case of one diesel hammer by inputting measured pile head
stresses to the analysis.

‘ 66. This procedure allows the parametric evaluation of several
driving components in a unified fashion. The results of Parola's study
are presented in terms of generalized parameters described in design-
oriented curves. For the purpose of selecting compatible hammer-pile
systems to maximize energy transmission without excessive pile head
stresses, the procedure devised by Parola should provide invaluable
assistance to the designer and pile contractor. Additional aznalyses

by Parcla clarified several points that are of direct interest in pile-
driving analysis and design. These findings will be discussed in

subsequent parts.

Finite Element Method

67. Applications of the finite element method to engineering
problems have propagated as rapidly as“;heAdevelopment of electronic
digital computers. Details of finite'elemeht techniques may be found

7,10 The subsequent dis-

in texts dealing exclusively with the method.
cussion will focus on finite element applications to pile foundation
Problems which have appeared in the literature.

68. The single pile analysis may be represented as an axi-
symmetric idealization of the three-dimensional problem. The problem
is defined in a vertical plane which includes the axis of the vertical
pile. The use of an axisymmetric stress-strain formulation is
required. A typical finite element mesh for a pile-soil system is
given in Figure 6. Note that these elements project as wedge segments
in the horizontal plane.

69. The first analyses of pile-soil interaction problems using

the finite element method are described in a dissertationm by Ellison.l
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The analogous initial conditions are given as

u, = u_ =1u_ =0 (27a)
O, = V.T (27b)

The schematic of the analog computer systém necessary to solve these
equations is included in the appendixes of the dissertation.8 Parola
advises that only linear elastic and bilinear (inelastic) cushion
behavior can be analyzed using these nondimensional parameters.

63. The quantity B gives the ratio of ram weight to drivehead
weight, while the A term relates the "hammer impedance" J(Wl/g)Kl
to the pile impedance. TFor his analyses, Parola employed B wvalues of
1, 3, 5, 10, and 20 whereas most_tyﬁiéal operating ranges involve B
values between 3 and 10 . Low piie impedance values corresponded to
thin-walled pipe and timber piling, while high pile impedance values
represented heavy-walled pipe and mandrel-driven, concrete, and steel
H-piles.

64. Pile impedance forces represent dynamic resistance to the
motion of the rod, and are proportional to the instantaneous velocity
at the pile head. The theoretical derivation of the mechanical im-
pedance concept is given elsewhere.l’2 Pile impedance values with
equivalent pile sections are given in Table 1 (after ParolaS).

65. The input variables to the analog computer program include
the ram and drivehead weights, the load-deformation parameters of the

cushion, the pile impedance, and the initial ram velocity at impact VR .
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geometry of the pile.

61l. The initial conditions for these equations are given by
(23)

where VR is the initial ram velocity at impact: In addition, it is

generally specified that the quantity

£ () - u,) >0 (24)

1
to eliminate any temsion forces in the capblock cushion.
62. 1In order to facilitate computations, these quantities are

replaced by proper substitutions of terms

_ wlfg
T = ra (25a)
1
and
L= tfT (25b)
where

T = pseudoperiod of the ram cushion, sec
{ = dimensionless time variable

Rewriting the equation of motion gives

. =2 _
u; + (uy - u,) - eI =0 (26a)
i, + Auz - B(ul - uz) = 0 (26b)
where
A = ratio of ram welght to drivehead weight
B = ratio of hammer impedance to pile impedance
and ’
y = du
U= gy
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185. The prediction of pile capacities by any procedure involves
a number of system variables that cannot readily be included in any
mathematical representation. Predictions based upon dynamic pile-
driving behavior are subject to even greater uncertainties.

186. Dynamic hammer, cushion, and pile properties are easily
détermined. Interaction behavior among these elements is often sub-
ject to question. Dynamiec laboratory tests of seils have shown that
loading (strain) rate effects are manifest in deformation and failure
behavior of the samples.

187. In the vicinity of a driven pile, very large deformations,
pore pressure changes, and stress level changes certainly occur. The
effects of these changes are particularly significant for cohesive
soil deposits. The soil remolded due to driving in the vicinity of a
pile may exhibit wvery little resemblance to the material surrounding
the pile weeks or months after the pile was driven. Even the first few
blows of redriving of the pile may cause deformation behavior that in

no way reflects the "static" resistance to pile penetration.

188. It is easily noted that soil "constants" may vary from
pile test to pile test on the same site, even more for piles at separate
sites and in different soils. The gfoss simplification of Smith's
rheological model lumps a multitude oﬁ‘dhhsétive factors inte a funda-
mental model that may deviate considerably from measured soil properties.
189. In view of these uncertainties, the scatter in predicted
1' versus measured pile capacitiés is not surprising. To predict the

pile capacity and pile-driving behavior accurately is bevond the

current state of the art. Nonetheless, the wave equation is still the

most versatile engineering tool available to the foundation engineer.

[P

Indeed, it is the only rationmal method that even attempts to quantify
the vast number of variables included in the physical problem. Great
care must be exercised to assure that experience and engineering judg-

ment are included in any pile~driving analysis.

Example Problems

190. Pile tests at two different sites under different driving

St
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conditions were analyzed to determine the capability of the wave
equation solutions for predicting pile capacities. The time-sharing
version of the TAMU program, TAMFOR, was used in these tests. The
results of the computer calculations will be presented graphically.

191, The first set of problems was selected from pile tests at
Locﬁ and Dam No. 4 on the Arkansas River.4o Test piles 1, 2, and 3
were driven closed-end. Pertinent hammer assembly information is given
in Table 6.

192. The three test piles included steel channels throughout
‘their lengths to protect the instrumentation. The steel in these was
included in the net cross section for equivalent spring constant computa-
tions. The total pile length for each pile was 55 ft. A pile segment
length of 5 ft was selected, giving 11 equal pile segments in the wave
equation analysis. Pile gection properties'for the three test piles
are described in Table 7.

193, As described in the previous section, pile tip quake values
were assumed proportional to the pile tip diameter. The percentage of
pile capacity at the tip was computed from pile instrumentation data
given near the "failure" load. TField measurements indicated that the
pile tip capacities generated percentages of 24 percent, 30 percent,
and 36 percent of the total capacities for ‘test piles 1, 2, and 3,
respectively. For the medium dense,”fine to silty sands of the foun-
dation, a triangular skin friction diﬁtribution was assumed.

194. 1t is advantageous at this point to examine the input
data file PILES 2 directly to discuss the.problem input parameters for
TAMFOR. Within the time-sharing computer system, the data files for
these three test piles were stored under the names LD4TPL, LD4TP2, and
LD4TP3. TFile LD4TP]1 will be described in detail below. These three
data files are listed in Table 8.

195. For test pile 1, data file LD4TP1 was established as a new
file. The program input data for the test pile was stored in this data
file in the same gequence required in the TAMU utilization manua1,2
and described for the TAMFOR program in Appendix A of this report.

For line 10 the entries are as follows:
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Case number (enclosed in quotations): '"LD4/1"

The number of problems contained in the data file: 6

1/DELTAT: O

The number of problem elements, P: 13

The first three SLACK values: 1000, 1000, O

Four input options: 2, 1, 1, 2

The detailed output interval, IPRINT: 20

The mass number of the first pile segment, NSEGl: 3

196. Several of these items deserve further description. The
entry L/DELTAT = O permits the computer program to calculate the time
increment. The first two large SLACK values specify that the first two
spring elements cannot transmit tension forces between the ram and cap-
block and between the pile cap and the pile. OPTION 1 = 2 indicates
that element areas will be read in separately. OPTION 2 = 1 specifies
that the soil resistance distribution will not be listed, but rather
generated by a subsequent option. OPTION 3 = 1 defines the SLACK values
for elements 4 through P such that tension stresses will be transmitted,
i.e., given zero SLACK values. OPTION 4 = 2 provides that a TAMU com-
putational routine be employed. Any value for IPRINT will be sufficient
since the detailed ocutput option is omitted from the TAMFOR options.

197. Line 20 of LDATP1 lists thezweights of elements W(l),...,
W{P) in pounds. The actual value Qf Ww{L ié specified in a subsequent
input line; line 30 (continued on 1ine 40) inputs the element spring
constants K(1),...,K{P-1) , inclusive. The value of K(P) represents
the soil tip spring to be determined elsewhere in the program. Line 50
(continued on line 60) lists the values of element areas to be assigned,
as specified by OPTION 1 = 2,

198. For this test pile and the others in these example problems,
the choice of problem format involved single calculations at specific
RU values based upon expected pile capacities. This procedure

TOTAL

provides versus blowcount data in a range of anticipated

RUTOTAL
values. This procedure is recommended instead of the multiple calcula-
tions based upon program-generated RUTOTAL values.

199, Line 100 (continued on line 110) lists the problem number,
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1; the ram weight, W(1) = 14,000 1b; the spring element to be varied
for the problem, NC = 15 ; the spring constant, K(NC) = 1.0 ; the
hammer efficiency, n = 0.85 ; the rated hammer energy, 36,000 foot-
pounds; the coefficient of restitution of the first three spring ele-
ments, 0.80, 1.0, 1.0; the RY value for the problem calculation,

TOTAL

JO0,000 1b; the pile tip capacity as a percentage of RU 24 per-

TOTAL °
cent; the mass number of the first pile element upon which soil re-
sistance acts, MO = 3 ; the tip quake, side quake, tip damping, and
side damping parameters, Qp = 0.11 in. , QS = 0.10 in. , Jp = 0.15 sec/
ft, and JS = 0.05 sec/ft ; the hammer explosive force = 0; and finally,
the problem options to be required, OPTION 11 = 2, OPTION 12 = 2,
OPTION 13 = 0, OPTION 14 = 1, and OPTION 15 = 1.

200. The tip quake reflects the tip diameter scale effect dis-
cussed previously. The remaining soill parameters are those recom-
mended by Smith.4 The program options selected were as follows:

OPTION 11 = 2 specifies a single caleculation problem; OPTION 12 = 2
requests that a triangular skin friction distribution be generated by
the program; OPTION 13 = 0 indicates-that no plot routine option is
requested; OPTION 14 = 1 includes the effects of gravity in the calcu-
lation before impact; and finally, OPTION 15 = 1 denotes that a normal
data printout is in order. As discussed previously, the detailed out-
put option (OPTION 15 = 2) is delgtealiﬁ fAMFOR computer code.

