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Abstract:  Piles are used for platform foundations and other offshore structures. Pile driving performance is predicted and analyzed usir
the wave equation analysis method. In general, the hammering point can be any part of the pile and the same analyses used for hamme
at the top of the pilétop hammeringcan be used for pile driving by hammering at the bottom of the (bitdtom hammering Based

on the numerical analyses in this research including residual stresses in the pile, there is little difference between the predictions of p
penetration per hammer blow by single- or multiple-blow analyses when soil resistance is low, such as 10 blows/m. The same is true f
top hammering and bottom hammering when soil resistance is low. However, when soil resistance is high compared to that of th
pile-hammer system, single-blow analysis predicts early refusal for top hammering and unrealistically high pile penetration for botton
hammering. Therefore, multiple-blow analysis, which considers residual stresses, should be used for better understanding of realistic
driving performance and predictions. Additionally, this study shows that gravity is another controlling factor for pile driving in low-
resistance soil.
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Introduction the wave equation analysis method has been used successfully
with engineering judgment, and several wave equation analysis
Piles are used for platform foundations and other offshore struc- programs are publicly available.
tures. In the early stage of development of the pile driving prac-  Lowery et al.(1969 have done intensive studies on pile driv-
tice, Newton’s laws were applied to pile driving analysis on the ing analysis and have developed several versions of wave equa-
assumption that the energy delivered by the hammer would betion analysis computer programs based on the Smith mathemati-
immediately transmitted to the tip of the pile at impact. However, cal model. Their models can predict driving stresses in the pile
the results from this method yield poor reliability because of elas- and pile load-bearing capacities by generating a plot of driving
tic and plastic behaviors of the pile and soil. SMit®62 devel- resistance versus blows. However, their models are valid only for
oped a mathematical solution to the wave equation to solve com-a single hammer blow and are limited to a maximum of 70 pile
plex pile driving problems. He developed discrete element elements. Their models always include the gravity effect, whereas
formulations of the impact pile driving problem based on one- Edwards’ program(1969 has an option to include the gravity
dimensional wave propagation theory. His method has been modi-effect. These programs are valid for a single hammer blow at the
fied and refined since then. top of the pile(top hammeringand ignore the effects of residual
For the analysis and prediction of pile driving performance, stresses in the pile.
there are several physical uncertainties associated with key wave Holloway et al.(1978a; b provided a good review of a num-
equation variables and pile driving operations due to the charac-ber of wave equation analysis programs including capacities,
teristics of the pile, hammer, and soil. Hammer characteristics limitations, and features of each model. Although their model
include thermodynamic behaviors of the hammer and conditions incorporates residual stresses in the solution, it is valid only for
of the cushion and other accessories. Soil characteristics includeop hammering. The existence and importance of residual stresses
soil strength, setup effects, degree of consolidation and cohesive-have been recognized for a long time, but they have not been
ness, quakes, and damping constants. Despite these uncertaintiesutinely included in pile driving analysis. Briaud and Tucker
(1984 gave a good review of the importance of residual stress.
IAssistant Professor, School of Civil, Urban, and Geosystems Engi- They analyzed available instrumented pile load tests including
neering, Seoul National Univ., Seoul 151-742, S. Korea. E-mail: residual stresses. However, their analyses on the load-settlement
johnchoe@snu.ac.kr data were affected by the natural variation of the soil and low data
2Holt Chair Professor, Dept. of Petroleum Engineering, Texas A&M quality. Rieke and Crowsef1987 conducted instrumented pile
Univ.,  College  Station, TX77843-3116. E-mail: juvkam- tests and analyzed the results of tension and compression tests
wold@spindletop.tamu.edu ) _ including residual stresses. They found that residual stresses de-
e s o it oo o seas e Sn ey P o oading istoryand deree of sl isurbance, and one o
: two uplift loading cycles will not completely dissipate residual

month, a written request must be filed with the ASCE Managing Editor. ¢ H thev did not id t fi d
The manuscript for this paper was submitted for review and possible Stresses. However, they aid not provide any systemalic procedure

publication on February 1, 1999: approved on May 15, 2001 This paper {0 b€ used in numerical analysis of residual stresses.

