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PREFACE

- During the past 15 Jears wave equation computer programs have en-
Joyed a gradual but continual increase in use for the analysis of pile

driving. The motivation for the preparation of the WEAP program (Wave

-Equation Analysis of Piles) came from problems which were experienced by

the New York Department of Transportation when they attempted to implement
routine wave equation analyses into their pile driving practice. They used
& program prepared by the Texas Transportation Institute. In spite of the
fact that thislprogram is probably the most widely used wave equation pro-
gram in the United States, serious difficulties were encountered in that un-
realistic stresses were sometimes obtained for plles driven by diesel hammers,
The authors of this report have performed extensive research studies on
pile driving emphasizing the measurement of force and acceleration during
driving, These measurements involving piles driven by all types of hammers
have been made for several states including New York. In order to take ad-
vantage of these measurements the Federal Highway Administration contracted
with the authors to prepare a wave equation program which would accurately
model the diesel hammer, Several years have passed since the TTT program
was developed, so 1t could be expected that other general improvements could

be introduced into the program for all types of hammers, Finally the large

ii
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volume of available measurements of force and acceleration at the pile top were
used to test the program performance. No currently available program has been
subjected to such a demanding and thorough testing.

Th:_i.s r‘eport. is presented -in four volumes. The first presents & general
diseussion of the use of the wave squation and how this particular program
models the hammer-pile-soil syatem | Emphasis is placed on a discussion of the
operation of diesel hammers and how that operation is modeled by WEAP. The
second volume provides a description of program input and ‘oui';put and can serve
as a user's manual for the program. It is strongly recommended that all users

read Volume I prior to the User's Manual so that they will understand the

 assumptions contained in the program and how it is intended that it be used,

The third volume was prepared to ald the computer operator during the initial
stages of prog_ram’ and data file loading, It also contains a flow chart which
may be of inaereat to those users who want to study the program in greater
detail. The fourth volume contains the three parts of a lecture which-is
also available in the form of a tape/slide show, The contents of this
narrative report deal with background, models and applications of the Wave
Equation.

This "Background Report" fogether with program, "Manual" and "Documen-
tation" was updated in 1980, As far as the Background Report is concerned,
only typographical errors were eliminated. Manuel and Documentation were more

thoroughly reedited.

113
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CHAPTER 1
INTRODUCTION
The purpose of this report is to deseribe the development, modeling
and basic ideas behind a computer program called WEAP (Wave Equation
Analysis of Pile Driving) which was developed under contract with the
Federal Highway Administration. The study was conducted to serve the
following purposes:
(a) To produce a program for analyzing a-pile driven by a
diesel hammer using a thorough model of both the thermo-

dynamic and mechanical hammer operation.

(b) To improve and refine existing techniques for wave
analysis of piles driven by air-steam hammers,

(¢) To study the performance of the program by comparing
computed values of pile top force and velocity wi'_bi_h
those measured previously by the Gase project ()7,

(d) To provide a program thet requires minimal effort for
the preparation of input data for "typical' cases and
puts the volume of output information in the control
of the user.

The wave equation concept is not new. smith (2,3) first proposed the
use of this discrete method for modeling the hammer-pile-soil system. Among
the researchers that have further contributed to the advancement of the art
are Forehand and Reese (4) and Samson et al (5). Probably the largest re-
search efforts were made by the Texas Transportation Institute of Texas ASM

University (6,7)* (TTI). The program versions that they created were pub-

+ Numbers in paranthesis pertain to references listed at end of text.
¥ Only two of the large mumber of their reports are referenced here.

1
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lished and made generslly availsble in the United States.

iihen the TTT program was written, air-steam hammer operation was of
primary interest and concern. Therefore, it is not surprising that results
were much less satisfactory when diesel hammer systems were analyzed, Parti-
cularly the prediqtion of driving stresses for these cases has been found to
be: unsatisfactory by many program users,

Prior to the development of the WEAP program the performance of wave

equation programs was tested either by analysis of 9imple cases where closed

form solutions giving force-time relationshipq were available, or for real

Wy fas

cases where the predicted capacity was compared so that measured in a static
load test. Since only a few cases with oversimplified hammer systems can be
solved in closed form, the primary testing was against load test results.
Such a comparison involves only one parameter in a domain where more than
twenty are unknown and must be found, To make matters worse, the system is
non-linear and simplifying assumptions > interpolations and extrapolations do
not -always hold., Other problems such as time - dependent characteristics of
the soil, numerical defects of the discrete model and inadequate soil modeling
can a.'l.so ¥ield erronecus results., While large volumes of measurements have
been published by the Case Research Project, apparently this data was not used
to any substantial degree in 'checld.ng the performance of other programs, One
of the tasks of the project reported hers was to subject the program to ex-
tensive testing by comparing measured and calculated force and Yelocity records

at the pile tope for a wide variety of hammer and plle types.
2
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As indicated above, the principal goal of this work was to :improve
analysis capabilities for diesel hammers. The WEAP program differs from
the TTI program for diesel hammers in that, first, WEAP includes the deter-
mination of the gas pressure in the combustion cpamber using a thermodynamic
analysis rather than a constant, specified pressure and, gsecondly, the hammer '
stroke is calculated in the dynamic analysis rather than being specified in
advance. Diesel hammers can operate at a wide variety of strokes that cannot
be estimated in advance by "intuitive means. Moreover, the hammer's effective-
ness is strongly dependent on the stroke. |

In Chapter 2 of this report the basic use of the wave equation is dis-
cussed. Real hammer performance is discussed in Chapter 3 and the model for
hammer operation is described with emphasis placed on diesel hammers. The
goil model is also described and an alternate approach to that used by Smit.h
is presented. Some further elaboration on diesel hammer operation is con-
tained in Appendi:c A.

The information necessary for the preparation of the program input data
is described in Chapter 4 (and also in the User's Marmal). Chapter 5 gives
a general description of the program organization and flow. The extensive
study of program performance which compares calculated and measured values
of force and velocity for 17 different test piles is reported in Chapter é..

Chapter 7 gives some conclusions gnd recommendations.
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CHAPTER 2

BASIC OPERATION AND USE OF THE WAVE FQUATION

For over 100 years foundation engineers have used dynamic formulas
to estimate pile bearing capacity (or the inverse, to estimate the re-
quired blow count for a specified capacity). The use of these formlas has
been severely criticized since all of them have been proven grossly inaccurate
and unreliable. Their use persists in spite of the criticism because of their
simplicity and the lack of something better. Also » some dynamic means of cap-
acitf.i? prediction will continue to be required since pile design loads have
tended to increase making static load tests increasingly difficult to perform,
In order to place the wave equation in context it is appropriate to re-

view the use of a dynamic formula. Consider a typical example (EN-formuia)

2 Wh

CR= =35

(2.1)

where R is the design load, W is the ram weight, h is the ram stroke, S is the
permanent set of the pile per hammer blow and C is a term which represents the
energy losses and carries the same units as set. Contained in the constant
of equation 2.1 is a theoretical factor of safety of 6 plus the quantities
necessary to make the units correct. The product Wh usually is used to re-
presént the rated hammer energy. This formula can be represented by the curve
shown in Figure 2.I. The design pile capacity is given as a function of blow
count and is known as a bearing graph, A mumber of applic#tions can be

visualized. When a particular blow count is observed and the rated hammer

4
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commonly arise are: ;Is the bearing capacity sufficient? Would further
driving produce pile damage? Is the hammer performing properly? Is the
driving system of the correct size?

However, the observation of blow count is a very convenient way to gage

the quality of the pile jnstallation. Therefore, the wave equation approach

" was developed. The one dimensional wave equation can be derived by applying

——————..

Newton's Second Law to a rod element of infinitesimal lemgth. It is written

p 2%y

=N B 2.2

P 9t ox (2.2)

where f is the materisl mass density, B is the modulus of elasticity of the

material and u is the axisl displacement of a point on the rod at location

x and time t. Thus, '32“/ 9t2 is the acceleration and ‘32“/-3 x* is the strain

gradient at x and t.

Using this contimuous form of the wave equation for pile analysis is
usually not practical for the real boundary conditions which must be handled.,
However, a similar equation can be derived if elements of finite length, &L,
are chosen having'mass, m=pA al and spring stiffness, K = EA/a1, Here

A is the pile cross sectiohal ares. Newton's Second Law leads to
ma.=l((4u.b- Aub) (203)

where a is the acceleration of the mass and Au,b and Aub are the com-

pression of the springs at the top and bottom, respectively, of the mass

ClibPDF - www .fastio.com
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" under consideration,

The Wave Equation (the term Wave Equation is the name that has been
attached to computer programs for d:l.screte dynamic pile analysis. In the
remainder of this report > this usuage will be adopted) makes use of the con-
cept of equation 2. 3 by Tepresenting the pile and driving system (Figure 2, 2a)
by 4 series of masses and springs as shown in Figure 2.2b, The soil is
modeled by a spring (R, Static) and a dashpot (R, Dynamic) attached to each
mass., The soil resistances 80 represented are shown in Figuz_-e 2.2¢c and are
linear elastic plastic for the spring where the maximum force, Ry, is reached
at a displacement q, called the qQuake, and linearly proportional to the ele-~
ment velocity for the dashpot (commonly nown as the damping force),

" The analysis Proceeds by giving the ram an initial velocity. At each
element the displa.cemen’t can be calculated fop 8 small time inerement with
element velocities determined from the previous time inerement. With these
displacements and velocities the forces acting on each mass can be determined,
They: arise from the pile spring deformtions s from the soil spring deformation
and from the dashpot force, Using Newton's Second Law in the form repre-
sented in Equation 2,3 the hass accelerations can be calculated and by in-
tegration alaso the veloeity, The computation then proceeds to the next time
incrément

In application a set of soil forces R, and damping forces are assigned
at each element. Then the ram 1s given it's rated impact velocity and the
dynamic computation outlined above is continued through successive time

8
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(A) ACTUAL SYSTEM (B) MODEL

DIESEL
——— .
-1
AIR 7 STEAM :
' e - RAM —nl
o B - ANVIL
| CAPBLOCK ——w
—-—— «—HELMET ——
" B = — cusnion ==
| | —
. Y s Ry s r}];
“—— PILE ——n=t- < %,

Ji

- -

le
I

N
j&—

(C) SOIL RESITANCE:

R, DYNAMIC
R, STATIC

- /18 . |
VELOCITY DISPLACEMENT

FIGURE 2-2: (A) THE SYSTEM TO EE ANALYZED;
(8) THE WAVE BQUATION MODEL AND
(C) THE COMPONENTS OF THE SOIL RESISTANCE MODEL
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mcrements until all éoil forces are iess than Ru' The total permanent
displacement will have then béen calculated and a point on the bearing
graph is known. The capacity value is known as Ru'b and is equal to the
sum of the Ru values at each element. The blow count is obtained from the
calculated permanent set., In this procedure the rermanent set (or blow
count) is determined for a set of assigned resistances, However, the
bearing graph is plotted, by tradition, with the blow count as the inde-
pendent variable, A variety of Rut values can be used to calculate the
total shape of the bearing graph,

In addition to the bearing graph the wave equation also gives stresses
in the pile and they can also be shown as a function of blow <count.