201. Subsequent lines in tﬂe input file list single calculatjion
problems at higher RUTOTAL values. The final line in the file
establishes the end of the data file. 1In order to perform the program
calculations, the file LD4TPI was renamed and saved in the file named
PILES 2. PILES 2 is the data file used by the program TAMFOR.

202. To store the output of calculations for case "LD4/1," the
file OUTPUT must be renamed and saved. In order to perform analyses
on test piles 2 and 3, files LD4TP2 and LD4TP3 were renamed and saved
as PILES 2 for the program runs. The OUTPUT file for each case was
renamed and saved to be listed after al; calculations were performed.

203, The results of these calculations were plotted for compari-
son with the field measurements- in Figures 12, 13, and 14. RU

TOTAL
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versus blows per foot data are plotted in these figures, along with

peak driving stress versus blows per foot. An interesting point to

note in the data plotted concerns the change in peak driving stress with

changes in blow count, discussed as follows:

.

Under easy driving conditions (low blow counts), the maximum
stress is that caused by the impact of the ram, and occurs
near the drivehead. As driving resistance increases, however,
maximum compression stresses can exceed this value due to
reflected compression stresses along the shaft, especially
from the pile tip.

Variations in soil parameters can have a significant influence
on stress magnitude for a given blow count. A reduced gquake
value causes a stiffer spring response and, therefore, a higher
reflected stress. Higher damping parameters cause more energy
to be absorbed and increase the blow count while the peak
stress remains about the same for the same static resistance
value, RUTOTAL .

The bearing capacity predictions were discussed previously. As "pre-

dictions," these values are quite satisfactory for engineering purposes.,
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204, The second set of example problems involves pile tests
performed at the site of Jonesville Lock and Dam near Jonesville,
Louisiana.al These piles were 18-in.-square, precast concrete driven
into a dense deposit of fine sand. Test pile 1 was driven to a depth
of 38 £t into a very stiff layer between depths of 35 ft and 40 ft.
?est Pile 2 penetrated the stiff layer into the very dense sand stratum
to a depth of 45 ft. Test pile 3 was driven to a final penetration of
54 ft into the same very dense stratum,

205. Information regarding the pile~driving assembly is listed
in Table 9. For the case of precast concrete piles, the common
assembly includes a capblock, pile cap, and pile cushion beneath the
hammer. The precast concrete piles were assumed to have a modulug of
roughly 3.0 x 106 psi. The material was also assumed to have a
density of 150 lb/ft3. Since these piles were driven with cak cushion
blocks, the stress level in the cushion block has a significant in-
fluence upon the secant modulus value that should be assigned to the
cushion,

206. A value of 39,300 psi (éorrespondimg to a stress level of
2,000 psi) was assumed as a first estimate to the cushion modulus,
Equations presented in a TAMU reporth permit the estimation of peak
pile stress. Using the appropriate equations, the peak stress predicted
was approximately 2,500 psi. Based upon this value, it was assumed that
the secant modulus for the oak cusﬁion of 39,300 psi would be accept-
able. Moreover, this 2,500-psi stress level indicated that the asbestos
capblock should be asgsigned a secant modulus of 41,400 psi.l6 The
caleulations from the program indicated peak stresses in these elements
for all cases between 2,000 and 2,500 psi. For all three piles, the
segment length was established as 3 ft.

207. The results of the analyses of Jonesville test piles intro-
duced several additional considerations. 4 triangular skin friction
distribution was assumed. Tor test piles 1, 2, and 3, the assumption
of a larger tip quake, as before, was clearly underestimating capacity.
Even using Smith's recommended parameters,ﬁ the estimated pile

capacities were still low. A final try for these piles involved reduc~
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ing the tip damping parameter Jp to zero. The results for test
piles 2 and 3 still underestimated the pile capacities by 24 percent
and 20 percent, respectively, Test pile 1 indicated that the error
was on the order of 12 percent.

208. Preliminary calculations of the pile tip bearing capacities
. were based upon static formulae after Vesic.18 A gtiffer deposit was
: clearly observed in the layer in which the tip of test pile 1 rested.
Using the static registance estimates, triangular skin friction
distribution parameters were computed for test piles Z and 3. Assuming
the same skin friction distribution for test pile 1, a revised tip
capacity was calculated. Employing this revision, the "prediction”
of test pile 1 capacity was significantly improved. The results of

these problems are given in Figures 15, 16, and 17,
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209. The Jonesville Lock and Dam test piles indicate that a
significantly different set of soil parameters is necessary to correlate
blow count data. The values of quake and damping parameters could, no
doubt, be adjusted to give "accurate predictions.”" These problems
demounstrate that the pile capacity predictions may be particularly
sensitive to soll properties prescribed to the system. These values
are obviously not constant. Moreover, "best" values may give consider-
ably different predictions from measured field behavior for other cases.
The fact that RU values should correlate with maximum applied

TOTAL
loads rather than pile bearing capacities is often overlooked,
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PART VI: CONCLUSTIONS AND RECOMMENDATIONS

210. Wave equation analysis of pile-driving behavior is the most
versatile procedure available for incorporating problem variablies in
a mathematically consistent formulation. The results of typical
analyses include predictions of peak plle stresses and pile penetration
uﬂder a single blow of an impact pile driver. Detailed information
about pile stresses, displacements, and velocities at specific time
intervals after impact can be generated if desired.

211. Important contributions to the state of the art of pile-
driving have been made by others using wave equation methods. The
selection of effective pile—~hammer-soil combinations for economical
foundations, pile driveability, pile-—driving stress determinations, and
prediction of bearing capacity at time of driving can be accomplished
using wave equation analyses. The most successful applications of wave
equation solutions have invelved the selection of campatible driving
equipment and determination of pile driveability. Evaluation of peak
driving stresses can be used to reduce the incidence of pile breakage.

212. The successful prediction of pile bearing capacity from
pile-driving measurements has been limited. Inaccurate predicticns of
capacity usually reflect the inability of the soil models to describe
the pile~-soil interaction behavior, eépécially in cohegive soils.

213, An alternative scheme”to the direct wave equation solution
approach (set calculated for an assumed resistance distribution)
developed at CWRU has been reasonably accurate for piles in cohesion-
less soils. Scatter for piles in cohesive deposits has led CWRU
investigators to conclude that their soill deformation model is incorrect
for cohesive soils.

214. The most satisfactory correlations of pile bearing capa-
cities with pile load tests have been found for piles that were redriven
after all transient behavior could be assumed complete. For piles
driven into soils where relaxation or setup may be expected, the
- redriving procedure will better account for changes in the pile-soil

system that transpire between installation and loading. Experience
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with similar hammer-pile combinations in the vicinity may be used to
correct pile capacity predictions based upon installation data.

215. Improved soil deformation representations should be a pri-
mary research goal. '"Best fit" values for the present soil deformation
models are necessarily dependent upon numerous system variables. To
include pile tests from various sites in a statistical exercise directly
cincorporates scatter in the predictions. Results of numerous iavesti-
5gations indicate that pile test correlations produce different soil
parameters to fit into the particular soil behavior representation. The
particular rheological model generally is a gross simplification of
measurable behavior in laboratory tests. Nonetheless, these are the
best approximations available at this time.

216. The wave equation analysis of pile-driving behavior is an
indispensable aid to the foundation engineer. 1t should be invelved in
the earliest stages of pile foundation design. Contractor equipment
availability, pile-driving experience in the vicinity, current driving
practice, aﬁd building codes will provide considerable guidance for a
given project, in selecticon of compatible equipment to satisfy the
foundation design. Wave equation analyses can be performed to deter-~
mine the most economical hammer-pile system for the prevailing site
conditions. Finally, the pile(s) selected in the design can be
analyzed to provide an estimate of predicted capacity versus blow count
curve(s) as a reference. L : ‘

217. The analysis of pile léad test data can provide an "im-
proved" set of scil parameters for adjusting the static capacity versus
blow count curve., A great deal of care should be exercised in using
"improved" soil parameters to predict pile capacities where considerably
different driving resistance is encountered on the site. These im~
proved values generated from a one-point correlation are in no way a
unique fit. If a significant redesign of the foundation is deewmed
necessary after load testing, the soil parameters generated under dif-

ferent driving conditions are subject to change.
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Table 1

Tabulation of Pile Impedances and Pile Types (after Parolag)

Pile Pile Material
Inmpedance Steel® Concrete¥® Wood*
pcA Area Area Diameter Width Area Diameter
lb—sec/in. in.2 in.2 in. in, in. in,
725 (Thin-Wall ., o 5.5 4.8 82 10.2
Pipe)
1450 10 47 7.8 6.9 164 14.5
2900 20 g4 11.0 9.7 328 20.4
5800 40 (Mandrel) 188 15.5 13.7 656. 29.0
8700 60 282 18.0 16.8 984 —-—

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

Steel: E =
8

C -
s

Concrete: E =
c

C. )
c

Wood: E =
w

C =
W

2
29 x 10% psi o = 15.p ibmsec
S 4
ft
_ _ 1b-se
Es/ps = 16,600 fr/sec (pc)s = 145 =
4.25 x 10° psi = 4,65 Lbmsec
E /p_ = 11,500 ft/sec (pc) = 30.9 1b-sec
¢t c T c in,
6 lb—sec2
1.3 x 107 psi p = 1.24 ==22C
w ft&

. — - lb-sec
,Ew/pw = 12,300 ft/sec (pc)w 8.84 <

T

—r



Rated
Energy

ft-1%p

280,000
130,000
120,600
113,478

97,500
79,600
60,000
65,000
56,500
50,200

48,750
48,750
Lk 500
L2, 000
40,600
39,800
37,500
36,000
32,500
32,500
32,500
32,000
30,225

26,300
26,000
26,000
26,000
2h, 450
2l 50
2k, 370
2k, 000
22,600
22,400
24,500

19,875
15,850
19,500
13,200
i8,250
16,250
16,000
16,000
15,100
15,100
15,000
15,000
13,100
12,725

