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Introduction

Following the study of pile driving impact by
Smith (1950), the use of the theory of wave
propagation for the analysis of pile driving has
gradually developed 10 result in the formal
proposition of the so-called wave cquation
method for anaivsing (he diivmg behaviour of
piles and for predicting their bearing capacity
(Smith 1960 1. Fiensive tesearch was carried
out in the period of 1960 (o 1970 to develop
the methad and in particular o establish the
techniques for modeling the driving system. the
pile. and the soil. Since 1970, the wave equa-
tion method has found an mereased application
in the United States for hoth onshore and off-

shore projects. However, and  for unclear
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reasons, the method is used only on a ven
limited scale in Canada. While the fundamenta.
aspects of the wave equation method have
been the object of numerous papers, relatively
hittle data have been published on the applica-
tion of this method to production piles so that
the potential and limitations of the wave equa-
tion when applied to real field situations are
not clearly established. It is the purpose of the
present study to provide such information in
the case of precast concrete piles driven in
sand by means of free-fall hammers,

The construction of two 12500 ft (3800 m)
long retaining walls on both sides of the Saint-
Charles River in downtown Quebec City im-
plied the design and construction of a major
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pile foundation in a sand deposit of medium
density. The design of this foundation was
based on the results of an extensive pile driving
and test loading program, in which the varia-
tions of the driving resistance and the static
bearing capacity with the depth of embedment
in sand were determined for. fous types of piles
and in particular for a 12 BP steel H-pile and
for an H-800 Herkules precast concrete pile.
Details on the soil properties at the site, on the
pile testing program and on the results obtained
have been presented by Tavenas {1971).

‘The hexagonal precast concrete piles were
finally sclected for the foundation and their
length was specified in accordance with the
results of the test program. In order to ensure
the necessary quality of the production piles,
the contract documents required the recording
of the driving resistance on all piles as well as
the test loading of 39 piles, selected at random
by the engincer. As a result, extensive informa-
tion was gathered on the driving behaviour of
¢ piles as well as on eventual correlations

ren the length of pile, the final driving

)ance and the static bearing vapacity of
precast concrete piles driven by free-fall ham-
mer in medium dense sand. These results were
used to demonstrate the limitations of the usual
pile driving formulas by Tavenas and Audy
(1972). The same sct of data can now be
used 1o investigate the capabilities and limita-
tions of the wave equation method of pile
analvsis.

The investigation reported herein has been
divided into three sections:

I. Using the observations made on four
production piles which had been instrumented
for stress measurement (Tavenas and Audv
1972), a brief parametric study was carricd
out to evaluate the influence of the input
parameters on the driving stresses and the
bearing capacity. The, ‘most representative’
values were selected as those producing the
best fit between observed and computed driving
stresses and  bearing capacities. The values
were then used in the remainder of the investi-
vation. '

2. The wave equation method was applicd
to a steel H-pile and a Herkules precast con-
crete pile driven and tested under: well con-

s-''~d conditions during the design testing
' Lm. In addition to the calibrated model

i

resulting from the first step of the study, an

analysis was also made assuming typical limit
values of the input parameters to estimate the
possible - accuracy of bearing capacity predic-
tions in cases where no detailed study of such
;\namctcrs could be made,

- Finally. the quality of the bearing mpacm’
prcdlctmm for 39 production piles test loaded
to fajlure was evaluated by comparing the
wave equation results to the observations made

on the production piles. This casc is thought
to be more rvepresentative of standard ficld

conditions where driving conditions as well as
quality controls were less uniform.

Characteristics of the I’ro]ect

Geotechnical Conditions

The geotechnical conditions prevaifing on
the Saint-Charles River site are very uniform.
They have been deseribed in detail by Tavenas
et al. (1970), Tavenas (1971), and Tavenas
and Audy (l‘)73). A typical soil profile is
shown in Fig. 1. The sand layer which is the
main feature nl this deposit has been proven
unitormy over the entire project area, both in
terms of gradation and of density. The natural
backfill shown on Fig. 1 was excavated prior
to piling and was replaced by o 15 ft (4.5 m)
thick Tayer of uncompacted 0-4 in. (0-10
cm) crushed stone. This uniformity of the soil
conditions first made it possible to design the
foundation assening that the results obtained
during the test program carried out at a central
tacation were apphicable 1o piles. at any loca-
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tion on the site; it further allows us to consider
the observations made on the production piles
over the entire project area as a homogeneous

set of data for the purpose of the present
investigation.

Test Program During the Design Stage _

The pile driving and tes loading program
carricd out in 1968 during the design stage has
been described by Tavenas (1971). It was
devised so as to yield the following design
information: -

I. The relative efficiency of four types of
piles, 12 in. (30 cm) diameter timber pile,
12 in. (30 cm) nominal diameter cast-in-place
Franki pile, 12 BP steel H-pile and H-800
‘Herkules precast conerete pile. i

2. The variations of the bearing capacity
and the driving resistance with the length of
pile in sand for the timber pile, the steel H-pile,
and the precast concrete pile.