In praétice, the wave equation bearing graph can be used in & manner
quite similar to the dynamic formala beéring graph, In addition, driving:
stresses can be rationally limited. While the shape of the two curvas are
quite similar the differences are substantial. A particular wave equation

: bearing graph is associated with a single driving system pile type, soil
- profile‘and a particulap pile penetration. If any one of the above items
" are changed, the bearing graph changes,

The above description summarigzes very briefly the operation of tradi-
tional wave equation programs such as the TTI program. The system model
'will be described in greater detail in Chapter 3. The operation of the
"WEAP program will also be deseribed emphasizing those aspects which are

‘different.

10
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Usually, the stroke of a diesel hammer cannot be prescribed as was

done in the above description since it is not kmown. Thus, the WEAP pro-
gram's mathematical model is constructed 1i1;e that shown in Figure 2.2
except that a combustion chamber force is i‘ntroduced between the ram and
the anvil. The program operation begins by dropping the ram from some
initial preassigned height. The r;sun velocity at the exhaust ports can be
calculated directly from the free fall distance. When the exhaust ports

are closed by the ram it continues to fall against the confined gas in the
combustion chamber. In this stage the gas pressure and ram velocity are
calculated inerementally. The gas pressure can be determined from the ges
law since the volume is known as the ram falls. When impact occurs, and

the velocity at impact has been calculated, a dynamic analysis of the general
type deseribed above is performed. Shortly after impact ignition occurs in
the combust:ion chamber and the pressure snd temperature are given an appro-
priate increase. At some stage in the calculation separation occurs between
the ram and the anvil. The computation now continues until the exhaust port
is passed at a known velocity. From this velocity the rebound stroke can
be calculated. If the initial stroke is not the same as the rebound, the
computation is repeated using the rebound stroke as the initial stroke in
the next cycle. Convergence usually occurs in two or three cycles.

A bearing graph similar to that previously described is obtained ex-

- cept that stroke and pile stresses are also included. An example is shown

in Figure 6 of the User's Manual.

ClibPDF - www .fastio.com
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A variation of this cbncept is necessary for hammers which do not
have a definite fuel setting and for which the combustion pressure is not
known a priori. In such cages, the stroke is usually kept as desired by
adjusting the fuel amount. (In easy driving the stroke is probably always
limited by the maximum combustion energy available). To model this process
the stroke has to be specified and maximum combustion pressure is adjusted
until the rebound stroke equals the specified one.-

Now consider the three probléms with the dynamic formula as they relate
to the wave equation:

1. The driving system can be represented with considerable
realism, The various dynamic parameters used to describe
the system must be available. Of course, the wave equation
cannot be expected to recognize a poorly performing hammer,

2. The pile is well represented..

3. The soil model is a substantial improvement over that
used in the dynamic formmila. However, it is still ex-
tremely simple and crude. Even for this simple model
it is very difficult to obtain soil constanta. Therefore,
greater complexity hardly seems justified,

The use of either dynamic formula or the wave equation requires the accur-
ate determination of blow count, Particular care must be used if the driving
resistance is changing rapidly. Often when time dependent strength changes
oceur, it is desirable to restrike the pile. Here the blow count at the very
beginning of restrike must be determined since it can be expected to change

with driving,
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CHAPTER 3
MATHEMATTCAL MODELS
3,1 . Introduction

In this chapter the construction and operation of pile driving hammers
will be discussed. After the hammer operation, the mathematical models
which have been developed to represent the hammers will be described.

Since the most important contribution of this report is probably the diesel
hammer portion, it will be presented first.

The model used to represent the other parts of the driving gystem, the
pile and the soil will also be descri‘bed; in considerable detail.

Tn general, the variables used to describe the system will be the same
as those used in the program, While this approach ié somewhat unwieldly—
here it has substantial advantages for those readers who need to become
deeply involved with the program.

3.2 Hammer |

3.2.1 Working Principle of the Open End Diesel Hammer

The Open End Diesel hammer (OED) operates on a two stroke diesel cycle.
The hamm‘er' is started by raising the ram with a lifting mechanism. At the
upper end of its travel the lifting mechanism is tripped, the ram is re-
leased and descends by gravity. At the time the ram bottom passes the ex—
haust ports a certain volume of air, VIN, is trapped and is compressed
(Figure 3-la), Usually before the time of exhaust port closure, a certain

amount of fuel is squirted into the ecylinder. Some hammers inject an atomized

Ll

13
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' OPEN END DIESEL HAMMER

(A) (B) (C) (D)
Free Fali Impact
& &
Fue! Injection Ignition Exhaust Air Intake
1

Cylinder

o

Burnecﬁ
Combust. Products
Chamber

z. B'
JHelmet

o 'FIGURE 3-1: WORKING PRINGIFLE OF THE OPEN END DIESEL HAMMER
' L
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fuel later in the cycle when the combuation chamb‘er‘pressure is higher.

When the ram impacts against the anvil the air is compressed to a
final volume (VFIN). The fuel is splattered by the impact into this final
volume (if fuel atomization was not used) :and combustion starts at some
time after impact (combustion delay). This delay is due tc the time that
is required for the fuel to mix with the (hot) air and to ignite. More
volatile fuels might have a shorter combustion delay than heavier ones,
Combustion occ’urring_ before impact is called preignition and can be caused
by the wrong fuel type or an overheated hammer, In hard driving,
preignition is usually considered to be undesirable.

During impaect, anvil, capblock and pile top are rapidly griven
downward (Figure 3-1b) leaving the cylinder with no support. Thus, it
starts to descend by gravity.

Pile rebound and combustion pressure push the ram upwards. When the
exha.u-st. ports are cleared some of the combustion products are exhausted .
Jeaving in the cylinder a volume of burned gases at ambient pressure that
is equal to VIN (Figure 3-lc)., As the ram contimues upward fresh air, which
is drawn in through the exhaust ports, mixes with the remaining burned gases
(Figure 3-1d).

Depending on the reaction of the pile and the energy provided by con-
bustion the ram will rise to some height (stroke). It then descends again

by gravity to start a new cycle.

15
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(a) The ram is relatively long and flexible,

(b) Metal to metal impact occurs between ram ang impact
block,

(¢) Energy losses occur on all interfaces of hammer com-
ponents which transmit the impact.

The capblock, helmet and, if present, the cushion will be considered
as a part of the hammer, The helmet is usually a rather heavy steel form

that adapts to the pile top. The capblock is cushioning material between

The ram was divideq into M elements to account for its flexibility, Anvil and
cap were represented by one mass each. The spring stiffness above the anvii
was determined by the lowest ram element stiffness combined with that of the
anvil, Thus, if HM(I) denotes the mass of the I-th hammer segment the follow~

ing relatioris hold:

where WR is the weight of the ram (assumed to be uniform) and g is 32.2 /s

2
(9.81 n/s ),
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‘OPEN END DIESEL HAMMER

(A) (8)
Schematic Model
, 1
21

Anvil

| e LI
............ d- Helmet ﬁ--. 7
M+
M\guShi_Qn %“2

FIGURE 3-2: (A) SCHEMATIC AND (B) M\DEL OF OPEN END DIESEL HAMMER
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Similarly one obtains

W
HM(MHL) = -é—ﬂ- (3-2)
and
W
HM(M+2) = g° (3-3)

with WA and Wc being the weight of the anvil and capblock, respectively,
Thus,: the hammer model always consists of M+2 elements. M depends on the
length of the ram. Initial studies showed that ram Segments of two to
three feet in length yield sufficient accuracy.

The springs connecting the hammer masses have the following stiff-

nesses (if the ram is uniform):

S(T) = B> ¥ 1<y (3-4)
i

with Ap, I.R and E being the cross sectional area, length and elastic modulus

of the ram, respectively. Furthermore,

H -

M A
(Q*l) 2

STH(M) = ARRH - AAA E (3-5)
I I

with _A‘A'and LA being cross sectional area and length of the anvil, respective-
ly. Note that STH(M) is the spring against which the rem impacts.

Since energy losses are usually associated with such an impact, the

18
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unloading stiffness of the anvil spring is:

- STH(Y)
A s S (3-6)

where EANV is the coefficient of restitution of the anvil. Similarly, if

ECAP is the coefficient of restitution of the capblock the unloading stiff-

ness of the capblock spring is:

STH(WA) = STHQM) (3-6a)
| ECAP?

STH(M+1) depends solely on the cushion properties in the capblock, If

there is a cushion at the pile top with ECUS as a coefficient of restitution

and stiffness STC then

8¢ = SIC
ECUS® (3-6b)

This stiffness must be combined with that of the pile top element for which

T - S
(1) = S (3-6c)

' (the definition of STP(1) will be given below). In this way a combined pile

top and cushion stiffness is obtained:

| ' STH(MH2) = {STC)(STP(1)) (3-7)

STC + STP{1)

19
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Fbﬁkunloading the ccrréSponding expressions can be found when the values of
Eqﬁations (3-6b) and (3-6c) are used.

i As a deviation from the usual approach the loading stiffness, say STH
waé always calculated as (EA/L)(ez), e being the coefficient of restitmtion.
Thqn the unloading slope, STH, becomes EA/L. In other words, if k = EA/L
is the stiffness of a segment or component as determined in a compression
teét, then % is used as the unloading stiffness in the dynamic application.
The efféct is a lower stiffness during loading. This approach is justified
if;the tangent rather than the secant modulus is used for E in computing k.
Thé program uses this approach for all springs where coefficient of restitution
is less than 1.

| Special consideration was given to the fact that the slope of a streas-
atfain curve of cushioning material usually is graduaily'increasing and does
noﬁ - at zero stress - start with its maximum value. Similarly, the force
deformation curve of two eolliding bodies such as the ram impacting against
the anvil cannot show an ideal elastic behavier.

It is neither possible nor necessary to provide a quantitatively exact
model. Qualitatively, though, the curves can be rounded and the result can
be:judged by comparison with measurements.

For this reason three displacement values, DS, were assumed for anvil,
ca? and cushion. For a deformation less than or equal to DS the stiffness,
ST, was assumed to be linearly increasing with thé deformation (Figure 3-3a).
Th;s the modified stiffness js:

DNH(I-1) - DNH(T)
ST = STH(I) D8 , I =M, M, M2 (3-8)

20
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FIGURE 3-3: (A) STIFFNESS VS. COMPRESSION RELATION (B) STIFFNESS VS. COMPRESSION
VELOCITY RELATION; BOTH FOR DRIVING SYSTEM COMPONENTS
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‘which is valid for DS > DNH(I-1) - DNH(I), with DNH(I) being the displace—

ment of a hammer element, I, at a certain time, Modifications of this for-
mila have to be made where the deformation becomes small during unloading.
A load deformation.curve obtained by going through several cycles of load-

ing, unloading and separation is shown in Figure 3-4,

Another point of concern was the change of slope of the load dafar=st*
curve when the velocity changes sign. This change was programmed such that
the stiffness of hammer springs M, M+l and M+2 was changing linearly from
the low to the high value between 0 and a negative compression velocity, VS
(see Figure 3-3b), which was set at -0.5 ft/sec (0.15 m/sec).