9,040
9,000
2,000
8,800
8,750
8,280
8,100
7,260
T.260
T.260
6,400

k900
3,600
3,600
s
386
356
320

Maks of Harmer
——

¥ulcan
McKiernan-Terry
Yulcan
Super-vylean

MeXi ernan~Terry
obe

Vulcan

HcKLernan-Terry

Kobe

Super-Vulean

Vulcan

Reymond

Kobe

Yulean

Raymond

Delnag
MnKiern&ancrry
Super-Vulcan
HcKiernnn-Terry
Yulean

Raymond
McKicrnsanerry
Yulcan

Link-Beyt
McKicrnan-Terry
Vulcan
MeKiernan-Terry
Super-Vulean
Vulean

Vulean
MeKiernan-Terry
Delpog
MeKiernan-Terry
Kobe

Union
MeKiernan-Terry
Vuleen
Super~¥ulean
Link-Belt
Mcxicrnnn-Terry
McKicrnan—Terry
MeKiernan-Terry
Super-Yylean
Vulcen

Vulean
Link-Belt
MeKiernan-Terry
Union

Delmag
HeKiernan-Terry
MoKivrnAnuTerry
Mcchrnun~Terry
McKicrnaanerry
Union

Link-Belt
Vulcap
Super-vYulean
Yulcan
Link-Relt

Vulesn

Union
MeKiernan-Terry
Union

Vulcan
MeKiernan-Terry
Unian

Er = rated striking energy

Hote: Ram weights of drap

Size

5-30
Ku2
020
520
K32

2000

513
0000

D-22

1113

65¢
Lbo
55
DE-20

50C
M

32
1083
1

L
c-3

DE-10
983
11/e4
180
30C

105

DGHIOO
3

1

[
DGRLOOA

3
TA

Table 2

8
Impact Pile-Driver Data (from Parola )

Blows

per

Type ain

—

Single-act. 2
Single~nct, 55
Single~act. 60
Diffarential 100
Single-gct, &0
Diecsel 45-60
Single-act . 50
Single-got, 60
Diesel 45-60
Differential 98
Single-get, &0
Single-pct, Lé
Diesel 45-60
Single-pct. 60
Single-act, 50
Diesel b2-b0
Single-nat. 60
Differentia) 103
Single-net, 55
Single-act. 50
Single-nct. 50
Diese) 48
Singlewact. 50
Dicsel 8o.8y
Double-act, T7-85
Single-act. 50
Singlecact. 55
Differential 111
Differential il
Single-nct, 50
Double-act, 8595
Dicsel 42460
Diesel ug
Diesel L5.60
Double-act, 110
Double-act, 95
Single-act. 1]
Differentin) 117
Diosel 86~90
Eingle~act. 60
Diesel T}
Compound ixQ
Differential 120
Differential 120
Single-act, 60
Diesel 100-105
Double-nct, 105
Double -act, 125
Diesel bz-60
Double-sct,  130-140
Slngle-act. 65
Diegel Lg
Double-get. ks
Double-act, 135
Diese} 90-95
Single-act, T0
Differential 133
Differentisl 133
Diese] 50-95
Differential 236
Double-aet. 160
Doublewact, 225
Double-get, kLT
Diffarentinl 303
Double~get., hoo
Double-act, 400

En fnot-paunds; H

horsers vary from

Stroke
st
Rated Welight Total
Energy Striking Weight Length of
in. Parts, 1b It Hammer
Energy over 100,000 ft-1p
36 60,000 121,000 18t g
39 40,000 96,000 16% o"
35 Lo 000 87,500 17 110
16 172 40,000 83,000 16' o"
Energy 50,000 to 100,000 ft-1p
39 30,000 86,000 16 o
98 9,200 22,000 1kt g
36 20,000 38,000 )50 g
36 20,000 38,650 181 gn
98 7,060 15,400 13+ qv
151/2 20,000 39,050 13 o
Fnergy 30,000 to 50,000 ft-1b
36 16,250 30,250
35 15,000 23,000
o8 4,850 10,600
36 14,000 27,500
39 12,500 21,000
n/a u,850 10,054
32 1k,000 31,600
15 1/2 1k,000 27,984
39 10,000 22,200
39 10,000 18,750
39 10,000 18,500
96 5,000 21,275
k1] 9,300 16,765  15° ov
Eneray 20,000 to 30,000 fi-ib
k3 1/6 5,070 12,545 18 ¢
20 8,000 18,750 gt g
39 8,000 16,750 150 v
3% 8,000 18,100 3kt 47
i6 1/z 8,000 17,885 13y
n/a 8,000 18,bo0 )00 v
3% 7,500 16,250 15 ¢"
18 5,000 17,750 a2 2"
n/a 2,750 FEL I LA I ViRl
96 2,800 §,015 15 o
98 2,670 6,00 2' g
Energy 10,000 to 20,000 ft-1b
24 3,000 1,500 o 1"
19 5,000 k500 13 v
36 6,500 11,200 13' ov
15 1/2 6,500 1k,806 320 3
36 7/8 1,000 10,300 14 G 1p4v
39 5,000 12,375 13* 3"
96 2,000 6,325 33' 3"
i8 5,000 11,880 g1 ogv
15 1/2 5,000 i1,782 10 2
15 x/2 5,000 12,900 91y
% $,000 - 10,100 13 or
30 7/8 3,857 10,375 10 "
19 3,000 10,850 g1 4
1,600 10,000 &' 2v
Energy 5,000 to 10,000 ry-1p
n/a 1,100 2,400 110 2 /0
16 3,000 0,500 70 g yppm
36 3,000 8,800 12' "
96 11,000 3,58 gpr ev
17 1,600 T 000 8 "
18 1,500 9,200 g+ y»
37 5/8 1,725 4,550 310 30
29 3/4 3,000 7,100 120 ov
12 1/2 3,000 7.03 8 11"
n/a 3,000 & ,hon 7o
35 1/4 1 LS 3,885 g 3¢
Energy Under 5,000 rt.1b
10 900 5.000 6 g"
1h 700 Loroe g
9 1/2 800 5,000 60 3¢
7 100 910 30 g0
[ 100 86 Leoan
5 34 68 515 &0 1o
& 80 sko R A

L T Welght of atriking parts (g poundg.,

800

600

A.5.KLE.
Boiler
H, P,

Tho
315
535
T00

280

278
289

260

210

500 to 10,000 1b with variable strokes therefore variadle energy,

Stean

Alr
pai

130
15¢
129
150

n3
120
150
142

110
1ko

110
135
100
1kg

105
125

1oo

125
100
100
150

a0
100
120
120

B0
100
100

100

b0
109
100

120
1z¢

8
100
100
100

100
100

Slze
of
Hose

in.

(2)4
&
(2)3
5

W | T
i

2 1/2

11i/2

11/2

1 1/2

/2

e
4 Er X wy
Rating

{fe-1p

1/2
2y

103,900

18,000
16,000
18,000
11,300
16,800

11,508
1,400
1,000
14,400
14,00

1k, 00

13,500
13,900
7900

8,loo

3,150
5,200
5,200
3,110
3,740
3,520
3,Tho
4,670
k 679
Y610
3,070

1,900
1,600
1,700
210
200
150
160
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Table 3

Summarv of Diesel Hammer Properties and

. . 14,15
Operating Characteristics (After Lowery™ '~ 7)
Hammer Hammar Maximum Ram Anwil  Maximum d* Explosive Cap Block
Manufacturer Type Rated Weilght Weight Egquiv~ (£t) Force (Hormally
Energy {1b) (ib) alent {1b) Specified)
(fr-1b) Stroke
(ft)
Link Balt 312 18,000 3857 1188 4.66 0.50 98,000 5 Micarta
disks
" x 10 7/8"
dia,
520 30,000 5070 1179 5.93 0.83 98,000
MKT Corp DE20 16,000 2000 640 8.00 0.92 46,300 nylon disk
. 2" x 9“
dia,
DE30 22,400 2800 775 8.00 1.04 98,000 nylon disk
2|l x 19"
dia,
DE&4Q 32,000 4000 1356 8.00 1.17 138,000 nylon disk
2" x 24"
dia.
Delmag D~12 22,500 2750 754 8.19 1.25 93,700 15" % 15"
x 5"
German Oak
D-22 39,700 4850 1147 8.19 1.48 158,700 i5" x 15"
. x 5"

German Oak

*
Distance from anvil to exhaust ports

Table 4
Typical Secant Moduli of Elasticity (E)

and Coefficients of Restitution (e) of Various

Pile Cushioning Materials (from Lowerylé)

E

psi e
Micarta Plastic 450,000 0.80
Oak (Green) 45,000 0.50
Asbestos Dises £5,000 0.50
Fir Plywood 35,000% 0.40
Pine Plywood 25,000% 0.30
Gum 30,000%  0.25

*

Properties of wood with load applied
perpendicular to wood grain.




Table 5

Soil Damping Parameters (from Foyezs)
J! J
Soil Type sec/ft sec/ft
Clay (CL, CH, Hardpan) 0.20 .0
Partially saturated sands and silts Q.05 0
Saturated sands and silts .50 0
Soft peat 0.00 0
Table 6

Hammer Assembly Data, Lock and Dam No. 4

Hammer
Vulcan 140 C double-acting hammer
Rated energy 36,000 ft-ib
Ram weight, W(1) 14,000 1b
Efficiency (assumed) 85%
Capblock

Top plate: steel
4 in. thick by 17.75 in. in diameter with 3.5-in.
bored center hole; assumed rigid

Bottom plate: steel
4.5 in. thick by 17.75 in. in diameter with 3.5-in.
bored center hole; assumed rigid =~ =~

Cushion: Micarts i
Ten 1.0-in.-thick disks 17.5 in. in diameter
with 4.5-~in., bored center hole 5
Young's modulus 4.5 = 107 psi
Spring stiffness

_ 4B _ /417,57 - (6.5)%] (4.5 x 10%)
10

Kl Ax
K, = 1.01 x 10? 1b/in.
Coefficient of restitution (assumed) G.80
Pile Cap '
Assumed rigid weight 1,710 iv

- ¢!



Table 7

Pile Element Properties, Lock and Dam No. 4

Property Test Pile 1 Test Pile 2 Test Pile 3
Quter diameter 12.75 in. 16.0 in. 20.0 in.
Net cross 2 9 2
section 17.12 in. 23.86 in. 27.36 in.
Element weight 293 1b 408 1b 468 1b
Spring

stiffness, %E‘ 8.56 % lO6 1b/in. 1.19 X lO7 ib/in. 1.37 x 107 1b/in.




