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ABSTRACT

Wave Equation Analysis of Pile Driving
in Gravel (December 1984)
William Dieterich Lawson, B.S., Texas A&M University
Co—Chairmen of Advisory Committee: Dr. Jean-Louis Briaud
Dr. Mike E. James, Jr.

This thesis presents a wave equation analysis of selected test
piles driven at the replacement Lock & Dam No. 26 site on the
Mississippi River; the soil is predominately coarse sand and gravel.
The fundamental analysis procedure involves varying the soil damping
parameter J to match measured static soil resistance and blowcount
records. The analysis uses quake values determined by drawing a
secant through a point corresponding to 25% of the ultimate load on
the load-deflection curves. For each selected pile, the J value that
best correlates ultimate static resistance of the time of driving
(calculated by the wave equation) and the measured ultimate static
resistance from the load tests is zero. The analysis includes the
effects of residual stresses; for the one pile which was load-tested
in tension, wave equation-calculated residual point load closely
matches the measured value. Dynamic pile driving formulas give
conservative results in comparison to the load test ultimate
resistance values, As background information, this thesis presents
wave equation theory, E.A.L. Smith's finite difference solution, an
in-depth review of available wave equation computer programs, and a
literature review focusing on static and dynamic computer soil models

and their accompanying parameters.
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CHAPTER I

INTRODUCTION

The advent of high-speed digital computers thrust the state-of-
the-art of dynamic pile driving analysis far beyond the capabilities
of simple pile driving formulas. The basis for those formulas is the
incorrect assumption that pile driving obeys the theory of Newtonian
impact; rather, pile driving is a problem of longitudinal wave trans-
mission (11), The one-dimensional wave equation more properly models
dynamic behavior of a pile during driving, and high-speed digital
computers enable engineers to obtain practical solutions to the
problem,

E.A.L., Smith (43) published the original paper on the subject in
1960. He outlined the numerical method of the wave equation computer
program and discussed physical conditions that must be taken into
account in the solution, He also presented the mathematical equations
for the solution and set up the computer routines. Smith's paper is
the basic reference for practically every wave equation computer pro-—
gram in use today.

Proper understanding of the wave equation method necessitates the
derivation of the second-order partial differential equation (the wave
equation) with assumptions, and also Smith's aumerical finite
difference solution. 1In addition, the report includes a comprehensive

presentation of the various wave equation computer programs. Since

The style and format of this thesis follows that used by the
Journal of the Geotechnical Engineering Division, American Society of
Civil Engineers. .




pile driving history is not germane to this report, it is not in the
text; Chan et al. (7) adequately describe the history of pile driving.

The literature review focuses on recent developments in the wave
equation method of pile driving analysis. Specifically, the litera-
ture review emphasizes published work describing static and dynamic
soil behavior models used in various computer programs. The
literature review also includes a comprehensive presentation of the
quake and damping parameters for cohesionless soils.

The objective of the analysis portion of this research is to
determine quake and damping parameters for gravel. The Corps of
Engineers' project, Lock & Dam No. 26, provided the necessary data
for the analysis. This report briefly describes the Lock & Dam No.
26 project and the site. It also provides all pertinent hammer,
pile, and soil data required for the analysis, including the pile load
test data.

The wave equation method was the exclusive research tool used for
the analysis. The report describes the analysis in detail, from
selecting quake values to developing RUT versus N curves. The final
sections of the report. recommend values for the quake and damping
parameters and describe the residual stresses portion of the
analysis. Selected pile driving formulas are also compared with the
wave equation and load test results. The report summarizes findings

and points out areas for further research.



CHAPTER II

WAVE EQUATION THEORY

The wave equation describes how waves propagate from one point to

another. TIn the pile driving problem, the wave equation illustrates

wave action produced by a force suddenly applied at one end of a long

object. Holloway (after Timoshenko) derives the ome-dimensional wave

equation in detail based upon the equilibrium equation of motion at a

point on a rod (27). The following is an abbreviated version of his

work.

In terms of stresses, the wave equation is:

A== _r=pad W

wheré [
x

u

t

g (x,t); stress at a point on the rod, F/L?
where F = force and L = length

coordinate location of a point along the rod
A(x); cross-sectional area, 12

R(x,t); element resistance force, F/L

p(x), mass density, M/L3, where M = mass
ulx,t); element displacement, L

time

If the material is assumed to be a linearly elastic solid subject omly

to infinitesimal strains, Hooke's stress-strain law for small strain

theory applies:

(2)



where € = E(x), Young's modulus, 17/1..Z
Ex = strain at a point along the rod

Imposing these assumptions on Eq. 1 gives the wave equation as
a function of the unknown displacement u(x,t):

2
2 gy 3°u
A (Eax)—R=°A‘—2

at (3)

For a freely suspended rod, the resistance term vanishes and the

partial differential equation becomes:

© it
o
nle
S
wole

(4)

@
Bl
@
-

which is the most common form of the one-dimensional wave equation.
The quantity E/p is usuallvy shown as c2; ¢ is the velocity of wave
propogation in the material.

Solution of a particular problem requires both initial conditions
and boundary conditions. For the more general form of Eq. 3, the

initial conditions are:

ulx,t) = u (x) at t = ¢

o o
u - -
3t Ge,6) = Vo (x) at bt =t

R(x,t) = R (x) at t = ¢
o o

where

o(subscript) = initial value with respect to time.



VR = ram impact velocity.

The boundary conditions are:

ulx,t) or 22 (x,t) at x=0
XK

3u

ulx,t) or (x,t) at x=L
3ax

Application of these initial and boundary conditions satisfies a

necessary condition for the existemce of a unique solution. This is

an Vexact" solution inasmuch as "exact" solutions are possible.

Application of wave equation theory is valid only when the

application satisfies the theory's underlying assumptions; therefore,

the assumptions are stated here for emphasis (27).

(1)

(2)

(3)

Hooke's stress-strain law for small strain theory is incor-
porated in Eqs. 3 and 4. As long as the rod is stiff
relative to the stress level, this assumption causes little
inaccuracy. If the rod is relatively soft, three-
dimensional effects and geometric nonlinmearity could cause
considerable errors.

The dynamic resistance to wotion 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 both the displacement and time derivatives
of displacement at that point.

Determining material behavior parameters is not necessarily
easy. For example, extensive research has been conducted to

describe soil-pile interaction behavior, yet soil models are



still the most variable facet of the pile driving solution,

Cummings (l1) also states the assumptious on which wave equation
theory is based. His presentation describes the physical aspects of
the pile driving solution. The assumptions are:

(1) The sides of the pile are free and there is no side friction

to affect stress waves running up and down the pile.

(2) Stress waves in the hammer may be neglected.

(3) There are no flexural vibrations of the pile.

(4) The pile behaves as a linearly elastic rod.

(5) The hammer strikes directly on the head of the pile, and the

surfaces of contact are two ideal smooth parallel planes.

(6) The lower end of the pile is fixed.

Assumption 1 implies that skin friction reduces the amplitudes
of stress waves traveling in the pile and therefore reduces the
stresses themselves. Propagation losses in the pile also reduce
stresses. Consequently, neglecting skin Ffriction and propagation
losses results in higher theoretical stresses than actual stresses.

Assumption 2 does not produce any significant error for steam and
drop hammers since the hammer is usually -a heavy block of iron or
steel, and, for all practical purposes, can be modeled as a rigid
body. This may not be the case for diesel hammers, however.

Concerning assumption 3, Cummings demonstrated that flexural
buckling of a foundation pile umder static loads is a remote possi-
bility even in very soft soils. The same comment applies to dynamic
loads as long as the pile and hammer are in good alignment and the

force of the hammer blow is conceatric with the longitudinal axis of



the pile. Typically, neglecting flexural vibrations introduces no
serious error when applying the theory of longitudinal impact to pile
driving.

Asgumption 4 is reasonably valid for most types of piles that are
used commercially. Composite piles or any other kinds of piles
composed of two or more separate sections do not satisfy this
asgumption. The transmission of stresses across the joints of such
piles is a special problem.

Assumption 5 applies since almost all practical pile driviag is
done with some sort of cushion or driving block between the hammer and
the pile head. The cushion reduces stresses so that actual stresses
are less than those given by the theory.

As far as assumption 6 is concerned, the point of the pile is
hardly ever fixed in the sense required by theory. The resistance at
the pile point depends on the nature of the soil at the pile point.
Soils data remains the most variable factor in the wave equation
solution.

The one-dimensional wave equation is the mathematical
representation of an idealized, classical wechanics problem. E.A.L.
Smith (44) commented on the solution:

“For very simple cases, as when a known force is
suddenly applied at one end of a uniform steel rod,
the equation can be solved by ordinary calculus.
But when the equation is complicated by consider~
ations of the actions of the ram, the cap block,
the pile, and the ground, the problem becomes so

difficult that no one has been known to solve it."



CHAPTER IIT

SMITH'S COMPUTER SOLUTION

Tn 1955, Smith (42) introduced an approximate numerical (finite
difference) technique for solving the problem of longitudinal impact
in an elastic rod. In 1960, he published a paper which dealt
exclusively with the application of his numerical technique to the
pile driving problem. The following presentation of the numerical
solution is from Smith's paper (43) with notation slightly modified by
Samson et al. (41).

Smith derived five governing equations from the elementary laws
of physics. The assumptions are that all springs are perfectly
elastic and that the pile is represented typically as shown in Fig. 1.

The equations are:

D(m,t) = D(m,t-1) + 12atV(m,t-1) . . . . . « . . . . . (5)
Clm,t) = Dlm,t) = D(m¥l,E) « o v v v v o v v v 0w (6)
F(m,t)-C(m,t)K(m).....?........‘.. 7
R(m,t) = [D(m,t)-D'(m,t)] K' (@) [1+I(m)¥(m, -] . . . (8)
V(m, ) = ¥lm,e-D+[Fla-1,6)-F(m, )R, 0] Foy . . . (9)

where

( ) = functional designation
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(After Ref. 43)



t

At

G(m,t) =

D(m,t) =

D'(m,t) =

Fl(m,t) =

J(m)

K(m) =

K'(m) =

R(m,t) =

V(m,t)

W(m) =

10

element number

number of tiwe interval

size of time interval (T), where T = time
compression of internal spring m in time interval
t (L), where L = length

displacement of element m in time interval t (L)
plastic displacement of external spring m in time
interval t (L)

force in internal spring m in time interval t (¥),
where F = force

gravitational acceleration (L/T?)

damping constant of soil at element m (T/L)
spring constant associated with internal spring m
(7/1)

spring constant associated with external spring m
(F/L)

force exerted by external spring m on element m
in time interval t (F)

velocity of element m in time interval t (L/T)

weight of element m (F).

The internal spring constant K(m) satisfies the assumption that

211 springs must be perfectly elastic (which implies no internal
Which implies no Interna

dawping) . ‘ﬁhe agssumption is valid for typical pile segment

The

capblock and cushion block, however, do have internal decmping, and

smith develgped special relationships to account for it. Instead of
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Eq. 7, he used the following equation:

Fm,t) = —XB om0 ~{ —E— - 1) R Clm,0py
[e(m)] [e(m)] a0
where
e(m) = coefficient of restitution of internal spring m

Cla,e),,, = temporary maximum value of C(m,t)
The mathematical expression for the external spring constant

K'(m) (see Fig. 2(a)) is:

el =
R, (m) '
Q(m) (1)

K'(m) =
where
Q(m) = gquake,) the maximum elastic deformation allowed for
external spring m (L)
Ru(m) = ultimate grfound resistance, or the load at which the

external spring m behaves in a purely plastic manner

(%)

The computations proceed as follows:

1. Determine the initial velocity of the ram from properties of
Trial ve-oc

the pile driver. Initialize other time dependent quantities
to zero.

2. GCalculate displacements D(m,1) by Eq. 5. Note that V(1,0)
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Y
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Jl‘dm) . Ru(m}
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0 F/ c l DEFORMATION
Ru {m)
E D
(a) STATIC
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LOAD
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/ ¢ /
/ , / Ru(m}
4 A 1/ //C l DEFORMATION
T

Ru{m)

E
[
{b) DYNAMIC
FIG. 2. - Static and Dynamic Load-Deformation Models

(after Ref. 43)

12
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is the initial velocity of the ram.
3. Calculate compressions C(m,1) by Eq. 6.
4. Calculate internal spring forces by Eq. 7 or Eq. 10, as
appropriate.
5. Calculate external spring forces R(m,1) by Eq. 8.
6. Calculate velocities V(m,1) by Eq. 9.
7. Repeat the cycle for successive time intervals.
In Eq. 8, the plastic deformation D'(m,t) follows Fig. 2(a)
and is determined by special routines. For example, when D(m,t) is
less than Q(E),‘ Dﬁ'r(m,t) is zero; when D{(m,t) is greater than Q(m)

along line AB (seejig. 2(a)), D'(m,t) equals D(m,t) - Q(m).