is part of theJournal of Geotechnical and Geoenvironmental Engineer- Commercial wave equation ar?alysis programs such as that of
ing, Vol. 128, No. 2, February 1, 2002. ©ASCE, ISSN 1090-0241/ Goble Rausche Likins and Associates, I(BRL) (1996 are also
2002/2-174-182/$8.00%.50 per page. available. The GRL program has excellent features for handling

174 ] JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / FEBRUARY 2002



not only conventional drop hammers but also diesel hammers,
which require an accurate simulation of the thermodynamics of

the hammer. The GRL program uses an intensive algorithm of

stroke convergence for diesel hammers and is capable of handling
residual stress analysis for limited cases. The GRL software has a
separate program for long piles.

Most of the models above are DOS-based programs mainly
designed for single-blow analys{§SBA) at the top of the pile.
The model of Holloway et al(1978a; B incorporates residual
stresses and the GRL program may simulate bottom hammering
by adjusting hammering location. For feasibility studies on long
pile installation intended to isolate strong water flow zones in the
Gulf of Mexico (Choe and Juvkam-Wold 1997t was necessary
to consider both top and bottom hammering. It was also necessary
to consider residual stress effects in the pile for the deeper pile
penetrations. Therefore, development of a new pile driving analy-
sis program was needed.

This paper presents the development and applications of a
wave equation analysis program and theoretical background
based on the Smith method and its improvements. This paper also
presents detailed numerical analysis results on the effect of a
single blow and multiple blows, the effect of gravity on pile driv-
ing, and the effect of top and bottom hammering. This study is
different from previous work because it provides multiple-blow
analyses for bottom hammering with high soil resistance. The
analysis results are based on the Smith solutwith its modifi-
cation and improvementsvithout a specific site-based experi-
ment.

Algorithm of Wave Equation Analysis

Smith (1962 developed a mathematical solution to the wave
equation. The solution was based on a discrete element idealiza-
tion of an actual hammer-pile-soil system. The hammer-pile sys-
tem is represented as a series of weights and springs. All springs
are assumed to be perfectly elastic, whereas the soil is modeled as
a spring and a dashpot, which is often called a Kelvin-Voight
model. The action of each weight and each spring is calculated in
each time interval to determine pile displacement, force, and
ground displacement per hammer blow for the specified soil re-
sistance.

Smith’s equations can be generalized as follows. The pile-
hammer-soil system is represented in Fig)1

(@)

Actual

Point
R(N+1) = Resi

As represented

D(i,H)=D(i,t—1)+w(i,t— 1)At 1)
C(i,t)=D(i,t)-D(i +1}) )
F(i,H)=C(i,0K(i) A3)

R(i,t)=[D(i,t)—D’(i,t) JK' () [1+I(i)w(i,t—1)] (4)

. . ) . ) gAt
v(i,t)=v(it—=1)+[F(i —1,t)—F(|,t)—R(|,t)]W (5)

where D(i,t) =displacement of the pile elementat timet; v
=velocity of the pile element;C=spring compression;F
=force due to spring compressiol;=spring constant of the
pile; R=resistance to the pild)’=ground plastic displacement;
K’=ground spring constant; J=damping constant; g
=gravitational acceleration constait/=weight of the pile ele-
ment;i =element index number; arié=time. Descriptions of the

Fig. 1. Method of representing pile for purpose @& top-
hammering and(b) bottom-hammering analysismodified from
Smith 1962