Table 8
Input Data Files,
Lock and Dam No. 4

«0LD LDA4ATPI
READY
*LIST

190 YLD4/1"26,85,13,1030,1004:0:25101285208,30

20 Q417T12,233,293,2%03,293,293,293,293,893,293,293,293,»

A2 1+QIEDTB+56EU6,8.50E8GsB+56R 5628456000, Be50ED648456E0028+56E365
AQ BeSBEI628+56E36,8.536E0658+56E85,

5D 1o l7wd2s17el2017412,17e82017012,170125174i2,17¢12237012517a12,
62 17.12,17+12s

132 1+142004+415514485,36060++85151,100380032453:112015415,.85:0,
118 2,2.,3.1,1

202 2,14230:1551,5 48536000, «B21212200080028+321142154155405,8,
213 2s2,%,1sta

0D 3514800215515 +8523680354851212330200,2453541100144153+385,8»
310 224351210

AP0 4,148200515+10+855360C05+85151,402000,24535401,412415248520,
418 252502151,

S83 S214000,15510 8523608054841 15500020,24230e10a0is415,:085,0,
510 2.2,8,1.1

GO0 651420815412 +85,3600054841,1,6C00223:23248124124155.85.0,
618 Z,2:85121,

14890 0,2.,0,3,0,

*0QLD LDA4TP2
READY
*#LIST

10 “LODA/EMs64213,1820,1002,242-15122.23,3,

29 @,1710,4G3, 408, 428,408, 48B,4B3, 408,438, 408,438,408,

32 1.01ER@7,1.19807+1 19607119207, 1.19E07.319E27,1419EQT7,
A8 1e193EQ7,1+1593E87,14193E07+1+193E3721+193E07,

50 1,23.86,23+86+23486+23+86123:86,23+86523+86s23486,23+86223+86523.864

6@ 23486,

126 1,148090,15,1++85,360002+8:451,100020532,3,+1033541s15,.25,2,
112 2,2.8,1.1,

209 251492251551+ +85:36000++821012200020+30532+1335410.154+35.2,
210 2,2:9:141

308 3,14283+155124855360000+8+1515800000+230+3»21335015.15,005.4,
318 2,2.04341,

400 4-14000s150 144853360288, eBs121,400082+3P13++¢1337¢10+15,4.05,0,
410 2+2.,8215140

£@2 5;149”@;15:1:-85:36990;'51111153093313913:c133:-1:-15)‘35;91
S10 2,2.2:141,

6p3 6;1“@99:13)l:035)3629ﬂa-8-la1:6@69@3:39:3:-lSJ;-lv-lS:-@S:Q:
610 2,2,85121,

1000 0,2,822:0»

*CLD LTATRI
FLADY

*LIST

1€ “LLa/3".648, 13,1282, t22,%:2,1,1,2,22,3,

20 Rs.1710,468,468,468,468:058,468,468,468,468,468, 468,

30 LeB1EBTr1+368E07+14368E07414368E6721» JOBEQT,14358E8T+10 363537:
AB [ +36BERT.1+368E87s Lo 36BEDT 1 .363E87,1.363E07,

58 1s27436527236s27 03642743648 T+36,27436,2T+36,27. 36427436427 +36,
6Q 2736427436,

100 1,14000,15+14++85,36002,.8,1 1,1:100000+36s354167941,4455,.05+04

112 2»2:@:1;1;

280 2,/14080,15.1,.85. 369@0:-3;111-2@@@95;3b:3a-1673-!a-151-GSJB;

210 2,2,0,1,1,

Jee 3:!“0@9:15)!J-35:36@0@:c3311133095991360300167;41,.15:-@5)@1

319 2,8,3,151,

489 4-lﬂﬂﬁﬁ)15:i:-85:36@@@:-3;lllaQﬂ@@ﬁﬁnJﬁJS:clﬁT:tlJ-ISJOGS}Qa

410 R2,2,0.151,

580 5,14008,1511,+85,36090,+8.1, !JS@Q@@@’3013101571011-!5)-95;90

510 2,2,0,151,

5G8 6:!4993015;1!‘85’3b9ﬁ3:-8)1:11699999:3613;-l67o-10-15;-05’39

610 2:2,0,1.1,

1200 2+2.0,8.0,

TG AN
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Hammer Assembly Data, Jonesville Lock and Dam

Hammer

Vulcan 016 single-acting air hammer

Ram weight, W(1) 16,250 1b
Stroke 3 ft
Energy 48,750 ft-1b
Efficiency (assumed) 85%
Capblock
Asbestos .
Cross section (assumed) 255 in.
Thickness, L 6 in
Coefficient of restitution (assumed) 0.60
Secant modulus 4
(dependent upon peak stress level) 4.14 x 10
Helmet
Weight, W(2) 3,000 1b
Cushion Block - Qak
18 by 18-in. creoss section . 324 in.2
Thickness, L 6 in.
Cocefficient of restitution (assumed) 0.47

Secant modulus .
(dependent upon peak stress level) 39,399 psi




APPENDIX A

WAVE EQUATION COMPUTER PROGRAM TAMFOR
(TIME~SHARING VERSIOQN)

’ 1. As described in the main text, a time-sharing version, TAMFQR,
éf the Texas A&M University (TAMU) design-oriented computer program has
been adapted for use on the U.5. Army Engineer Waterways Experiment
Station (WES) computer facilities. A batch listing of the original
program and a usage guide fo the program are given in the TAMU
publication, "Piling Analysis Wave Equation Computer Program Utilization
Manual."Z® Because utilization guidelines are basically the same for
using TAMFOR, the TAMU guidelines will be briefly described, with
emphasis on the pgrticular differences between the time-sharing pro-
gram and the TAMU program. A sample printout of the time-~sharing
program is shown in Figure Al.

2. The primary difference between the batch program and the time-
sharing program involves the use of data files for both input and out~
put in the time-sharing mode. Data storage files permit continuous
execution of the FORTRAN program without change of contrel hetween the
remote terminal and the computer during the run.

3. An input data file, PILES 2; is filled with the free-form
input information that would be punéhed on cards for a batch program
processing. The input data items are listed on statement lines in
PILES 2, and each piece of information is separated from the next by a
comma or a blank space, For decimal numbers the input may be in fixed-
point or floating-point notation. The end of a data card in the batch
mode corresponds to the end of a statement line in the time-sharing.

The input of alphanumeric data in free form is accomplished by enclosing
the name in quotation marks.

4. Output data from TAMFOR are listed in the data file OUTPUT.

The format of OUTPUT has been condensed to permit printing on an 80-

*# Raised numbers refer to similarly numbered items in the References at
the end of the main text.

Al



character remote terminal. The normal cutput option and the SUMMATY
output options from the TAMU program are included in TAMFOR, but the
detailed output option, IOPT15 = 2 , is not permitted (it gives only
normal data printout}. The normal printout includes listing of input
data (including RUTOTAL) and system parameters used in the calculation.
The calculated peak pile stresses and corresponding time intervals of
occurrence, the final velocity of all elements, and the final element
displacements are tabulated; and finally, the computed pile set and
blow count values are printed out with the total number of time inter-

vals used in the calculation.

Basic Parameters

5. The input data file, PILES 2, controls the computations and
the form of the output. The sequence of input data is identical with
that used in the TAMU report.26 The format is somewhat more flexible.

A detailed example is given in Part V for using TAMFOR. An explanation
. . 2

of " the various input parameters follows. 6

Case Number = Any combination of six or less
numeric characters inclosed in
quotation marks. This infor-
mation will be listed with every
'set of output for the particular
run.

+

Number of Problems

#

Total number of problem sets in
the file for the particular run,

1/DELTAT

i

An entry of zero will permit the
program caleculation of a critical
value for the computatiom. A
number larger than the critical
value may be entered here. The
program will select the larger
value between that entered and
the critical value to prevent
inadvertent use of too small a
value.

P = The total number of element
" weights in the problem.

It

SLACK{1) This prescribes a specified loose-

ness between W(1) and W(2) .

A2
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SLACK (L)
{Cont.)

SLACK{2)
SLACK(3)
OPTION 1

OPTION 2

OPTION 3

OPTION 4

= This permits an amount of move-
ment in spring K(1) before it
will take tension. A zero value
permits tension between elements,

A very large wvalue, such as 1000,

allows no interelement tension.

= As above

= As above

= Permits manual entry of element
areas.

a. Enter 1 and all areas will be
set equal to 1.00. Ia this
case no values will be listed
in the input file.

b. Enter 2 if the cross-sectional
area of every element is to be
entered below, AREA(1l) to
AREA(P).

= Permits manual entry of element
soil resistance percentages.

a. Enter 1 if soil resistance
values are to be specified by
OPTION 12. No values of RU
will be listed in PILES 2.

b. Enter 2 if soil resistance
percentage values are to be
listed below. RU(1) through

JRU(p + 1) are to be listed in
‘order. Note that RU(p + 1)
v, is the pile tip resistance.

' The gsum of the RU wvalues

must total 100 percent.
= This option permits manual entry
of the SLACK values.

a, Enter 1 if all values SLACK({4),
«.+«»8LACK{(p - 1) are to he set
to zero. This specifies that
springs K{4),...,K(p -~ 1) can
take tension. No SLACK wvalues
will be listed below.

b. Enter 2 if SLACK values are to
be entered manually. Repeat
SLACK(1) through SLACK(3) as
before in the listing below.

= This is an option to select a
routine to simulate the behavior
A3




OPTION 4 = of springs K(1) , K(2)} , and
(Cont.) K{3) .
a. Enter 1 for use of Smith's
Routine 3 and 4.

b. Enter 2 for use of TAMU
Routine. It is recommended by
TAMU that & be taken as
OPTION 2.

IPRINT

]

This is an option for use with the
detailed output format. Any value
may be entered for IPRINT since it
is not used in TAMFOR in present
form. A number must be entered to
maintain input variable sequence.

NSEG1

i

Mass number of the first pile
segment.

6. This completes the first READ statement and generally completes
the first data file line., A comma should follow the last item on every
line in the file.

7.  The total weight of each segment in pounds begins the next
data line. The values W(1),...,W(p) are listed in order. The
values of W(1l) on a subsequent input line will supersede whatever
value is listed for this series.

8. A new line is used to begin the listing of element spring
constants in pounds per inch for springs K(1),...,K(p -~ 1) , inclusive.
K{p) is the tip soil spring and {s calculated by the program.