Smith noted that Eq. 8 produces no damping when D(m,t) -
D'(m,t) equals zero. He suggested an alternate equation be used when

D(m,t) first equals Q(m):
R(m,t) =[D(m,t) - D'(m,t)] K'(m) + J(@Ru(m) V (m,e-1) (12)

The pile point is a special case. When m=p, where p is the

number of the last element of the pile,/k{g) is the point soil spring

and J(p) is the point soil damping constant. Fig. 2(b) shows
dynamic load-deformation behavior. _FEq. 8 produces the behavior

shown by path OABCDEFG in Fig. 2(b). Since the soil spring at Cthe
pile point cannot exert tensio},w soil resistance follows
path OABC in Fig. 2(b).

After many cycles of computation, the pile segments reach their

maximum downward movement and rebound upward. Numerical integration
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typically halts, and the program calculates permanent set; permanent
set (downward displacement) equals the maximum displacement minus
quake. The permanent set é}) the pile poiat D(p) due to the ram blow
is equal to OC on Figs. 2(a) and 2(b).

The end result of a wave equation analysis is a record of the
response of each of the model segments to Cthe hammer blow. In
addition to calculating the permanent set, the program keeps a record
of the peak compressive and tensile stresses occurring within each of
the pile springs. These peak forces divided /@} the corresponding pile
area equal the peak dynamic pile stresses.

Often, engineers perform the above calculations for several
values of total static soil resistance) and  develop classic soil

resistance vs. blow count (RUT vs. N) graphs.



15

CHAPTER IV

WAVE EQUATION COMPUTER PROGRAMS

Introduction

The preceding solution of the elemental (wave) equations of
motion for discrete element models is the basis for practically all
wave equation computer programs ia use today. Researchers at five
universities and three private firms have made basic contributions to
the development of wave equation technology, either by developing wave
equation computer programs or by determining material behavior
characteristics for input in the programs, or both. The various

computer programs, by source, are:

Texas A&M University (TAMU)
FHWAWAVE
TTL
OQCEANWAVE
TIDYWAVE

MICROWAVE

Case Western Reserve University (CRWU)
WEAP
CAPWAP

SWEAP

University of Illinois (ILLINOIS)

DIESEL L



Duke University (DUKE)
DUKFOR :

PSI

University of Texas (U.T.)
DRIVE 7

DRIVE 10

Raymond Company Program

Laboratoire Central des Ponts et Chaussees

BATLAB

HBG (Hollandsche Beton Groep n.v.)

PILEWAVE

The following descriptions of all computer programs provide basic
background information. From a user/buyer standpoint, they focus on
program capabilities, special applicatioms, and program limitations,
as applicable.
TAMU Programs

All TAMU programs use Smith's original algorithm, that is,
step-by-step (Euler) integration of the wave equation usually until
the pile tip starts to rebound. The solution then halts and pile set
per blow is estimated as the maximum tip displacement minus the

elastic rebound quake. (Actually, halting the numerical integration

16



17

at tip rebound is a money-saving routine built into the programs; the
user can continue integration indefinitely and thereby accurately
calculate permanent set by simply exercising one of the option
capabilities of the program.) Though they all use the sawe solution
algorithm, the programs differ widely in their applications as dis-
cussed in the following paragraphs.

FHWAWAVE, written for the Federal Highway Administration (23),
is a production version for highway engineers. The user's manual
(24) contains numerous example problems and is specifically written
for the practicing highway engineer. The program models only a single
blow of the hammer. It is formulated to handle drop hammers, both
single-acting and double-acting air/steam hammers, and both open-end
and closed-end diesel hammers. The program uses Smith's soil model
and provides for various soil resistance distributions. A4ll TAMU
programs have been criticized for their diesel hammer routines (19,
28). Typically, their routines calculate higher forces delivered to
the pile head - and consequently higher pile stresses and larger point
displacements - than measurements indicate. Rempe (39) discusses the
problem in detail. TAMU researchers were aware of the problem and
quantified the discrepancy (34).

TTI has basically the same capabilities as FHWAWAVE. Both
programs were written for highway engineers (TTL was written for the
Texas Highway Department), and the above description applies.

OCEANWAVE was written by Lowery for a coasocrtium of o0il companies
(Lee Lowery, Jr., TAMU, personal communication, 7-2-84). OCEANWAVE is
a desipn oriented program and essentially corresponds to FHWAWAVE but

with improved input/output capabilities. Other refinements include a
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new algorithm to simulate hydraulic hammers (28).
TIDYWAVE was written by Lowery (33), and is, by virtue of an
extensive option system, a research oriented version of the wave
equation computer program, (The options do not render it impractical
for production use, however.) TIDYWAVE contains a parameter variation
scheme enabling the engineer to easily determine the senmsitivity of
the pile driving system to its descriptive parameters. In addition to
basic program capabilities (like those in FHWAWAVE), the program
includes the following options:
. simulation of limited force or variable force (hydraulic)
‘hammers

. multiple hammer blows, for proper determination of residual
stress effects B

« long form force vs. time input (when available from field
measurements), to eliminate uncertainties caused by the
driving hammer and driving accessories

. simulation of hammer located at any point in the pile, i.e.

head (normal), butt, midlength, etc.

. inclusion of jacking forces at any point on the pile

. inclusion of a "stinger” or "follower”, for offshhore

applications

. inclusion of a nonlinear soil resistance model; that is,

adequate wodeling of any soil load-deformation curve the
engineer believes is appropriate

. allowance for differeat loading and unloading quakes (in

Smith's soil model)



19

. caleulation of pile bearing capacity by various pile~driving
formulas, for comparison with wave equation solution.
TIDYWAVE's input may be cumbersome for novice users. The option
system makes TIDYWAVE the most versatile of TAMU's main-frame computer

programs.

MICROWAVE is a new wave equation computer program developed
especially for the microcomputer. It mimics FHWAWAVE; that is,
the user's manual for FHWAWAVE is applicable to MICROWAVE. Output is
in the same form, too. MICROWAVE has a user-interactive data loader

and checker (Lee Lowery, Jr., TAMU, personal communication, 7-2-84).

CRWU Programs

WEAP was written by Goble and Rausche (19) for the Federal
Highway Administration in an attempt to improve the diesel hammer
routine used in the TTI program. WEAP simulates both mechanical and
thermodynamic aspects of diesel hammers. The algorithm uses a
segmented ram and considers steel on steel impact between the ram and
anvil; it also accounts for energy losses at hammer component
interfaces. Thermodynamic modeling includes calculating the ram
stroke and combustion chamber pressure. WEAP analytically determines
the variable energy characteristic of diesel hammers. Numerically,
the program uses Newmark-Beta step-by-step integration (based on
linear acceleration). WEAP also uses a "predictor—corrector” approach
to achieve convergence of both the pile top force and bottom velocity.
The program offers two choices for soil damping: (1) standard Smith
damping and (2) Case damping, which incorporates the average

properties (impedance) of the pile elements. Concerning input
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capabilities, WEAP stores a list of hammers on file. To input hammer
information, the user need only specify the hammer number. Long form
input is also available. WEAP models all conventional hammers but
does not model the new hydraulic hammers. Also, WEAP models only a
single hammer blow.

CAPWAP (17, 2) makes use of measured force and acceleration re-
cords at the pile head to predict the soil resistance distribution
mobilized during response to the hammer blow. Essentially, CAPWAP
takes the acceleration curve and calculates, with the aid of six
operator-coutrolled variables, a force curve which is matched to the
measured force curve. The six variables are side and tip quake,
side and tip damping, and load along the pile shaft and at the pile
tip. The operator interacts with the computer making several
successive runs, each time changing the parameters in an attempt to
improve the match between the computed and measured force-time curves.
The analysis result is the distribution of mobilized soil resistance -
- i.e., the ultimate static bearing capacity and the selection of
variables used to achieve the final match. Originally, CAPWAP was
fully automated. The automatic computational procedure was reasonably
satisfactory for relatively short piles, say, 80 ft (24 m) or less,
but when used on long offshore piles the analysis cost became
excessive. Consequently, the program was wmodified to compute
resistance forces and their distribution using the interactive mode
described above (18). CAPWAP does not take into account residual
stresses in its predicted soil distribution.

SWEAP is a limited version of WEAP for use on a minicomputer
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(Frank Rausche, Goble and Associates, persona‘l communication,
6-18-84). Published information on the program is very scant;
however, Goble (20) indicates that SWEAP is a combination of WEAP and
DUKFOR implying the simulation of a multiple blow analysis for
inclusion of residual stress effects. According to Dover et al. (13},
SWEAP is executed on a microprocessor system that includes a micro-
processor unit, an interactive CRT console, a printer, and a plotter.

Program software is stored on floppy disks.

ILLINOIS Program
Rempe (39) developed DIESEL ! in 1975 as part of a comprehen—

sive study of diesel pile-driving hammer performance. He investigated
all aspects of diesel pile driving, - that is, the hammer, the
accessories, the pile, and the soil; he also studied how the differ-
ent aspects interact to affect hammer performance, for example, the
cage of soft-ground driving or battered-pile driving. The result
is the rigorous mathematical hammer model of DIESEL 1. This model
accurately simulates diesel hammers by properly modeling the entire
thermodynamic cycle, realistically approximating the gas force by
considering both hammer design features and hammer-pile-soil
interaction, using a segmented ram, and providing for damping of
spurious oscillations. DIESEL 1 1is based on Smith's original
algorithm and uses a discrete-element pile representation. No
published information is available on program soil models, input,

output, or special capabilities.
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DUKE Programs

DUKFOR was written by Holloway (26) in order to analyze pile-soil
interaction behavior more effectively. The computer code simulates
impact pile driving and/or pile load test behavior in a unified
approach. DUKFOR analyzes a series of hammer blows, statically
equilibrating the forces at the end of each blow and taking ianto
account residual driving stresses. The code provides for either
bilinear or hyperbolic static deformation soil behavior. DUKFOR also
includes three possible dynamic soil behavior components: no damping,
nonlinear viscous damping after Smith, and linear viscous damping.
DUKFOR uses Smith's basic discrete element formulation and numerical
integration scheme.

PSI (28) is an updated version of DUKFOR developed to accommodate
longer piles and to simplify certain analysis inputs. PSI, like
DUKFOR, has the capability of performing multiple blow analyses
thereby incorporating residual stresses 1in the solution. The
program's primary limitation is the absence of diesel hammer and
hydraulic hammer simulators. Work was underway in 1978 to include the
special hammer routines in the code; the present status of PSI and

DUKFOR was not discussed in more receant literature, however.

U.T. Programs

DRIVE 7, described by Matlock and Foo (36), analyzes the driving
of foundation piles by impact or vibration plus a variety of problems
dealing with static or dynamic axial loading of bars, A
discrete-element mechanical analogue represents the pile member, and a

hysteretic, degrading support model describes the nonlinear inelastic
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behavior of the soil. DRIVE 7 provides for strength degradation as a
function of deflection and of the number of reversals of deflection in
the range beyond an initially elastic condition. The code allows for
any soil varistion with depth. Hammer blows may be applied at any
point along the pile length, and the driving system has the capability
to include a mandrel or follower in the analysis. DRIVE 7 allows for
input of measured force-time data rather than simulating the hammer.
The numerical alogrithm employs an implicit (Crank-Nicolson) type
solution to maintain setability and accuracy. DRIVE 7 has the
capability to simulate multiple hammer blows thereby taking residual
stresses into account. The algorithm calculates permanent set based
on the complete time history of pile tip movement rather than by
maximum displacement minus quake.

DRIVE 10 is an improved version of DRIVE 7 (Dwaine Bogard, Earth
Technology Corp., personal communication, 6-20-84). The basic
improvement is in the output; otherwise, the two programs are the
same. The U.T. programs do not contain diesel hammer or hydraulic

hammer simulators.

Raymond Company Program

The Raymond Company program is the program writtem by E.A.L.
Smith, It has been updated somewhat (Paul Engeling, Raymoand
International, personal communication, 6-18-84), but iaformation on

those improvements is not available.

Laboratoire Central des Ponts et Chaussees Program

BATLAB was developed in France by the Laboratoire Central des
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Ponts et Chaussees (3). BATLAB differs from other programs in that
it contains no hammer model; the user must input a force-time curve
(actual or simplified). BATLAB only models, then, the pile and the
soil. The authors of BATLAB believe that the numerical integration
technique is a very critical aspect of a discrete element solution.
They concentrated on developing an integration algorithm which
precisely calculates the displacement and velocity history of an
element during a time interval at least equal to the time it takes for
the stress wave to travel up and down the pile. BATLAB uses
Runge-Kutta numerical integration, The soil model is bilinear

elastic-plastic with linear damping.