In addition to the bilinear spring a dashpot was added t6 model the sz

block, The dashpot constant was set at 2% of the ram's critical damping

value (2 VSTH(1)(HM(1))). This damper is present more to improve the 3fscr=t

model's accuracy than for physical reasons. It was found that agreement wi:

measured data improved when using such a dashpot. An additional dashpot was

ClibPD WA /w.fastio.com

not used with the cushion since the pile top already contains one in it's
model (see 3.3).

3.2,3 The Ther:_nod@c_ Model of the OFED Hammer

The thermodynamic mofiel is divided into four parts: (a) compression,

(b) combustion delay, (c) ignition and (d) expansion. These four phases are

-i1lustrated in Figure 3-5,

Compression begins when the ram has fallen to the level of the exhaust

ports. The ram velocity is then:

22
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DS§=.0025 ft
14 , k =10° «kips/in
* =.85
| I
12 I I
2, LOADING STIFFNESS
'E “k"
I
w 8
Q
o
*“ 6
4 I

UNLOADING STIFFNESS

“k/e*

FIGURE 3-4:
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6
DEFORMATION — 10° ft

8 10 12 14

EXAMPLE OF FORCE VS, DEFORMATION RELATION
FOR COMPONENTS OF DRIVING SYSTEM
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during precompression; then it stays constant for a short time period which
is .t.he time between impact and combustion and is called the combustion de-
lay; next, it displays a very rapid increase (ignition) and very high mag-
ni'bude, high frequency variations which gradually decay.

While the timing information on this record is accurate, it is very
ha.rd to determine the average or effective maximum pressure. For this
reason a low pass, 1 kilz filter was employed which produced the dashed
curve of Figure 3-6. The rise of pressure is slower in the filtered than
in the unfiltered curve, the maximum pressure value, however, can easily be
determined.

Further conclusions for the pressure record are:

(a) The high frequency components of the record are caused
by pressure waves in the chamber and are of little sig-
nificance to the hammer behavior., This phenomenon has
also been reported in measurements made on internsl com-
bustion engines.

(b) The expansion process can only be judged in comnmection

with actual pressure~volume data. It was found by
similation and comparison with measured data that the

records represented Otto rather than Diesel cycles and
that the expansion model can be rather simple.

In summary, the following values are used in the model:

(a) The expansion coefficlent, EXPP, for the compression
phase was set at 1.35.

(b) The duration of the combustion delay can vary but was
never found to be greater than .002 seconds.

(¢) The maximum combustion pressure depends on measurements.

(d) The duration of the ignition phase was set to 0,5 milli~
seconds.

28
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(e) The expansion coefficient, EXPP, for the expansion phase
was set to 1.30.

Certain modifications of this model are necessary when a hammer using atom-
ized fuel injection is considered. In this case ihe combustion delay has
to be computed from the start of the fuel injection and the duration of
the ignition should be increased to cover the duration of the injection,

For cases where mamufacturer's data were not available, both a delay
and duration of 10 milliseconds was used with the restriction that ignition
oceurs ‘at least at impact, It should be mentioned that accurate timing
information for atomized injection may be very important.

3,2.4 Working Principle of the Closed Fnd Diesel Hammer

The closed end hammer works very much like the open ended one. In
principle the main change consists of a closed eylinder top. Figure 3-7
shows two of these hammer types. When the ram nioves upward, air is being
compressed at the top of the ram which causes a shorter stroke and, there-
fore, higher blow rate.

The bounce chamber has ports such that atmospheric pressure .e::d.sts as
long as the ram top is below these ports. As the ram moves toward the
eylinder 'l:.bp it creates a pressure which incréaaes until it is just in bal-
ance with the weight .of the cylinder itself, Further compression is not
possible and if the ram still has an upwards velocity uplift of the cylinder
ﬁu result. This uplifting cannot be tolerated as it can lead both to an
unstable driving condition and to the destruction of the hammer. For this

reason the fuel amount and, hence maximum combustion chamber pressure, has

29
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to be reduced such that there is only a very slight lift off or none at

all.

Uplift occurs only when the soil resistance forces are sufficiently
high. For low resistance forces the stroke will be less than the one for
which uplift is imminent.

Another feature of a few closed end hammers (Linkbelt) is an improved
scavenging system., This design uses both intake and exhaust ports and an
air tank which provides a horizontal air flow through the cylinder when
the ram moves downward. It can be expected that the relative amount of un-
scavenged combustion products present during combustion is smaller than in
other hammers,

Another closed end hammer type (BSP) should be discussed. This hanmer

" type employs a vacuum chamber below its ram to increase its operating speed.

Two phases of this hammer's operation are shown in Figure 3-8. As can be
seen, the hammer is not really closed at the top (although a protective

cover is usually present). However, the stroke is limited by the vacuum

action under the upper portion of the ram such that it does not become vie-

ible during operation. In addition to being faster than an open end hammer
this type has the advantage of not 1lifting o:ff during operation since the
vacuum force is always less than the cylinder weight.
3.2.4.1 Harmers with Uniform Rams

The design of these hammers is not very different from the open end

hammers. The principal difference is that the ram on its upward travel

3
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closes the bounce chamber exhaust ports and, since the cylinder is closed
at the top, compresses the air above the ram (Figure 3-7a). Since the
bounce chamber is filled with air, compression occurs adiabatically to a

chamber pressure:
FB = PATM (D%?—rg-}) 1.4 (3-12)

where DEPBB is the distance from exhaust ports and DPOS is the distance from
the ram top to the bounce chamber top. Of course, for DFOS being greater

than DEFEB
PB = PATM, (3-13)

There exists a value of DPOS at which the pressure becomes so large that the

cylinder starts to 1lift up. If the weight of the hammer excluding ram and

| driving system is given by RWH, then this limiting pressure is given by

ClibPDF -

= _RWH -
PLIM = ohy + PATM. (3-14)

From Bauation (3-12) one finds the maximum stroke is
1
STRMAX = DBCIB + DEPEB (1 - (BA3D T.5 ) (3-15)

DBCIB is the distance that the ram travels upward before it closes the bounce

chamber ports.

3.2.4.2 Hammers with nonuniform rams and compression tanks
Sometimes the top of the ram has a larger cross section (ART) than the

33
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bottom in order to redﬁcé the precompression force for better hammer per-
foimance in easy driving. Also, a compression tank may be attached to the
boﬁnce chamber., In this way the bounce chamber volume is relatively large
un't.il the ram closes the ports of this tank. The remaining volume in the
cy;.inder is called. a safety volume., As the ram progresses into it the
préasurgs increase very rapidly and hammer lift off will soon occur.

" Because of the existence of a pressure tank of volume VCT, Equstion (3-12)

has to be revised. The bounce chamber pressure is then:

DEPBB)( ART) + VCTy Lo _
PB = PATM “—ﬁ)f(os—)()ﬁr—’ (3-16)

'Hhich is valid for DPOS & DSF. (DSF is the distance from the pressure tank
port to the bounce chamber top).
The maximum pressure in the compression tank, PCT, is given by sub-

stituting DSF for DPOS in Equation (3-16). Defining

VBIN = (DEPBB)(ART) (3-17a)

and
VSF = (DSF)(ART) (3-17b)
or_:e obtains
: - VBIN + VCT, 1.4
PCT = PATM (_""_vsr ) | (3-18)

a.nd for DPOS < DSF one can now find

PB = PGT( ) b (3-19)
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or
STRMAX = DBIB + DEPBB-DSF( Pc'1') /1.4 (3-202)
If the maximum stroke occurs for DPOS » DSF then

struax = pects + LERICE (24 1k (3-20b)

3.2,5  The Vacuum Chamber Hammer

This hammer type utilizes a vacuum rather than compressed air as for
other closed end hammers to reduce its stroke and, therefore, lncrease i'bs
blow rate. The essential components and phases of operation are shown in
Figure 3-8. Since the vacuum force is limited (maxcimum: atmospheric
pressure, PATM, times the difference in area between ram top ard bottom,
DELA) uplift camnot occur as long as the cylinder weight exceeds this value.
The hammer can therefore be treated as an open ended hammer type as long as
the vacuum force is properly considered.

If the distance of the ram above the anvil is DBC, and the pressure
in the vacuum chamber starts to decrease when the ram is at a distance DSTART

and if DIN = VIN/DELA (with VIN = the volume in the chamber at DEC = DSTART)

then the net force, F, on the ram in downward direction is

1.
F = PATM (DELA)(1 - (mﬁﬁﬂm) h). (3-21)

Of course, if DBC is less than DSTART (anvil has moved downward) then no
vacuum force exists. It should be noted that the cylinder pesition, DGIL;

ig considered in the program but not included here for the sake of clarity.
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* In order to be able to treat the hammer like an open ended one a for-

miia must be derived for the ram velocity at the ports, VFALL.

VPALL =V ¥ ((STROKE - DEPIB)(W + PATM(DELA)) + DP) EFFICY (3-22)

DE = DEPTB - DSTART + DIN,
DB = STROKE - DSTART + DIN

and W and G are ram weight and gravitational acceleration, respectively.

3.2._.6 The Air/Steam Hammer Model

| The Air/Steam Hammer is much simpler to model than diesel hammers, first,
because it has an external power supply and, second, because it has only a
few simple hammer components. The ram usually consists of a compact block
with a so-called ram point attached to its bottom, The ram point strikes
against the capblock, For this reason, the impact is cushioned by a soft
material. This in turn allows the ram flexibility to be neglected.

The ram is raised by externally produced air or steam pressure (Figure
3-9b) acting against a piston,; housed in the hammer cylinder, which in turn
is ebnnected to the ram by a rod. Once the ram is raised a certaln distance
a valve is activated and the pressure in the chamber is released. At that
time the ram has some upward velocity. Therefore it "coasts' up to the max-
imum height (stroke) and then falls free to impact on the capblock (Figure

- 3-9a). Upon impact pressure enters again the cylinder. The hammer described

36
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a;ﬁve is Imown as the single acting air/steam hammer,
A double adting hammer is one in which the ram is accelerated

during its fall by pressure in addition to gravity. The working prin-
ciple of oﬁe type of double acting hammer, the differential hammer, is
illustrated in Figure 3-10,

'. The pressure applied at the top of the piston acts against the top

- of the eylinder similar tp the bounce chamber pressure in a closed end

diesel hammer, ‘Of course, the pressure could lift the hammer assembly, of
weight_WA to which the cylinder is connected. Thus, maximum hammer output
w::.ll be achieved when the pressure is kept at its upper limit (PLIM, here
gage pressure) at. which assembly 1ift off is ineipient.

The maximum energy of a differential acting hammer is
~ BMAX = (W + PLIM(A)) STRM (3-23a)

where W is the weight of the ram, A is the effective cylinder area, and STRM
is 'the maximum stroke of the hammer. (Note that the effective cylinder areas

is'equal to that of the smaller (lower) piston). Since
A = WA/PLTM (3-23b)
the potential' energy of a hammer driven by an actual pressure PSTEAM is
E = (W + PSTEAM YAy sTmm, (3-23c)
PLIM

From this relation an effective stroke, STROKE, is derived that a weight W,
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should fall in order to provide a kinetic energy equal to E:

‘ _ PSTEAM WA
STROKE = STEM (1 + o ok (3-24)

Unfortunately, the quantities STEM and PSTEAM are often lower than speci-

fied since the ram might not rise high enough or pressure losses occur

and other losses might occur during the fall. For this reason it is common
" to @tiply the effective stroke of both single and double acting hammers

by a.n efficiency, EFFICY, which is a number less than or equal to one.