9. If OPTION 1 = 2, the next data line begins the list of average
element areas, A(1),...,A(p) , inclusive. Units for these areas are
subject to the needs of the output. If OPTION 1 = 1 , these data are
omitted from the file PILES 2, and the program will specify values of
1.00,

10, TIf OPTION 2 = 2, the soil resistance of each element, ex—

pressed as a petcentage of RU » 1s listed on the next data line,

RU(1),...,RU(p + 1). RU(p + l?OTiipresents the percentage of total
resistance developed at the tip. If OPTION 2 = 1, no entry is made
in PILES 2.

11. 1If OPTION 3 = 2, the physicél slack or looseness in inches

is entered on a new data line. If there cen be no tension at a joint,

Ad
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1000.0 is entered. "SLACK(l),...,SLACK(p - 1) are listed because
SLACK(p) = 1.000.0 is specified by the program since the tip cannot
transmit tension. If OPTION 3 = 1, no entries are made for SLACK
values at this time.

12. Note that the program currently has parameter axrrays permit-—
ting 24 locations, such that p should be less than 23. The TAMU
ﬁrogram will accommodate much larger arrays depending on the storage
limitations, perhaps. Because TAMFOR requires a large time-sharing
storage, exceeding the array size in the time-sharing mode may be more

limited by computer capacity than in the batch versiom,.

Problem Parameters

13. Problem sets, using the input data discussed previously as
a basis, are input sequentially. All of the data for each problem set
ig read by a single loop of a READ statement. The program executes
the calculation for that problem set and returns to read the parameters
of the next set, and so on. For the particular problem, the input
data are as follows:

PROBLEM NUMBER = An iInteger
W(1) = Ram welght, pounds

NC = Number of the spring for which
K(NC) may be varied.

K(NC) = The spring constant of the spring
to be varied in pounds per inch.
The original value is stored and
reset after the problem is com-

pleted.
EFF = Hammer efficiency, as a decimal.
ENERGY = Kinetic energy of the falling ram.
ERES(L) = Coefficient of restitution of

spring, K(1).

ERES(2)} = C(oefficient of restitAtion of
spring, K(2).

ERES(3) = Coefficient of restitution of
spring, K(3).

AS



RU(TOTAL)

RU(?)

MO

QPOINT

QSIDE

JPOINT

JSIDE

FEXP

QPTION 11

QPTION 12

Ab

This value is used for single
calculations, OPTION 11 = 2, It
is the ultimate pile capacity in
pounds. If OPTION 11 = 1, enter
a zero,

Percentage of RU{TOTAL) developad
at the pile tip.

Enter the number of the first
pile segment acted upon by soil
resistance.

Soil quake at the pile point in
inches.

Soil quake at the side of the
pile in inches.

Point damping constant in seconds
per foot.

Side damping constant in seconds
per foot.

Diesel explosive force in pounds
which acts on the rvam and anvil of
a diesel hammer. If there 1is no
explosive forece, enter a value of
zZero,

This option provides for single

or multiple (computer-generated)
calculations.

a. Enter 1 if multiple calcula-

+ tloms of RU(TOTAL) values

versus Blows per inch are
required. The program will
compute suitable RU(TOTAL)
values for this case.

b. Enter 2 if a single calcula-
tion using the RU(TOTAL)
value prescribed is desired.

This option designates the skin

friction distribution.

a. FEnter 1 for a uniform side
friction distribution between
segments MO and P .

b, Enter 2 for a triangular skin
friction distribution.

¢.” Enter 3 when OPTION 2 = 2,
signifying manual entry of RU
values previously.

R s |



OPTION 13

OPTION 14

OPTION 15

A7

This option provides for listing
of RU(TOTAL) versus blows per
inch data in a separate file,
PLOTIT, which can be used to
generate computer plots of data.

a.

Enter zero if no plot data are
required.

Enter 1 to list RU(TOTAL)
and blows per inch data in
data file PLOTIT for external
computer plotting purposes.

This is used to include or exclude
the effects of gravity (pile~hammer
weight) on the caleculations.

d.

Enter 1 if the forces of
gravity are to be included in
the calculations.

Enter 2 if the forces of
gravity are to be excluded from
consideration. This would be
applied for piles driven hori-
zontally or at an extreme
batter, or perhaps for cases
where the buoyancy forces
approach the total pile weight.

Output format option.
.a.

Enter 1 to specify normal data
printout.

. Enter 3 to receive a summary

printout of RU(TOTAL) ~versus
blows per inch in conjunction
with OPTION 11 = 1.

P



1gacC WATERWAYS EXPERIMENT STATION

1a5¢C

i1aec PILE DRIVING ANALYSIS BY THE WAVE EQUATION

12e¢ LUMPED PARAMETER FINITE DIFFERENCE METHOD

125¢C

i3ecC TEXAS A&M PROGRAM FROM TEXAS TRANSPORTATION INSTITUTE

l4aC RESEARCH REFORT 33-11,"PILING ANALYSIS WAVE EQUATION

15@C COMPUTER PROGRAM UTILIZATION MANUAL"

169C

t7acC " PROGRAM HAS BEEN ADAPTED FOR TIMESHARING SYSTEM*

171C INPUTtEXTERNAL DATA FILE,PILESZ

i78c INPUT ORDER SAME AS IN 33-11 BUT FREE FORMAT SUCH THAT
173C SPACE OR COMMA SEPARATES EACH PIECE OF DATA.

175C OUTPUT: EXTERNAL DATA FILES,QUTPUT,PLOTIT

176C OUTPUT:FORMAT CONDENSED FOR T/5 PRINTER;DETAILED OUTPUT
177¢C NOT AVAILABLE IN T/5 VERSIONCUSE BATCH)

178C PILE SET.,BLOW COUNT,PEAXK STRESSES & DISPLACEMENTS ARE
179G LISTED IN DATA FILE OUTPUT.

183C PLOTIT: DATA FILE STORING DX AND DY SCALE FACTORS AND
181C X»¥ VALUES OF BLOW COUNTsRUTOTL TO SCALE FOR PLOTTING.
182¢C (FOR USE WITH OPTIONI1=],0PTIONI3=})

183C NOTATION:SUFFIX X DENOTES PRECEDING VALUE;N DENOTES TIME
184C INTERVAL; EXAMPLE, NFMAXT= NUMBER OF TIME INTERVAL FOR
185C WHICH THE MAXIMUM TENSION FORCE WAS REGORDED IN AN

186C ELEMENT SPRING.

232 DIMENSIONAREAC24),C(24),CX(24),CMAX(24),DC24),DX(24)
BA4GE, DMAXC24) » DPRIME(R4),ERES(RAI ,FCRUI ,FX(24)»FMAXC(24) ,
2S5&FMAXT(24),K(24) , KPRIMEC 243, LAMC24) , NDMAX(24) »
BOB&NFMAXCC24) s NFMAXTC24) > R(24), RUCS4Y, SLACKL24) ,

2708 UBLOWS(24) s UFMAXC(24) » URUTTLC24) sV (24),
282aW(24),RULIST{24),RUHIL(30),RVENRL3Q)+RUMICH(33),
290&XPLOT(58), YPLOTC(S@) s STRESS (24, KHOLDC( 24,
308&FCMAX(50), NCMAX (5D ,FTMAXC(SE) s NTMAX(50)

31¢ REALJPOINT,JSIDEsKsKPRIMESNPASS, NPL ,KHOLD

32¢ INTEGERP,PPLUS1,PLESS],PROB,PROBS

330¢ 24 OF EACH OF ABOVE SUFFICIENT FOR USUAL PROBLEMS
340C -+~~~ INPUT ~- GENERAL

358 CALLOPENF(4,"PILES2")

36@ CALLOPENF(1,"QUTPUT'") ot

365 CALL OPENF(3,"PLOTIT") o

379 smieaahnca.JCASE,PROBS,TTDELT.P,cSLACK(I),1 =1,3),10PTl,
360&I0PT2,I0FT3, I0PT4, IPRINT,NSEG]

398 WRITEC135083)

400 SPO3FORMATC(/ /38X, BHkkxdkknk%/ /)

418 IF(TTDELT.LE+@«)}TTDELT=1.9

420 IFC(IOPT4LE.@IIOPT4=D

43@ IF{IPRINT.LE.@)YIPRINT=1

448 IF(NSEGl.LE.@INSEG]=2

45@ TDELTA=TTDELT

463 SPRODELTAT=1./TDELTA

470 SPRIPPLUS1=P+]

480 5022PLESS1=P-1

490 SP30READ(4,I(W(M),M=1,P)

500 SP3LW(PPLUS1Y=~3.0

51@C -----CALCULATE PILE WELIGHT

520 WPILE=P.

530 DO6JT=NSEGL.P

S48 G6WPILE=WPILE+W(JT)

558 S@4BREAD(4,)(K(M),M=1,PLESS])

S68C K(P) 1S DETERMINED AT 5184

570 SQ4LIKLPPLUSEI==@.8

Figure Al. Sample printout of TAMFOR (sheet 1 of 10)
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580 5283D0SeB84M=1,PF

590 KHOLDI(MY=K{M)

608 SPBLAAREAIMI=1.8

612 S5GBRAREA(PPLUSL)Y=~2.0

62@ SUBTIFCIOPTI-2)5092,5088,5088

630 SBBBREAD(4,)CAREA(MI,M=1,P)

648 IFCAREACLY.LE«B)AREAC1Y=1.0

652 IF(AREA(P)+LED+)AREA(P)=1.0

660 SG9RIFCIQPTE-2)5100,5092,5092

673 S@92ZREAD(4,I(RULISTIMI »M=1,FPPLUSI)

688 SI1G@IFC(IQPT3-2)5101.5104,.%124

699 5101D05182M=4,FLESS)

TE2 S122SLACKIMI=0.0

718 5183G0TO5185

720 S1@4READC4,5114)(SLACK(MY,M=1,PLESS51)

730 51955LACK(PI=100C.0

T4@ S51Q6SLACK(PPLUS]1)==D.8B

7560 511@D051EiM=4,P

T62 511IERES(MI=1.0

778 S112ERES{PPLUS1)==2.0

780 S5113FORMATCAGS I3 F 1048513, 3FTe3,41121X13,12
798 S114FORMAT(BF13.3)

8498 S11SFORMAT(BF10.8)

19 S5116FORMAT(BELGT)

B20 S117FORMATC(ICFB+2,113FFe0sF3¢85F6+853F3485F0+1,F4e41413,4F3.2,F940
830&,5112

848 S118FORMAT(/5H CASE»AG.5H FROBsIG/

B58&55H RU PERCENTAGES ON DATA SHEET PAGE 1| SHOULD TOTAL 100.06.»
86@&/18BHBUT ACTUALLY TOTALKF15.7)

8780 ===~ DO 5578 SOLVES PROBLEMS ONE AFTER ANOTHER
B88@ NC=1

B9@ KOPTiS=@

902 S1290055781=1,PROBS

919 KINC)Y=KHOLDI(NG)

G20 S512IREADC4,IPROB,W1)NC,KINCI,EFF,ENERGY»ERESC1-ERES(2),ERES(3D
9384 RUSUMs PERCNTAMO-QPOINTSQSIDE, JPOINT, JSIDESFEXFP, I0OPTL ),
Q438 IQPT12, 10PTI3,10PT14,10PT1S

950 IFCIOPTIZ.LE.B)I1QPT12=3

963 VSTART=SQRT(64.4%EFF*{ENERGY/W(1)))

978 DOIDBIM=1.,50 c7

989 FTMAX(M>=0.

998 9PPIFCMAX(MI=0.

