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Department at Case-Western Reserve University, George Goble developed a
method of Pile Capacity Determination from Dynamic Measurement that is
gaining world wide acceptance and use. Now at the University of Colorado,
and head of a foundations consulting organization as well, Prof. Goble is
actively continuing developments in this field. A native of Idaho, with M.S.
and Ph.D. degrees from the Universitv of Washington, Mr. Goble was a Full-
bright Graitee for advanced study in Germany, He worked with the U. S. Air
Force, Oregon DOT, and a consultant before starting a teaching carcer at Case
in 1961, He moved to the University of Colorado in early 1977. Prof. Goble
is active in many professional groups and has won honors in welding and
structural design competition. " He writes and lectures extensively on pile
Joundations. :

ERIC PARKER is a student in the Department of Civil, Environmental and
Architectural Engineering ut the University of Colorado, Boulder, where he
works directly with Prof. Goble.

INTRODUCTION

The estimation of pile driving costs remains today a very inexact activity
not greatly changed over the past half century. Contractors tend to limit their
work to a particular geographical region relying on equipment of a familiar
type. If a job must be estimated, the contractor will usually dependinore on
previous experience than on anything revealed by normal subsurface investi-
gations. Equipment selection is usually made on a completely subjective basis
with emphasis placed on the use of driving systems owned by the contractor.

If difficulty occurs on the job and the piles cannot be efficiently advanced,
the typical result is quarrels between the contractor and the engineer, large
cost overruns and litigation. To avoid these problems, engineers have some-
times tended to specify the job more tightly. Commonly, however, due to
the engineer’s lack of knowledge of pile driving, he specifies a condition that

cannot be driven. Now the contractor is in an excellent position to obtain

extra payment.

In the past decade techniques have become available that can convert this
very artistic approach to a scientific one. It is possible today for a contractor
to make rational predictions of driving resistance. These predictions, while
still of limited reliability, are at least better than any other available approach
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. Fxlc driving costs can be categorized in several activities including: mobili-
zation, system testing and modification, dead times (that time v;/hcrl the
h.ammcr’ ‘15 not n_mni'ng) and hammer time. All but the last of these subdivi-
sions will be quite dependent on the characteristics and size of a particular
Jjob and Lh_e manner in which the contractor organizes his operatior;S' They
can be es-u.matcd using current procedures. The cost of the systen{testin’
and modlfxcgtign phase will be strongly dependent on the ériving systerr%
sclectcd.- If it is the correct one, it is likely that the cost will be much less
Substantial cost savings can be achieved by efficient organization of the ic;ll)'

In efact, the Stsayings may be possible here by reducing dead time,
one part of the cost that can now he rationally estimated is hammer Gime
mated is hammer tin

;;?;git;ztggewagl—bc presented hcr; fof pile driving cost estimation. This
procedure will ¢ tustratcd by applying it in 1 hypothetical example. It will
e . important aspccts. of hammer characteristics are very effectively
S rat(} . ‘The purpose of this paper, however, is to present a procedure for
cost estimation and no general conclusions about driving system efficienc
should be drawn from the example presented. d

and that part of the estimatingrnroces&will-be,cmphasizg_d-in this paper,

- Estimating Procedure

Ff){ thf: purpose of this illustration 2ll mobilization and system testing and
mpdxfxcatxon costs will be neglected. Clearly this is not realistic but in dealin
tht.\ ‘a,hypothetical case it is difficult to do better in any realistic fashion 'lr%
gddxtxo_n,_the gffec@ of equipment ownership and previous partial or-full

epreciation will be ignored. The equipment costs used will be straight rental
cost. A more realistic treatment can be accomplished by a simple modifica-
txon.of the procedures presented here when job particulars are known

Smc? onl.y daily cost and productivity are consiaered, only two of.the cost
c\ategones'glvcn above will be present, hammer time and dead time, The latt;:r
category is clearly a very important one in controlling costs. éontractors
should dgvote great effort to minimizing it. It includes such time as equip-
?ent mam.ten;.mcc and repair, coffee, clean up, start up, crane moviﬁg and t}ie
tﬁ:;;;q;;r:d to put the pile under the hammer, align the system and start