The ram impact velocity then becomes:

VFALL = </{STROKE) (EFFICY)2G (3-25)

(G is the gravitational acceleration),

" The mechanical model of the air/steam hammer (Figure 3-11) includes
M m;sses and M-1 stiffnesses to represent the ram, Miass M+l is the cap mass
(cax.ablocl_c plus helmet) and the stiffness M is assigned to the capblock stiff-
ness. In most cases an air/steam hammer is modeled with only one ram mass
and fno ram stiffness (M = 1). Coefficients of restitution and "DS-values®
(se; Section 3.2.2) are applicable to the cap cushion, the plle top cushion
(if present) and the pile top.

As an additiﬁn to this active hammer portion a passive one is considered

conéisting-of MA masses and stiffnesses that represent the hammer assembly,
This assembly is assumed to rest on the helmet before impact and to fall

freély after impact untll an impact of assembly with cap occurs,
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AIR/ STEAM  HAMMER
(A) (B)
Schematic Model

FIGURE 3-11: AIE/STEAM HAMMER (A) SCHEMATIC AND
(B) WEAP MODEL |
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Acco;:éing to Figure 3-11 the model of the assembly will consist of MA masses
| and MA stiffnesses. Usually, MA equals two. Then the weights correspond
to cylinder and base weights and the two stiffnesses should be derived from
that .of the ram guide bars, Since the impact of the assembly is uncushioned
it is recommended that for both springs in this system the same value be
used, namely, twice that of all assembly columns. In this way the over-
all ﬂeﬁbility of the assembly is correctly represented without mich sac-
 rifice in accuracy. The flexibilities of both the helmet and lower assembly
ma.sa:-are extremely small and can hardiy be modeled as elastic bodies. A co-
efficient of restitution and a "DS-value" are used in the program to model

this assembly drop as realistically as possible.

3.3 Pile
The pile model consists of springs, masses and dashpots (see Figure 3-12).

The iaile is divided in N segments whose lengths are given by
DL = ALPH(I) (XPT) (3-26)

where IPT is the total pile length and ALPH(I) is a miltiplier which is

normalized (by the program) such that:

N
& (ALPH(I)) = 1.0 (3-27)
=1

The mass of the I-th segment is

MI) = B Y m (3-28)
L2
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with FP being the average mass density of the pile and AP the average
cross sectional area of the pile. The averages are taken over DL.

. Similarly the segment stiffnesses are

STP(I) = %@ (3-29)

where EP is the average elastic modulus over the element length. Obvious-
1y, milti-material piles can be treated in this fashion.
A third parameter, the pile damping value can be specified for the

pile. Since 1ittle is known about the correct gtructural damping model

and since this type of damping produces relatively small forces compared

+to soil damping, an elaborate model does not seem justified. Thus, viscous

damping was assumed with parameters:

CDR(I) = I%G 1BD +BTP(T) PM(I) (3-30)

with IED being the damping constant in percent of critical. Note that Equa-

tion 3-30 is based on the definition of critical damping of the one degree
of freedom oscillator.

The damping force between two segments is then
pp(1) = CDR(I) (VR(I-1) - vR(1)) (3-31)

where VP(I) is the velocity of the I-th segment.
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The damping cdnstants IED are not related to pile length. Thus, if
for a particular pile a different number of elements are used with the
same damping parameters, then the total damping force is different. This
approach is not quite satisfactory and is only tolerated in light of the
small effects of i:ile damping and the limited knowledge of materiai damping,

Further efforts in this area are encouraged.

3.-1+ Soil

The soil model used offers as an option some differences from the one
usually employed. It basically consists of a spring and dashpot (Figure 3-12).
The elastic spring yields at a pile ‘segment displacement QS(I) (quake) such
that there is no further increase in static resistance with increased dis-
placement (RS(I) = SU(I), SU being the ultimate static resistance at that
element). Unloading, i.e. when the pile segment has an upward velocity,
follows at a spring rate that is in the usual case equal to that in the load-
ing path.

An option was built into this model allowing the use of a coefficient of

restitution, ESOIL, which is employed such that

SoK(T) = KD (3-32)

where SOK(I) indicates the soil stiffness at the I-th pile element and where
the barred quantity indicates unloading. Note that BESOIL is the same for all
pile eleménts.

‘ In the usual case where the plle experiences an appreciable net set the
£ L5
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energj consumption by the use of a coefficient of restitution is negligible.

However, for the very hard driving cases (blow count greater than 120 blows

per foot) an energy loss due to an ESOIL - value will improve the validity

of the soil model.

The damping model. can be chosen according to Smith
DAM = J(I) VP(I) RS(I) : (3-33)

where DAM is a damping force in kips (kN)and J(I), VP(I) and RS(I) are the
damping factor in sec/ft (sec/m), the pile velocity in ft/sec (m/sec) and
the static resistance force in lips (XN), respectively; all taken at the
same pile segment I. |

The second choice is a non-dimensionalized viscous damping for which
DAM = JC(I) VR(I) VSTP(I) P(I). (3-34)

Here JC(I) is the Case (Institute of Technology) damping factor of unit di-

mengion. Note that
+STP(T) PM(I) = EAfe (3-35)

(thie is also called pile impedance; Young's medulus, E, times cross sectional
area, A, divided by wave speed, c; all in the pile). The use of the ex-
pression on the left of Equation 3-35 is preferred as it reflects the average

pr&perties at an element. Recalling that viscous damping is defined as

DAM = JV(I)VE(I) : (3-36)
L6
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with JV(I) being the viscous damping constant it is apparent that

Jo(I) = (1) = &5 (3-37)
VETR(I) PM(T) ¢ |
while Smith's damping factor becomes
(1) = L) (3-38)

RS(I)

The distribution of damping is handled in the fo]lowi.ng way: For Smith'a
damping a constant factor is used along the pile skin and another factor is
used at the toe, This actually means that the corresponding viscous damping
factor varies proportionally to the static resistance distribution along the
gldn. In order to have a similar situation for the Case damping approach |
the input consists here also of skin and toe damping factors which are con-
verted to viscous damping factors by virtue of Equation 3-37. The skin damp-

ing factor is then distributed to the segmente in proportion to the statie

resistance,

3.5 MNumericsl Trestment

There are two aspects in the numerical treatment of the analysis that
differ substantially from the TTI or Smith's approach., First the integration
equations involve also the acceleration terms, and second a so-~called pre-

dictor-corrector approsasch is used.

The integration equations are simply (note that subscripts indicating
L7
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élement numbers are omitted if not necessaz;f for clarity):
VN = -3 (40 + AN) DT + O (3-39)
and
DN = % (200 + AN) T2 + VO(DT) + DO, (3-40)

In these equations A stands for acceleration, V for velocity, D for dis-
:ﬁlacement, 0 (old) for the beginming and N.(new) for the end of the current
fﬂ:i.me increment, DT.

Starting with the hammer and continuing with the pile a prediction of
':the values Dﬂ and VN is made by integration using Equations 3-39
..fa.nd 3_40. Since AN is not kmown it is set to A0, Then the top (FO) and

‘_fbottom (FU) spring forces at the I-th element can be computed:

FO = (DN(I-1) - DN(I)) sT(I) (3-41a)
and

FU = (DN(I+1) - DN(I)) ST(I+) (3-41b)

(an H or P after DN and ST would indicate hammer or pile, respectively).

Force contributions due to pile damping at the I-th segment are:
FDO = (VNP(I-I-) - VNP(I)) * CDP (I) (3-42a)

- and

48
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FDU = (}?N’.P(I+l) —~ YNP(I)) - CDP(I+1}. (3-42b)

Static resistance forces, RES, are computed using the soil stiffness SOK

RESN = RESO '+ (DN-DO) SOK (3~43a)
with
IRESN| < sU(I) (3-43b)
and for the toe
*" 0 < RESN £ SU(N+1) (3-43¢)

Due to damping resistance
DA = (JV)(VIVP) (3-b4a)
for Case and
DA = (J)(VNP)(RESN) (3-44b)

for Smith's damping.
Tneluding the gravitational acceleration, G, the new acceleration value

can now be found:
AN = G + (FO + FU + FDO + FDU - RESN - DA)/PM (3-45)

(For ram bottom and anvil this equation contains, of course, the gas pressure

force too). Integration of AN leads to new VN and DN values.

L9
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Once all VN and DN values are corrected the change from the previous
quantities is determined and the process is repea.ﬁed, computing again for
all elements the various quantit:“l.es starting with Equation 3-~ila. This
process is repeated until both the pile top force and bottom veloeity con-

verge. An input directed maximum number of cycles (ITER) is observed.



http://www.fastio.com/

ClibPDF -

CHAPTER 4

PROGRAM INPUT INFORMATION

4.] Introduction

In this chapter the program input information will be described briefly.
The input structure was designed so as to minimize the effort required of
the engineer in the preparation of data. Therefore, as much routine com-
putation as possible is performed internally. However, in some cases the
flexibility of very detailed engineer input is desirable, so options are
available which control the form of the input required by the program.

In one parficular case, the hammer, it is usually unnecessary for the
user to prepare detailed data to describe the hammer since there is a limited
number of available hammers. The TTI program has required that each user
obtain the hammer details from manufacturers or dealers. A great-danger
exists that incorrect information is input. In the WEAP program hammer in-
formation has been obtained from the manufacturers. Where questions arose

the mamufacturer was contacted and clarification obtained.

4.2 Open End Diesel Hammer
To call a hammer the user needs only to specify the hammer number (IHAMR)

from a list of hammers in the file. There exists an option (IHAMR = 0) that

allows the input of all hammer parameters. These parameters are in order:

NAME ..... an alpharmumeric string of up to eight characters.’

HM(I) .... weight of the I~th ram segment in kips for all I(I=1,M),

STH(I) ... stiffness of the I-th ram segment in Idps/inch for I =1,
M-1. 5
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M oieeeaess the number of ram masses. It can be determined by dividing
the ram length by 2.5. M should be greater than or equal
+to two for all Diesel hammers.

HM(M+L) ... weight of anvil in kips

STH(M) ... stiffness of last ram element and anvil combined in kips/inch
: (see Equation 3-4).
TDEL ..... combustion delay in seconds (values between 0.0 and 0.002
seconds are normal for regular injection).
VFIN ..00s final volume or combustion chamber volume in cubic inches.
DEPIB .... distance between exhaust ports and impact block {anvil) in
; inches.
ARAM ..... cross sectional area of cylinder in square inches.

P1l, P2, ... combustion pressures for up to five fuel settings in pounds
P5 ceuene per square inch, Note that only P1 mst be given. Default
of Pl causes the use of P1 = 1000 pe=i.

