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CHAPTER 23 Pile Driveability Analysis

Carl W. Fenske, P.E., Senior Geotechnical Consultant
McClelland Engineers, Inc., Houston, Texas

T. J. Hirsch, Ph.D., P.E., Professor of Civil Engineering
Texas A&M University, College Station, Texas

23.1 INTRODUCTION

The pile penetrations required to support the design loads for offshore
structures are usually obteined from ultimate pile capacity curves developed
by computations based on soil conditions as determined by a geotechnical
investigation (see Chapter 21). When this procedure indicates large piles
are to be installed to substantial penetrations or the soil conditions are
such that the piles will have to penetrate demnse sand layers or other

strong soils, a question can arise whether the piles can be installed to

the required penetration by driving omnly. Information to assist in answer-

ing this question may be developed by a pile drivability analysis.

The analysis of pile drivabiiity consists of three phases or steps. The
first step is to use an analysis based on the one-dimensional wave equation
to estimate the resistance that can be overcome by the particular hammer-
pile-soil system. ‘The second step is to evaluate the specific soil con-
ditions at the location to estimate the resistance that the scil will offer
to the forced penetration of the pile. The third step is to compare the

resistance the hammer-pile-soil system can overcome with the resistance



that the soil can offer in order to obtain an indication whether the pile can
be driven to the dgsired penetration. Engineers should be aware that a
drivability analysis does not necessarily produce a definite answer to the
pile driyability question. Considerable engineering judgement is required for
all three steps of a drivability analysis, and everyone making a drivability.
analysis may not arrive at exactly the same conclusioms. A drivability analysis

should be made for each specific combination of hammer, pile and soil conditions

being considered for a project.

23.2 WAVE EQUATION ANALYSIS

The impact of a pile driver ram on a éile can be represented for analytical
purposes by the coaxial impac# of a short rod and a long rod as shown by

Fig 23.1(a). This.ram impéct results in a stress wave starting from the pile
head and -travelling down to the pile tip where it is reflected upward. This
process continues until all énergy in the force pulse is dissipated. The
energy.is diséipated by plastic soil deformation, soil damping, intermal
material damping in the pile, and other losses. The motion of the stress wave

is described by the one-dimensional wave equation shown om Fig 23.1(b).

The idea of applying the wave equation to pile driving possibly was first

(1)

suggested by D. V. Isaacs in 1931 A closed form analytical solution of

the one-dimensional wave equation for a real hammer-pile-soil system is diffi-
cult if not impossible. 1In 1938; a solution attributed to E. N. Fox was

(2)

published , but the simplifying assumptions necessary to achieve this

solution reduced the value of the solution for a real pile driving probiém.



In the 1950's, E. A. L. Smith(B)(é)(s) developed and proposed a step-by-
step finite difference solution to the_differentialbequation that
could be used with the high-speed'digital computers emerging aﬁ that time.
This solution and the rapidly increasing availability of high—speed digital
computers has led to the widespread use of the one-dimensional wave»equation.
to analyze practical pile driving prqblems<6)<7).

.For a wave equation analysis, the pile driver ram, cushion, drive
cap, pile and soil shown on the left side of Fig. 23-2 are modeled as_shown’on
the right side. The ram is frequently represented by a concentrated mass, the
cushion by a weightless spring, and the drive cap by a second point mass. The
pile is.divided into segments, each represented by a point mass equal to the
méss of the segment’and by a spring of stiffness equal to the stiffness of the
segment 

Soil resistance is modeled by elastic—plastié springs and dashpots acting
in parallel Qith the pile stiffness springs. The location and ultimate resistance
of each of the soil springs is specified so as to represent‘the estimated
distribution and total value of the soil resistance. The total soil reéistance,
Ru’ is by definitipn the’ultimate static soil resistance force acting on the
pile during driving or immediately after driving is stopped. This ultimate
static soil resistance during driving can be related to load bearing capacity

"set-up" after driving ceases. In the case of cohesionless

by considering soil
soil, little if any set-up can normally be anticipated. In the case of cohesive

soil, factors of 2 or 3 for set-up are not uncommon. The set-up factor is

related to soil'sensitivity and degree of remclding in friction.
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The following paragraphs present a brief description of the step-by-
step finite difference solution to the one-dimensional wave equation proposed

(5

by Smith for single-acting steam/air hammers.