The job operation should be carefully scheduled so that the pies are
placed near where they are to be driven so that they can be quickly put u.nder
the hammer. Careful study of the operation from hammer shut-down to
§tart-u;? can usually produce time savings. For the example treated here it is
1mpos_sxble to make a meaningful evaluation of this activity. It is probably
QU}te mdepgndent of the hammer system used and that is the basic question
:;ll?g exar}:x_xfned. The assumption was made that only seven hours were avail-
shu{-gzl;vi :,,:da:g,?j;_a total of ten minutes would elapse between hammer

Fmaﬂy,.the principal problem of this paper—hammer time—must be esti-
ma'ted. it is .assumed that soil borings of the usual type will be available. As
a fus.t step !p}lc driving equipment and procedures will be selected. For .cach
candxdvate driving system wave equation analyses will be madc.at various
gﬁgths to determine the total number of hammer blows required to drive the

Wz'ave equation programs have been generally available since the early work
of Hirsch and Lowery and their associates at Texas A. and M. Universit
(Ref. l). These developments produced a public domain progran; that begaz
to receive selecyghuse about 15 years ago. It is surprising that a more wide-
spread usage d! t develop. Probably this was due to a lack of knowledge

of driving system parameters, a lack of confidence in the soil parameters and

a poor performance of this program when analyzing diesel hammer systéms,

Other public domain wave equation programs did not perform substantially

better.

Recently a new wave cquation program was developed by Rausche and the

first author under contract with the Federal Highway Administration (Ref. 2).

This program, known as WEAP, offers several important advantages over
other available programs, particularly in analyzing diesel hammers. The total

operating cycle including precompression, combustion, expansion and stroke
has been modeled. Thus, stroke for single-acting hammers and bounce cham-
ber pressure for double-acting hammers is obtained as an output. Proper
impact velocities and operating speeds arc obtained. In addition, the program
performance has been extensively checked against the measurements made
during the piling research project at Case Western Reserve University (Ref. 3).
Its ability to predict driving stresses has been extensively tested. Of course,
this program is subject to some of the weaknesses in the soil model that have
been known for other wave equation programs. The soil model is clearly quite-
limiting and it is sometimes difficult to determine the proper constants from
available soil data.

Predicted driving records can be produced for each candidate driving sys-
tem and from this the total required number of hammer blows. With the
speed of operation, the hammer time can be determined. Now additional
equipment can be sclected to complete the system. One additional weakness
in this study occurs here in that it is difficult to select a required acceptable
crane operating radius. Obviously, driving cost will be affected by the crane
radius. In such an example as this it must be rather arbitrarily chosen.

Dircct costs are calculated based on equipment rental costs and crew costs.
Overhead and profit have been neglected since this should be a factor on the
above expenses and was assumed independent of the driving system used. It
may be that overhead is more dependent on labor than equipment cost and if
this is the case some changes would result in relative costs. With a knowledge
of system productivity and cost, a cost per pile can be determined and the

least costly system selected.

Example Problem

An example was selected from available job information. The pile to be
driven was a 12 3/4 in. diameter pipe with a wall thickness of 0.375 in. The
pile was to be driven to a design capacity of 100 tons with a factor of_safety
of two. Thus, an ultimate capacity of 200 tons is required. The pile design
indicated that the piles would be 65 ft in length and that a typical soil boring
was as indicated in Fig. 1. A bearing capacity analysis indicated that at a
depth of 65 ft a capacity of 222 tons should be reached. Therefore, the con-
tractor should use care before bidding the job to determine if the pile is to be

“driven to depth or blow count. All wave equation analyses were made for
both cases; 200 and 222 tons. It should be emphasized that a difference in
two, independently performed, static analyses of only 10 percent represents
very close agreement. . :

The performance of six driving systems was examined, three airfsteam
hammers and three open end diesel hammers. The air/steam hammers selected
were the Vulcan 06 (19,500 ft lb), 08 (26,000 ft Ib) and 010 (32,500 ft Ib).
Diesel hammers used were the DELMAG D-15 (27,100 ft 1b), D-22 (39,780
ft 1b) and D-30 (54,200-23,870 ft Ib).