Quake

A linear elastic-plastic model proposed by Smith is used for the
soil resistance to pile driving. It is assumed that the soil
ground compresses elastically for a certain distance and then
fails plastically with constant resistance. This maximum elastic
soil deformation is called the “quake.” For any single hammer
blow that results in a total displacement in excess of the quake,
the pile bounces back a distance equal to the quake that results in
net pile penetration. In other words, if a total pile displacement is
less than the quake, theoretically there is no net pile penetration.
It is not easy to have an accurate estimation of the quake and

variables are also provided in the “Notation.” Readers who are there are some variations in quaf@ble 1. Without sound the-
interested in the Smith solution in detail can read Smith’s paper oretical and experimental background, the commonly accepted

(1962 and othergEdwards 1969; Lowery et al. 1969

value of quake in the literature is 0.254 mi®1 in). However,
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Table 1. Value of Quake for Various Soil Types in Literature effect is ignored. Otherwise, they have initial values of displace-

Quake Quake ments and compressions at time zero because of the gravity. After
Reference side, cm tip, cm Soil type completing a single-hammer-blow analysis, all information is
available for a subsequent blow if necessary.
Smith (1962 0.254 0.254
Kraft et al. (1980 0.254 0.254 sand Hammering at the Bottom of the Pile
0.762 0.254 clay
Lowery et al.(1969 0.254 0.254 sand and clay The same analyses used for top hammering can be modified for
Brown et al.(1972 0.0250%  0.025D0%  clay pile driving by bottom hammering. In general, the hammering
Stevens et al(198 0.254 0.254 pomF can be any part of the pile .and t.he same analyses can be
0.254 0.254 silt applied to a_malyze the hammer-pile-soil system. However, there
0508 0.508 soft clay are some d|ﬁ§rent aspects of Fhe .pr.\enomena. From the compres-
0.381 0.381 firm clay sion ar_1d tenS|or_1 tests of the plle,_lt is known that unit shaft resis-
0.254 0.254 stiff to hard clay tance is proportional to the effective overburden stress in the soil

surrounding the pile. Therefore, the shaft resistance for bottom
hammering will be smaller than that for top hammering because
of the reduction in pile diametegPoisson’s ratio effegtand un-

the common value does not give satisfactory results for some soilIoadlng O_f the effective stresgellenius 1991 The ra_ltlo of t_he
types and conditions, especially when actual field experimental shaft.re5|stanc.e for top to that for bottqm hammgrlng varies de-
data are analyzed. In this study the common value is used for thependl_ng on soil type, (_jegree of consolldan(_)n, pile type, and so
numerical analyses because the wave equation method is not ser" Since a mathematical model for the ratio has not been well
sitive to the quake and qualitative trends found in this paper establls_hed,_ the effect of different shaft resistance was not in-
would not change with use of different quake values. cludgd in this study. . . . .

Fig. 1(b) shows a pipe pile being driven by a hammer operat-
ing inside the pile and striking on the cushion inside the bottom of
Damping Constants the pile. Equation$1)—(7) apply to both Figs. a and . How-
When a pile penetrates the ground, the ground will offer more €VeT the_ following modifications are added because pf di_fferent
instantaneous resistance to rapid motion than to slow motion. The9e0metries and element numbering. As can be seen in fg. 1
amount of damping is proportional to velocity, and the propor- the ram ele_me_nW(l) is connecte_d to the last element of the plle_
tionality constant is the damping constant. Of course, the dampingW(N)' Unlike in the top-hammermg case, the sgcond element is
resistance is temporary and does not affect static pile bearingconnected only to the th_|rd element. The cushion can be repre-
capacity[see Eq.(4)]. While the soil under the tip of the pile is sented as one of the spring elemekifd):

D is the pile diametefin.).

displaced or caused to flow aside, the soil along the side of the C(1t)=D(1t)—D(N,t) (8)
pile is sheared. Therefore, the damping constants are not the same At
at the tip of the pile and along the pile. v(2)=v(2t—1)+[—F(2t)—R(2)+W(2)BF] V?/(Z)