A value for the total soil resistance, Ru’ is selected and this resist-
ance is distributed on the side and tip of the embedded portion of the pile.
Calculations begin when the ram contacts the hammer cushion. The ram is
assigned an initial impact velocity which is based on the rated energy for the
hammer, the weight of the rém and hammer efficiency; all other masses are
usually assigned an initial velocity of-zero.v A ﬁimé interval for iterative
calculations is selected. Calculations'describing the motions of the masseé
and the compressions of the springs are performed at times corresponding to
the selected time intervals during the raﬁ impact event. The interval to be
used must be small relative to the shortest natural period of osci;lation of
adjacent spring-mass combinations within the system in order that the movements
of the segments can be predicted accurately and that the calculations remain
mathematically stable; for steel piles the time interval is frequently on the
order of 1/5000 sec for a pile segment length of 8 to 10 ft.

For one time ipter&al,'a set of calculations is performed for each mass
Or segment, staftiﬁg with the ram and proceeding to the pile tip. The cal-

culations for each mass are as follows:

1. Calculate the new positiom of the mass by adding the initial
position at the beginning of the time interval to the change in
position which is the mass velocity multiplied by the time inter-

val.



2. Calculate the compression and forces in all adjacent pile springé,
soil springs and dashpots using the appropriate stiffness and

damping coefficients.

3. Calculate the net force on the mass.

4. Calculate the acceleration of the mass as the force divided by
the mass. |

5. Calculate the new velocity for the mass by adding the product of

~the acceleration and time interval to the last velocity deter-

‘mined.

The calculation proceeds sequentially with the calculated motions and
forces for the end of one time interval becoming the starting point for the
calculations in the following interval. The process continues until the
computed pile tip deflection reaches a maximum and begins to decrease; at
which time the wave equation analysis for the assumed value of total soil
resistance, Ru’ is usually considered complete. Net pile penetration is
usually calculated as the maximum gross movement of the pile tip less the
elastic tip deflection.’ Net pile penetration is usually considered as the
permanent set of the pilé_fo? the single blow. The inverse of the set per‘
blow is the penetration rate, usually expressed in blows per inch, or
blows per foot, for the initially selected value of ultimate static soil
resistance, Ru' In normal practice, the above calculations are repeated
for several values of Ru, and the results are summarized on a plot of Ru

versus Penetration Rate (Blows Per Foot), called a bearing graph, as shown

in Fig. 23-3. Fig. 23-3 shows that the maximum soil resistance that can be’

overcome by this hammer-pile-soil system is about 2900 kips and depends to



some extent on the pile penetration. Because of the cqﬁplex interrelation
between parameters, it generally is not wise to attempt to extrapolate the
effects of variation in a parameter from one hammer-pile-soil system to
another. Consequentlf, a wave equation analysis should be performed for a
specific hammer-pile-soil system using specific values for as many of the
parameters as possible, Kﬁowledge of- the parameters for the wave equation
analysis is important whether one is going to make the analysis or only
furnish the specific parameter information for the analysis.

The input parameters for a wave equation analysis can be divided into
three groups corresponding to the three parts of the hammer-pile-soil
system. The following discussion of the principal parameters is directed
primarily toward the system used predominantély in offshore construction,
namely steam hammers and steel pipe piles.

Hammer Parameters. The pile driving hammer is described by (1) the

rated hammer energy, (2) the weight of the ram or striking parts, (3) tHe
efficiency of the haﬁmer, (4) the weight of the drivehead or pile cap, (5)

the capblock spring constant, and (6) the coefficients of restitution for

the ram hitting the capblock‘and for the pile cap-pile contact. The rated
energy and the ram weight are established by the make and model of the

hammer and may be obtained from ﬁanufacturer's literature. Information for
some hammers uée& for offshoré pile driving is given in Table 23-~1. The
hammer efficiency, which relates the actual energy to the rated energy for the
hammer, depends on the condition of the hammer and the operating procedure at
the time of pile driving. Hammer efficiency can vary over a wide range and

considerable experience or experimental data is needed to estimate it. Specific



information on hammer efficiency usually is not available when a wave equation

analysis is made but it can be obtained from measurements made in the field.