HBG Program

PILEWAVE, written by Voitus van Hamme (50), is the only program
based on a solution to the wave equation; all other programs are based
on a discrete-element formulation after Smith. Voitus van Hamme
contends that his program has important advantages over pile-driving
programs based on concentrated masses intercoanected by springs.
First, force and velocity are always calculated for the same points.
Second, phenomena which occur at places where no traction can be
sustained (e.g., between a pile and an add-on) can be assessed
accurately. Third, the pile driving hammer, even a complicated one,
and the pile cap with cushions can easily be incorporated into the
system. Fourth, this "solution of the wave equation" theory not only
leads to a simple computer program but also provides a much better
understanding of what really happens during pile driving. PILEWAVE

was originally written to analyze pile driving by the Hydroblok
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hammer (31), but versions for conventional steam and diesel hammers
are also available. Jansz et al. (31) published results showing a
very good comparison between computed and measured force-time curves

for the Hydroblok hammer.

Summar

All of the previously described wave equation computer programs,
with the exception of the TAMU programs and WEAP, are proprietary in
some gsense of the word. Either they were developed by a private firm
and are not for distribution (e.g. CAPWAP, the Raymond Program), or
they were developed at a university but have not been documented in
such a way that they would be useful to the public sector (e.g.,
DIESEL 1).

The various wave equation computer programs have specific
applications and are subject to certain limitations. All of them,
however, attempt to solve the wave equation numerically, and they are

an invaluable tool for pile foundation analysis and design.
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CHAPTER V
LITERATURE REVIEW

This chapter reviews current literature on the wave equation
method of pile driving analysis. Specifically, it describes various
uses of wave equation computer programs, residual stress effects, and

dynamic field measurements.

Uses of the Wave Equation

Several "state-of-the-art" summary papers on wave equation
analysis of pile driving are available e.g., references (34), (25),
(8), (27), (28), (20), and (2). According to Holloway et al. (28),
in 1978, wave equation computer programs provided solutions to a
number of piling problems including:

(1)/ Selection of a suitable hammer assembly-pile-soil combina-
’ tion for a particular site.
éz ' Minimizing the potential for pile or hammer damage during

driving by predicting peak stresses in the system during

driving.

(3) Prediction of the ultimate bearing capacity of a single pile

hased on measured blow counts.

(4) Prediction of driveability of a pile to full penetration, or
how much penetration can be obtained with a given hammer-
pile-soil system.

More recently, pile driving analysis has evidenced an increased use of
dynamic field measurements to improve the quality of the above

solutions (20). 1In addition, dynamic measurements are being used to
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test for pile integrity (2), and engineers are considering the
importance of residual stresses during pile driving. The following
paragraphs describe residual stresses and dynamic measurements
inasmuch as they apply to this research project.

Residual Stress Effects

Correct interpretation of pile behavior under axial loads
requires proper determination of residual stresses. The residual
stress phenomenon arises in a number of ways (4).

During a hammer blow, a pile will first move downward and then
rebound and then oscillate around a final position. The pile, in
equilibrium, is under a certain point load and a certain friction
load, and these loads must cancel out since the load at the pile head
is zero. After several blows (when the pile reaches final penetra-
tion), the residual load distribution in the pile is as shown on Fig.
3.

During the downward movement of the pile, the pile-soil friction
acts upward to resist the penetration of the pile; the point
resistance also acts upward. During the rebound phase, the soil under
the point pushes the pile up while the pile decompresses elastically.
These two components of rebound create enough upward movement to
reverse the direction of the pile-soil friction (which now acts down-
ward -- at least in the upper portion of the pile). Equilibrium is
reached when enough friction stresses reverse themselves to keep the
bottom of the pile stressed against the soil. ‘

The unloading characteristics of the point and friction transfer

curves and the elastic characteristics of the pile govern the residual
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stress phenomenon. Residual stresses can also be caused by reconsol-
idation after driving, provided relative movement between the pile and
soil occurs. In sands, a significant residual point load can exist
because point capacities are large and because the friction transfer
curve requires less movement to unload than the point tramsfer curve
requires.

Neglecting residual driving stresses in analyzing pile load tests
usually results in (1) overestimating pile shaft capacity, (2) under-
estimating point capacity, and (3) incorrectly determining the actual
resistance distribution at failure (29). Also, uneglecting residual
stresses in pile driving analyses by performing only a single blow
analysis will generally lead to higher predicted blow counts for the
same soil resistance. Proper inclusion of residual stresses requires
the simulation of 3 to 5 hammer blows (5).

Holloway's program, DUKFOR (26), pioneered the inclusion of
residual stress effects in pile driving analyses. DUKFOR models a
sequence of hammer blows, statically equilibrating the remaining
dynamic forces after each blow. Lowery's program, TIDYWAVE (33),
includes a multiple hammer blow routime to allow for inclusion of

residual stresses, as does DRIVE 7 (36).

Dynamic Field Measurements

Researchers at Case Western Reserve University developed the most
well known system for dynamic measurements, the Case-Goble system (2,
90). The Case-Goble system uses independent measurements of strain
and acceleration taken in the field. The strain is directly converted

to force, and the acceleration is integrated to obtain the velocity of



30

the pile. The "Pile Driving Analyzer" system records the measure-
ments. Goble et al. (17) and Authier and Fellenius (2) thoroughly
describe the actual system.

The Analyzer calculates three values and prints them out on
paper tape. The operator selects the three values from a list of
several alternative values, such as impact force, maximum force, and
developed energy. Simultaneocusly with the print-out pravded by the
Analyzer, an oscilloscope displays traces from pile strain gauge
pairs. All measurements are stored on a tape recorder; replaying the
tape through the Analyzer simulates original driving. Values that
were not selected for priat-out the first time through can be obtained
in & new output made.

Dynamic field measurements at the pile head during driving are
very desirable since they negate the need for a hammer model in wave
equation computer programs. In effect, dynamic measurements remove
all uncertainties associated with hammer modeling; the only remaining
unknowns in the system are the soil resistance distribution and the
s0il model parameters.

As previously discussed, CAPWAP uses dynamic measuremeats to
obtain a value of the soil resistance distribution and the soil model
parameters. Dolwin and Poskitt (12) discuss a method which also uses
dynamic measurements to determine wave equation input parameters.
Dolwin and Poskitt's method is a completely automated formulation
using a least-squares technique to arrive at the "best" values. These
optimization techniques, when coupled with static load test results,
provide the best available method of determining soil input parameters

for use in wave equation computer programs.
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Computer Soil Models

All wave equation computer programs must numerically model the
entire pile driving system - - that is, the hammer, the pile, and the
soil. Curreant hammer models adequately simulate the force delivered
to the pile head for all hammer types, and force-time datz measured at
the pile head eliminates any uncertainty in the hammer-capblock-
cushion assembly. The pile model is well established and has remain-
ed basically the same since Smith first introduced his diserete
element idealization. The soil model, however, is amother story.
Chan et al. (7) discussed rheological soil models:
"Rheology is the science of deformation and flow ...
the goal of rheology is depiction of the deformation
of flow resulting from the application of a given
force system to a body."

however,
"the task of determining a rheological model to
simulate the complex behavior of soil is generally
far from simple."

E.A.L. Smith's rheological soil model satisfies the two basic
requirements outlined by Chan:

1. Under an instantaneously applied load (dynamic load), the
model should undergo an instantaneous deformation and
approach a limiting value.

2. The greater the rate of loading, the steeper the curve ia
the load-deformation diagram.

There are two main objections to Smith's model, however. One is that
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the model is linear. The second objection is that the response of the
model is reversible., It is possible to improve the similitude of
action of the model in these two respects, but with such alteration
the mathematics becomes rapidly more complex. Chan adopted Smith's
two-element model as a compromise between the conflicting requirements
of realism and simplicity.

Several computer programs have "complicated the mathematics" in
order to account for inaccuracies in Smith's model. All of the
computer models, however, basically consist of two components. One
component describes the static load-deformation behavior of the soil,

and the other component accounts for dynamic effects.

Static Load-Deformation Behavior Models

Static load tests are the best indication of static load-defor-
mation behavior (Fig. 4). Slﬁif: soil models attempt to accurately
depict this behavior, and theror\etically, the best soil model available
would be the load test itself. For pile driving analysis, however,
static load—deformation behavior at the time of driving is required;
this behavior may be drastically different from the static load-
deformation behavior at the time of the load test.

Lowery et al. (35) developed a generalized goil resistance model
(Fig. 5). The model uses the same variables Q(m) and Ru(m) as
Smith's curve. The ground quake Q(m) is divided into ten equal
pile-soil displacements, and the static soil resistances corresponding
to those pile-soil displacements comprise the input data required to
establish the curve.

Holloway (26) described a hyperbolic load-deformation model. His
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procedure uses correlation factors to fit a hyperbola to the loading
curve of a direct shear test. Two parameters uniquely define a
rectangular hyperbola: the initial tangent slope to the curve, and the
horizor;tal asymptote (Fig. 6). For nonlinear tip behavior, Holloway
takes the maximum tip load as the asymptote. The initial tangent
slope equals the maximum tip load divided by an assumed elastic quake.
Holloway recommends a quake value of 0.05 in./ft of pile diameter for
piles driven into medium to dense sands. The model assumes linear-
elastic unload/reload behavior. The ratio of the unload/reload
modulus to the initial tangent modulus is conmstant for a particular
material, but it does not necessarily equal unity.

Bossard and Corte (4) use a bilinear-elastic/plastic load--
deformation model. Input requires two slopes K; and Ky
plus an unload slope K3 not necessarily equal to K (Fig. 7).
Corresponding ultimate static soil resistances are also required.

E.A.L. Smith's linear-elastic/plastic soil model (43) is the
least complicated idealization of static load-deformation behavior.
Required input is simply the maximum elastic displacement (quake) and
the ultimate static soil resistance (Fig. 8).

The above models attempt to depict static load-deformation
hehavior of soil during pile driving. One could surmise that the best
model would be the generalized model, or perhaps the hyperbolic model,
because for sands, they more closely follow the true shape of the
static load test curve. The bilinear-elastic/plastic model also
closely resembles the static load test curve. Smith's model does not

follow the shape as closely as the other models for piles in sands,
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but its simplicity enhances its attractiveness.

Tach model has advantages and disadvantages -- i.e., there is a
trade-off between accuracy and simplicity. Lowery (35) compared
Smith's model with the generalized model and comcluded, "only a
drastic change in the soil resistance curve was found to cause an
appreciable difference in the solution." Smith's model, then, is a
sufficiently accurate depiction of a static load test curve; im other
words, ite simplicity does not render it invalid.

A legitimate question is, "What is meant by accuracy of the wave
equation analysis?" If an engineer uses a wave equation program and
determines that driving stresses are not critical in his design, then
he has an accurate solution if the pile does not break into pieces
during driving. If an engineer uses a wave equation program and
determines that a particular hammer will drive a particular pile to a
required depth, then he has an accurate solution if the hammer does
indeed drive the pile. If an engineer uses a wave equation program to
oredict bearing capacity, then he has an accurate solution if his
predictions correlate well with static load tests.

Correlation with load tests is the most applicable definition of
accuracy with respect to soil models. All of the previously mentioned
soil models have been correlated with load tests, but Smith's wmodel
more than any other. This is by virtue of the fact that it has
existed longer than any of the others, and it is the most simple

model. he only unknown parameter in Smith's static model, really, is

M (ultimate resistances are usually chosen to genmerate a RUT

_vs. N curve). WMot surprisingly, there are differemt views on the

correct value of quake for use in a wave equation computer program.
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Quakes
E.A.L. Smith, in this original paper (43), suggested a quake

value of 0.1 inches (0.254 cm), ™ for use until such time as more

1

accurate values become available." In 1965, Forehand and Reese (l5)

correlated bearing capacity predictions with static load test results
by varying quake values from 0.05 in (0.127 cm) to 0.30 in. (0.762
cm). They concluded that Smith's value was acceptable. Lowery et al.
(35) varied quake from 0.10 in. (0.254 em) to 0.50 in. (1.27 cm) with
no damping and described the following trend: "The most pronounced and
consisteat trend is the marked increase in maximum point displacement
corresponding to increasing values of Q ... the percent increase in
maximum point displacement is relatively small for a small soil
resistance, but greatly increases as the total soil resistance becomes
large." 1In their final report, Lowery et al. (34) recommend the value
of Q = 0.10 in. (0.254 cm). The quake sensitivity study performed by
Ramey and Hudgins (38) is similar to the one by Forehand and Reese,
and they arrived at the same conclusions, i.e. Smith's value is
acceptable. Roussel (40) also used Smith's quake in his work on large
diameter, high capacity, offshore pipe piles. Stevens et al. (46)
used Q = 0.1 in. (0.254 cm) when analyzing piles in very dense sand,
and rock.

Smith's value, then, has gained widespread acceptance; however,

quakes significantly different from his value appear in the literature.