EFFICY ... a hammer efficiency (see Equation 3-9)
STRM ..eee maximum stroke in inches as specified by the mamfacturer,

This value will be used as a convergence eriterion on the
stroke. It is assumed that the stroke cannot exceed this

value,
EXPP seeee exponent for the expanding, combusted gases. A value between
- 1.2 and 1.4 is reasonable.
POWSCAV .. should be set to 1 if the scavenging is independent of stroke.
DINJ soaae di.stance between ram location at which atomized fuel is in-
jected and anvil in feet. DINJ = 0.0 for regular fuel in-
jection.
TGL..eses the duration of atomized fuel injection or the duration of

ignition in general.

ITYPH hammer type: here=1.001 for open end diesel.

52
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4.3 Closed End Diesel Hammers

The data needed for the complete description of a closed end or a

vacuum chamber (VCH) hammer are (in addition to those for open end hammers)

as follows:

DEPEB ....

Dm‘ se 0P

DBET .....
RWI'I L O BB

m LI ]

ch LI Y )

the cross sectional area of bounce chamber in square feet.

the distance between the combustion chamber ports and the
top of the combustion chamber in feet (not for VCH).

the distance between the pressure tank ports {only if present)
and the top of the bounce chamber in feet. TFor VCH this is
the distance that the ram travels upward before the vacuum
chamber pressure starts to decrease.

the distance between the anvil and the top of the combustion
chamber minus the ram length in feet (not for VCH). Note
that DBBT - DEPBB = DBCIB as used in Eguation 3-15,

the hammer assembly weight, i.e. that force which cannot be
exceeded by the bounce chamber (gage) pressure times ART
(not for VCH).

the exponent used for calculation of the bounce chamber
pressure (usually 1.4).

the volume of the compression tank in cubic feet, For VCH this
is the initial vacuum chamber wvolume (at the time when the
pressure starts to decrease).

Note that ITYPH is to be given as 2,001 for all closed end diesel hammers ex-

cept vacuum chamber hammers which are type ITYPH = 1.001. Note also that

STRM is disregarded for ITYFH = 2.001.

L. Ar Steam Hammers

These hammer types require the following input valt;.es:

PO
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(a) Ae ‘ni'or diesel hammers:
NAMB
HM(I), T=1, M
STH(I), I =1, M-1
M

P1 (Here, maximm (gage) pressure for which uplift just occurs
in psi; for double acting air-steam hammers only).

EFFICY

STRM which is here the regular working stroke in inches.

RWH (for double acting hammers only).

ITYPH (here equal to 3.001, i.e, air-steam hammer).

(b) In addition to this data, hammer assembly information is necessary

if its éffect is to be studled:

AM(I) .... the assembly weights in kips for I =31, MA.

STA(I) the assembly stiffnesses in kips/inch- for I =1, MA,

MA ..e0ess the mumber of assembly stiffness valuea. Note that
: MA = 0 causes the assembly analysis to be ignored.

" 4.5 Other Hammer Related Input Information
This data is required (often at option) even if the program stored
hammer information is used,
IOSTR .... (Ignored for air/steam hammers). .
| I:t set equal to 1 it will cause one stroke {either speci-

fied or unspecified) to be analyzed. Thus, no iteration
54
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on stroke will result. If equal to 1, the stroke
specified in STROKE (see below) or the program a.séumed
stroke (5.0 feet for open end and STRMAX for closed end
hammers) is analyzed and iteration on maximum fuei press-
ure is performed.

If O (or not specified) then the maximum fuel pressure
(FL, ..., P5 as specified by IFUEL) is tised on all
iterations on stroke.

Generally speaking, hammers. that are operated at a fixed
fuel setting should be analyzed with an iteration on
stroke, There are hammers, however, (e.g. BSP) which do
not have a fixed setting and which, therefore, should be
analyzed by assuming a stroke iterating on fuel setting
(combustion pressures).

The engineer must be .aware that the fixed stroke option
may provide unreasonable answers., For example, a stroke
specified relatively high together with a low soil re-
sistance may not be achieved in the field.

(Ignored for air/steam hammers).

If set to 1, 2, ~~—; 5 the corresponding pressures Pl, P2,
——, P5 will be used. Thus, IFUEL amounts to a fuel setting.
If the corresponding pressure is zero Pl will be used; if
Pl is zero 1000 psi is assumed.

IFUEL may or may not correspond physically to fuel settings
55
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at the hammer. Measurements of combustion pressures at
reduced fuel settings are only available for a DELMAG
D-30 Hammer. Using the results from this test as a guide
proportional pressure reductions were determined for other
hammers. Use of the IFUEL value should be restricted to
paramete;r studies. In general, it is advisable to deter-
‘mine first the maximum stroke using IFUEL = 0 or 1. If it
i3 necessary to limit stroke (e.g. stress limitations) then
a fixed stroke (AIOSTR = -1) analysis can be made for a
gimilar stroke. |
It i3 then,when hammers with variable fuel pumps are used,
an easy task to adjust. the fuel pressure in the field such
" that the analyzed stroke is actually obtained.
:TDE cecse Is the combustion delﬁ,y in seconds, It overrides the value
| set in the diesel hammer data. If negative (hammers with
fuel injection have only positive time delays since here
TDEL is the delay after injection) preignition will result.
As discussed earlier 0.00 to 0.002 seconds i-s reasonable.
" STROKE ... " For diesel hammers: Is a starting value for the ram stroke
in feet if JOSTR = 0. It is the stroke analyzed for
IOSTR =1 or -l1.
For air/steam hammers this value overrides the hammer infor-

mation (both program or user supplied).
56
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EFFICY .... Overrides the efficiency aupplied in the hammer in-
o formation (applicable to all hammer types).

PSTEAM .... The actual air/steam pressure used. To be supplied for
differential acting hammers only. If not given PSTEAM
will be set to Pl, i.e. the maximm value.

RWH ....... Overrides the hammer assembly weight supplied in the
hammer information. Ignored for open end diesels or
single acting air/steam hammers.

4.6 Driving Accesgories

The term "Driving Accessories" refers to the capblock, the helmst and
a possible pile cushion., There are a variety of such accessories available
and standardization is hardly possible, The User's Mamuil contains data
for a few frequently encountered systems

In the case of no capblock the anvil stiffness will be doubled and an

equal stiffness assmne;i between ‘helmet and anvil, This assumption seems
Justified in light of the uncertainties involved in metal to metal impact.
The data to be specified for the accessories is then:

HM(M¥#2). .. ...-Weight of cap (helmet plus capblock including any pile
top adapter) in kips.

STH(MH) ... Stiffness of capblock in kips per inch,

STH(M42) ... Stiffness of pile cushion in kips per inch.

In addition to the weight and stiffness values, coefficients of restitution

should be specified for all non-elastic materials and/or impact interfaces.
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Four values are required
EANY ..... Coefficient of restitu‘bioﬁ (C.0.R.) of anvil in the
case of diesels or that of the capblock for air/steam
hammers,
ECAP ..... G.d.R. of capblock {(diesel) or assembly (air/steam).
EPT ...... C.0.R. of pile top.
ECUS ,.... | C.0.R. of pile cushion.
D;fault (i.e. input not specified) results‘ in all coefficients to be set to
0.85 with the exception that ECUS would be set to 1 if no cushion is present,
The User's Mamiel contains suggéstad values., Other pre.
cdﬁmendationa are: for the anvil and for steel pile tops 0.85, for pile
toi:s of concreté 0.7 and timber, 0.5, If a pile cushion is used with EOUS < 1
'l:hen greater EPT values should be chosen. Note: actually, EANV is a hammer
property and shquld 'be stated with the hammer. However, since this value is
hardly me#aura‘ble and can only be judged by comparmg. analysis results with
measurements, some fleadbility is given here by prov:l.éing the opportunity for
change.
4.7 Pile
Th‘ére are several options which govern the input of the pile properties,
The two option- parameters to be considered are:
NCROSS ... = 0 means uniform pile
>0 means non-uniform pile

and
IPEL ,.... = 0 means automatic genération of pile segment parameters
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= 1 means automa'big generation of pile segment para-
meters except that the relative element lengths
(A.LPH_(I)) are to be specified.

= 2 means that all parameters are specified as input in-
cluding the relative element lengths,

N; the number of pile elements to be analyzed must be given for IPEL
2 0. (For IPEL = 0, N is determined for a segment length of approximately
5 feet).

For uniform piles (NCROSS = Q) the following data is sufficient:

XPT .ecese the total pile length in feet

AP(1) .... the pile top cross sectional area in square inches

EP(1) .... the pile top elastic modulus in kips per sguare inch

WP(1) .... the l;ile top .specific weight in pounds per cubic feet.
Material properties are contained in the User's Mamual.

For non-uniform piles the crosssection and the materisl values must be
completely defined., As it is necessary for the computer to interpolate between
neighboring defined cross section vdlues this means that discontinuities
(sudden changes)' have to be defined with two equal depth values the first of
which spécifies the quantities above the change, and the second one, those
below the change. Examples are given in the User's Mamual, The Program
accepts up to nineteen (19) cross sectional values. These are:

XP(I) .... depth at which values are specified in feet

AP(T) .... cross sectional area in square inches at XP(I)
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ﬁi’(l) ceas elastic modulus in kips per square inch at XP(I)
ﬁP(I) caee specific weight in pounds per cubic foot at XP(I)
As a last set of values those of the pile bottom XP(I) = XPT mst be given.
The extended input, i.e. the input of STP(I) (pile segment stiffness),
PM(I) ..(pile segment weight) and ATLPH(I) (relative segment length values)
is described in thc.a User's Marmal. Computation of stiffnesses and weights
shoul@ be done accor&ing to Equations 3-28 and 3-29. Note that RP = WP/G
with G being the gravita.tioﬁal acceleration (32.2 ft/sec? or 9.81 m/secz).
_Another input allows the specification of maximum tension force, SPLICE(I),
in any one pile spring. Note that the pile top has a spring that canngt
trangmit tension. Tiis means ‘that SPLICE(1) is always set to zero. ALl
other spring tension forces are set to -5000 kips. If at certain elements
otﬁer values are requested then ISPL should be set to the number of springs
immived and for each spring a pair of values:
.A:_.J, SPLICE(J) ... element number, maximum tension force in kips (tension
.. is negative) be specified.

SPLICE(I) can also be specified as a "slack" value in feet., Slack is

.a distance which a spring can extend without exhibiting any tension force.

If SfLIGE(I) is given between -0.5 and 0.0 then it is assumed to indicate a
slack. More information regarding this input can be found in the User's
* Finally, the pile material damping parameter IBEDAM (IED in Section 3.3)

should be specified if values greater 'Eha.n 1 (1% of eritical) are desired.
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h.s‘f' Soil
JVSoil data consigts of:
quakes,
damping values,
ultimate resistance (optional),
coefficient of restitution of scil and resistance distribution.
Required wvalues are:
Qs(1) ... quake é@ skin in inches (default: 0.1 inches)
QS(N+1).. quake at pile bottom (default: 0.1 inches)
Qua#es values were proposed in the literature between 0.1 and 0.5 inches (7).
They are usually b#sed on static load test evaluationa, However, it should °
be noted that the assumed elasto-plastic soil resistance law is only an
apéfoximation and should allow the pile to obtain a permanent set under a
reaiistic energy consumption (see Figure 4-1 for an example oé a reasonable
approximation). The questions arising from these approximations together
wiﬁﬁ those of the damping model are the most serious ones with regard to
wayé equation applications..