. ©)
Gravity Effect

_ . . ) v(N,t)=v(N,t—1)+[F(L,t)+F(N—=1t)—F(N,t)—R(N,t)
Smith’s original method did not account for the gravity effect,

which has been added by several auti@dwards 1969; Lowery gAt
et al. 1969. The model in this paper includes both gravity and the +W(N)BF] WN) (10)
buoyancy effect. For a closed-ended pile that has different fluids

inside and outside the pile, a general equation for the buoyancy ~The same notations are used as in Ed$-(5), and descrip-
factor (BF) is shown in Eq(6a): tions of the variables are also provided in the “Notation.”

(1=po/ps)—(di/dy)?(1—pi/ps)

—d. 742
1=(d/do) During a hammer blow, the pile will move downward initially,
whered = pile diameter; ang = fluid density. Descriptions of the  then rebound, and then converge to a final position. At its final
variables are also provided in the “Notation.” For an open-ended position, the residual stresses in the pile are not zero because
pile that has the same fluid inside and outside the pile, the BF ismovements of adjacent pile elements are not the same. For the

BF= (6a) Multiple-Blow Analysis

simplified to Eq.(6b): GRL program(1996), residual stress analysis is possible but its
o usage is recommended for research purposes only.
BF= ( 1- —) (6b) Holloway et al.(1978a showed the importance of a series of
Ps hammer blows rather than a single hammer blow. They also men-
When considering the gravity and buoyancy effects, E). tioned that a solution by multiple-blow analygigIBA) was ob-
should be modified as follows: tained typically after 3—-5 simulated blows. However, this is

gAt shown in this study to be incorrect for high soil resistance, as
v(i,)=v(i,t—=1)+[F(i—1t)—F(i,t)—R(i,t) + W(i)BF] = — discussed later in detail. No multiple-blow analysis is available
W(i) for bottom hammering that is different from that of top hammer-
7 ing. In this study, residual stresses for multiple-blow analysis are
The calculation of the wave equation analysis program starts calculated from relative displacements of adjacent pile elements
with an initial ram velocity at the beginning of impact at time from the preceding blow and become initial stresses in the pile for
zero. All other variables have an initial value of zero if the gravity the next hammer blow analysis.
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Fig. 2. Model comparison fofa) pile net penetration an@) driving

resistance with Lowery et al.'s mod€&1969

Comments on Wave Equation Analysis

Programming and Usage
Validation of the Program

For the feasibility study on long pile installation, we developed a
The wave equation analysis program has been compared withwindows-based program to study bottom hammering as well as
available data and models. Since the program is based on Smith’sop hammering, and multiple-blow analysis including residual
method, it was first compared with his model results. The pro- stresses. In this section, some considerations and tips are provided
gram gives the same net pile penetration of 0.52 mm by a singlefor programming and usage of available wave equation analysis
hammer blow using the data in Smith’s pag&®62. Figs. Za programs. The following are considered in our program.
and b show a comparison of pile net penetration and driving Unit soil resistance does not always increase linearly or uni-
resistance, respectively, versus total static soil resistance with theformly with depth. Therefore, simple triangular or uniform distri-
Lowery et al. model(1969. Gravity effect is included in the  bution of the soil resistance to pile drivingdwards 1969; Low-
analysis to compare for a long range of total resistance. The sameery et al. 1969 is often not suitable for practical field
penetration results are presented in different terms. As can be seemapplications. A program should have the capacity to handle a
in the figures, a good match exists between the two models for astepwise linear soil strength profile with depth that will cover
wide range of soil resistance. If total resistance is less than 7,000almost all trends in soil strength. For the tip resistance, a program
kN, the difference is less than 1.4%. For the largest resistance inshould allow an option to input or to calculate the value from the
Fig. 2@), the difference in net penetration is 0.01 cm, which is input soil strength data.
hardly noticeable but it gives 9.8% difference. Furthermore, the  The critical time interval may be defined as the largest time
difference in blow counts per meter looks large because the pipeinterval that will produce a numerically stable solution. Smith
penetration is relatively smallFig. 2(b)]. In other words, net (1955 provided equations to compute the critical time and rec-
penetration itself is small so that a little difference yields a rela- ommended the use of about half of this critical time so as to
tively high percentage difference. These differences result from prevent numerical instability resulting from other factors that
the use of different soil models. Lowery et al. used a dynamic soil were not included in his equations. A program should allow the
deformation model. Note the rapid increase of the blow counts asuse of either the Smith equations or the user’s input for time
the total resistance approaches refusal. Fig. 3 also shows goodnterval. Consequently, it is also possible that users determine a
agreement with the Edwards mod&b69 for different damping proper time interval after checking the critical time interval from
constants. the Smith equations.