'The following discussion on quakes makes a distinction between
point quakes (onint) at the pile tip and side quakes (Qgide) along
the pile shaft, If there is no distinction, Q oint, equals Qgjge-
Unloading quakes (Qunload) are also discussed. N%mencal values are
quoted for cohesionless soils.
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Coyle et al. (8) determined quake values from static load tests on 16
in. (40.6 ecm) square concrete piles in sand. They used Q_ . = 0.4
point

in. (1.02 cm) and Q = 0,2 in. (0.51 em). Authier and Fellenius

side
(1) used dynamic measurements (CAPWAP) and reported quakes on the
order of 0.3 in. (0.76 cm) to 0.8 in. (2.03 cm) for two case histo-
ries. In the first case history, the soil ws a dense sandy silty
glacial till with a 12.8 in. (32.4 cm) closed end pipe pile, and in
the second case history, the soil was dense clayey silty glacial till
with a 12 in. (30.5 cm) square concrete pile. Thompson (47), comment-
ing on Authier and Fellenius' fin_dings, reported similar high quakes
in more coarse grained materials. Likins (32) referenced both Authier
and Fellenius and Thompson, and he agreed with them: "The author
[Likins] has observed many such "high quake" sands (toe quakes between
0,50 in. (1.27 cm) and 1.0 in, (2.54 cm)) in a wide variety of soil
conditions."

Holloway (28) recommends that quake should be proportioned to the
effective point diameter E;‘r: larger diameter displacement piles, e.g.,
0.1 in./ft (0.833 cm/m) of _diameter. This criterion assumes that the
deformation required to fully mobilize tip resistance increases with
increasing diameter/ These proportionally larger quakes are being
used for wave ﬂgation analyses of large offshore pipe piles. Table 1
summarizes quake values reported in the literature.

Large quakes significantly affect wave equation results. Authier
and Fellemius (1) state: "Where large quakes occur, a given hammer
will not be able to drive a'given pile to the capacity possible where
the ordinary small quake occurs." In other words, a wave equation

analysis will show a smaller ultimate static bearing capacity for a
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large quake soil than for a small quake soil, all other things held
constant. Thompson (47) does not necessarily believe the large quakes
are indicative of the static properties of the soil:

"This [large] quake does not, however, represent

the static properties of the soil. Consequently,

in this.gituation, €ba Case Method and CAPWAP wave

equation analyses would be expected to underpredict

bearing capacities. Other wave equation analyses,

such as WEAP, would give better predictions if small

quakes are employed because they are more representa-

tive of static conditions. Ironically, in this case,

knowledge of the actual quakes can be detrimental to

bearing capacity predictions."

Large quakes in wave equation analyses can cause problems. Coyle
et al. (8), using their large quakes determined from static load
tests, could achieve no permanent set because the soil never failed
plastically during the simulated blow. Fig. 9 illustrates this
point. If the assumed RUT equals RUT; and if the hammer stress
wave deforms the soil only to point G, the soil rebounds along line GO
back to point 0 with no resulting permanent set.

To rectify this situation, Coyle chose an unloading quake less

than the loading quake. If Q is less than Qload’ some amouant of

unload
permanent set is always obtained. When the assumed RUT is less than
the capability of the hammer stress wave (OAB in Fig. 9(a)), the
hammer stress wave causes plastic failure im the soil. When the
assumed RUT is greater than the capability of the hammer stress wave,
the soil does not fail plastically, but there is some permanent set.
In Fig. 9(b), when the assumed RUT is RUT,, the hammer stress wave
displaces the soil to point G. Unloading, the soil does not rebound
along the loading path GO, but instead rebounds aloag GH to point H.

The resultant permanent set is OH., 1In this case, the hammer stress
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wave does nat overcome the assumed value for RUT, but only a frac-
tion of it. To obtain a meaningful bearing graph, the computed blow
count must be plotted versus the amount of soil resistance overcome,
i.e. RUT'.

Introducing different unloading and loading quakes complicates
the soil model - particularly when performing semsitivity studies;
there are two more unknown variables. Coyle et al. (8) justified
their different unloading quakes on the basis of a previous laboratory
research investigation by Dunlap (14) and by field measurements.
Stress versus strain data from Dunlap's work indicates that the
unloading quake for the soil surrounding a pile may be constamt though
not necessarily equal to the loading quake. A4s to the field measure-
ments, the researchers determined the total elastic rebound of the
soil by recording gross settlement at full load and at no load and
then taking the difference. The unload soil quake is the difference
hetween the elastic rebound and the elastic compression of the pile.
From their data, the unloading quake was chosen to be 0.1 in. (0.254
cm). This value proved acceptable for their purpose. Cyclic load
tests are the only true way to determine unloading quake values for
wave equation analyses.

In summary, static load-deformation models in wave equation
computer programs attewpt to simulate static load test behavior. The
degree of complexity of the wmodels vary. E.A.L. Smith's linear
elastic-plastic model, although very simple, is valid and has been
correlated with static load tests, Opinions on the proper value of
quake for Smith's model vary; a quake value of 0.1 in. (0.254 cm) has

wide usage and acceptance, however. The best way to determine quake,
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both loading and unloading, is from static or cyclic static load
tests. Static load-deformation models ouly account for static soil
behavior; the entire soil model coatains both the static component and

a dynamic component to account for dynamic driving effects.

Dynamic Soil Behavior Models

-~
" Wave equation computer programs use the dynamic soil resistance

Aodel in conjunction with the static soil resistance model to
{ o T
! detemine\c\utaydriving registance; total resistance is the sum of the

f twao couponent/s‘. The dynamic component accounts for the fact that soil

y will offer more instantaneous resistance to rapid motion than to slow
\ e A
\motion. The _expression for total resistance, in equation form, is:

+ D (13)

£l
"
@

where
R = total resistance, ¥, where F = force
§ = gtatic resistance, F

D = dynamic resistance, F

More specifically, the static resistance for an elastic-plastic model

(i.e. Smith's) is:

8§ =kg- d for d < q (l4a)

s =Sy for d < q (14b)
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where
kg = soil stiffness, F/L, where L = length
d = pile displacement, L
q = quake, L

S, = ultimate static resistance, F
The dynamic resistance, in a basic form, is:
D=J v (15)

where
s s FT o s
Jv = viscous damping parameter,T where T = time

v = pile element velocity, L/T.

While J, is a viscous damping factor, the usual approach in pile

driving is to use Smith's original method:
D=J-v-S (16)

where

J = Smith's damping factor, T/L.
Thus,
Jy
A an
s
The rtesearchers at Case Western Reserve University developed a

different form of damping (19) which reflects the average properties
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of an element.

c v (18)

where
J. = Case damping factor (dimensionless)
E = Young's modulus for pile element, F/L2
A = cross-sectional area for pile element, L2
C = wave speed in pile element, L/T
%& = pile impedance, FT/L

In terms of Smith damping, Case damping is:

(19)

Authier and Fellenius (2) discuss damping parameters, particularly
Case damping, in more detail.

Researchers also studied the velocity term in the gemeral dynamic
resistance formula. Coyle and Gibson (10, 16) determined that the
velocity term should be raised to some power N less than one in order
to keep J comstant. They studied a range of velocities from 0 ft/sec
to 12 ft/sec (3.66 m/sec) and, for a clean sand, they determined the
optimum power of N to be 0.20. Heerema (21) agreed with Coyle and
Gibson's work for determination of point damping values in wet sand,
i.e. the fifth root of velocity relationship. WHeerema also noted that
point resistance appears very strongly velocity dependent at low
velocities, and little velocity dependent at high velocities. Even
though the nonlinear relationship is present, Smith's damping values

are still in cowmon use.
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Wave equation input parameters, particularly the damping para-

meters, are the focal point of most criticism of the wave equation

method. Dover et al. (13) state:
"The major existing problem [with the wave equa-
tion method] is the bias and uncertainty of the
input parameters. This point is highlighted by
the common criticism of the wave equation method
- one can juggle input parameters and obtain the
desired solution. In manv cases, this criticism
is valid."

lan Smith (45) states:
"The major difficulty [with the one-dimeasional
wave equation] attaches to the estimate of the
viscous component of resistance (Smith's para-
meter, J)."

Holloway et al. (28) adds:
"Damping parameters described in practice are
correlation coefficients, not soil properties.
It is quite likely that these dampiag para-

meters have masked many unknown inaccuracies

in the available case histories."

The preceding statements are not made as an attempt to undermine the

credibility of wave equation results; rather, they should help explain

the wide range of damping values published in the literature.
{40), commenting on the wide variation of values for
parameters, states:

"Notwithstanding these variations, various types

of soils have damping parameters that can be placed

Roussel

damping
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between certain bounds."
The following values for Smith damping, as reported in the literature,
are for cohesionless soils.

Smith's (43) original damping values are: point damping (Jp)
equal 0.15 sec/ft (0.492 sec/m) and side damping (Js) equal 0.05
sec/ft (0.164 sec/m). Holloway et al. (28) reported that CRWU
researchers typically reduced the damping parameters toward zero in
order to accurately simulate the impact stress wave in a wave equation
solution. Ou the other hand, Goble and Rausche (18) reported a damp-
ing value of 2.0 sec/ft (6.56 sec/m) from a CAPWAP analysis. 1In
another report, Goble et al. (1l7) pointed out a strong tendency for

<&

(22) showed that the friction force in sands is not velocity

il damping resistance to be concentrated near the pile tip. Heerema

dependent, And~that sand behaves as a simple Coulomb material. This
implies that Js = 0.0. F.L. Beringen at Fugro B.V. (personal communi-
cation, July, 1983) uses Js = 0.0 and Jp = 0.076 sec/ft (0.25 sec/m).
Roussel (40) recommends Js = 0.08 sec/ft (0.26 sec/m) and Jp = 0.15
sec/ft (0.492 sec/m). Ramey and Hudgins (38) performed a sensitivity
study and recommend Jp = 0.2 - 0.3 sec/ft (0.66 - 0.98 gec/m) and Js =

0.067 - 0.1 sec/ft (0.22 - 0.33 sec/m). Lowery et al. (35) also

performed a sensitivity study and noted that as Mﬁes, the

maximum pile tip displacement decreases rapidly. @ verified

Smith's damping values. Table 2 summarizes damping parameter values
I A

for cohesionless soils, as reported in the literature.

Summar

The literature review describes rvecent developments in wave



TABLE 2. - Summary of Smith Damping Values
for Cohesionless Soils

Source Point Damping Side Damping
(sec/ft) (sec/ft)

Smith (43) 0.15 0.05
Heerema (22) not available Q
Beringen 0.076 0
(personal comm.)

Roussel (40) 0.15 0.08
Ramey & Hudgins (38) 0.2 - 0.3 0.067 ~ 0.10
Lowery, et al. (34) 0.15 0.05

Note: 1 ft = 0.305m

51
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equation technology, such as the latest applications of wave equation
computer analyses. It provides a description of the phenomenon of
residual stresses and a brief discussion of dynamic field measure-
ments. The literature review also presents a comprehensive study of
computer Soil models and the soil imput parameters, quake and damping,
for cohesionless scils. The in-depth study of soil models and soil
input parameters should provide background information for the follow-

ing sections of this report; i.e., the actual wave equation analysis.
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CHAPTER VI

LOCK & DAM NO. 26: PROJECT DESCRIPTION AND ANALYSIS DATA

Project Descripticn

The existing Lock & Dam No. 26 was designed and built in the
1930's and put into operation in 1938 (49). Lock & Dam No. 26 is
strategically situated at the center of the 25,000 mile (40,000 km)
inland waterway system of the United States. Traffic between the
Upper Mississippi, the Illinois, the Ohio River, and the Lower
Mississippi Rivers must pass through Lock & Dam No. 26. The structure
is located at Alton, Illinois, about 15 miles (24.2 km) downstream of
the Illinois River and about 8 miles (12.9 km) upstream of the
Missouri River as shown in Fig. 10.

According to the Corps of Engineers (49), there are two major
problems with the existing structure. One is inadequate locking capa-
city. The other problem is a structural ome. To solve these problems,
a new structure was designed; it will be located approximately three
miles (4.8 km) downstream from the existing structure. Construction of
the replacement Lock & Dam No. 26 will be carried out in three phases.

Phase I (currently under comstruction) comsists of site prepara-
tion, construction of a cofferdam, and construction of the first 6-1/2
gate bays of the main dam structure (see Fig. 11). Phase II consists
of constructing another 1/2 gate bay on the dam and the lock itsel€.
This will require construction of a second cofferdam. Phase I1I
involves construction of a two-gate-bay dam section and a closure
structure between the lock and the Illinois shore. The target date for

construction completion is January, 1989.
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(From Ref. 49)
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The Test Site

During Phase I construction, test piles were driven in three pile
groups as shown in Fig. 12. Fig. 13 and Fig. 14 show the locations of
soil borings for Pile Group 1 and Pile Group 2, respectively. TFig. 15
and Fig. 16 show the arrangement of the piles in Pile Group 1 and Pile
Group 2, and the locations of the piles which were load tested. Huff
(30) provides a more complete description of the test site and of the

particular tests performed at each pile group.