19028 NHONT=2

1010 SI4@RUTTLX=0.8

1820 S141BLOWSX=d.

1230 5150V y=¢START

1940 S5152LT=2

105@C =---- FIRST DETERMINE VALUE OF RUTOTL
1960 SIS4IFCIOPTLIE~E235151,5160,5151
1878C =-=---~ FOR RUTOTL DATA GENERATED BY THE PROGRAM

1686 S1SIRUTOTL=WCLI*V(1)++2/12.0

l@9d S5153G0OTO517¢

1100C FOR SINGLE PROBLEM

1110 516QRUTOTL=RUSUM

1126 GOTOS5170

1138cC COMPUTER CYCLES FROM 727 NEAR END OF PROGRAM
1143 TO1SLOPE=(RUTOTL-RUTTLX )/ (BLOWS~BLOWSX)
11560 SLOPE=AMAX1{10803.,S5LOPE}

116€@ IF(BLOWS-T7+035164,702,702

1178 S164IF(I0FPT4-215165,783,763

1188 7T821F(BLOWS-20.917084,704,765

Figure Al (sheet 2 of 10)
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1190 S5165DB=1.2@

1200 GOTO706

1210 763DB=1.25%

1220 GOTO70@6

1230 784DB=2.5

1248 GOTO766

1258 7@5DB=5.0¢

1268 GOTO7@6

127¢ 786RUTTLX=RUTOTL

. 1280 RUTOTL=RUTTLX+(DB#*SLOPE}

1298 BLOWSX=BLOWS

1320C ---- SECOND DETERMINE ALL VALUES OF RUCM)
1319 5172D013M=1,M0

1328 13RU(MI=B.0

1330 5{7T1iRUPINT=¢{PERCNT/10@.8)*RUTOTL

134@ S1721FC(IOPTI2=-2)143,146,5176

1358C FOR UNIFORM DISTRIBUTION

1368 143D0144M=M0OLP

1378 144RUCMI=C(RUTOTL~RUPINT)/FLOAT(P~MO+1)
1388 S173RU(PPLUS!)=RUPINT

1398 GOTO713

14680 FOR TRIANGULAR DISTRIBUTION

1418 14600145M=MO, P

1428 14SRUIMI=(2.04(RUTOTL~RUPINT ) *(FLOAT(M~M0)+Be5))/(FLOAT(P~ “MO+12r*%x2
1430 5175RUCPPLUS!1)=RUPINT

144 GOTOT:3

l1458¢€ FOR DISTRIBUTION PER RU LIST ON DATA SHEET
1462 5176T0TAL=2.9

14706 DUS5177M=1,PPLUS]

14863 S177TOTAL=TOTAL+RULIST (M)

1498 S5178IF((ABS(TOTAL=100.0))-2.0)5180,5180,5179
15002 S179WRITE(135118)

1518 GOTO5570@

1522 5182D05181M=1,PPLUS]

153¢ S181RUCMI=C(RULIST(M)/1@R+3)*RUTOTL

1548 GOTO713 .

1558C =-~-- THIRD DETERMINE STARTING VALUES OF V(M)
1568 713V(I)Y=USTART

1578 DD18@M=2,P T

1588 1B2V(MI=@.D

1598 S51E3V(PPLUS!)==D.D

1666C =-=--« FOURTH DETERMINE VALUE FOR K{P)

1610 5184K(PI=RUCPPLUS1)/QPQINT

162eC FIFTH CHANGE CYCLE COUNT

1639 5186LT=LT+1

1643C -~~~ CHECX ON DELTAT

1656 CALLDELTCK(NPASS» TTDELTsP,W,K+TDELTA,DELTAT,N2)
1660C ~»~-- END DELTAT CHECK

167QC =-~--- ASSIGN OTHER VALUES REQUIRED (TEXAS A AND M REF!)
1683 DOS218M=1sP

1699 32ZKPRIME(M)=RUCM)/QSIDE

1789 C(M)=0.0

1710 FeMr=0.2

1728 CHMAX(M)=@.9Q

1738 LaM(MI=1

1742 D{MI=Q.0

1750 NFMAXC(M)=0

176d NFMAXT(M)=2

1778 DHMAX(M)=Q.3

1786 NDMAX(M)=p

1790 FMAXCIMY=@.9

Figure Al (sheet 3 of 10)
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1880 FMAXT(M)=08.0

1818 R(MI=0.8

182¢ S218DPRIME(MI=R.0

183¢ KPRIME(PPLUS1)>=0.

184¢ DPRIMP=D.8

1850 LAMP=1

1868C ~-~=-- SIXTH PRINT INPUT FOR ONE PROBLEM
1878 IFCKOPTIS5.GT.0.AND.IOPTI5+EQ+3)G0OTO5258
18880 KOPT15=KOPT15+1

11898 S519@WRITE(1;5208)CASE,PROB,PROBS
71988 SI19IWRITE(1;;5281)

1919 519EWRITE(I;SEGE)TDELTA:P;IOPTIJIOPTB:IOPTS,[GPTQ:IOPTllaiople,
192B&I0PTI3,T0PT14, I0PTIS,FEXP

1938 S193WRITE(1;5203)

1949 S194WRITE(]1;5204)ENERGY,EFF.RUTOTL,PERCNT, MO, QP0OINTsQ51IDES
195@&JPCINT, JSIDE, N2

1966 S195WRITEC1;5285).

1979 5}96WRITE(1552@6)(MJW(M);K(M):AREQ(M):RU(M):SLRCK(M)JERES(M)a
198@&V (M), KPRIME(M) sM=1,PPLUSL)

1990 520BFORMAT(///27HTEXAS A * M UNIVERSITY + 3%

20@0&22H PILE DRIVING ANALYSIS/4X,9H CASE NG.»Q6s4Xs

2010&12H PROBLEM NQO#»I4,3H QF.14)

2020 S5281FO0RMATC(/4%,"1/DT P OPTIONS 1 2 3 4 11 lg 13"
24384 14 15 EXP F')

2040 SEOARFORMAT(/2XsFB8+0s13,8X2914,F14.0/)

2858 S2B83F0RAMAT(2X,"ENERGY HAMMER EFF RUTOTAL PT PERCENT MO QP
2960&" as JP JS Nar

2079 S204FORMAT(/2F10+2,F124B,F10e251654F5.2,1I5/)

2040 SRBOFORMAT (14, F T e 0, 1XsE D edsFB42sF 001 3F8e2,FTal,FT7e2,1%,EG.3)
2090 S225F0RMATCIXL'"M  W(M) KM} AREA(M) RU(MY SLACK(MY"
2l128&" ERES(M) USTART KPRIME"/)

2119C -~~~ EFFECT OF GRAVITY BEFOURE RAM STRIHES~-TEXAS A AND M SMITHSGRAVITY

2120 S525B8IF(I0PTI4-2)5220,582],5221

2130 5228WTOTAL=0.0

2142 RTOTAL=Q.0

215% DOSJT=2.,PPLUSI

2168 WTOTAL=WTOTAL+W(JT?

2179 SRTOTAL=RTOTAL+RUCJT)

218¢@ DO8BJT=2,PLESS] Lo
2192 ROJTI=(RUCJITI*UTOTALI /RTOTAL

2228 BF(JT)=F(JT-13+W{(JTI-R{JT?

2219 IF(K(PY)ET266:67

2220 66IF(XKPRIME(P))6T7,63467

2230 €7D(P)=(F(PLESS!Y+W{(P) )/ (KPRIME(P) +K(P))
2240 IF(QSIDE-D(P))64,65,65%

225¢ 64R(PI=RUCE)

2260 F(PI=F(PLESS1)+W(P)~R(P)

2270 D(PI=F(PI/K(P}

2280 GOTO63

2298 65R(P)I=D{(PI4HPRIME(P)

23328 F(P)=D(P)*K(P)

2318 63CONTINUE

232@ DO111JT=1,PLESS!