during driving (see Chapter 25). For hammers with a fixed ram stroke, the

efficiency probably is not greater than about 90 percent even when in excellent

condition and operated properly and can be 30 percent.or less if the hammer is

in poor condition or not operated properly because of insufficient steam

pressure at the hammer. Efficiencies over 100 percent have been measured for

hammers having a variable stroke operated at less than maximum stroke. This
can be attributed for this type of hammer to overstroke when operated at a
lower stroke setting. The hammer efficiency enters the wave equation analysis

in the calculation of the velocity of impact of the ram on the pile:

vy = v2g(h) (e) (23.1)
where h = effective ram stroke (for double acting or diesel

hammers the actual physical stroke is not the
effective stroke), L.
e = hammer efficiency

g = acceleration due to gravity, L'J."_2

Since the velocity of impact for the ram is a function of the square root of
the hammer efficiency, it is not sensitive to small changes in efficiency.
Most wave equation analyses are made using hammer efficiencies of 60 to 70
percent unless there is specific kno&ledge of a more realistic value for a
particular hammer.

The drive cap used with any t?pe or model hammer can vary dependiﬁg'on
the type and size of pile to be driven and on contractor preferences. Con-

sequently, it is preferable that a wave equation analysis be made using specific



information for the particular drive cap that is to be used to install the
piles. The cushion used with a given hammer also is variable. The area and
thickness of the cushion and the cushion material used is a function to some
extent of the drive.cap used but also may depend on contractor preferences.
The primary purpose of the cushioning material in the driye cap is to
limit impact stresses in the pile and in the hammer. In doing this, however,
é céftain amount of ;he impact energy is absorbed in nonlineaf deformation of
the cushion material. 1In the idealization of the cushion material, the load-
deformation behavior can be represented by two straight lines with different
slopes as shown in Fig. 23-4. The slope of the loading line is called the

spring constant of the capblock which can be calculated by:

k = AE/t (23.2)

where k = spring constant of cushion, FL-l

2
A = cross—-sectional area of cushion, L

t = thickness of cushion, L

E = dynamic modulus of elasticity of cushion material, FL_2

The slope of the unloading line is equal to the spring constant divided by the
square of the coefficient of restitution. If the cushion in the drive cép
consists of more than one material, then the spring constant of the cushion

is obtained by:

1 D1 (23.3)
K K
1 n

where n = the number of cushioning materials in the capblock.



The values of kl,-etc. are computed using the dynamic modulus of elasticity,
E, and the thickness, t, for each of the materials in the cushion. As for. the
drive cap weight, it is preferable that a wave equation analysis be made using

information for the specific cushion that will be used. The specific information

-Tequired is the area and thickness of the cushion and the dynamic modulus of

elasticity and coefficient of restitution for the cﬁshioning material. Dynamic
modulus of elasticity and coefficient of restitution values for some typical
cushion materials are given in TaBle 23.2; additional information on these
cushion parameters is given in Chapter 25. For most offshore piles, the drive
cap fests directly on the top of the pile. Becaﬁse neither the drive cap

nor the pile top are perfectly smooth, because the drive cap may not sit
squarely on the pile top and because of.the discontinuity, there will be

some energy losses at this point during driving that can be approximated by

using a coefficient of restitution of about 0.9.

Pile Parameters. The following information is required to define a pipe
pile in a wave equation aﬁalysis: (1) pile diametér; (2) schedule of wall
thickness variation and length of each wall thickﬁess; (3) modulus of elasticity
and unit weight of the‘pile'material; and (4) lengths of the initial pile
section and each add-on. ‘For the idealized pile as shown on Fig. 23-2, the
pile is divided into segmeﬁts which should be approximately the same lehgth.

The segment length should be‘on the order of 8 to 10 ft for a steel pile.
This means that the number of pile sectioms is proportional to the pile length.
The step-by-step finite difference solution of the wave equation may become

unstable if the segment length is made too long, while a shorter segment

length just adds to the number of segments and thereby to the computing time.



An offshore pile usually has a considerable length above the soil surface.

The position of the soil surface should be taken into acéount in dividing the
pile into segments. The length of an offshoré pile usually is increased in
sections, or add-ons, as it ié being driven. The pile for a wave equation
aﬁalysis should include those sections that would be in place for a given pile
penetration. The weight of the pile and the distribution of wall thicknesses
can,ﬁave a very significant effect in the maximum resistance that can be

overcome by a given hammer-pile-soil system as determined by a wave equation

canalysis. Consequently, it is important for a drivability analysis that the

pile used in the wave equation analysis is similar in make-up to the actual

pile that will be driven.