Soil Description

,/ The soil consists of fine to medium grained poorly graded sand with

.fine to coarse gravel and occasional traces of coarse sand. Pebbles and

cobbles were present at different depths, as shown in the standard pene-

tration test borings (Fig. 17 through Fig. 20). Fig. 21 shows the
gradation band from a sieve analysis test. TIn Boring B-3 (Fig. 17),
pebbles and cobbles were found from 12 ft (3.7 m) depth to the lower
boundary of the boring. ~ Pebbles ‘and cobbles were aot found in Boring
B-21 (Fig. 19). Three of the boring logs show a layer of coarse gravel
and cobbles extending from approximately 55.5 ft to 57 ft (17.0 m to
17.4 m). Glacial till consisting of sand and gravel within firm gray/
green clay was encountered from 58 ft to 63 ft (17.7 m to 19.3 m); lime—

'
\stone underlaid the glacial till in all borimgs except B-20 (Fig. 20).

In Situ Tests
Three types of in situ tests were performed at the site. These
were the standard penetration test (SPT), the cone penetrometer test

(CPT), and the pressuremeter_ tesy (PMI)
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Fig., 22 shows the SPT results. At a depth of 55 ft (17 m) the
penetration resistance varies from 45 blows/ft to 80 blows/ft (147
blows/m to 262 blows/m).

Fig. 23 and Fig. 24 apply to the CPT. At 55 ft (l7 m) depth, the
tip resistance is approximately 2020 psf (200 kg/cm?).

FPig. 25 through Fig. 30 provide PMT information. Fig. 25 and
Fig. 28 show an average net limit pressure of approximately 460 psi
(3200 kPa) at 55 ft (17 m) depth. Fig. 26 and Fig. 29 show an average
initial pressuremeter modulus of 5070 psi (35,000 kPa), and Fig. 27
and Fig. 30 show an average reload modulus of approximately 16,700 psi
(115,000 kPa), Huff (30) describes the in situ testing, particularly

the pressuremeter test, in detail.

Pile Load Test Data

The Corps of Engineers authorized Eggiainted pile load tests
at the Lock & Dam No. 26 site: 10 tests in Pile Group 1, 8 tests in
Pile Group 2, and 16 tests in Pile Group 3. The piles were imstru-
mented with "telltales" which measure axial deflection at various
depths along the pile. Table 3 lists the test piles, the types of
load test, and pertinent Vpile data. The Corps of Engineers provided
the following information from each pile load test:
(a) Plot of Pilehead Movement and Piletip Movement vs.
Applied Load.
(b) Driving Record
(c) Axial Deflection and Load Distribution vs. Pile Depth
Curves with Associated Tables

Exceptions to the above data are as follows:
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(a) Mo driving record was available for Pile Load Test

8, Group 2.

Distribution curves were not

(b) Axial Deflection and Lo
available for Pile Load Test 4, Group 2 and Piles 1,
4, and 7 in Group 3.
(¢) Only pilehead deflections and tip deflections were
measured on Test Pile 8, Group 2 and Test Piles 14,
15, and 16, Group 3.
The primary analysis objective is tidetemim soil input parameters
for the wave equation computer program. The analysis method
(described in the nmext chapter) uses the load test data, and certain
requirements are necessary for a load test to be applicable to the
analysis. The requirements are:

(a) The test must be a compression test.

(b) The test must be to failure, i.e. the pile must plunge.

(¢) Driving records, axial deflection curves, and load

distribution curves must be available.
Only four pile 13§gw.m<:hee_~__wing the above cri-
teria. They are the tests on Pile 1-3A, Pile 1-6, Pile 1-9, and Pile
s LI
2~5. All of these piles are HP 14 x 77378hapes.

Fig. 31 through Fig. 34 are the Load vs. Pilehead Movement curves;
these curves were used to determine ultimate static soil resistance.
Fig. 35 through Fig. 38 are the Point Load vs. Point Deflection
curves, and Fig. 39 through Fig. 42 are the Friction Load vs. Average
Deflection curves for the four piles. These curves were obtained from

the given Axial Deflection curves and Load Distribution curves; they
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were used to determine the point quakes and the side quakes for the
analysis. Appendix I contains the tables from which the Axial Deflec-—
tion curves and Load Distribution curves were obtained; it also contains
an example explaining how the Point Load curves and Friction Load curves

were determined.

Pile Driving Data

Driving data consists of hammer information, dynamic field
measurements data, and the driving records from the field. The hammer
manufacturer provided the hammer information necessary to perform a
wave equation analysis. The Corps of Engineers authorized the dynamic
field measurements and provided data for the selected piles. The
Corps of Engineers also provided the driving records.

All piles were driven with an ICE 640 diesel pile driving hammer.
Table 4 gives the hammer specifications required for a wave equation
analysis (Tony Last, International Comstruction Equipment, Inc.,
personal communication, 6-4-84). Fig. 43 is a schematic drawing of
the hammer assembly.

Dynamic field measurements were made using the Pile Driving Analyz-
er developed by Goble. The parameters printed out on paper tape are:

FMAX, the maximum measured compression force at the transducer

location, kips.

RSTC, the Case-Goble Method static resistance using damping 3,

kips.

EMAX, the maximum value of energy transmitted past the transducer

location, kip feet.

RMAX, the maximum Case-Goble Method resistance using damping kips.
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TABLE 4. - ICE 640 Diesel Pile-Driving Hammer Data

Hammer TYPe . « « =« « « « = « = = = o o o o o o o o o o o oo o= Closed-End
Rated Kinetic ENETEY « + « « « + « « ¢ = = « « = « « « « 40,000 ft-1bs
Rated Equivalent Ram Stroke . . « « « ¢ o o v o v e e e e 79.32 in.
o~ ol
Distance fgoh Anvil to Exhaust Ports . . . . . 'ﬁ\d" .. . 12.625 in.
Cu -
Ram Weight . . o o« v v v v v o v o v 0 o e s e e e e e 6000 1bs
N

Ram Length . o « » « « = o v o o b0 s e e e e e 91.69 in.
Ram Velocity . .+ . . . . 15.90 ft/sec

{Calculated based on 16 470 ft—lbs “of energy P

required to compress air in chamber from . we #

exhaust ports to anvil -- energy from gas laws. ) e
Theoretical Explosive Pressure . . . . e e e e e e 1290 psi

(Calculated with ram at Bottom Dead Center)

o

Probable Explosive Pressure . . . . . « « « ¢ ¢ = s - o . o . 1190 psi
Hammer Bore DIAMELEr . . « « « « o « & « + + 4+« o - . . 18.00 in.
Calculated Explosive Force . . « - « « « « v o ¢ o« - - 303-328 kips
Anvil Weight . . o . . o e e v e e e e e e e e e e 1415 1bs
Striker Cap Weight . . . e e e e e e e e e e e e e e e 580 1!1S] ( %

(To be combined with anvil weight) k(2 )Y yeLy
Capblock Assemhlyr'ylyei‘ghc e e e e e e e e e+ e e e e+ .. 1534 1bs Y
Cushion Material . « - . « « = « « « « o/ 6= 1/2" thick Micarta dis/k'sl%

: -~ w/5 - 1/8" thick aluminum plates
Cushion Diameter . . . . « « .« « « ¢ o o oo e e e e 10.875 in.
- ) o
Calculated Cushion Stiffmess . . « - = - = « - - - - (F%13,800 kip/in,
S Pty

Cushion Coefficient of Restitution . . . « + « = « « + « « -

Note: 1 ft = 0.305 m; 1 kip = 4.448 kN
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FIG. 43. - ICE 640 Diesel Pile Driving Hammer. Schematic Drawing
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Table 5 gives values of the above parameters for each pile; the values
were taken from the last foot of driving. RSTC and RMAX were not nsed
in the analysis but are listed for the sake of completeness.

Fig. 44 through Fig. 47 are the driving records for the selected

piles. &he average driving resistance at final penmetration isg 32

blows/Et (147 blows/m). >
ows w o m P L ,,Jw—/
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TABLE 5. - Dynamic Field Measurements from
the Pile Driving Analyzer

Pile No. FMAX RSTC EMAX RMAX
(kips) (kips) (ft-kips) (kips)
1-3A 590 367 13.8 372
1-6 465 388 26.4 391
1-9 473 240 not 304
available
2-5 469 173 10.6 244

Note: 1 kip = 4.448 kN; 1 ft-1b = 1.356 joule (Nm)
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FIG. 44. - Driving Record for Pile 1-3A
(1 ft = .305 m)
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FIG. 45. - Driving Record for Pile 1-6
{1 ft = 305 m)



102

Driving resistance in blows per foot

0. 20 . 40 60 80 100

3 o
4

10 BB

ol
O

=

Vertical Projected Depth in feet

80

70

FIG. 46. - Driving Record for Pile 1-9
(1L ft = .305 m)



103

Driving resistance in blows per foot |
0 20 40 60 80 100

-\
=

Vertical Projected Depth in feet

60 .

70
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CHAPTER VI

LOCK & DAM NO. 26: WAVE EQUATION ANALYSIS

Objectives

The primary goal of this analysis is to determine values for the
wave equation computer program input parameters, quake and damping,
which represeant the soil at the Lock & Dam No. 26 site. Residual

. In addition, the

stresses will be studied using data from Pile
analysis will compare the results of selected pile driving formulas
with wave equation results and static load test values. The TAMU wave
equation computer program, TIDYWAVE, will be used exclusively through-

out the analysis.

Determination of Quake and Damping - Overview

Quake and damping values can be determined by a regression-best
fit analysis. Given the driving system data (i.e. pile, hammer), omne
can backfigure the quake and damping which yield a measured quantity.
This measured quantity can _be either the force~time curve at the pile
head or the ultimate B“ii,c resistance. This study answers the
specific question, "What quake and damping values lead to a match
between the cowputed ultimace»\srt‘ar_ic soil resistance (by the wave
equation - - corresponding to the time of driving) and the measured
value from the static load test?"

The method used to determine the input parameters is similar to
the method described by Coyle et al. in their Texas Transportation
Institute Research Report No. 125 series, Bearing Capacity for Axially

Loaded Piles. Reference (8) is the summary report for that study,
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and Reference (9) is a succinct presentation of their findings.

Coyle et al. were given instrumented pile load test data and a
measured peak driving force at the pile head. They selected "best
fit" quake values and determined the ultimate static soil resistance
using the load test data. They then matched the computed peak force
with the measured peak dynamic force at the pile head to eliminate
uncertainty in the hammer input data. These forces were wmatched by
varying cushion stiffness and ram veloeity in the wave equation
analysis. Once they obtained a force match, they varied the damping
parameter J and developed a series of Ultimate Static Soil Resistance
vs. Blowcount (RUT vs. W) curves., Plotting the ultimate static soil
resistance at its corresponding blowcount value on the RUT vs. N

curves determined the correct value of J.

Ultimate Static Resistance

The ultimate static soil resistances were taken from the Load vs.

Pilehead Movement ;’ges (Fig. 31 through Fig. 34). The ultimate
static resistance is the resistance corresponding to a pile head
deflection of 10 percent of the equivalent pile diameter. Piles which

did not achieve this deflection did mot "v/giﬁng)e"./'rhe equivalent pile
2ve this < .y

diameter for an H-pile is:

pal

(20)

where
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hf = pile flange width, in. or cm
d = pile web depth, in. or cm
Properties for the HP 14 x 73 rolled shape from the AISC Manual of

Steel Construction, Eighth Edition are:}

by = 14.585 in. (37.06 cm)

d = 13.61 in. (34.57 cm)

The equivalent pile dismeter is I5.9 (40.37 ecm). Table 6 and
o

Fig. 48 give the ultimate static soil resistances for .each pile and

the corresponding blo int value at final penetration from the blow-

count curves>

Selection of Quakes

Quake values were obtained from the Point Load vs. Point Deflec~
tion curves (Fig. 35 through Fig. 38) and the Friction Load vs.
Average Deflection curves (Fig. 39 through Fig. 42). The primary
consideration involved deciding whether to choose a 50% secant quake
or 25% secant quake.

Secant quakes were determined in a rational and systematic
manner. A secant was drawn through the point on the load-deflection
curve corresponding to 25% or 50% of the maximum load on that curve.
Fig. 49 is the Point Load vs. Point Deflection curve for Pile 1-3A

ile 1704
with the 257 secant point quake shown. The 25% secant friction quake
was obtained in the same manner as the point quake but from the

L
friction load-deflection curve). Table 7 summarizes the quake values
£lection cu
used in this analysis.