2332 JTM=P~JT

2348 CCUTMISFOUTMI ZKCJTMD

2350 DCJTMI=DCJTM+13+CCJTM)

2360 DPRIME(JTM)=D(JTM)~WTOTAL*QSIDE/RTOTAL
2372 I11CONTINUE

2382 DOB@IBM=1,P

2399 BOBISTRESS(MI=F(M)/AREA(M)

2400 522)N=p
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2410 LAY=]

e428C ---- DYNAMIC COMPUTATION BASED ON SMITHS PAPER MQDIFIED (TEXAS REPN)
2439 SE40LACK=1

2440 5241D06BM=].,P

24500 68 1S BETWEEN 5439 AND 5440

2460 DMI=DIMI+U(MIK]I2.@*%DELTAT

2476 IF(DMAX{(MI~D(M)I2B,21,21

2480 20DMAX(M)=D(M)>

2490 NDMAX(MI=N+1

12508 21CX (M) =C(M)
2518 IF(M-PY34,5400.34

2520 34C(M)=D(M)-D(M+1)-U(M+1)%12.0«DELTAT

253eC STATEMENT 34 MUST USE A COMPUTED VALUE FOR THE ACTUAL D(M+1)
2540 S5242IF(C(M)»I5243,30,30

2550 S52431IF(ABS(CI(M)II-SLACK(M)IISE44,5244,5246

2560 S244C(Mi=B.8

2570 5245G0T039

2580 S5246C(MI=C(MI+SLACK(M)

2596C NOTE THAT ONLY A NEGATIVE VALUE OF C(M) RESULTS FROM 5246
2608 3QFX{M)=F(M)
2610C A TEXAS ROUTINE FOR B(M) IS5 OMITTED HERE

2620 5250IFCIOPT4-2)5308,36,5300
263@C ~~-- 36 TO 35 IS A TEXAS ROUTINE REPLACING SMITH ROUTINE 3 OR 4
2648 361F(ABS(ERES(M)=1.0)~+80081)38,38,14

2650 38F(MI=C(MI+K(M) -

2660 GOTO5400

2670 14IFCC(M)I~CX(MII12,35515

2680 1SF(M)=FX(MI+CCCCM)I=CX (M) I*KMI)

2690 GOTO3S

2700 12F(M)=FX(MI+C(CCMI-CXIM) DK (M) /ERES (M) *%2)

2710 35F(M)=AMAX1(G.0,F(M))

2720 GOT05400

2730¢ A TEXAS ROUTINE FOR GAMMA IS OMITTED HERE

2748C ---- SMITH ROUTINE 3 OR 4

2750 S3BOIF(ERES(M)~1.00)5302,5381,5361

8768 5301F(MI=C(MI*K(M)

2770 GOTOS400

2780 S3G2IF(C(M))IS383,5303,5304

2790 $303F(M)=@.0 B

2860 GOTOS40G n

2810 53041F(C(MI~CMAX(M)IIS306,5305,5385

2820 53B5CMAX(M)=C(M) :

2838 F(M)=C(MI*K(M)

2848 GOTO5480

2850 S3IBEF(M)=C(K(M)/ERES(M)**2)%C(M)=(1+ /ERES(M) *k2+1 « Y kK (M) *kCMAX (M)
286@ F(M)=AMAX1(F(M),3.0)

2870 GOTC5400

2880 S4BOIF(M.GT.1)G0T048

2898 IF(FEXP.LE.0+)GOTO4E

2908 NP1=N+1

2910 IF(NP1.GT.(@+B125/DELTAT)>GOT0O4B

2920 IF(NF1-0.01/DELTAT)46,46,90

2930 46IF(F(1)=FX(1))47,48,48

2948 4TFC1)=AMAXI(F(1),FEXP,0.)

2958 GOTO048

2960 9QF(1)=AMAXI(B+@,FEXP*(1.0=(DELTAT*(NP1~0+01/DELTAT)/0.2025)))
2978 4BIF(KPRIME(M))S59,55,50

298@ SQIF(DPRIME(M)~D(M)+QSIDE}S51,52,52

2998 SIDPRIME(M)=D(M)~QSIDE

3009 S2CONTINUE

3212 IFCDPRIME(M)=D(M)~@SIDE)53,53,54
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3020 S4DFPRIMEOMY=D(M)+QSIDE
L 36830 S3CONTINUE
; 3040 S410LAP=LAMCM)
3058 GOTOC1@,57),LAP
3 3060 10IF(D(M)Y-DPRIME(M)~GSIDE)YS6,57,57
3870 SOR(MI=(D(M)-DPRIMEC(MI I *KPRIME(M)I*(1+0+JSIDEXV(M))
3086 GOTOSS
3890 STR(M)=(D(M)=-DPRIMEC(M)+JSIDE*QSIDE#V (M) I*KPRIME(H)
3128 LAM(M)=2
3119 S5CONTINUE
3120 T3IF(M~P)T1,T4,71
31380 T41F(DPRIMP-D(PI+APOINTITS:76:76
3149 T7SDPRIMP=D(P)-QPOINT
3150 T6CONTINUE
3160 LAMP=LAMP
3170 GOTOCT7.78),LAMP
3180 7T71IF(D(P)-DPRIMP-QPOINTI79,78,78
3190 7T9F(PI=(D(PIY=DPRIMPI*KI{PY* (1 «@+JPOINT#U(P))
3208 GOTO171
3210 TBF(PIY=(D(PI-DPRIMP+JPOINT*QAPOINT*VL(P) I*KI(P)
3220 LAaMP=2-
32308 171F(P)=AMAXI(B.3,F(P})
3249 7T1CONTINUE
32sec GRAVITY OPTION
3260 S420IF(I0OPT14-2)54281,5423,5423
3270 S4211F(LACH-2)58,78.,72
32688 B58VCII=UL1)=(FC1I+R(1I~W(1) %32, 17*DELTAT/W(])
3290 LACK=2
33ee GOTC542%
3313 72VIMI=V(MI+(FI(M-1)=-F (M) -R(MI+W(M))*32. LT*DELTAT/W{M)
3320 S5422G0T0%429
3330 S5423IF(LACK-2)5424,5427,5427
3340 5424VC13=VC1)~(FC1)+R¢1)I %32+ 1 TxDELTAT/W( 1)
3358 S425LACK=2
3360 GOTOS5429
3372 S5427V(MY=U(MI+(F(M=-1}=F(M)=R(MI)>*32.,17*DELTAT/W{M)
338D S5429CONTINUE
3398 IF(M.GT.1)G0T0543% .
3408 IF(FCI)4LE«@eeANDVC1)+LE.~B.13V(1)=-YSTART
3413 S430FMAXC(M)Y=AMAXI(FMAXCI{M),F (M)
3420 FMAXT(M)=AMINLI(FMAXT(MIF{M))
3430 3439 IF(FMAXCIMI-F(MI> 16641675166
3449 16TNFMAXC(M)I=N+1
34590 166IF(FMAXTI(MI-F(M))68,69,68
3468 HONFMAXTIMI =N+1
34790 6BSTRESS(M)=F(M)/AREA(M)}

i
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3480 N=N+1
3499C THIS 15 END OF DO 68 STARTING AT 5241
3491C ~--- DETAILED OQUTPUT(OPTIS5=2) OMITTED HERE-TAMU#S44GTO 5444

3500 5444G0T0(5443,1923,LAY

3510 S443IFC(U(PY+0.1).GT-0.2807T0192

3520 YV=0.8

3538 PO193JA=NSEGL,P

354 193WV=WU+W(JAI*V(JA)

3550 IFC(UCL)eLT+@¢+ANDWVLT+@+ «AND+DMAX(F)«GT»D(PYIGOTO19
3560 GOTO192

3578 19sLAay=2

3589 192IF(VC2)Y/VSTART-3+1261,606,60

359¢ G6OWRITEC(1;185)

36@@ 1@SFORMAT(SIHTHE RATIQ OF THE VELOCITY OF W(2) TO THE VELOCITY,
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3612&/22H0F THE RAM EXCEEDS 3.1)

3628 GOTO5570

3630 O1IF(VI(P)I/VSTART-3.1)163,62,62

3640 62WRITEC1186)

3658 GOTOS557@

3660 1G6FORMATC(42H THE RATIO OF THE VELQCITY OF W(P) TO THE/
367T0&3GHVELOCITY OF THE RAM EXCEEDS 3.1

368C ~~~END OF TEXAS REPN

3690 163CONTINUE

+ 3782 IF(LAYEQ.2)G0T05447

S3718 IFC(N-N2)5240,5447,5447

3720C =--~-- 5240Q CYCLES FOR NEXT TIME INTERVAL

3730 5447D05449M=]1,P

3740 SH4BFMAXCLMI =FMAXCIMI/ZAREAL(M)

3752 S449FMAXT(MY=FMAXT{M)/(~AREA(M))

3760 GOTOCS442,5442,55533,10PT15

3770 S442WRITEC1:2105)

3780 SS55BWRITECIZZ2106)YC(MsAREAIMIZNFMAXCIM) > FMAXCIM) JNFMAXTIM) , FMAXT(M)
IT90&» DMAXKCMI 2 DEMI L VMY 2 M=1,P)

38@0 BLOWS=0G.2

3810 S5553IF(DPRIMP.GT.0+B3)BLOVS=1.8/DPRIMP

3820 5551UBLOWSCLTY=BLQWS

3830 URUTTL(LT)»=RUTOTL

3840 UFMAXC(LT)=FMAXC(P)*AREA(P)

3850C INITIAL U ABOVE IDENTIFIES FIGURES USED IN SUMMARY
3860 GOTO(S552,5552,1582,I0PT15

3870 5552WRITEC13;2107)DPRIMP,BLOWS,N

3880 2105FORMATC//72X,"M AREAI(M)Y Nrs/C  SMAX/C N/T SMAX/T"
389p&" DMAX D VELCCITY"/)

3900 C106F0RMATC(IA,F8+2514sF1040514sF102:2F10+4sF1G+2)

3919 2107FORMAT(24H PERMANENT SET OF PILE =,F15.8/

3920&27H NUMBER OF BLOWS PER INCH =,F16+8/

3930&19H TOTAL INTERVALS = ,18»

39492 150CONTINUE

395%% 5558D05563M=NSEGL,P

3968 FTMAX(LT)I=AMAXI(FTMAXC(LT),FMAXTI(MY)

3978 FOMAX(LT)=AMAX]1 (FCMAXC(LTY»FMAXC(M))

3980 IF(FCMAX(LT)-FMAXC(M))I556R2.5561,556@

3993 S5561NCMAXC(LTIYI=M

4908 SSEQIF(FTMAXCLT)~FMAXT(M))}5563,5562,5563

4910 SSESNTMAX(LTY=M N

4928 5563CONTINUE T

4838 5553%IFCI0PT11~2)5556+5570,5578

4840 S5356IF(DPRIMP=-0.081)59,787.,787

4050 TOTIF(BLOWS-6C.2)701,701,59

4869 S9CONTINUE

4279 WRITE(1:823)CASE,PROB

4982 WRITEC(I:;824)QPCINT»JPOINTSQSIDE, JSIDE

4293 WRITE(13E0%)

4166 DOB@1J=1.LT

4110 URUTON=URUTTL(J) /2000«

4120 BRIWRITEC(1:802)UBLOYWS(J)sURUTTLLJY »URUTON, UFMAXCC J)Y s FCMAXCJ) »
4130ANCHMAXC I A FTMAXCJY s NTHMAX (S

4140 BBEFORMAT(EXsF 7231 RaFBeRs™ =" F 6B+ T"s2%Xs8F10e0515,F1040515)
4150 BB3FORMAT(/1@X,28H PILE DRIVING ANALYSIS,i0X,12H CASE NUMBER,3X,A6/
4162&1H&,9%,15H PROBLEM NUMBER,3X,13)

4170 BR4FORMAT(19X,9HAPOINT = F5.2,11Xs9HJPOINT = F5o2/19X*

418049HOSIDE = F5.2,11X,9HJSIDE = F5.2/)

4199 BASFORMAT(2X,"BLOWS/IN. RUTOQTAL PT FORCE MAX C STR-".»
4R290&"SEG MAX T S5TR«SEG"/)

4z2laC PLOTTING ROUTINE
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4220 IF(IOPT13~1)5570,5574,5574

4230 S5T7T4CALLDRAVCWTOTAL,,URUTTL,UBLOWS,LT,CASE, PROB)
4243C END PLOTTING ROUTINE

4250 SS5TAWRITE(13:5572)

426@C DO 5572 STARTS AT 5128

4270 55T72FORMAT(//32XsBHekkkknkkr /)
4289 S5571G0T0S610

4292 END

4300 SUBROUTINEDRAWCWTOTAL,URUTTL,UBLOWS,LT,CASE,FROB)
431€ DIMENSIONURUTTL(24),UBLOVS(24),YPLOT(5@),XPLOT(S2)
4320 S55T4YPLOTC(1)Y=D.