Soil Parameters. The parameters in a wave equation analysis that are
related to the soil include the following: (1) the elastic ground compfession,
commonly referred to as quake, on the sides and at the tip of the pile; (2) the
damping constant on the side and at the tip of the pile; (3) the total static soil
resistance to driving for the pile; and (4) the distribution of the total static:
soil reéistance to driving between the side and the tip of the pile. For the
idealized pile shown on'Fig.'23—2, the first two parameters are represented by
the spring and dashpot shown on the side of each element below ground line and at
the pile tip. The load-deformation characteristics of the idealized soil spring
is illustrated in Fig. 23-5(a). The spring can deform elastically to a maximum
deformation, Q, after which there is no additiomal resistance from continuéd
deformation. The value of Q is the quake which is the first soil parameter

given above. The maximum static resistance for the side of each pile element and

{1



at the pile tip is obtained from the last two soil parameters listed above.
With the maximum static resistance established, the spring constant for the .
soil spring at the side of each pile element and at the tip is given by:

k = R/Q - (23.4)

1

where k soil spring comstant, FL

R = maximum static soil resistance at side of

pile element or pile tip, F

o
It

soil quake, L

The dashpot in parallel with the spring atAthe side of each element and at the
pile tip is inciudéd tc account for the dynamic, or velocity-related, effects

on the soil characteristics. The total resistance of the soil spring and

dashpot under dynamic load is illustrated oﬁ Fig. 23-5(b).  The resistance of

the dashpot is assumed to be directly proportional to the velocity of the
associated segment during the displacement. Because of the direct proportionality
to velocity, this resistance will be referred to here as linear viscous damping.
The relation between thé‘dynamic soil resistance at the side of a pile element

or at the pile tip is given by:

R, = R_ {1 +J(M} (23.5)
d s ‘ :
where Rd = dynamic soil resistance, F
Rs = static soil resistance, F
J = soil damping constant, TL-l
V = velocity of the pile element, LT_l
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Information oﬁ the variation of values for soil quake, Q, and the soil
damping, J, for various soil types and conditions is not extensive and is
still the subject of much study. This information is generally obtained by
fullfscale pile load tests where the resistance during driving is measured
by or extrapolated from the load test fesults. Wave equation analyses are.
made with varying values for quake and damping to determine those vaiues
which give the best agreement with the measured resistance to driving and
the qbserved rate of penetration for the pile. A historical summary of
quake and damping values is given in Table 23—3(5)(8)(9)(10)(11)(12). Values
of damping presented in this table are for linear viscous damping as described
above. Care must be used in selectirng valueé of quake and damping from
sources such as tﬁose used for Table 23.3. The quake and damping values
from a given source should Be.used together because both values probably
were used in their development from field tests. The values of quake and
damping for each source on Table 23.3 depénd to some extent on the soil
and pile condition for which they were developed. For example, the values
of quake and damping developed by Roussel(lz) were from analyses' of
driving data for large; high-capacity offshore pipe piles in‘the Gulf of
Mexico. Because the tip resistance for these piles is small relative tg
the side resistance, halving or doubling of the reported damping values at
ﬁhe tip probably would not have significantly affected the correlation.
Conséquently, the values for quake and damping proposed by Roussel may
not be suitable for smaller, shorter piles, particularly where the resis-
tance is primarily in end bearing. |

(13)

Researchers are publishing laboratory test results presenting soil

damping values based on nonlinear damping not directly proportional to



to velocity. Care should be taken in using these values because most
computer programs would need modification to handle them properly In
addltlon most of these nonlinear viscous damping values have not been
correlated with load test results. . Engineering judgement should be used to
select values for'qﬁake and damping that are most appropriate for the pile
and soil conditions being analyzed and the wave equation analysis computer

program being used.
23.3 RESISTANCE TO DRIVING OFFERED BY SOIL

The second step in a drivability analysis is to estimate the resistance the
soil will overcome when a pile is forced’into the ground by blows from the
driving hammer. The starting peint for the estimation can be an ultimate
pile capacity curve developed from a geotechnical investigation. Proce-
dures for computing ultimate pile capacity(la)(ls) (also see Chap. 21) are
semi-empirical in nature and are based on correlations with results from
pile load tests made several days after the piles‘werebinstalled. For many
soils, particﬁlarly cohesive soils, the ultimate pile capacity several days
after installation can be significantly greater than the ultimate capacity
during driving and immediately after driving stops. This is illustrated by