For these two latter types of piles the in-
vestigation was very comprehensive; cach pile
was successively driven to and test loaded at
depths of 3, 13, 23, 33, 43. and 53 1y (0.9,
4.0, 7.0, 10.0,13.1. and 16.2 m) in the sand
deposit.

The driving and test loading conditions were
kept uniform during the entire program. The
piles were driven with a free-fall hammer, e
characteristics of the hammer and the driving
cap were determined prior (o driving, the cap-
block and the cushion werce checked prior to
each driving sequence and were changed when-
ever necessary. The driving was carried out
at a slow rate and a constant control was kept
on the drop height and the set. Consecquently,
the measured blow counts were representative
of the energy delivered to the piles throughout
the driving operation. Al load tests  were
started within 12 h after the end of driving and
were conducted up to failure following a uni-
form procedure. The results were interpreted
by the same person using the same criterion to
determine the failure load of all piles. Thus the
uniformity in test conditions was fully ensured.

Instrumented Piles During Construction

The piles selected for the construction were
hexagonal precast concrete piles similar to- the
Herkules H-800 pile in both geometry and
mechanical properties. The piles, with lengths
varying from 28 (o 44 fi (8.5 10 13.4 m),

CAN. GEOTECH. J. VOL. 14. 1977

were produced at
City. .

To further study the behaviour of the piles
during driving and test loading, four piles werc
instrumented. The details of the instrumenta-
tion are given by Tavenas and Audy (1972).
Al various stages during the driving of tho:-
piles, measurements of the distribution of driv-
ing forces along the pile were made. The piles
werce test loaded up to failure about 10 dave
after driving.

an industrial plant in Quebe

Production Piles

All production piles were driven by means
of free-fall hammers. Two to four driving rigs
were in operation on the site. While the char-
acteristics of the hammers and caps werg
known, the properties of the capblocks and
cushions were certainly variable with time and
from pile to pile, as is generally the case on a
piling job. The hammers were dropped by the
usual method of releasing the clutch on the
driving machine so that the actual drop heights
can be expected to have varied from blow 10
blow. The blow counts were taken on a con-
tinuous basis but full records were established
only for 5% of the piles. Thirty-nine tests
were carried out on piles selected at random
by the engincer. The same test loading method,
as used during the initial test program, was
applied to the production piles, and the results
were interpreted in the same manner, However,
the tests were carried out after delays which
varied from 3 to 56 days after the end of
driving.

The information gathered during the con-
struction of this piled foundation can be con-
sidered typical of any normal field situation
and can be used to evaluate the applicability
of any design method to usual projects.

The Wave Equation Method

History

In the carly stages of development of the
piling practice, it was admitted that the laws
of the Newtonian impact would apply to pile
driving. and the so-called pile driving formulac
were established on the assumption that the
energy delivered by the hammer would be
immediately transmitted to the tip of the pile
at impact. Experience proved the’ results
yiclded by these formulas to Be very variable
in quality and numerous attempts were made

o e
L o
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to establish ‘improved’ formulas of increasing

complexity. However, all these attempts re-
mained unsuccessful due to the failure to
-recognize the fallacy of the basic assumption
of a Newtonian impact used in all cases. Isaacs
“(1931) was the first to point out that the
encrgy transmission from the hammer to the
pile tip was not instantaneous at impact, but
rather that a wave action occurred in the pile,
after the impact, so thot the behaviour of the
hammer—pile-soil system during driving would
nave 1o be analyzed by applying the theory of
wuve propagation. While the mathematics of
this theory was well known, the solution of the

pile driving problem remained impracticable”

until 1950 when the development of computers
made the numerical solution of the wave equa-
tion possible within an acceptable amount of
time and effort. It is unfortunate that, during
this 20 vear period 'much effort continued to
pe put in the development of the pile driving
formulas in spite of their fundamental limita-
don.

,"b\en a hammer strikes a pile, an clastic
r )is generated at the pile head. With time,
this “Strain  progresses longitudinally through
the pile .down to its tip where the soil is dis-
placed to produce the pile penetration or set.
{'he propagation of the strain wave is governed
nv the one-dimensional wave equation:

D _E5D

<3 =—7737%R
&1* po.\‘2 -

where ; and- £ are the mass density and the
Young's modulus of the pile material, D the
Jisplacement of the pile in the longitudinal
direction x, and R the external resistance (o
the motion of the pile. Smith (1950) presented
& first numerical solution of this equation,
asing a simple model for the hammer-pile
system, 1o analyze the pile displacements under
4 hammer blow. The techniques for simulating
he driving cap and the soil resistance were
celatively crude at that stage. In a second puper
smith (1955) applied the method to the anal-
vsis of impacts between elongated structural
clements and considering the problem of simu-
Liting cushions. In 1957 Smith presented the
results of wave equation analysis for predicting
Jie variations of pile bearing capacities with
B iving resistance; he concluded that “the
' hicquired ability to solve the wave equa-

tion as applied to pile driving offers & means
of obtaining a truly mathematical solution”.
Finally Smith (1960) presented a comprehen-
sive treatment of the application of the wave
equation method to the analysis of pile driving.
This paper, which is still the basic reference
on the problem, presents not only the funda-
mentals of the method but also a discussion of

“the simulation of the hammer, the driving cap

with capblock and cushion, the pile, and the
soil. In particular Smith defines in this paper
all the paramcters involved in the simulation
and - gives typical values resulting from his
expericnce in applying the wave cquation
method to a variety of pile driving case his-
torics. Most of the material presented by Smith
(1960) can be used directly in the solution of
practical problems, The reader is referred to
these references for a detailed description of
the wave cquation method.