For the air/steam hammers the wave equation analysis proggex ed to first
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of 36, 48 62 5 and 65 ft usmg the two statnc capacm«’ =" ’1ated at each
depth. The output of the wave equation analysis for eac Adition is blow
count for the particular static capacity. By summing the blow counts at each
foot penetration (area under the curve) the total number of blows required to
drive the pile is obtained. The results of these analyses for each of the air/
steam hammers are given in Fig. 2. It was assumed that the hammers would
operate at asteadySO blows per minute (not exactly correct since they ope-
rate slower in easy driving) so total driving time can be calculated. The curves
of Fig. 3 show rate of penetration for the air/steam hammer.

For the diesel hammers a more detailed analysis must be made. Fortu-
nately, the WEAP program produces all of the necessary information. As with
the air/steam hammers the run is first calculated. Next one must determine
when the hammer will start. In very easy driving with relatively light piles,
diesel hammers have the weakness of refusing to start. They will operate

~when they have sufficient resistance. It is estimated that a stroke of 3.8 ft

must be achieved in order to cause the hammer to operate

Wave ‘equation analyses are performed and, with the WEAP program,
stroke is obtained in addition to blow count and driving stresses. Successive
wave equation runs are made with increasing resistance until a stroke in
excess of 3.8 ft is achieved. For that portion of the driving record having
strokes less than 3.8 ft it is assumed that the hammer will operate at a speed
of 6 blows per minute. The crane is picking up the ram and the hamimer is
firing once only.

Probably this calculation is excessively conservative since if the ram fires
once, more than a single blow will be achieved as the hammer “bounces
down”. This is at least a crude attempt to analyze performance. It is thought
that this is the first attempt to determine by analysis in advance if an open
end diesel hammer will operate in easy driving. The analysis should be
checked with actual field performance.

After the hammer begins to operate the analysis proceeds as with the air/
steam system with wave equation analyses made for various depths of pene-
tration. In addition to determining blow count, operating speed is also found.
Since stroke varies with resistance the speed of operation also varies. Both of

- these curves are shown for each hammer type in Figure 4.

Stresses were also checked at each analysis. A stress of 34 ksi was used as
the allowable stress in dynamic loading. If this allowable stress is exceeded,
the throttle was reduced by one step and the operation was repeated. By
dividing the speed of operation by the rate of penetration in blows per foot,
the rate of penetration in feet per minute is obtained. These curves are shown
in Fig. 5. The area under the curves of Fig. 5 gives the time required to drive -
the pile.

The results of these analyses give the time required to drive a pile with
each hammer for both 200 and 222 tons resistances. These results are sum-
marized in Table 1. It should be noted that the Vulcan 06 hammer cannot
drive the pile to the 222 ton capacity but it can achieve 200 tons although at
rather high blow counts.

With the time per pile breakdown given in Table I the production rate per
day can be determined. Since the start-up time for diesel hammers is not
reliable and, in fact, experience would indicate that for the soil profile shown
the hammer would start immediately a productivity assuming Immediate
start-up was also calculated. The results are given in Table [I. All values in
Table Il were calculated based on a seven hour day.
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TABLE I
Breakdown of Operating Time in Minutes per Pile
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e

200t 2227 200T 2227
: no start-up .no start-up
time time
V-06 4.5 0
v-08 13.3 7.6
V-010 i8.¢0 14.8
D-15 8.5 6.5 9.2 6.8
D-22 ) 11.4 9.2 14.3 10.5

D-30 13.3 9.4 17.1 13.0

Cost calculations were divided into two parts, labor cost and equipment
cost. The labor cost was calculated using standard union rates for Ohio. A
crew was assumed to consist of one Foreman, four Pile Drivers, one crane
operator and for the diesel hammers one oiler while for the air/steam ham-
mers two oilers were assumed. A sample of labor cost calculations are sum-
marized in the Appendix.