For low soil resistance, a pile sinks by its own weight until Wave equation analysis programs usually stop if all velocities

equilibrium is reached between the pile weight and soil resis- are less than zero and there is no more pile penetration. Another
tance. If soil resistance is slightly greater than pile weight, the common way to stop wave equation analysis programs is to
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specify a maximum number of iterations. This is a good practice Table 2. Default Input Data with Soil Strength Data
to avoid endless loop calculation resulting from numerical insta-
bility. However, it is not a useful stop criterion for long pile

31,000 total pile length, cm

. S ) . 60.96 outer diameter of the pile, cm
analysis. For a long pile, it takes more time for the impact wave to ) . .
. . . 55.88 inner diameter of the pile, cm
travel from the impact point of the pile to the other end of the
. . . 610 hammer energy, kJ
pile. In other words, a long pile needs more tirfo a greater 36 ioht of th ;
number of iterationsto complete a single-hammer-blow analysis. Welgnt of the ram, fons
0.85 hammer efficiency, fraction

Therefore, wave equation analysis programs could stop before "
completing all the necessary calculations, especially in the case of-
long piles, if the maximum number of iterations specified is

density of sea water, g/ém
weight of pile cap, kN

small 76.2 diameter of cap block, cm
A stop criterion for maximum program run time should be 24760  spring constant for cap block, kN/cm
based on impact wave travel time for the given total pile length. 9-2 coefficient of restitution for cap block
This approach is also independent of time step size and applicablé®-254 maximum elastic ground deformatitquake, cm

for any pile length. Therefore, it will reduce the chance of errors 0-0049  damping constant at the point of pile, s/cm
in multiple runs for the same analysis by a working group. In 0.0016  damping constant along the side of pile s/cm

order to complete single-hammer-blow analysis, the maximum Remolded miniature vane shear strength versus depth

program run time should be anger than t.wice the .impact wave Depth (m) KN/s n? Kip/sq. f.

travel time for the pile length given. Four times the impact wave

travel time was found to be adequate for almost all cases studied 9 0.00 0.00
Here is an example. Impact wave speed in steel is about 5,060213 71.82 1.50

m/s (16,600 ft/3. It takes about 0.0593 s to travel the 300-m 305 88.38 1.85

distance from one end of the pile to the other end. Therefore, the
maximum program run time for completing single-hammer-blow
analysis should be greater than 0.119 s, which is equivalent to 480
and 1,190 iterations if the time step interval is 0.00025 and
) N X . z
0.0001 s, respectively. A stop criterion using a maximum number R. :J' f(z)wd, dz (11)
of iterations such as 500 may not be enough if the time step size side™ |, ©
used is 0.0001 s. Note that it takes 59 iterations for the Smith case
of a 30.48-m pile(Smith 1962. Rip=27A;pf(2) 12)

. . where R=soil resistance to pile drivingg,=outer diameter of
Further Analyses and Discussion the pile (m); and Ag,=area of pile tip(m?. Alternatively, as
mentioned in the previous section, any tip resistance can be used