thg load test results(l6>

shown on Fig. 23-6 which show measured increases in
pile capacity with time for steel frictibn piles in cohesive soils. These
results suggest that the ultimate capacity of a friction pile in clays is not
obtained until a month or more after driving. There are other soils, generally
cohesionless soils, that exhibit relatively little change in ultimate

capacity with time after driving. One method to estimate the résistance

offered by the soil during pile driving from the ultimate pile capacity

some time after driving is to evaluate the effects of driving on the com-

ponents of the static pile capacity which are the frictiomal resistance on the side

and the end bearing on the tip of the piie.



‘[. _ Side Friction. The pile-soil static frictional resistance can change

during driving and after driving has ceased. The magnitude of this change -

. depends to some extent on the type of the soil. For piles in sand, the
static resistance duriﬁg driving usually is assumed.to be equal to the
static resistance several weeks after driving. There is some field evi-
dence of thié because when there is a significant delay in driving a pile in
sand; the rate of penetration for. the pile frequently is about the same after
the delay as it was just before the delay.

For many clays, the static friction resistance during driving may be
significantly less than the static friction resistance a few weeks or some-
times even hours, after driving. To illustrate this,-consider Fig. 23-7
which shows typical in situ and remolded strength profiles for a normally-

) consolidated clay. During driving of a long offshore pile, the clay can be‘
{ remolded almost completely duriﬁg continuous driving. The reduction in
frictional resistance at a given depth probably is a function of the length
of pile thatihas passed that depth as suggested by the "friction fatigue"

(17). Howevér, until there are proven methods to

theory proposed by'Heerema
evaluate this, the static resistance during driving of long offshore piles
in clays can be estimated by assuming the clays to be completely remolded.
After driving ceases, the pile-soil frictional resistance for many clays
increases until it approaches, after a few weeks, the static resistance as
estimated by one of the computational procedures for ultimate pile capacity.
This can produce the different pile capacities shown on Fig. 23-8. The

ratio of the final capacity to the soil resistance during driving is called

soil "set-up." Information from a limited number of tests on full-scale



piles driven in clay indicates that the magnitude of the "set-up" may be

on the order of the ratio of the undisturbed to the reﬁolded soil shear
strength, referred to as the sensitivity of the clay. This lends some
credence tb the use of the remolded shear strength of clays to estimate the
friction resistance during driving in clays.

End Bearing. End bearing résis?ance to driving of a pile probably is
related to the undisturbed shear strength of the soil, and unit end bearing
resistance can be computed on this assumption. The primary variable in the
end bearing resistance is the effective end area. For piles with solid
cross-sections or with end closures, the effective end area is the gross
end area. Most bffshore-piles, however, are steel pipes driven with open
ends. In the initial dfiving, this pile type usually will "core" the soil
so that the soil surface inside and outside the pile are at about the same
level. The end bearing in this case is only on the cross-sectional end
area of the pipe walls. When the pile is driven to greater pepetrations»or
possibly when it encounters a stronger material such as sand or hard clay,
the pile may "plug" so‘that the soil inside the pile moves with the pile as
it moves downward. With.the;present state of the art, it is diffi;ult to
predict when a pile will plug, but it probably is true that a deep-
penetratiné pile will reach refusal to driving within a few feet after it
plugs. During continuous driving in clay, large diameter pipe piles are
not likely to plug. If driving ceases for several hours or days, however,
a plug can form due to soil set-up.

It can be seen from the above discussion that there is no unique

resistance during driving for a pile. We can, however, take the soil
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information and develop estimated resistance during driving for several
conditions that could develop during the installation. ~Curve 1 on Fig.

23-9 is the estimated resistance during continuogs driving. This curve is
obtained by computing side friction in clays using remolded shear strengths,
side friction in sands using the static side friction, and the end bearing

on the pile wall end area (mo plug). There is no reliable way‘to distinguish
between the friction on the ouﬁside of the pile from that from the soil
column inside the pile. The procedure for estimating side friction given
above using the outside surfaée_area of the pile is considered to represent
the combined side—frictionai resistance fo; ﬁhe pile during continuous
driving. Curve 2 on Fig. 23-9 is the estiméted resistance during driving

if the pile plugs so that the soil inside the pile moves downward with the
pile. This curve is obtained by using the same side frictiomal resistance

as for Curve 1 but_with end bearing on the gross end area of the pile.