Because of these questions it seems unreasonable to use the static quake
vaiﬁes as proposed by Coyle etal, (7). It is more likely that values between
0.05 and 0.15 inches give satisfactory results. Note that extremely small
values may cause numerical problems.

| Damping valués impose an evéﬁ greater problem than quakes because they

affect the blow count result to a much larger degree. Recommendations
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are given in t.he- User's Manual, Smith's damping values were relatiw}ely well
proven during several years of use. It is for this reason that Smith's
damping should be used whenever no experience with Case Damping exists. '
The required damping values are:
SJ(1) .... skin damping constant in s/ft for Smith
(ISMITH = 1) damping and dimensionless for Case
damping.
SJ(N+1) .. toe damping constant with d:l.mensidns as before.
As for pile quantities, all soil parameters QS(I), SJ(I) and SU(I) can be
specified for each segment in order to override the antomstic conditions.
The. values are read when the ITYS wvalue 1s negativé.
The total ultimate static resistance value can be speciﬁed in three

ways:
(a) RULT > O in tons leads to the analysis for the one RULT

value specified.

(b) RULT = 0 (or blank) causes the computer to determine ulti-~
mate resistance values based on the pile impedance (EA/c)
and an assumed fraction of impact velocity. There will be
at most ten (10) analyses performed., If a blow count has

exceeded 1200 blows/foot (100 blows/inch - 40 blows/cm) then
the analysis will be halted and the results printed.

(¢} RULT < O will cause a set of ultimate resistance values (at
most 10) to be read and analyzed, These values should be
given in an increasing order as the starting values of the
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stroke are based on this assumption. Also, the termination
condition of (b) hold, again assuming an increasing order
of the RULT values.
ESOIL ... is the coefficient of restitution of the soil (default 1.0).
If the stroke does not converge for reason of too little energy consumption
by _the soil (a,condition that becomes an unfortunate reality in some cases)
then a lower value might be tried. However, values lower than one-half
(0.5) cannot be recommended.
The distribution of resistancé foces, SU(I) can either be taken from
a list of ten (10) types which are built into the program (ITYS) or, if
thié value is O or blank, it should be specified as a series of depth and
relative magnitude values:

- XP(I), DIS(I) ... I-th depth in feet and I~th magnitude (non-dimension-
al); As in the case of the pile description, discontinuities in the dis-
tribution have to be described with two identical XP(I) values. The last
E(i) value must be equal to the pile length, the first one equal to zero.

: The proportion of skin to total resistance has to be specified by
IPEﬁCS .+« the percentage of skin frictlon of total RULT, This value can also
be specified as a negative ﬁmber. In this case the skin friction force will
be determined from the first RULT value (~IFERCS (RULT)) and will be kept at
the seme level for further RULT analysis. This means that only a gain of
toe bearing is assumed.

4.9 Qther Program Options
Other input parameters not yet described must be specified in order to

6l
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(a) Output type and quantity

(b) Analysis type
Output type can be obtained in printed and plotted form. Basically, the
higher the IOUT (card 2.000) parameter is specified, the more output is
obtained, The IOUT = O option causes minimum output which is recomended
if more than one RULT value is analyzed (typical production run). I0UT > 9
causes plots to be produced. The use of these optiohs as well as the more
extensive print is discussed in detail in the User's Manual,

It should be noted tﬁa‘h the program performs several analyses for one
RULT value. For this reason all output quaritities have to be temporarily
stored until it is known that the siroke or mexcimum combustion pressure has
converged. In order to keep the program small enough for implementation on
a variety of computers, the output mst be limited to certain types (forces
or velocities etc.) and to a maximum number of values {number of pile seg-
ments, number of time inerements).

The magnitude of the time increments has to be chosen less than oritical.

This eritical time increment is the minimum of
DTCR = VPM(I)/STP(1) (4-1)

for all I, or it is the time that the stress wave needs to travel through the

shortest element IM

DTCR = ALPH(IM) (XPT)/c | (4=2)
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(1f only one material is considered) and the actual time increment either

for hammer or pile has to be

DT £ DTCR (4-3)

~ In order to accomplish this a percentage value IPHI (%) can be specified

which is defined as

IPHI = (DICR/DT)100 (h-bs)

This IPHI should be always greater or equal to 100. Default or if IPHI

was accidentally set to less than 100 results in IPHI = 140 for diesel

~ and 160 for air/steam hammers. It is reasonable to specify IPHI as large

" as 200. It should be mentioned here that the program involves checks on

DTCR which go beyond Equations A4-1 or 4=2. These checks include the mag-

- nitude of damping and static soll resistance.

Wiy Taslio.com
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CHAPTER 5
PROGRAM FLOW
Only a small part of the program is actuslly a wave equation program.
Tt consists of approximately one-third each input and output coding, one-
sixth dynsmic analysis and the other sixth, in the case of diesel hammers,
of "pseudo-dynamic" and simplified dynamic analyses and general control.
By pseudo-dynamic analysis is meant that the total system is not
strictly ana.lyzed. This can be done for the rebound portion once the ram
has risen a sufficient distance from the impact block. A gimplified dy-
namic analyeis is also used for the precompression periocd.
The follpu:'mg steps are performed by the program for the open end
| hamner, standard run,(i.e. fixed fuel, variable stroke).
(a) Read input information
(b) Assemble hammer data
(¢) Determine pile segment parameters
(d) Determine scil model parameters
(e) Find stroke (either input or assumed)
(£) Determine ram velocity at exhaust perts
(g) Find initial values just before impact using a simplified
dynamic analysis.
(h) Perform a wave analysis until pile rebounds and ram has risen
sufficiently.

(1) Find velocity (and therefore stroke) at exhaust ports

67
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" (3) For a stroke which is less ‘than 10% different from the
assumed one repeat process (h) using the new stroke and
modified initial values; for greater differences go to {g).
If the stroke was within 5% of the assumed value, print and
plot the required output and continue with (h).
(k) If a new ultimate resistance value is to be analyzed, deter-
mine new stroke based on previous cne and contime at (f).
As. an alternative (fixed stroke, variable fuel) step (j) is modified in the
foilowing manner: For a rebound stroke that is more than 5% (3% for cloéed
end hammer) dii‘ferer;t. from .the assumed stroke the maximum combustion press-
ure value is changed and the process is contimued at step (h).. Of course,
in step (k) no new stroke is assumed., A block diagram indicating the pro-
gram flow is shown in_ Figure 5-1.

Tl;e- steps taken for the closed end hammer (standard run) differ scme-
what from theose just discussed. Because of the limitations on the stroke in
a closed end hammer and since the throttle set.tiﬁg is reduced when uplift
océ_:urs; the process is directed such that, if no other strcke is specified,
the maximum stroke (Equations 15 or 20) is used for a first analysis to-
gefher with the maximum fuel setting., If the soil resistance is relatively
sm&ll, then a rebound stroke will result. In this case iteration is per-
formed on stroke. For higher rebound strokes uplift would occur and, there-

fore, the fuel setting has to be reduced. Since the question of fuel con-
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In the open end program, iterating on stroke, the initial value for

stroke is either ag given by the user op taken as five feet, r1e a second

‘setting that is increased by one step, It should be noted that the program

thereafter does not increase fuel sett 8. Thus, RULT values specified in

decreasing ordep could lead to erronecus results,
70
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The program flow of the air/steam hemmer analysis is straight forward.
Initial values need not to be determined and the stroke is assumed fixed.

output for higher soil resistance values has been ob-

tut no attempt wes made here to include the effect of variable stroke.

A greater energy

served,
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CHAPTER 6

PROGRAM PERFORMANCE

61 Introduction

. Both the program and the hammer data were extensively tested against
measurements., Measurements consisted of pile-top force and velocity and,
ih two cases, combustion~chamber pressure records. In addition, blow

c:ount and stroke were recorded in many cases. The program testing often

‘p'.z_'oved to be diffieult since all of the relevant information was not always

dvailable, The information required consisted of three different groups.

(1) Driving system data (helmet weight, capblock and cushion stiffness

plus all four coefficients of restitution). While the helmet weight was

uéually accurately known, stiffnesses and coefficients of restitution were
either guessed or chosen from a large range of possible values.
| (2) Thermodynamic data (combustion delay, combustion pressure, ex-
pé.nsion cbefficient). The combustion delay was fixed at two milliseconds
for all hammers with regular fuel injection. It was determined for atomized
:ﬁzjection by parameter studies. Combustion ‘pressui‘es were measured in some
cases and determined from strske and/or force measurements in other cases.
Iﬁ order to do this properly, the expansion coefficient was fixed at 1.3.
(3) Soil data (skin and toe quake, skin and toe damping and the dis-
'b!_*ibution of the resistance forces). The quakes were mostly chosen at 0,1
incheé. However, there were a few exceptional eases where larger values had

to be chosen to achleve satisfactory agreement between computed and measured
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values, Damping values were difficult to determine in that they directly
affected the stroke and, gherefore, the pile top stress and velocity at
impact and the blow count. The distribution of the resistance forces
affected the shape of force and velocity curvesa.

Counting the resistance distribution as only one unknown (although it
jnvolves all elements) the above 1ist indicates that often as many as 1L
different parameters had to be determined for each test case.

Parameter studies performed by the TTI researchers (6) were basically
a:hned at matching the predicted with the cbserved blow count., In the cur-
rent study, however, the attempt was also made to match force, velocity,
pressure and stroke. The parameters given in ihe 1iterature were often
found to be jnsufficient. The current résults shed some light on the quality
of the predictions of pile sorce as well as blow count that may be achieved.
Since the information regarding hammer performance in the field was often
1imited, the answers obtained give an idea of the accuracy which can be ex-
pected when the program is used., Thus, the ¢omparisons discuased below can
pbe regarded as an assesament of expected program performance. Many of the
problens which have been reported for wave equation programs may be partially
the result of excessive expectations.

6.2 Data Selection

A vast amount of dynamic and astatic data was gathered during the course

of the Case Wes'bern-Reser\re University piling research projects. Tn addition,

the consulting activity of the authors and the work of other agencies which

73
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“also use the Case Method of pile t.estihg have contributed to the data

Tt e e e

that was available for pile testing,

and pile types, Names of test piles, references and other basie infor-
mation are given in Table 1.

'Ih-ere are a relatively large number of DEIMAG hammers among the hammer
types tested, The reason is that a substantial amount of testing, inclund-
ing combustion pressure and stroke Reasurements, was conducted on these
hammers, Stroke is an especlally important quantity in this work and it
mst be emphasized in program testing.
| Only one.concretepile is represented in the data. No timber pile data
was included. Both concrete and timber introduce additional uncertainties
into the evaluation of the program, mainly because of the unknown conditions
8.1; the pile top (pile cushion of conrete piles and pile top quality of tim~
ber piles ).

6.3 Representation of Results

Figures é-1 through 6-16 contain comparisons of computed with measured
forces, velocities and combustion pressures all as a function of time, Velo-
city comparisons of this kind are certainly a first in Wave Equation test
runs, and the large amount of force vs. time curve comparisons is unequalled,
For plotting, the curves were shifted in time such that the impact time was

in agreement. 1In addition, the measured forces were shifted vertically such
(S
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Pile No.