Unloading quake characteristics were determined from Fig. 34, the



TABLE 6. - Ultimate Static Soil Resistance

and Corresponding Blowcount Data

Pile No. Ultimate Static Blowcount
Resistance Value
(kips) (blows/ft)
1-3a (580 @
1-6 818 38
1-9 652 29
2-5 447 25
Note: 1 kip = 4.448 kN; 1 ft=0.300m
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FIG. 48. - Ultimate Static Soil Resistance Versus Blowcount for

Selected Piles at Lock & Dam No. 26
(1 kip = 4.448 KN; 1 £t = .305 m)



109

(S3HIND)  NOILJ3430 INIOd
€ SL'¢ §%2 Se% 2 77 SRR S~ | 1 SL* I Se-

L B B I ISR I A T T T e T T T T

N

" Ov0T HOWIXVH

0 s

i

T

3ANNT
[ ON1GVOT INYI3S

I
!
!
/
i
[ I
1
|
)
I
1
!

—-]

] NOILJ31430 "SA OV07 INIod
YE-1 FId

| EPETESTI EPRPEI I | PR

FEFEEFE EPEVEFSE UPATITENIN EFSPEArS SPUEETI I RPRTEri R

1]

(m2 9g 7 = UL T ¢\ gyh'h = AT T) senfep 9yEN) UEIIS ZGZ JO UOTITUTWIAILQ - 6% “OId

s

2ai

o5t

a9e

ase

e

2se

ooy

avo7 INIOd

(SdDbH



110

TABLE 7. - Quake Values Used for this Analysis

507% Secant Quakes 257 Secant Quakes
Pile No.
oni.m: Qside onint Qside
(inches) (inches) (inches) (inches)
1-3A 0.57 0.40 0.20 0.12
1-6 0.40 (0.35) 0.24 (0.45)
1-9 0.33 0.30 0.17 0.13
2-5 0.28 0.20 0.13 0.08
Average 0.40 0.30 0.185 0.11

Unloading Quakes equal the above Loading Quake Values.

Note: 1 in.

= 2.54 cm
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Load vs. Pilehead Movement curve for Pile 2-5. Fig. 34 is the only

curve that shows a complete load-unload-reload-unlead cycle. From

Fig. 34, the initial loading quake is 0. in. (0.762 cm){obtained

using the secant at 25 percent of ul;}y}ate load method). The first
unload quake is 0.31 in. (0.787 cm). The reload quake value is 0.17
in. (0.432 cm), and the second unload quake is 0.15 in. (0.381 cm).
The loading and unloading quakes are approximately EM_E‘?E_,{,‘ECIQ;
however, the second cycle values are one half the first cycle values.

This phenomenon might_occur because the initial load test cycle

was performed Gday/‘/after driving allowing adequal:e time for pore

_pressure dissipation or pile "s -up".“ ‘The second:load test cycle, on
e b4

the other hand, was performed immediately after the first cycle, and
pore pressures may not have had time to dissipate; the result is the
stiffer, low-quake soil. Regardless of the explanation, there is an
indication that, for cyclic loading, unloading quakes differ very
little from the loading quakes.

For this analysis, the unloading quakes were assumed to equal the

loading quakes for both point and side values.

Matching FMAX

The FMAX values listed in Table 5 are measured maximum
compressive forces delivered to the pile head. Matching a measured
peak force with the computed peak force from a wave equation
computer program eliminates much uncertainty in the hammer input
parameters; that is, there is no longer anv need to guess a hammer
efficiency or estimate cushion properties. Coyle et al. (9)

state that matching the peak force produces reliable results.
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Factors which affect the magnitude of the peak compressive force

at the pile head are the ram velocity, the number of segments used to
model the ram, the cushion stiffness, ‘and the stiffness of the pile.

Varying any or all of these parameters alters the computed stress wave

to produce the peak force match. In this analysis, the first three
parameters were varied; the pile stiffness was not changed. Also, all
)

Jeacant_quake values, Smith damping val-

B
force match runs used the

ues, and the ultimate static soil resistance from the load test.

The first match was attempted on Pile 1-3A. The initial runs
were made with the ram modeled as a single segment; unaltered input
data (as suggested from the manufacturer) produced a computed peak
force 26 percent greater than the measured value for this pile. The
ram velocity and cushion stiffness were then decreased in increments
of approximately 5 percent until measured and computed forces agreed.
The force match was achieved at 81 percent of the manufacturer's
calculated ram velocity and 90 percent of the calculated cushion
stiffness. Varying the cushion stiffness had very little effect on
the hammer force; a 5 percent change in cushion stiffness produced a 1
percent or less change in the hammer force.

The ram was then divided into three segments. A force match was
achieved at 100 percent of the manufacturer's calculated ram velocity
and 90 percent of the calculated cushion stiffness. (This large
change due to the segmented ram supports the findings of Lowery et al.
(34) in their investigation of driving stresses calculated by TAMU
wave equation computer programs.) These nezfy_a’l\ﬁues were coasidered

acceptable, and a three-segment ram was used for all subsequent
R
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computer tuns.

The FMAX values for Piles 1-6, 1-9, and 2-5 differ by only 1
percent, but they are only 71 percent of the FMAX value for Pile 1-3A.
Not surprisingly, the peak force match was achieved at 75 perceat of
the manufacturer's computed ram velocity and 90 percent of the com—
puted stiffness for Piles 1-6 and 2-5. Pile 1-9 was matched using 76
percent of the ram velocity. The values were accepted and were used

in subsequent computer runs to develop RUT vs. N curves.

Developing the Ultimate Static Resistance versus Blowcount Curves

/Engineers use RUT vs. N curves to establish pile driving
acceptance criteria. Acggyjance eriteria will tell the pile driving
contractor that "this" hammer on "this" pile im "this" soil driven to
"this"” minimum depth with "this" blowcouat value will achieve the
required/s»&itic bearing capacity at the time of driving. The vaknowns
in a typicil pile driving analysis are fhe,‘?:‘“"‘]‘,"ﬂ’”_ﬂ.‘g pile, and the
soil information; the result of the analysis is the static bearing
capacity. vith\j_g_curresponding blowcount value.

)
In this_analysis, i{!_y/z;’imia_figld measurements were made, so the

hammer data is known. Pil;_dﬁ:a_j\s_aﬂn known. Driving records were
taken, so the blowcount \qug_g‘_is_,k_qgwy/ The ultimate static soil
resistance is available from static load test results. The unknowns,
then, are the soil input parameters, quake and damping. Quake values
were determined from the load-deformation curves, so the analysis
finally reduces to selecting proper damping parameter values.

Ideally, the analysis could be made by specifying only one value

of soil resistance (the ultimate value from the load test) and varying
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the damping parameter until the wave equation computer program's
calculated blowcount value matches the blowcount value from the
driving record.

A more useful method of analysis, however, is to develop complete
RUT vs. N cucves for a series of damping values. The curves for a
particular pile can be plotted together, as a family, and the point
representing the ultimate static soil resistance and its corresponding
blowcount value can be plotted on this family of curves. The correct
damping value is readily apparent, as well as trends in the results.

This analysis developed a series of RUT vs. N curves. The damp-

ing values chosen were:

Jpodnt = 0.00 sec/ft (0.0 sec/m)
0,05 sec/ft (0.164 sec/m)
0.15 sec/ft (0.492 sec/m)
0.30 sec/ft (0.984 sec/m)
Jside 1/3 Jpoint

Multiple hammer blows were used, so permanent set was calculated
based on the complete time history of pile tip movement rather than
by maximum displacement minus quake. Specifically, the analysis
modeled 5 consecutive hammer blows, and permanent set was the
difference in the final displacements of the fourth and fifth blows.
Typically, 600 iterations (time step intervals) were calculated for
each blow.

RUT values were chosen in 100 kip (445 kN) increments ranging
from 100 kips (445 kN) to a value approximately 100 kips (445 kN)

greater than the maximum static resistance from the load test. The
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ratio of point resistance to total resistance (RUP/RUT) for each
; Py

pile was determined frgyli\egl_\gw Distribution vs, Pile Depth curves

(see Appendix I) using the maximum applied load value for RUT.

This ratio was held constant (592- Mﬂﬁj}f?}“ﬁf‘fﬁ»‘;f RUT;

ance @

the friction res; inus RUP) was assumed to be uniformly

€

distfﬂil":g!:ed.

Pile 1-3A was analyzed using both the 50% secant quakes and the
25% secant quakes. Pile 1-6, Pile 1-9, and Pile 2-5 were analyzed
using only the 25% secant quake values. The results of the analysis

are presented in the next section.

Results

Fig. 50 is a plot of the RUT vs. N curves for Pile 1-3A. The
50% secant quakes were used to develop these curves. Table 8 is a
complete numerical tabulation of the results plotted on Fig. 50.
The closest blowcount correlation is for zero damping, but this
value is 100 percent too high.

Fig. 51 and Table 9 are the results for Pile 1-3A obtained
using the 25% secant quake values. The closest blowcount correlation
is also for zero damping, but is considerably closer. The calculated
blowcount is 40 percent larger than the measured value for this
pile.

Pile 1-6 is unusual because of its comparatively high static
so0il resistance and its abnormally large side quake value. The
analysis was done only for damping values of 0.0 sec/ft and 0.30
sec/ft (0.984 sec/m), and Table 10 presents the results. Computer

runs were made for RUT values ranging from 100 kips to 1000 kips
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TABLE 8. - RUT and Blowcount Results for
Pile 1-3A Using 507 Secant Quakes

Jp = 0.0 sec/ft Jp = 0.30 sec/ft

N RUT N RUT
(blows/ft) (kips) (blows/ft) (kips)

6.0 100 19.1 100
14.2 200 50.4 200
20.0 300 113.2 300
36.5 400 2000 400
50.4 500 3000 500
67.4 600 4000 600
112.7 _700 6000 700

Note: 1 ft-= 0.305 m; 1 kip = 4.448 kN
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TABLE 10. - RUT and Blowcount Results for
Pile 1-6 Using 257 Secant Quakes

Jp = 0.0 sec/ft Jp = 0.30 sec/ft

N RUT N RUT
(blows/ft) (kips) (blows/ft) (kips)
10.5 100 25.4 100
36.9 200 116 200
59.4 300 857 300
150 400 ND 400
358 500 ND 500
ND 600 ND 600
ND 700 ND 700
ND 800 ND 800
¥D 900 ND 900
ND 1000 ND 1000

Note; WD indicates negative calculated pile displacement;
1 ft = 0.305 m; 1 kip = 4.448 kN
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(445 kN to 4450 kN), but less than half of these runs produced
meaningful informationm. Blowcount values marked "ND" could not
be calculated because the computer solution showed the pile
experiencing negative displacement. This means that the pile
bounced out of the ground with each blow instead of penetrating
further. The reason for this behavior is most likely the large side
quake value used for the analysis. The Friction Load vs. Deflection
curve (Fig. 40) justifies this quake, however. No further attempt
was made to correlate static load bearing capacity with blowcount
for Pile 1-6.

Fig. 52 and Table 1l present the results for Pile 1-9. The
results are consistent with those of Pile 1-3A in that zero damping
produces the best blowcount correlation. The results are not close,
however. The calculated blowcount value is 5 times larger than the
measured value.

The blowecount value for Pile 2-5 also correlates using zero
damping. The results are better than those for Pile 1-9, but the
célculated blowcou.;nt value is still 2.4 times too large. Fig. 53
and Table 12 present the results for Pile 2-5.

The first paragraphs of this section present the results in
terms of: "Given a value of static soil resistance, the correspond-
ing computed blowcount is ." The computed blowcount is then
compared with the measured value. An equally valid way to present
the results is to say: "Given the following blowcount value, the
computed ultimate static soil resistance is ." The computed

ultimate value is then compared to the measured static soil
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resistance. This method of presenting results is less volatile than
the blowcount method even though the data is the same. Engineers
use this method more often because they typically know blowcount
values and desire to know ultimate 1load bearing capacity
information.

Table 13 presents the results in terms of static soil resis-
tances, For Pile 1-3, the computed values using the 50% secant quakes
and 25% secant quakes are 69 percent and 86 percent of the measured
value. The computed value for Pile 1-9 is 43 percent of the measured
static resistance, which is quite low., For Pile 2-5, the computed

resistance is 58 percent of the measured load test value.

Discussion
The results overvhelmingly show that the best damping value to
produce a correlation of static bearing capacity with blowcount is

zero. The analysis of each pile, regardless of the quake used, sub-—

stantiates this value? Zero damping is consistent with the more
recent recommendations cited in the 1‘iteratul‘e review — e.g., CRWU
(by Holloway), Beringen, and Heerema.

Sporadically large differences between measured and computed
values blight the credibility of the zero damping trend, however.
There are several possible explanations for deviations in the
results.

First, the data is subject to uncertaint)}/‘ T"giﬁystatement

/ e
applies to all data: dynamic field measureme‘!;ts, driving records,

and load test data. Limitations are inherent in any type of

measuring equipment, and all equipment is subject to malfunction.
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TABLE 13.