Curve 3 on Fig. 23-9 is the computed ultimate compressive capgcity for the
pile and is an estimate of the resistance to driving after a long deléy in the
driving.‘ Curves 1 and 3 on Fig. 23-9, therefore, represent the range of
estimated resistance to driving that might be encountered in the instal-

lation of a pile by driving.
23.4 INTERPRETATION OF DRIVABILITY

The interpretation of drivability consists of comparing the resistance that
can be overcome by a given hammer—soil-pilelsysteﬁ to the resistance that

the soil will offer to pile pemetration. One method to interpret drivability
is illustrated om Fig. 23-9. Curves 1, 2 and 3 represent the estimated

resistance that the soil will offer to pile driving under different conditions



and circumstances that might be encountered during the pile installation.
Information on the resistance that can be overcoﬁe by the hammer-pile-soil
system is presented on Fig. 23-3. Because of damage to the pile-driving
hammer and other equipment with hard driving, most hammer mangfacturers and -
consequently pile installation contractors will place a limit to the number .
of blows per foot of pile peﬁetration at which they will continue to operate
hammers for any great perio& of time. If the assumption is made that this
limit is 200 blows per foot, values for the greatesﬁ resistance that can be
overcome by the particular hammer-pile-soil system at different depths can
be obtained by the intersection of the liné for 200 blows.per foot with the
curves on Fig., 23-3. These values are plotted at the respective depths on
Fig. 23-9 and are used to construct the dashed line representing the trend
with pile penetration fof the resistance that can be overcome bylthe
hammer-pile-soil systeﬁ used for the wa&e equation analysis. This trend
line intersects Curve 3 at a penetration of about 210 ft and Curve 1 at a
penetration of about 330 ft. ’This immediately indicates two factors‘concerning
pile drivability. The first is that there should be no problem for this
hammer to drive this pilé at this location to a penetration of about 210
ft. The second fact is that even under the best circumstances it may not
be possible to drive this pile with this hammer to a penetration more than
about 330 ft. For pile penetratioms betwéen 210 and 330 ft, pile drivability
is less definite because the_penetration to which the pile éan be driven
may depend on factors that are not easily predictable.

One factor that is not easily predictable is plugging of the pile.

There is very little information available at this time to predict with any
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certainty if a pile will plug during driving or the depth at which it
might plug. The trend line intersects Curve 2 at‘a penetration of ébout
305 ft which indicates that it may not be bossible to drive a pile-below
this penetration if the pile should plug. While the effect of the pile
plugging on the penetraﬁion to which the pile can be driven is relatively
minor for the hammer—pile-soil system of Fig. 23-9, the effect is more
significant for the system shown on Fig. 23-10, The information on Fig.
23-10 would indicate that the pile would reach refusal almost immediatély
if it plugs after the tip enters the sand layer found at a penetration of
about 240 ft. |

A second factor that may not be predictable is the number and length
of any delays during the pile installation. If there is a delay during
driving, particularly if the pile is Being drivenbin»predéminately clay as
the case for Fig. 23-9, the resistance of the soil to the pile penetration
will tend to increase from that indicated by Curve 1 towards the resistance
indicated by Curve 3. As the penetration for the trend line for the greatest
resistance that caﬁ be overcome by the hammer-pile-soil system increases
below the intersection of the trend line and Curve 3 towards Curve.l, the
penetration to which the pile can be driven becomes more susceptible to the
length of any delay during driving. Long offshore piles are driven in
sections and there are delays in driving as the sections are stabbed and
welded onto the driven portion of the pile. These delays are necessary and
wnile the number is known, the lengths are not. The information such as that
presented on Fig. 23-9 and 23-10 may be used to plan the locations of the
pile add-ons to minimize the effects of the necessary delays. This_infof—

mation also can be used to make an evaluation of the possible effects of



unforeseen delays due to weather, eqdipment breakdowns and other causes.