R I

|

10

B

14
15
16
17

Name

FEC 72
FEC 72
FEC 75

Purdue

" DTP 3

FEC 71
Bismark
GRTF1
K25 VP
Georgia
B-N

CR 4
DTP 33
Phila 78
VO8VP
vosve

LaV016

TABLE 1: DESCRIPTION OF TEST DATA

Source

(10)°
(11)
C
C
¢
(12)
(15)
s
(13)
c
(14)
(12)
(12)

sh

Type Ianéth

lRecords from author's consulting practice.
2Numbers in parentheses pertain to references at end of text.

3special records, were obtained from New York Department of Transportation

feet

HBP 40
HBP 75
-HBP 40
HEP 50
18x1i8 PC &0
HBP 70
HEP 160
HBP 60
HBP 30
Pipe 40
HBP 119
| Pipe Q0
Pipe L1
Pipe 43
HBP 30
HBP 30
Pipe 200

Hammer

Delmag D12
Delmag D12
Delmag D12
Delmag D12
Delmag D22
Delmag D30
Kobe K22
Kobe K22
Kobe K25
MKT DE30
MKT DA35B
LB 440

LB 660
Vulecan Ol
Vulean 08
Vulcan 08

Vulecan 016

‘*Special records, were obtained from Soll Exploration Company.

www . fastio.com
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Type

OED
OED
OED
OED
OED
OED
OED
OED
OED
OED
CED
CED
CED
A/S
A/sS
A/S

A/S
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that the computed and measured precompression forces agreed. This shift
was necessary since the precompresaion force was often subtracted from
the measured force curves because of its static nature.

Almost all figures contain two time scales, milliseconds and L/e¢ units,
The L/c units are often helpful-in recognizing characteristic effects in
the stress waves. One figure (6-16) is also included which shows the auto-
matically plotted three dimensional representation of force vs. pile length
and time. These plots are instructive where wave propagation considerations
ape concerned but of less use in the pi'ogram testing effort.

The figures always show that portion of the record that was analyzed
by the accurate analysis portion (excluding the gimpiified precompression
and expansion phases). This produces plots widch are gspread over time such
that the higher frequency components of the curves become apparent.

6., Results |

Table 2 contains both observed and computed values of the program r'é—

 sults, RULT (total static pile bearing capacity) in tons, blow count in

blows per foob and stroke (or an equivalent quantity for closed end hammers) .
In fact, RULT was determined using either the Case Method (I), the CAse Pile

Wave Analysis Program (1), or a static load test. Unfort.unately, the static

1load test was usually not performed when stroke measurements were taken.
‘However, it is felt that so many test cases were solved that sufficient con-

fidence in the program is obtained.

76
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TABRLE 2: COMPARISON OF COMPUTED WITH OBSERVED
QUANTITIES FCZ TESTED DATA
Measured Predicted
Pile No. Bearing Capacity Blow Count Stroke Blow Count Stroke
tons bl/ft £t b1/t £t
1 16° 6 4.0%.2 9 4.0
2 70 27 6.0%.3 28 5.6
3 60° | 21, 5.4%.1 26 5.4
A 83" 40 5.5%.1 36 5.6
5 104 12 4011 8 L.l
6 1254 N/A N/A 21 5.5
p  200% 500 7 (L plug)  102(150)  6.6(5.5F)
8 120 k1 6 (1 plug) 37 5.5
9 300° 120 8.0%.3 151 8.0
10 130" 107 N/A 114 8.7
1 Nk 25 N/A 19 4.0
12 180" R Maxci mum R Mascimum
13 3504 R Maxcimim R Mascimam
1 75C 43 Normal by -
15 g 6 Normsl 7 -
16 260° 184 Normal R -
17 st 55 Normal 50 -
PUsing Preignition and reduced fuel pressure
Ccase Method
ACAPWAP Analysis
LLoad Test
*Refusal ++s Do noticeable set -
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This pile was driven for a hammer performance test. Combustiocn cham-
ber pressures and stroke were measured in addition to both pile top accel-
eration and force. Using the Case Héthod static capacity prediction as the
RULT value a WEAP run was made. The resulting pile top force and combustlon

pressure are shown together with the meagured quantities in Figure 6-1. Max-

jmum force is underpredicted by about 8%. The curve behavior follows the

measured curve closedly except that it is somewhat smoother. Tt should be |
mentjoned that the record portion after time 2L/c after impect is mainly
governed by the soil model and is only,to a smaller degree, influenced by
the hammer model.

The pressure curves gshow basically the same behavior except that the
ﬁj;eaaured one is somewhat higher in the beginning and lower later on. Note,

however, that the plot is a pressure vs. time plot and that mimite changes

in ram pesition appreciably alter the pressure beha.vior. Since the stroke

was determined correctly one can consider the overall presaure behavior to

be sufficiently accurate, The force effect on the pile from pressure differ-

ences ia rather small (100 pei preasure correspond to about 10 kips force).

“P3le No. 2

This pile was tested under similar conditions to Pile Ne. 1. The differ-

ence was that'a heavy plate was added at the toe. This additional mass

_accounts for the third force peuk (Figure 6-2). This force curve was very

well predicted by the program. (Better than 5% agreement for the mascimmam) .
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The velocity curve (note that velocity curves are plotted after multi-
Plication by the proportionality factor EP(4P)/¢) however » though similap

in character, deviates before time 2L/c after impact. This deviation is

This pile was an extension of Pile No, 1. Again force, (Figure 6-2b)
stroke and blow count agreement‘ is very good. It is interesting to note
that the force shows & rather smooth behavior while the velocity displays
4 peak at the time of the wave return (10 milliseconds), The maximm force

predicted showed an agreement within 5%,

Purdue University on the occasion of the ASCE Specialty Conference in 1972
(see Reference 10). The force and velocity mateh of Figure 6-3 is quite
good (especially at tﬁe time of wave return), The maximum force was over-
predicted by 11¢ and the blow count waﬁ underpredicted (36 vs. 40 measured),
It may be that & force transducer reduced the force peak to some degree,
This transducer was inserted between hammer and pile top and utilized steel
plat.es- at top and bottom for attachment, The weight of these plates was not

modeled and the additional contact area was not considered ip the analysis,

8l
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Under these circumstances the results cannot be expected to be extremely

accurate.

Pile_No: 5

This pile was of concrete and was tested within a si)ecial research
project of Case Western Reserve University (11). In order to evaluate
Whether or not the "easy driving case" can be modeled correctly, an early
record was selected with a resistance approximately equal the hammer plus
pile weight. This case represents the worst condition regarding tensile
stresses. Figure 6-4 shows a very good agreement for the force (&%) con-
sidering the uncertainties of cushion propérties. The measured velocity
shows & higher peak at the time of the wave return which is, perhaps, due
to an improper damping assumption. However, for s0il resistance values as
low as the one used here, a much better agreement seems to be a matter of
luck.
Pile No. 6

Another special hammer performance test, this time a DEIMAG D-30 ham-
mer, was used for comparison. As can be seen in Figure 6-5 all quantities
agree very well, with a maxcimum force difference that is negligibly small.
The computed pressures are somewhat low but for the reasons given for

Pile No. 1. These differences are of relatively little concern.
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i e, 7

This case was selected for two reasons, First, it was a pile driven
by a Kobe K22 hammer and second, an exhaust plug was jnstalled into the
hapmer in order to increase the stroke. The plug produces slower ex—
hai;st.:ing and, therefore, adds to the preasure in the cylinder after the
rem has cleared the ports.

The results shown in Figure 6-bs were produced by a npegular”® analysis,
i.__é. assuming normal hanmer performance. T+ can be seen that the stroke
vas slightly underpredicted while the force was too Migh &Y 18%. Also,
the blow count was much gmaller than recorded (102 vs. approximately 500).
It can also be observed that the measured force increased during impact at
a.:‘-—- much lower rate.

It was concluded that the hammer both preignited and had a reduced
combustion pressure due to poor sca.venging; Reanalyzing with a time delay
of —0,001 (1 .millisecond preignition) and reduced fuel setting (IFUEL = 3)
produced the force match of Figure 6-6b. This match is vastly improved and
so is the blow count. Since the condition of & plug in the ports cannot be

modeled by the program, it is not surprising that the atroke was now smaller

‘than observed (5.5 feet). It can be argued that the offective stroke was in-

deed about 5.5 feet which indicates a hammer efficiency of 79%.

Tt is interesting to note that a second plug jnereased the actual stroke

- by another 1.5 feet.
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FIGURE 6~6: FORCE AND VELOCITY MATCH FOR PILE NO. 7
(A) NORMAL PROGRAM PERFORMANCE, (B)
USING PREIGNITION AND REDUCED FUEL SETTING
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Pile No. 8
The data on this pile was used for testing to check a second time on
the performance of the K22 with one exhaust port plugged. Using practi-

cally the same assumptions as for Pile No. 6 the match of Figure 6-7 was
olrl:a.:i;hed.

:The match shows a 9% overprediction in force and a devia.-bion in be-
havior after the wave returns. Nﬁte that the velocity did correlate very
well at impact. The later deviation in force and velocity is probably due
to an incorrect soil quake (the full resistance acts %oo early). However,
in light of the assumptions necessary to model this hammer, the agreement

can be considered sufficient.

Pile:~No. 9

The match of force and velocity shown in Figure 6-8 was obtained for

.

an H pile driven by a Kobe K25 hammer to rock. Agreement is very good con-
sidering that yielding occurred and the pile actually buckled at the pile
top.

The meaaui‘ed forces appear to be higher by 17%. However, since strains
in _t.he pile were measured, these forces were actually lower and should not
have ‘been computed by using a constant elastic modulus throughout the record.
The program properiy determined that yielding occurred. Blow count and

st:ﬁbke results are very good.
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Pile No., 10

This pile was driven and tested as & part of the Case Western Reserve
Universiﬁy research project (15). It was selected for analysis because it
represented an open end MKT hammer (DE30). Although stroke measurements
were not undertaken, it is felt that the results indicate a good agreement
(blow count 114 predicted vs. 130 measured),

Figure 6-9 shows the match, The maximm force value was determined
very accurately. The deviation of force after the impact peak must be due
to some resistance near the top since it does not have an equivalent in
the' velocity curve,

The velocity match is poor at the time of wave return in a manner
gimilarly observed for earlier piles (e.g2. No's 3 and ‘A). This effect
is not fully understood and strangely enough, it only occurs if the force
valley at time 2L/c after impact is properly matched (Figure 6-6). The
authors believe that this high velocity return is due to an improper model
of the soil below the pile tip. This problem of a proper soil model has

not been solved and should receive attention in further research activities.

Pile No, 11

The measurements on this pile were obtained by the New York Department
of Transportation and are the only ones avﬁlable for a closed end MKT
hammer. The match shown in Figure 6~10 is good with regard to both impact
and the time of wave return. Between these two times, however, the pre-

dicted force and velocity are both higher than measured. This error may
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a low combustion pressure. (Perhaps pecaunse it was in early

hammeT' did not jgnite

The fact that the ¥Blow

than computed (19} supports this explanation.

be due _to
prOperly) .

driving and the
tually higher (25)

count was ac

pile No. 12
This load test pile was restrick, after & waiting period, by & Link
penet.ration of the pile was

Belt 40 hammeT.