The first step may be to evaluate soil resistance to pile driving, as input data if desired

which will limit how far into the soil a pile can be driven. The
resistance to pile driving, at any one depth, is assumed to be
directly proportional to the shear strength of the soil at that depth. Top Hammering and Bottom Hammering
For this reason it is critical to know the magnitude of the soil
shear strength as a function of depth. Top hammering has been the most common pile driving practice
We used soil strength data proposed by Choe and Juvkam-onshore and offshore. It has many advantages for easy operation
Wold (1997). They evaluated soil strengths for deep waters from with proven technologies. Bottom hammering may give better
a number of projects in the Gulf of Mexico where piles have hammering efficiency and produce less operational noise because
previously been driven, and from soil strengths determined by the of the hammering location.
Ocean Drilling Program. They used the remolded miniature vane  Fig. 4@ shows net pile penetration versus number of itera-
shear strengtfiRMVSS) because it shows the best correlation tions at three different depths below the sea floor. This is a single-
with soil resistance to pile driving, which is commonly presented blow analysis for top hammering. For top hammering, the pile is
as number of blows per unit depth of pile penetration. Table 2 pushed downward by the hammer impact force, and the available
shows all input data with soil strength data. force diminishes due to soil resistance as the impact force propa-
The total resistance to pile driving at a given depth is the gates to the pile bottom. Therefore, the pile penetration at the pile
summation of the resistance at the external surfaces of the piletip is considerably less than that of the pile top. Note that the pile
(outside friction resistangethe resistance at the toe of the pile penetration rapidly decreases as pile driving depth increases. For
(tip resistance and the resistance at the internal surfaces of the pile penetration at each depth in Figay pile penetration is zero
pile (inside friction resistange There will be an additional damp-  before the impact energy is delivered to the pile bottom. After that
ing resistance when the pile is moving. For a long open-ended net pile penetration increases and then converges to its final value.
pile, inside friction resistance, which is dependent on the plugging  As seen in Fig. &), the calculated pile penetration at 90 m
effect, is assumed to be negligible compared to the outside resisbelow the sea floor keeps increasing after one hammer blow as
tance(Dutt et al. 199%. This is also true when cuttings inside the the number of iterations increases. Therefore, when soil resistance
conductor pile are continuously removed while the conductor is is very low(usually less than 7 blowshythe predicted results are
being driven. The same is true for closed-ended piles for both top sensitive to the total number of iterations. This is why the maxi-
hammering and bottom hammering. mum iteration number is important. If soil resistance is higéu-
Outside friction resistance and tip resistance, when the pile isally more than 700 blows/m the predicted results among the
at a depthZ below the sea floor, are calculated from the following models examinedEdwards 1969; Lowery et al. 1969; GRL
equations: 1996 start to show deviations as explained before.
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Fig. 4(b) shows the net pile penetration for bottom hammering
predicted by single-blow analysis. If the pile is being driven 90 m whereas pile penetration for bottom hammering levels off. This is
below the sea floor, a depth that represents low soil resistance, itparticularly noticeable in the 210-m case for bottom hammering.
shows a similar trend to that of top hammering. In other words, However, MBA for both top and bottom hammering becomes
hammering location does not affect pile penetration if soil resis- almost linear after four or five consecutive blows. Therefore, an
tance is low. Compared to Fig(a}, also note that there is pile  average net penetration of the last five blows out of 10 consecu-
penetration at the bottom from the very beginning of the itera- tive blows is used in this study. Use of two or three consecutive
tions. If the pile is being driven 150 m below the sea floor, the blows as suggested by Holloway et @978a will result in quite
penetration increases initially and then decreases, and then conlarge predicted penetration for bottom hammering as soil resis-
verges to its final penetration value. Also note that the predicted tance increases.
pile penetration at 210 m is unreasonably hi@H cm compared Fig. 6(a) shows a comparison of pile driving resistance be-
to that of top hammerin¢0.048 cm in Fig. 4(@), because the pile  tween SBA and MBA for top hammering. The pile sinks about 58
is pulled down from the bottom of the pile resulting in large pile m below the sea floor due to its own weight of 127 tons. Single-
penetration near the pile tip. blow analysis reaches practical refusal beyond 200 m, whereas
MBA reaches more than 250 m below the sea floor. Multiple-
blow analysis gives better penetration per blow than SBA as pen-
etration depth increases. Fig(b§ shows a comparison of pile
Multiple-blow analysis is applied to see the effect of residual driving resistance between SBA and MBA for bottom hammering.
stresses. Figs.(& and B show pile penetration at the bottom of Compared to Fig. &), the pile driving resistance for SBA for
the pile for 10 consecutive blows for top hammering and bottom bottom hammering does not decrease much at great depths where
hammering, respectively. Multiple-blow analysis for both top and top hammering indicates refusal. This unrealistic result is due to
bottom hammering shows almost a linear trend if the pile is being the fact that the tip part of the pile can move even a fraction of a
driven shallower than 150 m below the sea floor using the data in centimeter, regardless of soil strength and the movement of the
Table 2. In other words, MBA results are close to those of SBA top portion of the pile. This is one of the disadvantages of single-
because residual stress effects are not significant. As the pile isblow analysis for bottom hammering at high soil resistance. As
driven deeper, MBA results deviate from those of SBA. For the expected, MBA gives a result close to that of SBA for low soil
multiple-blow analysis, the pile penetration for top hammering resistance where the effect of residual stresses is negligible. As
gradually increases as the number of consecutive blows increaseshe soil resistance to pile driving increases, MBA for bottom ham-