- Ultimate Static Soil Resistance
Calculated by the Wave Equation for Zero Damping

Pile 1-3A (N = 34 blows/ft)

RUT, static load test . . . . . . . . . 580 kips

RUT, wave equation, 50% Secant quake . 400 kips

RUT, wave equation, 257 Secant quake . 500 kips
Pile 1-9 (N = 29 blows/fr)

RUT, static load test . . . . . 652 kips

RUT, wave equation, 257 Secant quake 280 kips
Pile 2-5 (N = 25 blows/ft)

RUT, static load test . . . . . . . 447 kips

RUT, wave equation, 25% Secant quake 260 kips
Note: 1 ft = 0.305 m; 1 kip = 4.448 kN

127
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Certainly, human error is a possibility. There are a number of ways
to introduce inconsistency and uncertainty in a load test, ranging
from the operator to the equipment to the physical conditions of a
particular test. Of course, every attempt was made to produce
reliable, accurate data, but raw data is a possible source of ervor
in this analysis.

Second, the analysis method and its many components are subject
to uncertainty. For example, even though the procedure used to
determine ultimate load is standard, it could be wrong. Loading
quakes were chosen in a rational and systematic manner, and the
quake values are consistent with those found in literature.
Nevertheless, there was a wide range of possible values, and the
“correct" quake could easily be different from the chosen secant
value. Unloading quakes are a possible source of error. Another
source of uncertainty is that this analytsis matched peak compressive

forces at the pile head. Complete force-time data would have provided
~

- D
a more certain match, because a complete force-time curve models the
actual shape of the stress wave as well as the peak force value.

@honsing Jaide equal 1/3 J is another analysis assumption that

point
could produce error. A.u‘??}_f‘_ﬁ“ facets of the analysis were based on
some precedent, the analysis method itself could introduce and propo-
gate errors.

Third, the entire wave equation method of pile driving analysis
is subject to uncertainty. Wi‘f,_,eq““i"“ theory is basedQn certain

assumption9 as discussed in Chapter II. The numerical solution is
e

approximate rather than exact; Chapter IIL and Chapter IV discuss
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the numerical solution and the various programs written to solve it.
Computer soil models are also a possible source of error; Chapter V
presents an in-depth study of both static and dynamic soil models.
Obviously, there are several ways in which the wave equation method
can introduce errors in the analysis.

Explanations of variations in the results should not be construed
as saying the analysis is unscientific or haphazard. On the contrary,
the wave equation method is the best available tool for pile driving
analysis. There is great opportunity for variability in the analysis
method, but the method is consistent, rational rational, and well
documented. Data acquisition was accomplished using the best possible
procedures. In short, the analysis used available resources to their
fullest extent to produce the best possible results.

This study illuminates areas for further research, and it also

points out "problem areas” which should be approached with care ia sub-

sequent analyses. Chapter VIII p 8 these r dations. The
following two sections of this chapter describe "offshoots™ of the
analysis: residual stress effects and dynamic pile ;iiiving formula

comparisons.

Regidual Stress Analysis

Tucker (48) presents an in-depth study of residual stresses.
He discusses the basic considerations of the phencmenon and also
describes procedures for obtaining residual stresses from load
tests, for obtaining residual stresses from the wave equation, and
for making residual stress predictions. With Tucker's work as

background information, this analysis determines the measured
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residual stress in Pile 1-3, computes residual stresses by the wave
equation, and makes a residual stress prediction based on Tucker's
correlation.

The residual stress analysis was performed on Pile 1-3 because

Pile 1-3 is the only selected pile which was tested in tension; an
instrumented tension test is required to obtain a measured value for
residual point load. The tables from which the Axial Deflection and
Load Distribution vs. Pile Depth curves for the tension test (Test No.
1-3B) were determined are in Appendix I. The residual point load is
read directly from the Load Distribution vs. Pile Depth curve. It is
the load at a depth of 49.65 ft (14.83 m) for the applied load of 66
tons (587 kN). This measured value is 34.33 tons (69 kips)(305 kN).
I. The residual point load is read directly from the Load Distribu-
tion vs. Pile Depth curve. It is the load at a depth of 49.65 ft
(14.83 m) for the applied load of 66 toms (587 kN). This measured
value is 34.33 tons (69 kips)(305 kN).

A wave equation analysis was done for comparison with the measured
value. ;l'he same computer runs used in the static bearing capacity vs.
blowcount correlation are used for residual stress calculations. The
residual stress analysis requires more iterations per blow to properly
determine the residual point load, however. This is especially true
for low damping values and low soil resistances; the computer results
for J = 0.0 sec/ft and 0.05 sec/ft (0.164 sec/m) were rerun using 1500
iterations/blow rather than 600 iterations/blow.

Fig. 54 and Table 14 are the results obtained by using the 50%

secant quakes. The unique behavior of the 0.30 sec/ft (0.984 sec/m)



131

=
(=
@

[naaaSSuaAl niR R S s G s A R R RS S

| P ghh s = 471 1) soyend
Jued9g %0¢ Bursn ¢-1 ®[14d X0) SI|NEeY prOL JUTCd [BNPISaY - *H¢ *HId

(SdI) 3ONYLISIS3Y 1108 3ILVLS 3IVAILMN
0BL 208 205 14 2ee 002 281

43101034d ©

J3NSYIN @

Lovist

Lo

TS IFINFINE AP SIS I

a2

14

09

28

a1

(SdI QY07 INIOd VNAIS3Y



132

TABLE 14. - Residual Point Load Results for
Pile 1-3 Using 507 Secant Quakes

J'p = 0.0 sec/ft Jp = 0.30 sec/ft

Residual Residual

Point Load RUT Point Load ROT

(kips) (kips) (kips) (kips)

12 100 1 100
20 200 24 200
35 300 43 300
52 400 64 400
63 500 59 500
85 600 50 600
95 700 41 700

Note: 1 ft = 0.305 m; 1 kip = 4.448 kN
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damping curve could be attributed to the extremely high calculated
blowcounts (see Table 8). Briaud et al. (6) reported the same phenome-
non in an analysis with similarly high blowcounts. Fig. 55 and Table
15 are the results obtained by using the 25% secant quake values.

The computed values agree quite well with the measured value. For

the 50% secant quake, the computed value is 20 percent too high. The
computed value using the 25% secant quake is 45 perceat too high.
Both of these comparisons are for the zero damping curve. In
addition to close comparisons, the following trends are preseat in
the results: increasing damping increases residual point load, and
increasing quake decreases tesidual point load.

Tucker's predictive method is based on an empirical 8 parameter
(48). He predicts a residual point pressure and states that this
pressure is primarily a function of pile length and relative stiff-

ness between the soil and the pile. In equation form:
Qpeg = 5-57 LB (21)

where

Ueg = residual point pressure, tsf

L = pile length, ft
KT P
B = iE congistent units required
P
& =5.00 (v 2927 tag/in., the initial tangeat
T side

modulus of the Friction Load vs. Average

Deflection curve.
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“side weighted average of the uncorrected SPT blowcount
per foot of penetration along the shaft of the pile.

P = perimeter of the pile, ft.

EP = modulus of elasticity of the pile, tsf.

A = cross-sectional area of the pile, ft2

For this analysis:

Lo =S4fe W
N ige =25 (from Fig. 22)
K. = 11.947 tsf/in. = 143.4 £/£c7
P = 4.70 £t e
- oy
i > 2 s >
A =204 . = 0.1486 £t
[l
E = 29,000 ksi = 2,088,000 tsf

8 = 0.0466

dpes = 14.0 esf .}
Q.o = 19.3 tons (38.6 kips) (172 kN)

The predicted residual point load ihk percent lower than the
measured value, and is approximately 57 . percent lower than the
computed wave equation results.

In summary, the residual stress analysis shows good agreement
between the load test and the wave equation values, while Tucker's
method gives a predicted value which is low. The wave equation
residual stress analysis substantiates the static bearing capacity

analysis in that zero damping produces the best correlation.

Dynamic Pile-Driving Formulas

This analysis compares three dynamic pile-driving formulas with
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the wave equation solutiou and static load test results. The selected
formulas are the Engineering News, Danish, and Gates formulas. Olson
and Flaate (37) used these formulas in their correlations for friction
piles in sands, The formulas and their recommended factors of safety
(F.S.) are as follows. Notation is by Olson and Flaate:

Engineering News (use F.S. = 6)

e E
-_hm (22)

=
¢ s+0.1

Danish (use F.S. = 3 to 6)
Q = (23)

Gates (use F.S. = 3)

Q. = 5.6 ‘,eh E log (10/8) (24)

A = pile cross-sectional area

e = hammer efficiency

E = Young's modulus for pile

En = nominal energy of pile hammer
L = pile length

0 = calculated ultimate pile capacity

S = average pile peunetration (set)
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The Engineering News and Danish formulas use any consistent set of
units, but the Gates formula, as shown, requires units of inches and
tons. The quantity enE, 1is the emergy delivered to the pile
head. For this analysis, the quantity was taken as the measured
value, EMAX, listed in Table 5. EMAX was not mesured for Pile 1-9,
but an average of the other values was assumed for this pile. The set
is the inverse of the final blowcount value listed in Table 6.

Table 16 presents the results of the dynamic pile-driving formula
analysis alongside wave equation results and measured ultimate static
bearing capacities. The table lists ultimate values as well as design
values; design values are the ultimate values divided by a suggested
factor of safety. (For comparison purposes, a factor of safety of 2
was assumed for the load test and wave equation methods.) The
Engineering News formula more closely matches ultimate values, but the
Gates formula provides a closer match for design purposes. All of the

pile driving formula results are conservative.

Summary

This chapter presented a wave equation analysis as performed on
the data from Lock & Dam No. 26. The first seven sections of this
chapter described the primary objective, a correlation of ultimate
static soil resistance with blowcount to determine damping, in detail.
The following two sections on residual stresses and pile driving form-
ulas are secondary considerations and were presented with little back-

ground information. This chapter also stated and discussed results.
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CHAPTER VIIL

CONCLUSIONS

Conclusions

This report describes a standard wave equation soil parameter

correlation of ultimate static soil resistance and blowcount. This

study is unique, however, in that the soil is gravel; no published

work is
gravel,

1.

currently available on wave equation analyses of piles in

The significant findings of the analysis are:
The Smith damping parameter value that leads to the best
correlation between the ultimate static resistance at the
time of driving (calculated by the wave equation) and the
measured ultimate static resistance from the load tests for
the sandy gravel at Lock & Dam No. 26 is Jpoint’ Jgige = 0-
A systematic method to select quake from static load test
Load vs. Deflection curves was used, It consists of drawing
a secant through the point corresponding to 25 percent of the
maximum load on the Load vs. Deflection curve. The average
of the quake values are:

Q = 0.185 in. (0.470 cm)

point
Qide = 0.11 in. (0.279 cm)

A segmented ram produces significantly smaller driving
stresses than those produced by a one-segment ram.
Wave equation residual point load values correlate
well with the measured value.

Increased damping tends to increase the calculated residual

point load, all other things held constant.
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6. Increased quake tends to decrease the calculated
residual point load, all other things held coustant.
7. All of the pile-driving formulas used in this study gave

conservative results.

Recommendations for Further Study

The following recommendatons provide some general guidelines for
continued work in this area of study:

1. Instrumented load test data is invaluable. Even though
the contracted purpose of a load test may not require a
plunging failure, all piles being tested should be load-
tested to failure in order to make the tests useful for
wave equation analysis purposes.

2. Cyclic load tests at ultimate load are necessary to pro-
vide unload quake information.

3. Complete force-time data should be taken when possible.



142

REFERENCES

Authier, J. and Fellenius, B. H., "Quake Values Determined from
Dynamic  Measurements," Proceedings International Seminar
on the Application of Stress-Wave Theory on Piles, Stockholm,
June 1980, Edited by H. Bredenberg, A. A. Balkema, Publisher,
Rotterdam, 1981, pp. 197-216.

Authier, J. and Fellenius, B. H., "Wave FEquation Analysis and
Dynamic Monitoring of Pile Driving," Civil Engineerin for
Practicing and Design Engineers, Vol. 7, No. 4, July/August
1983, pp. 382-407.

Bogssard, A. and Corte, J.-F., "Le Programme de Calcul BATLAB Pour
L'analyse du Batlage des Pieux," Bulletin de Liaison des Labora-
toires des Ponts et Chaussees, No. 128, November/December 1983,
pp. 35-46.

Briaud, J.-L. and Tucker, L. M., "Piles in Sand - A Method
Including Residual Stresses,”" accepted for publication in the
Journal of Geotechnical Engineering, ASCE, 1984.

Briaud, J.-L. and Tucker, L. M., "Residual Stresses in Piles and

the Wave Equation," Symposium on Deep Foundations, ASCE National

Convention, San Francisco, 1984,

Briaud, J.-L., Tucker, L. M., Lytton, R. L., and Coyle, H. M.,
"Behavior of Piles and Pile Groups in Cohesiouless Soils," FHWA

Report No. FHWA/RD-82-38, May 1983.