. Both observations were The

mﬁhm gtress predic’oion was within 5%. The
han the force match.

is in this cas® somewhat petter b
pecause of inaccu:ra.te sidn resistance dist.ribut'lon
as well defined for atomized fuel

a.chiéud .

and ig~

pooT s probably
nition timing. The
for those hammers

1atter event i1g not
which use the impact for atomization.

mjection as
The match is

Pile No. 13

A 1ink Belbt 660

ghown in Figure 6-12.

hammeX record 18
As in the case of P

jle No. 125

very good.
no set was Jpserved and the nammer ned to be throttled back in order to avoid

).ift—off .

. pile No. 1l
A rather poo¥ match (2% error in maximum force pred'lc'bion) is shown in
ase research program (14). The

st pile grom the €
capblock
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Figure
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and helmet properties were not recorded. The blow count was predicted

very accurately.

Piles No. 15 and 16

Both records (Figures 6-14 and 6-15) were actually recorded on the
same pile using an air powered Vulean 08 hammer. The pile was driven at
'bh; same sité as Piie No. 9, Reference 12.

Both Figure 6-14 which was recorded in easy driving (the capacity of
the pile was determined by a pull out test) and Figure 6-15 (which was
oné of the first records after the pile hit rock) show a very good match.
Thé blow count was accurately determined for the easy driving case; re-
fusal was indicated for hard driving., Note that the measured blow count

of 184 is essentially refusal.

Pile No. 17
" This was a rather long pile driven by a Vulcan 0l6 hammer and analysis
shtsws that the assembly drop effect can he predicted rather accurately.
Fiéure 6-16 contains two plots that were obtained on this WEAP run. The
lofrer one is a three dimensional plot of force vs. pile length and time.
Note that the assembly drop creates a wave similar to the impact wave

although of lower magnitude.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The foregoing results and the experience obtained with the program
toldate support the following conclusions:

‘ (1) The program can be used very easily-for most of commonly en-
countered dynamic. pile analyses.

(2) Stress predictions will be good (less than 10% error) if the
coﬁponents of the driving system are well modeled and if the hammer per-
fﬁrms normally. The extensive study of program performance versus actual
mgasurements has proven this point. However, it is only when measurements
ar; availablie that one ecan be_confident of the modeling if the system is
aﬁ all unusual.

(3) Blow count (or bearing capacity) predictions were within 10% for
mbét of the cases tested, Exceptions were Piles No.:-7, 9, and 16 which had
biow counts greater than 120 blows pernfoot. Blow counts bécoming greater
than this value result in a very small increase in capacity and are often
réferred to as "at refusal."

It should be mentioned that small penetrations, less than 0.1 inch per
bicw, may be associated with higher capacities than predicted by the wave
eéuation. One reason is the assumption of an elasto-plastic static soil
‘resistance. The ultimate resistance is not activated but a final set is
obtained becausé of the nonlinear soil behavior.

(4) Stress and blow count are both dependent on stroke. The stroke,
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on the cther hand, was well-determined by the program for all those cases
in which the hammer performed properly. Improper conditions were found
with a hammer whose exhaust ports were partially plugged. Other problems
that may be encountered are preignition or low fuel throttle settings.
-Since low fuel throttle settings produce low strokes, their effect
is readily recognized in the field. Preignition, on the other hand, pro-
duces an in-effective blow a'.t a high stroke and is, therefore, dangerous.
It can oniy be recognized 1.:y the examination of field measurements,
The use of the program can help in construction control to avoid prob-

lems resulting from such abnormal hammer conditions. The engineer has to

‘evaluate pile driving performance using all snalysis results (stroke or

bounce chamber pressure, blow count and stresses) simltaneocusly.

- (5) The program is well-suited to solve the driveability problem since
it uses the actual hammer potential for a given soil conﬁition. Of course,
the program does not solve the principal problem of determination of soil
bearing capacity.

(6) The program can be used to establish driving criteris in the con-
ventional way except that it will provide a certain stroke value together
with siress and blow count. The stroke should be verified in the field.

| (7) The program can be used in the investigation of tension stresses
in a pile. These stresses can be predicted accurately by the program if
the soil resistance distribution and the driving system properties are accur-
ately known., Further work is required to understand dynamic soil perfor-~

mance,
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APPENDIX A

COMBUSTION CALCULATIONS USING COMBUSTION CHARIS

A.l General Remarks
A variety of combustion charts exist which simplify combustion cal-

culations. Among the charts are those of Hotel, Williams and Satters-
field (8), and Newhall and Starkman (9). Unfortunately, these charts
are usually devised for four cycle engines or they only consider the com-
buétion of isooctane., Thus, scme errors are made in using these charts.
However, the uncertainties in basic assumptions usually introduce greater
errors than those caused by the‘use of the charts.

| One :.mportant question 15 the degree to which scavenging occurs.
Suppose, that the atroke is five t.i:mes the distance from the exhaust ports
to .'bhe impact block. Now if the piston has reached the top dead center
the gases in the cylinder consist in the worst case of 20% burned products
and 80% fresh air. Depending on the geometry of the exhaust ports the
down stroke of the piston might either cause all fresh air, all burned pro-
ducts or & fraction of air and fresh products to be exhausted. Thus, the
ratio of burned products to fresh air, £, might be anywhere between O and 100%.

For the following sample calculation the charts of (9) were used.
These charts were ‘'set up for isooctane combustion but since the H/C ratio
of this fuel is similar to that of diesel fuel, the results should not be

affected seriously.
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"The Unburned Compression Chart" i.e. the charts that are valid for
the compression phase, in (9) were prepared assuming an air-fuel mixture.
In the case of diesel hammers, however, pure air {or a mixture of air and
combustion products) is compressed. For this resson the unburned charts
are not used but rather the resuvits from measurements. |

The burned product to fresh air ratio, f, will be assumed at 20%

(a very high value compared with the usual engine cyclesr) together with
a constant volume combustion. The latter assumption is justified because
the combustion occurs at a very high rate (as evidenced by Figure 6) and
because the volume is at the minimum during combustion. This is also
spparent from the measurements as the precompression force stays constant
during the combustion &elay.

Another error is introduced by using the chemical energy value, U

c,

as given in (8). ‘This effect can be considered negligible, too.

A,2 Sample Caleulation
As an example, consider a DELMAG D-12 hammer with a compression ratio,

C.R., of 1:13.5, a fuel charge of 0.00463 lbs, (2.1 grams) per blow and an
initial volume of 1308 cubic inches (2.14 cubic decimeters) of air. Assum—
ing an initial temperature of 537°R (25°C) the volume of ore pound of air
(454 grams) is 13.53 cubic feet (383.1 cubic decimeter). The air to fuel
ratio is, therefore

1308

p = 1728(13.53) _
A/ ) 12.1
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The chemically correct mixture has an air/fuel ratio of 15.0 for

Diesel fuel (based on the combustion of 1 mol 012 H26 with 18.50 mols

2
Thus the mixture is 100 l%z.i_l. = 2,% fuel rich. The charts for a

of 0, and (18.5)(3.773) moles of N,

20% fuel rich mixture will be used.
(&) Compression cycle
The measured pressure at impact was on the average 500 psi

(34.5 bar). Assuming the preasure volume relation to follow

Vatm axp exp
P Porp (7 Patn (C-R-)

with Patm 809 Voum being the atmospheric pressure and the corresponding
volume respectively, one obtains for the unknown exponent

exp= P __1 = 500 _1 = 1.36
Patm C.R. 4.7 13.5

(instead of 1.4 as for the adiabatic and pure air process).

The precompression temperature can then be determined from

00 '1'-1_
T=5Ngm) T = 1366 R

(T =759 °K)

'fme internal energy for this temperature is taken from Chart 6, Thus,
using the $ = 1.2 curve, one obtains approximately
106
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U2 = 185 BTU (195 ldlo Joule)

(b) Combustion

Going to Chart~3 and using £ = 0.2 the chemical energy

becomes

u,=0.8 (-60.88) + 0.2 (-1379) = -324 BTU (-341 kJ)

Thus
Uy =185 - 32 = -139 BTU (-146 kJ)

The volume V3 is the compressed volume which according to the legend of

Chart 5 and using K¢ = 1,2 = 0.3778 becomes

v, = 0.3778 1366 _ 4 o3 #43

500
(29.17 &)
and from Chart 3, approximately:

1 1800 pei (124 bar)

Ty = 4750 °R (2639 °K)
S3 2,205 BTU/°R (4.19 kJ/*%e)
(¢) Expansion

The finel volume of expansion is

v, =1.03 (13.5) = 13.9 £t3 (393 dawd)
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and with 5, = 2.205 BTU/°R (4.19 kJ/°c)

one obtains
Ph = 70 psi (4.83 bar)
Th = 2420 °R (1344 °K)

Uh = -830 BTU (788 kJ)

(d) Work
Expansion: W =1, - U, = -139 - (-830)
W = 691 BTU (729 kJ)

c : = - = -
ompression Wc U2 Ul 185 -0

wc = 185 BTU (195 kJ)
Net Work: w‘h = 691 ~ 185 = 506 BTU (534 xJ)

Thermal Efficiency

Vtn = gt =908 = 47%
(LHV)(Fuel weight) (19,2567(0.056)

(Using the welght of diesel fuel rper cycle).

A.3 Discussion

The  fuel energy per blow converted to work is theoretically

wt = 0.47 (19240)(0.00463) =
41.9 BTU (44 kJ)
or
W, =41.9 (0.778) = 32.6 k-1t
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To Convert

pounds (1bm)-
pounds (Ibf)

kips (1000 1bf)

inches (in)

feet (ft)
foot-pounds (ft-1bf)
pounds/foot (1bm/ft)
pounds/inch? (psi)
kips/inch? (ksi)
kips/foot? (ksf)
pounds/foot3 {pef)
seconds/foot (s/ft)

Naﬁg"'

Earth gravitational

acceleration
Water specific weight
Steel specific weight

Stéel elastic modulus

ClibPD www . fastio (j&)’ﬂ

S1 CONVERSION FACTORS .-

L

—

L.t

A

To Multiply By
kilograms (kg) 0.4536
Newtons (N) 4.448
kilo Newtons (kN) 4,648
meters (m) 0.0254
meters (m) 0.3048
joules (J) 1.356
kilogram/meter (kg/m) 1.488
Pascal (P) 6894
Mega Pascal (MP) 6.894
kilo Pascal (kP) 47.88
-kilogram/meter?® (kg/m3) 16.02
seconds/meter (s/m) '3.281

“TMPORTANT CONSTANTS
Symbol English 51

g 32.2 ft/s? 9.81 m/s2
Yy 62.4 pck 1000 kg/m3
Yo 492 pef 7880 kg/m3
Es 30000 ksi 207000 MP
fIIU.S. GOVERNMENT PRINTING OFFICE: 1981 — 341-428:1080
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