Single- and Multiple-Blow Analysis
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(a) Fig. 7. Effect of gravity on pile penetration for top hammering using
multiple-blow analysis
Driving resistance, blows/m
0 200 400 600 800 1000
O pile. Based on the input data in Table 2, analysis assuming dis-
g Bottom-hammering: tributed resistance predicts much higher penetration over the
50 T« serf Pile length =310 m whole depth range mainly because the damping constant at the
penetration Hammer energy =610 kJ pile tip is three times higher than the damping constant along the
100 4 pile. If the same damping constant is used, the two results are

very close. Therefore, we must have accurate soil strength and
soil parameter data for better analysis rather than selection of the
resistance distribution type. Further study shows that the contri-
bution of tip resistance to total resistance is less than 1% if driv-
ing depth is deeper than 120 m below the sea floor. Pile penetra-
i tion difference without considering tip resistance is less than 3%

300 L under the same conditions. However, tip resistance can be critical
(b) in actual pile driving when a pile penetrates a massive sand for-
mation.

200 §

Depth below sea floor, m
g

250 |

Fig. 6. Comparison of single and multiple blows f¢&) top ham-
mering and(b) bottom hammering

Economic Considerations

) ) . ) The cost of pile driving depends on a number of factors: soil
mering predicts less pene_tratlon than SBA becal_Jse the tip part Ofstrength, pile configuration, hammer energy per blow, hammer
the pile bounces back while the top part of the pile moves down- 4, frequency, cost of vessel operation for offshore operations,

ward. In these cases, the pile will have a significant amount of 4 pile installation depth. Among these, hammer blow frequency
residual stresses, especially at a great depth of_ penetration. Theres found to be one of the most critical factors for deeper pile
fore, MBA should be used for bottom-hammering analysis when penetration because it is directly related to total time of pile in-

the soil resistance is high. stallation at any design depth.
Fig. 8 shows the cumulative net driving time in hours versus
Gravity Effect depth below the sea floor assuming no job interruption at all. Pile