Chan, P. C., Hirsch, T. J., and Coyle, H. M., "A Laboratory Study
of Dynamic Load-Deformation and Damping Properties of Sands
Concerned with a Pile-Soil System," Texas Transportation

Institute, Piling Behavior Research, Research Report No. 33-7,

Texas ASM University, June 1967.

Coyle, H. M., Bartoskewitz, R. E., and Berger, W. J., "Bearing
Capacity Prediction by Wave Equation A4nalysis - State-of-the-
Art," Texas Transportation Institute, Bearing Capacity for

Axiall Loaded Piles Research, Research Report No. 125-8F
(Finsl{, Texas A&M University, August 1973.

Coyle, H. M., Foye, R., Jr., and Bartoskewitz, R. E., "Wave
Equation Analysis of Instrumented Test Piles," Preprint, Sth

Annual Offshore Technology Conference, Houston, Texas, Paper No.
1892, May 1973.



11,

12.

13.

14,

15.

16.

17.

18.

19.

143

Coyle, H. M. and Gibson, G. C., "Empirical Damping Constants for
Sands and Clays,” Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 96, No. SM3, Proc. Paper 7296, May 1970,
PP. 949-965.

Cummings, A. E., "Dynamic Pile Driving Formulas," Contributions
to Soil Mechanics 1925-1940, Boston Society of Civil Engineers,
Boston, Mass., 1940, pp. 392-413.

Dolwin, J. and Poskitt, T. J., "An Optimization Method for Pile
Driving Analysis," Proceedings, 2nd International Conference on
Numerical Methode in Offshore Piling, Austin, Texas, 1982, pp.
91-106.

Dover, A. R., Ping, W.C.V., and Locke, G. E., "Parametric Study
on Driveability of Large Piles," Proceedings, 2nd Interngtional
Conference on Kumerical Methods in Offshore Piling, Austin,
Texas, 1982, pp. 49-90.

Dunlap, D. D., "The Effects of Repetitive Loadings on the
Shearing Strength of a Cohesionless Soil," thesis submitted to
the Graduate Gollege of the Agricultural and Mechanical GCollege
of Texas, May 1959, unpublished.

Forehand, P. W. and Reese, J. L., "Prediction of Pile Capacity
by the Wave Equatlun," Journal of the Soil Mechanics and Founda-
i n, ASCE, Vol. 90, No, SM2, Proc. Paper 3820, March

Gibson, G. C. and Coyle, H. M., "Soil Damping Constants Related
to Common Soil Properties in Sands and Clays," Texas Transporta-—
tion Institute, Bearing Capacity for Axially Loaded Piles
Research, Research Report No. 125-1, Texas A&M University,
September 1968.

Goble, G. G., Likins, 6. E., Jr., and Rausche, F., "Bearing
Capacity of Piles from Dynamic Measurements," Ohio Department of
Transportation Report No. OHIO-DOT-05-75, Final Report, March
1975.

Goble, G. G. and Rausche, F., "Pile Driveability Predictions by
CAPWAP," Proceedings, Conference on Numerical Methods in
Offshore Piling, The Institute of Civil Engineers, London, 1980,
pp. 29-36.

Goble, G. G. and Rausche, F., "Wave Equation Analysis of Pile
Driving,” WEAP Program, Volume II: User's Manual, FHWA Report
No. IP-76-14.2, July 1976.



20.

21,

22.

24,

25.

26,

27.

28.

144

Goble, G. G., Rausche, F., and Likins, G. E., Jr., "The Analysis
of Pile Driving - A State-of-the-Art," Proceedings, Internation-
al Seminar on the Application of Stress-Wave Theory on Piles,
Stockholm, June 1980, Edited by H. Bredenberg, A. A. Balkema,
Publisher, Rotterdam, 1981, pp. 131-162.

Heerema, E. P., "Dynamic Point Resistance in Sand and in Clay,
for Pile Driveability Amalysis," Ground Engineering, Vol. 14,
No. 6, September 1981.

Heerema, E. P., "Relationships Between Wall Friction, Displace-
ment Velocity and Horizontal Stress in Clay and in Sand, for
Pile Driveability Analysis," Ground Engineering, Vol. 12, No. 1,
January 1979.

Hirsch, T. J., Carr, L., and Lowery, L. L., Jr., "Pile Driving
Analysis - Wave Equation User's Manual," TTI Program, Volume 1:
Background, FHWA Report No. IP-76-13.1, April 1976.

Hirsch, T. J., Carr, L., and Lowery, L. L., Jr., "Pile Driving
Analysis — Wave Equation User's Manual," TTI Program, Volume II:
Computer Program and Sample Problems, FHWA Report No.
IP-76-13.2, April 1976.

Hirach, T. J., Lowery, L. L., Jr., Coyle, H. M., and Samson, C.
H., Jr., "Pile Driving Analysis by One-Dimensional Wave Theory:
State-of-the-Art," Highway Research Record 333, Highway Research
Board, Washington, D.C., 1970, pp. 33-54.

Holloway, D. M., "User's Manual for DUKFOR: A Computer Program
for Analyses of Pile-Soil Interactiom," Contract Report No.
§-76-14, U.S. Army Corps of Engineers, Waterways Experiment
Station, Soil and Pavements Laboratory, September 1976.

Holloway, D. M., "Wave Equation Analyses of Pile Driving,"
Technical Report 5-75-5, U. $. Army Corps of Engineers,
Waterways Experiment Station, Soils and Pavements Laboratory,
June 1975. °

Holloway, D. M., Audibert, J.M.E., and Dover, A. R., "Recent
Advances in Predicting Pile Driveability," Proceedings, 10th
Annual Offshore Technology Conference, Houston, Texas, Paper WNo.
3273, May 1978, pp. 1915-1924.

Holloway, D. M., Clough, G. W., and Vesic, A. S., "The Effects
of Residual Driving Stresses on Pile Performance Under Axial
Loads," Proceedings, Tenth Annual Offshore Techaology Confer—
ence, Houston, Texas, Paper No. 3306, May 1978.



30.

31.

36.

37.

38.

39.

40.

145

Huff, L. G., "Pile Design Predictions in Sand and Gravel Using
In Situ Tests," M.S., thesis, Texas A&M University, College
Station, Texas, August 1983,

Jansz, J. W., Voitus van Hamme, G.E.J.S.L., Gerritse, A., and
Bamer, H., "Controlled Pile Driving Above and Under Water with
a Hydraulic Hammer," Proceedings, Eighth Annual Offshore
Technology Conference, Houston, Texas, Paper WNo. 2477, May
1976.

Likins, G. E., Jr., "High Tension Stresses in Concrete Piles
During Hard Driving," Second Seminar on the Dynamics of Pile
Driving, Pile Research Laboratory, University of Colorado,
Boulder, March 24-25, 1981,

Lowery, L. L., Jr., "Wave Equation Utilization Manual," draft
User's Guide for TIDYWAVE, Pile Dynamics, Bryan, Texas, 1976.

Lowery, L. L., Jr., Hirsch, T. J., Edwards, T. C., Coyle, H. M.,
and Samson, C. H., Jr., "Pile Driving Analysis ~- State-of-the-
Art,” Texas Transportation Institute, Piling Behavior Research,
Research Report No. 33-13 (Final), Texas A&M University, January
1969.

Lowery, L. L., Jr., Hirsch, T. J., and Samson, C. H., Jr., "Pile
Driving Analysis -- Simulation of Hammers, Cushions, Piles, and
Soil," Texas Transportation Institute, Piling Behavior Research,
Research Report No. 33-9, Texas A&M University, August 1967.

Matlock, H. and Foo, S.H.C., "Axial Analysis of Piles Using a
Hysteretic and Degrading Soil Model," Proceedings, Internationmal
Conference on Numerical Methods in Offshore Piling, london, May
1979.

Olson, R. E. and Flaate, K. S., "Pile-Driving Formulas for
Friction Piles in Sand," Journal of the Soil Mechanics and
Foundations Division, ASCE, Vol. 93, No. SMb6, Proc. Paper 5604,
November 1967, pp. 279-296.

Ramey, G. E. and Hudgins, A. P., "Sensitivity and Accuracy of
the Pile Wave Equation," Ground Engineering, Vol. 10, No. 7,
October 1977, po. 45-47.

Rempe, D. M., "Mechanics of Diesel Pile Driving," Ph.D. thesis,
University of Illinois at Urbana-Champaign, 1975.

Roussel, H. J., "Pile Driving Analysis of Large Diameter High
Capacity Offshore Pipe Piles," Ph.D. thesis, Department of Civil
Engineering, Tulane University, New Orleans, La., 1979.



41,

42.

43.

b4,

45,

46.

47.

48.

49,

50.

146

Samson, C. H., Jr., Hirsch, T. J., and Lowery, L. L., Jr.,
"Computer Study of Dynamic Behavior of Piling,"” a paper pre-
sented to the 3rd Couference on Electronic Computation, ASCE,
Boulder, Colorado, 1963.

Smith, E.A.L., "Impact and Longitudinal Wave Transmission,™
Transactions, ASME, August 1955.

Smith, E.A.L., "Pile-Driving Analysis by the Wave Equation,"
Transactions, ASCE, Vol. 127, Proc. Paper 3306, Part I, 1962.

Smith, E.A.L., "What Happens When Hammer Hits Pile," Engineer-
ing News Record, September 5, 1957.

Smith, I. M., "4 Survey of Numerical Methods in Offshore
Piling," Mumerical Methods in Offshore Piling, The Institution
of Civil Engineers, London, 1980.

Stevens, R. S., Wiltsie, E, A., and Turton, T. H., "Evaluating
Pile Driveability for Hard Clay, Very Dense Sand and Rock,”
Proceedings, 14th Annual Offshore Technology Conference,
Houston, Texas, Vol. 1, Paper No. 4205, May 1982, pp. 465-481.

Thompson, C. D., "Quake Values Determined from Dynamic Measure-
ments,"” Proceedings, International Seminar on the Application of
Stress-Wave Theory on Piles, Stockholm, Sweden, June 1980,
Edited by H. Bredenberg, A. A. Balkema, Publisher, Rotterdam,
1981, pp. 319-322.

Tucker, L. M., "The Behavior of Piles in Cohesionless Soils,
M.S. thesis, Texas A&M University, College Station, Texas,
December 1983.

U.S. Army Corps of Engineers, St. Louis District, "Lock and Dam
26 Replacement," U.S. Government Printing Office, Publication
No. 665-156/65, September 1980.

Voitus van Hamme, G.E.J.S.L., "Discussion on Survey Paper and
Driveability (Papers 1-7)," Numerical Methods in Offshore
Piling, The Institution of Civil Engineers, London, May 1979,
pp. 171-173.




APPENDIX 1

PILE TELLTALES DATA

PILE 1-3A

PILE 1-3B

PILE 1-6

PILE 1-9

PILE 2-5
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DETERMINATION OF LOAD-DEFORMATION CURVES

Telltales were placed along the entire length of each pile at
approximately 10 £t intervals. These telltales recorded axial
deflections in the pile for the incremental loads applied during the
load test. The axial deflections were used to calculate the loads at
each interval along the pile. Axial deflections and back-calculated
loads comprise the raw data.

The point load is the load recorded at the maximum depth along the
pile, and it is read directly from the raw data. Since the maximum
depth is really an average depth between the last two telltale
locations, the corresponding point deflection is the average of the
last two telltale readings. For pile load test 1-3A, the point load
and point deflection due to an applied load of 100 tons are 82.0 kips

aos =
and 0;‘36/ inches, respectively.
" "Friction load equals the total applied load minus the point load.
The deflection corresponding @nghe friction load is an interpolated
value at the middle of the pile, i.e. it ig an average of the shallow-
est and deepest telltale readings. For p'i}e load test 1-34, the
friction/@j;@ and average deflection due to’a?:L_OO ton applied load are

118.0 kips and 0.106 inches, respectively.

Friction and point loads -- ;heg corresponding deflections
-- were determined for e(chyj.[lcrement of gp‘p{lied load for each pile.

Plotting these points gave the load-deformation curves used in the

analysis (Figs. 35-42). o3

o
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"l have acknowledged Christ as the sure foundation of my life.
Even more than this, though, Christ is the bright and shining goal of my
life - 'a choice stone, a precious cornerstone, and he who believes in
Him shall not be disappointed.' (I Peter 2:6, New American Standard
Bible).

It is my desire that these few words will lead some to begin to
realize that they, too, can have "The Solid Rock" for a foundation, and
that they will accept Him as their personal Lord and Savior. Christi-
anity is the only thing in this world that I have found to be
unchangeable and totally consistent, and I cannot acknowledge anything
apart from Christ. Since Christ is my goal, and the goal is achieved
last, T acknowledge Him - at the end - as the end of not only this work,
but all things. Christ is '. . . the beginning and the end' (Revelation

22:13, New American Standard Bible)."
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