A second method to interpret drivability is‘illustrated on Fig. 23-11
which presents three curves of estimated driving rate in blows per foot of
penetration versus plle penetration. These curves were obtained.from thg
estimated resistance to driving offered by tﬁe soil giveﬁ in Fig. 23-9
and the reéistance that can be overcome by the hammer-pile-soil system
given in Fig. 23-3. The lower curve.on Fig. 23-11 waé developed by obtain-
ing values for the estimated resistance offered by the soil at various
penetrations from Curve 1 on Fig. 23—9 and using these values to obtain
estimated driving rates at the penetrations ffom the curves on Fig. 23-3.
The other two curves on Fig. 23-11 were developed in a similar manner using
Curves 2 and 3 on Fig. 23-9.

The interpretation of drivability using information as presented on
Fig. 23-11 is similar to the interpretation using information as presented
on Fig. 23-9. Assuming that a driving rate of 200 blows per foot repre-
sents the driving limit, it may be seen on Fig. 23—11 that there should be
no problem to drive the pile to a penetration of about 210 ft. It also.can
be seen that it may be difficult, even under the best conditions, to drive
the pile to a penétration much greater than about 330 ft. ‘In between these
two depths, the penetration to which the pile can be driven will depgnd on
whether'the pile plugs, on the duration of any delays during driving and
the penetration at which they occur, and on other factors that are not
entirely predictable.

It should be evident from the information presented here that‘a

drivability analysis does not necessarily produce a single or unique answer



to the question about the ability of a given hammer to install a particular
pile to a specific penetration at a location. It should be recognized that .
precise, singular results are not obtained from either the wave équation
analysis to obtain the resistance that can be overcome by the‘hammer-pile-
soil system or the analysis to estimate the resistance that the soil will
offer to driving. Because of this, gonsiderable engineering judgment must
be used with these results to obﬁain an evaluation of pile drivability. It
usually is possible to select a penetration where it is almost certain a
pile can be driven and also to select a penetration beyond which a pile
probably cannot be driven. This leaves a range of penetration, which may
be significantly large, where the actual penetration to which the pile can
be driven may depend on factors that cannot be predeterﬁined. However, the
results of the drivability analysis used witﬁ engineering judgment will
permit é better evaluation of the probability of installing a pile to a
given penetration with a particular hammer than with no information at all.
This information also has been found to be useful to evaluate thé effects
of unforseen evénts occurring during pile driving in arriving at decisions

that have to be made during pile installation.
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[ - TABLE 23.1 PROPERTIES OF SOME HAMMERS USED OFFSHOREl

Weight Weight ZWeight 3I".xplosive
Rated Energy Ram Impact Block g Drive Cap Force
Hammer fr-1b 1b 1b _1b b

Vulcan 6300 1,800.000 300, 000 = 139,285 C S
HBM 4000 1,700,000 205,000 - - -
Menck 12500 1,582,220 275,580 - . 154,320 -
HEM 30004 1,100,000 152,000 - - -
Menck 8000 867,960 176,370 - 97,000 -.
Vulcan 5150 750,000 150, 000 - 75,000 -
Menck 7000 - 632,885 154,000 - 92,400 -
HBM 3000 542,471 138,890 - 30,864 -
Vulcan 5100 500, 000 100, 000 - - -
Menck 4600 499,070 101,410 - ' 61,730 -
HBM 1500 410,000 55,000 - - -
Menck 3000 325,480 . 66,140 - 33,070 -
Vulcan 3100 300,000 100, 000 - - -
Vulcan 560 300, 000 62.500 LI 43,100 -
Kobe K-150 289,000 33,100 : - - 639,000
Delmag D80-12 225,000 19,500 - S - -
Vulcan 540 200,000 40,000 - . : 32,800 -
Menck 1800 189,850 38,580 - ©22,050 -
Vulean 360 ‘ 180, 000 60,000 - 42,600 -