. ) N ) . driving interruption for any reason will cause soil setup, which
In reality, there is a significant gravity effect, which was not con-

sidered in the Smith workl962. By comparing Eqs(5) and(7),

we know that there is an additional velocity giAtBF if the Driving time, hours
gravity effect is considered. As can be seen in Fig. 7, the gravity 0 12 24 36 48 60 72
effect is dominant if soil resistance is small. The pile keeps mov- L e
ing downward because of the additional velocity due to gravity ; o top-hammering
after a hammer blow. As soil resistance increases with depth, the E S0% bottorn-hammering
net gravity effect decreases. However, by ignoring the gravity S ¢
effect on pile driving, early refusal is predicted. Refusal depths in = 100 1
Fig. 7 with and without considering the gravity effect are 260 and ? 45 | Multiple blow analysis
240 m below the sea floor, respectively. S i Hammer energy = 610 kJ
E 200 7 Blow frequency = 10 blows/min
o
Effect of Soil Resistance Distribution s 250 ]
o T
When a pile is being driven, soil resistance exists along the side i
of the pile and at the tip of the pile. For analysis of the pile-soil 300 L

system, we may assume that an equivalent soil resistance existsF_ 8 ¢ lative driving fi depth for 4 bott
along the side of the pil@istributed resistangeonly at the tip of hlg. - ~umulative I?vnlngbllme velrsu_s epth for top and bottom
the pile (concentrated resistan¢eor at both side and tip of the ammering using muftiple-blow analysis
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usually results in hard driving and increase of total pile driving Notation

time. The assumed hammer frequency is 10 blows per minute. A

different hammer frequency would change the scale of the graph,The following symbols are used in this paper

but not the shape of the graph. It should take less thh toreach BF =
230-m penetration depth below the sea floor for both top and  C()
bottom hammering. Bottom hammering would reach 300 m D()
below the sea floor and would take about 23 h net driving time. D’()
However, top hammering would reach refusal beyond 260 m with d;
the current hammer-pile configuration. Note the sharp driving do
time increase as the penetration depth approaches the refusal F()
depth. f(2)

If it is essential to drive a pile to a greater depth such as 300 m GRL

to isolate a problem zone, bottom hammering can be one of the
alternatives. Further sensitivity analysis shows that one or a com- g
bination of the following can be used for better pile penetration.

[
Increased wall thickness makes the driving more efficient since it J0)
is easier to transmit the energy through a thick-walled pipe. This K,()
will make it possible to increase the hammer energy per blow I\K/IB(A?

without exposing the pipe to excessive stresses. Use of a smaller
pipe will reduce soil resistance, and result in better penetration. R()

RMVSS =

buoyancy factor;

= spring compression of the pile element, cm;

displacement of pile element, cm;
displacement of ground, cm;

pile inner diameter, cm;

pile inner diameter, cm;

force exerted by spring, kN;

= remolded miniature vane shear strength at a

depthz, kN/m?;

Goble Rausche Likins and Associates, Inc.;
gravitational acceleration, 980 crfy/s
pile-hammer-soil system numbering;
damping constant foith pile element, s/cm;
spring constant, kN/cm;

ground spring constant, kN/cm;

multiple blow analysis;

resistance, kN;

remolded miniature vane shear strength;

However, there will be some restrictions due to hammer sizes that
fit inside the pile for bottom hammering, stresses developed in the
pile, final pile bearing capacity, or subsequent hole sizes to be

SBA = single blow analysis;
t = current time level;
t—1 = past time level for the wave equation calculation;

drilled. v() = velocity, cm/s;
W() = weight of pile, kN;
_ At = time interval, s;
Conclusions p; = density of fluid, g/cr;
pi = density of fluid inside the pile, g/cin
A wave equation analysis program is developed and verified using p, = density of fluid outside the pile, g/ér,nand

the Smith mode{1962, the Edwards mod€l1969, and the Low-
ery et al. mode(1969. The program handles long piles for both
top and bottom hammering. It is also capable of simulating
multiple-blow analysis as well as single-blow analysis. The fol- References
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