4330 XPLOT(1)=0P.

; 4340 LTPLI=LT+!

¥ 4358 DO5573IP=1,LT

4360 YPLOT(IP+1)=URUTTL(IP)/22064Q.

4378 S55T3XPLOT(IP+1)=UBLOWS(IP)

4380 YMAX=YPLOT(LTPl?

4398 Ne=N2

4480 1F(YMAX+LE.20@.260T03

4410 IF(YMAXCLE.86G0.>G0T04

4428 IF(TMAX.LE.1688.2G0TO05

4438 IF(YMAX.LE.3200.3G0T06

4449 3DY=50.

4456 GOTO1Q

446% 4DY=108.

4472 GOTOl9

4489 S5DY=20D.

4499 GOTOLId

4539 6DY=486.

45190 10DX=18»

4529 PPROB=PROB

4521 WRITE(3,188) CASE,PPROB,DX.DY,WTOTAL
4522 DO 25 I=1,LTP!

¥ 4523 XPLOTCI1)=XPLOT(I)/DX

4524 XPLOTCIY=YPLOTCI)/ZDY

4525 25 WRITE(3,181) XPLOTCI).YPLOT(I)
4526 1eéa FORMAT(A6,145,3F1@.2)

4327 101 FORMAT(SXs2F1G.3)

453¢ RETURN Lo

4549 END

4550 SUBROUTINEDELTCK(NPASS,TIDELT>P.W,K,TDELTA, DELTAT,NE)
4560 DIMENSIONW(1)+KC1),DELTIC38@)
4578 REALK,NPASS

4580 INTEGERP.FPLESSI

4598 PLESSI=P-1

4600 N=2*xpP=~]

4610 SUM=8.

4620 TMIN=1.

4638 TDELTA=TTDELT

4643 DELTAT=1./TDELTA

4658 DOIM=1,PLESS]

4669 DELTI(M)=SARTIV(M+1)/K(M))>/19.648
4678 NN=PLESS]+

4688 1DELTE(NN)=SQART(W(MI/KIMII/19.648
4699 IF(K(P)».GT+@+)G0TO2

4720 DELTI(NY=1.+0

4718 GOTO3

4728 BDELTI(N)I=SQRT(WI{P)I/K(P))/19+648
4730 3D04M=1,N

4749 ATMIN=AMINIC(TMINSDELT1 (M)

47580 IF(TMIN/2.-DELTAT}S5:6:6

s g 6 250 s T~

MR BRI

AR

e,

€T Y
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*0LD LD4TP1
READY
*LIST

18 YLD4/1":6,0,13,1000,1000,052,14152,28,3,

20 B,1710,293,293,293,293,293,293,293,293,293,293,293»

30 1+0lEDBT28+56E06,8.56E06+8.56E06+8+56ER06,8.56E06s8+56E06484¢56E06,
40 8+S6EP68.56E06,8+56E06,8+56E06,

5@ 1:l?012117-12:17-12117012,17-12:17012:17-12;17-12:17012:11012!
63 1Te12,17412,

100 1,1420051551,+85%,36800,+851,1,100000,2423,110412415,54+85.8,
119 E2s252s141

200 2,14000s1551,485,36008,8,51,1,2000880,24,351124¢154155485,0,
218 2,2,05101t,

300 3,14008,15,1,+85,36000,:8,1,1,300088,24,35+1152154155.05,0+
318 2,2,08+101

40 45140085152 15485,3600024851:1,42000052453500115+12+1524@5,8,
418 2,2+051:1,

500 S5,14080,15:15485,36000+¢851,1,500000224532011,010¢15,+05.8,
5i0 2,8,8,141 -

600 65140085152 01585,36088,485121,60008B,245322115+154155405,0,
618 242,000t

1080 G.0,0.:2,0,

*0LD LD4TPE
READY
*LIST

18 "LD4s2":6,0513,1000,1000:8,251212242823,

B0 Ds1710+408,408,408,408,408,408,438:408,408,408,408»

30 1+B1ERTI»1«19E@Ts1410EQT21419EQT7,1+19EQT+1419ED7,1+19E27,

40 1.193E87,14193EB7»,1.193E07,1.193E8751.193E87,

SO 1,23+B86,234B86,23486,23¢86223+86,23486523+486,23486,23¢86023486+23+86,
68 23.86s

180 1,1400051551,485,36800,4+851,1:108000530+,3,+1335215+15,405,8,
116 2,2+085151,

200 2,140P0,15,15485,36C005+85151,200008,3053,13320154155405,0+
218 2,2,0s1514

309 3,140B851521,85,36000s82151,300000238532+01332414¢15,485:0+
318 2,2,8,1.1,

408 HrtAaRBBs15515.85,36000,851,51,400000,30s3,41335¢12415,.05,0,
418 2,2,82101s

SQC Ss1400051551,+85,36000,48,1,1,500C008s30,354133,412415,405,8»
510 2,2.8s121. ) .

600 6,1400051551,085,36000,+8,1,1,600008s3053,4133,01215,.85.0,
610 2,250,151,

1000 0,0,8,0.0, ‘A

*CLD LCaTP3
RELALY
*L 15T

1@ “LBA4/s3"06,8,13,1002,1000,0,2,1.,1,2,20.,3,

20 0rel1710+468,468,468,468,46B8,468,468,468,468,468,468,

30 1.Q01EQ7,1+368E087»1 «368E87,1.368E07,1+36BE07,1.368E87,1.-368E87,
40 1+36BER7,1+368E27,136BEG7,1+368E07,1.368E07,

S50 1587436227 436227e3622703652Ta36227036,8743602T«36527+36,27436s
60 2743652736,

180 1,14000,15,515 85,368005+851,1,1C0000s36532416T2214+15,+05.0,
118 2,2,0,151,

290 2:&4@@@:15)1:-35:36@@@:-3:l;1:2@@@@@;36:3:-167:-1’-15:-95:31
210 2,2,8:2141,

300 3,14008515:15485,3600048,1,1,300000:36,3,016T2012015,405,0,
318 2,250,121,

488 4.1 4000515515 285,36080.+8,1,1,400008,36535416T4s=-14+155:05,0,
410 2,2,8:141,

508 5,14000,15s15+85,36000,+851,1,500000:365321675014+05,405,8.
510 '2,2:841, 1,

600 5,14000s1551+.85,36000,+8,1+1.,6000800536:35167+413+15,.05,0,
618 2,2,8s1.1,

1000 B.0,0,0,0,
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4762 SDELTAT=TMIN/2.

47170 TDELTA=1.0/DELTAT

4788 6D0TM=1,N

4798 TS5UMsSUM+DELTL (M)

4800 NE2=4.0%SUM/(2+0*DELTAT)
4819 RETURN

4828 END
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APPENDIX B: NOTATION

arbitrary stress wave magnitude

particle acceleration

cross—sectional area, L2

ratio of ram weight to drivehead weight

ratio of hammer impedance to pile impedance

velocity of wave propagation

spring compression, in.

temporary maximum cowpression value previously computed

distance from exhaust ports to anvil, L

e R S e e SO R R i G G D T e T S TR S S R, i-'-em‘cée#j:
0ot A P S
9
g
B
=S e t) W P > B om

d* value of displacement after n - 2 time intervals

T R T N SR Y MRRIELE

displacement of point mass, in.

TR

D" plastic displacement of point mass, in.
e coefficient of restituticn
E Young's modulus, psi
E_  explosive energy of the diesel‘h;mméf system which performs

useful work, FL

E, rated kinetic impact energy of diesel hammer, FL

~

E ram output energy, FL

o

spring force, 1hj; force

w1 |

resultant force
g gravity acceleration, 32.2 ft/sec/sec
h hammer stroke (height of fall), L
h  "equivalent' hammer stroke
i, i node number (may be used as subscript)

J, J point resistance damping constant, sec/ft

Bl
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shaft resistance damping constant, sec/ft

pile element spring constant, 1lb/in.

s0il element spring constant, 1b/in.

horizontal point spring constant

vertical "point spring" constant

pile element length, in.

length

subscript denotes pile element

mass

subscript denotes current time interval of computation
exponent of velocity

subscript denmoting initial value with respect to time
value of m subscript for pile tip element
operating steam or air pressﬁre, F/L2
manufacturer's rated steam or air pressure, F/L2
quake (maximum elastic soil deformatiom), in.
elastic quake at pile joint

elastic quake at the pile shaft

coordinate system

element resistance force, 1b, F/L

element maximum static soil resistance, 1lb
permanent pile set, in.

time

pseudoperiod of the ram cushion, sec

element critical time interval, sec

element displacement, L
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derivative of displacement with respect to time
second derivative of displacement with respect to time
ram displacement

drivehead displacement

element velocity, ft/sec

initial ram impact velocity

element weight, 1b

weight of hammer housing, F

ram weight, F

coordinate location of a point along the rod
resultant force on element, 1b

iﬁterface friction angle

strain at a point along the rod

dimensionless time wvariable

hammer mechanical efficiency

interval of revolution used in the element stiffness
formulation '

mass density, M/L3
normal stress on pile-soil interface
. 2

stress at a point on the rod, F/L

shear stress on failure plane

first partial derivative of displacement with respect to
location

second partial derivative of displacement with respect to
lecation

second partial derivative of displacement with respect to
time

B3
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At time increment magnitude used for calculation, sec

Ax  pile element length
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