‘ MKT 0S~60 180,000 60,000 - : 20,000 , -

) Delmag D62-02 162,000 14,000 2,420 - - 550,000
Mitsubishi MB 70 155,500 15,840 - S 440,000
Vulcan 530 150,000 30, 000 - 10,000 -
MKT 0S-40 120, 000 40,000 - - -
Vulcan 340 120,000 40,000 - 31,300 -
Delmag D55 . 117,000 12,100 2,420 - 550,000
Kobe K~60 : 116,000 13,200 - - 543,000
Vulcan 400C 113,478 ) 40,000 - 31,300 -
Delmag D46-02 105,000 10,120 1,950 B 396,000
Kobe K~45 97.600 9,900 , - - 421,000
Menck 850 93,340 18,960 - 11,660 -
Vulcan 030 " 90,000 30,000 - 10,000 -
Delmag Dab 87,000 9,500 ' 2,420 - 440,000
Delmag D36-02 83,000 7,900 1,980 - 396,900
Kobe K=42 79,600 9,200 . - 8,127 -
HBM 500 72,239 9,480 - - -
Delmag D30-02 62,900 . 6,600 1,230 - 277,800
Vulcan 020 60,000 20,000 - 10,000 -
MKT 0S-20 60,000 20,000 - _ - -

Information taken from manufacturer's published data.

el
“Offshore drive cap obtained from manufacturer when available; other drive caps may be used,

3Max1'.mum explosive force on pile.




TABLE 23.2 - TYPICAL PROPERTIES FOR COMMONLY-USED CAPBLOCK CUSHION MATERIALS

Dynamic Modulus

o . .. 1
of Elasticity Coefficient of

Material kips/in.z. . Restitution
Aluminum Plates ' 10,300 0.82
Asbgstos - 150 0.5
Ascon 150 0.6
Conbest ' 500 0.8
Hardwcod (load

parallel to grain) ‘ 275 0.7
Micarta ' | 450 ‘ 0.8
Steel Plates 29,600 0.8°
Wire Rope Coils 150 0.3

lValues for well-compressed, used material and the shear levels of
offshore pile driving.

2 . , . .

When these metal plates are used in combination with another
cushion material the coefficient of restitution of the other
material should be used.
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Chapter 22 Illustration Captions

One dimensional wave equation

Hammer-pile-soil system representation

Bearing graphs from wave equation analyses

Force-deformation properties of capblock

Soil load-deformation characteristics

Pile caﬁacity gain with time for steel piles in cohesive soils
Strengthbloss‘by remolding for normallyj;onsolidated clays
Pile capacity gain with set-up.

Interpretation of pile driveability - resistance to driving
procedure, Example 1

Interpretation of pile driveability - resistance to driving
procedure, Example 2

Interpretation of pile driveability - rate of penetration
procedure
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Resistance to Driving, Kips
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- Vulcan 3100 Hammer
48-in.-Diameter Pipe Pile

Symbol % at Tip. Pen., ft Max. Comp.-Stress, ksi —

i
i

————— 105 210 20.9
—— 105 321 21.3
' , 10.5 366 21.7
1l ! ! ] !
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Loading
Slope =k

Unloading
Slope = k/e2

I
I
|
I
I
I
|
|
I
I
I
|
I
I
I
I
I

5

Deformation
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Rg = Static Resistance

D>

Deformation

Rg(does not apply
at pile tip)

. (a) Static

D

Deformation

Rs R, (does not apply
at pile tip)

(b) Dynamic
CAF"@/ /*lrjc‘,iéal_ /970)

(Frq 23-5)
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Shear Strength of Soil, Kips/F’[2
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;  Ultimate Pile Capacity, Kips
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Penétration Below Seafloor, Feet
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Ultimate Static Pile Capacity, Qy, Kips
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1. Estimated Resistance to Driving, Ry , based on
remolded side friction in clay, static side friction
in sand and end bearing on pile wall end area.

2. Estimated Resistance to Driving, Ry , based on
remolded side friction in clay, static side friction
in sand and end bearing on pile gross end area.

3. 'Computed Ultimate Compressive Pile Capacity, Q
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~ Ultimate Static Pile Capacity, Qu , Kips
- | Resistance to Driving, Ry, Kips ‘
O0 7000 2000 3000 4000 5000 6000 7000

[ ‘) ! Silt
\ A
. \\\
\\ 48-in.-Diameter Pipe Pile
| \ |
100 F—— Soft to
\\ - - Firm
150 A ' .
. \ Greatest Resistance That Can
- \\ W/Be Overcome by Vulcan 060
\ || Hammer
200 \ .

i | —
| | \ 1 J_L-_aminated Silty Sand[_
. \ \\ and Stiff Clay
250 = T
~
NUCNAE

—

Penetration Below Seafloor, Feet

300

[~ ]
< AR

\\ \ h
| “End of Boring

SN
400 _ 2

1. Estimated Resistance to Driving, Ry , based on
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