Equipment costs were all based on rental rates as given by 28th Rental
Compilation for Construction Equipment. The diesel hammer rates were
obtained from the Foundation Equipment Company of Newcomerstown,
Ohio, and the weights of all elements in that driving system were based on the
use of their leads as a swinging system. For the air/steam hammers the leads
were also assumed to be.swinging and to weigh 200 Ibs per foot. A required
radius of 30 ft was assumed for crane selection. This latter assumption is a
critical one and if it is changed the results will also change. An example of
equipment cost computation is given in the Appendix for the D-22 hammer.

The driving costs are summarized in Table il using the productivity based
on the calculated starting time for the diesel hammers. If the starting time is
neglected there are some substantial changes in costs. Using this assumption,
the resulting costs are summarized in Table IV,

DISCUSSION AND CONCLUSIONS

The purpose of this paper was to iliustrate a rational procedure for pile
driving equipment selection. While the wave equation sometimes produces
inaccurate results it is surely an improvement over a contractor’s guess unless
there is experience with very similar sites, It must be used with care and obvi-
ously incorrect results must be ignored. Experience has shown that it is less
accurate for high blow count driving. It depends on a reliable static soils
analysis and it can be quite misleading for cases where high blow counts are
combined with relatively small errors in the soils analysis. For example, the
case of the Vulcan 06 the pile can be driven to depth if it has a 200T ulti-

mate capacity but if the capacity is only 10 percent higher the pile cannot be
driven,
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TABLE III

’ LAGip LG CLOLLERE COB L olniaLly , 2&.crﬁ0nff.3 ’
% B m 1.“ l ?.. 0.. 1“ .L ?“ L L -t u Diesel Start-Up Time 3
&) H ~— ~ ~ ~ ~ = .
o, s Hammer Cost Per Productivity Cost/Pile Cost/Foot
TYPE Day $ Piles/Day $ $
= - - i vul. 06 1013. 22 , 4.5 225.16 3.46
[} \¥el (2] \Ol —~4 \4) o~ o N - (e} (0)
— — N N O N N t .
FEg . le de Hd ne mw o vul. 08 . 1067.04 13.3 80.23 1.23
— wn o -
@ P =y oS 3F 22 88 K8 o . (7.6) {140.40) (2.16)
O W~ o~ — “ ~ —~ ]
o ° ~ ~ ~ Vul. 010 1101.76 18.0 61.21 6.94
n . 9 (14.8) (74.44) (1.15)
o
E o o : D-15 930.04 9.2 101.09 1.56
[ i) m 3 (6.8) (126.77) (2.10)
A D>
o wm - . — — —_ - D~-22 980.24 14.3 68.55 1.05
n_u AN N~ MLV O® WuiiNn <N O m (10.5) 93.36 (1.44)
+ el .o . . . o . . [ X
9 3 = M~ @w @e Ho 09 2 D-30 1000.24 17.1 58.49 £.90
o o e~ o~ m : (13.0) 76.94 (1.18)
3 O A S~ o i .
g ol < i .
ﬂ m .mw Numbers in parentheses are based on the 222T pile capacity.
4] .
e 4
K R T 3 . . o
pa) o8 ~ o ~ e J v N A weakness or the open end diesel hammer is illustrated in the difficulty
g n o ™ ~ —- = o S H u & of starting in very easy driving The analysis presented here is torally unproven
~— O o N " iq . . . .
It m M . o ot o o S o m : and appears to be excessively conservative. As these techniques are applied a
M ¥ —~ — ~ 5 w. reliable analysis procedure must be developed.
w m o The costs will be very sensitive to the required crane radius. Due to the
frt * much greater weight of the air/steam systems they will increase in cost more
o] E T ¢ . i . . . !
O D 4~ o rapidly than the diesels with increased required radius.
. Pl S 5 w & No overhead was included in the cost estimates. Since it is surely much
fan) . . . . .
W ﬁw,_C > o P S -« vt V=) M £ greater on labor than equipment this will also increase the cost of the air/
© om 8l o < - ~ ~ ~ o~ steam systems relative to the diesel.
m £ m_ " o = @ N = a ~ q The purpose of this paper was to illustrate a procedure. Since the authors
0 > M o S o : have little experience in construction cost estimation, the reader must be
o ollale) m 5 patient with obvious oversimplifications. Hopefully the procedure will be
% a .mw - : used and tested by pile driving contractors.
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