Muany investigations on the use of the wave
equation methad have been carried out since
then. They were generally aimed at the analysis
of the parameters involved in the simulation
of hammers, capblocks, cushions, and soils.
Forchand and Reese (1964) have presented a
good summary on the simulation of the soil
behaviour; they show how the soil quake and
damping vary with different soil types and
densities and how these variations affect the
results of the analysis. In a comprehensive
study carricd out at Texas A & M University,

~all aspects of the problem have been con-

sidered, and the resulting state of the art report
by Lowery et al. (1969) may be used as a
basic relerence.

Recentdy, Rempe (1975) and Goble and
Rausche (1976) have solved the problem of
accurate modeling of the explosive force and
stecl on steel impact occurring in diesel ham-
mers.

Computer Program

The computer program used in the present
analyvsis s that proposed by Edwards (1967).
The original program includes a provision for
simulating the cifect of discontinuities such as
joints or tension cracks an the pile on the
transmission of tensile forces. As discussed
later, this part of the program was modified to
also take into account the cffect of such dis-
continutties on the transmission of compressive
forces, in order to simulate properly the be-
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crete piles,

Modeling of the . riving Svstem

The driving svstem used throughout this
investigation consisted of free-fall hammer
and a driving cap with cap-block and cushion,

The hammers used were short so that their
own clasticity could be negiected. They were
therefore simulated as a mass W(l) faliing
from a height 77 to produce (he driving encrgy
with an efliciency. e.
direct measurement, the usual value of ¢ =
75T, proposed for fiee-fall hammers in the

literature, was first used. However, the analysis
of the Instrumented piles indicated that an
efliciecney of 857 was more representative of
the system, and this second valuc was used for
the entire investigation.

The driving cap consisted of a stecl helmet
weighing about 1500 Ib (6.67 KN,
a capblock of dry hardwood. The capblock
had an initial height of ¢ in. (15 ¢cm) and an
area of about 124 in.2 (800 cm?). To compute
the stiffness K(1) = A £/1 of the capblock,
the common modulus value of 45 000 psi
(315 kPa) proposed by Lowery er al. (1969)
was first used, to obtain K(1) = 930000
Ib/in. (170 000 KN/m). The stiffness K(1)
was then varied as part of a limited parametric

_analysis on the instrumented piles, and a higher

vialue of K(1) = 1500 000 1b/in. (260 000
KN/m) was finally selected as more representa-
tive. The cocflicient of restitution of the cap-
block was taken cqual 10 0.5 as proposed by
Lowery er al. (1909).

A cushion was placed between the helmet
and the pile head-when driving precast concrete
piles. This cushion consisted of masonite plates
with an arca of 124 in.t (800 cm?) and a total
initial thickness of T in. (2.5 cm). The proper-
ties of masonite were assumed similar to those
of asbestos discs and were taken from Lowery
ot al. (1969). Aeain here, the resulting stiff-
ness of the cushion was varied in a parametric
analysis, and a lower value was finally retained.
This resulted in a combined stiffness K(2) of
the cushion and the first pile element 2 000 000
Ib/in. (350000 kN‘m). The coellicient of
restitution of the cushion was chosen as (0.3,

carrying

Modeling tjie Pile-Soil Svstem
In any wave cquation analysis the pile is

haviour of mechanical joints in precast con-

In the absence of any:

ol e, i B L B S A
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divided into segments and is. simulated as
-series of masses, representing the weight of °
segments, connected by springs, representi
the stiffness of the segments. If the pile
jointed, a slack, corresponding to the possit:
looseness of the joint, is specified at the ¢
nection between the two segments on each s
of the joint. The restraint offered by the s
at the periphery of each pile segment or bele
the tip of the pile is modeled as an cliw.
plastic model. The yield displacement is calle
the quake Q, while the energy dissipation
the soil is represented by a damping consto
J. The amounts of point resistance and sic
friction mobilized are specified .in terms
percentages of the total driving resistanc.
Figure 2 shows the model of one of the [
considered in the present study.

The piles were generally divided into 5
(1.5 m) long segments. The precast concre
pile weight and stiffness were determined fro:
dircet measurements on 3 ft (0.9 m) fong 1e-
specimens, cast, cured, and stored in the oo
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Fi6. 2. Typical model of pile for wave equation

analysis.
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TapLe 1. Parameters used in the wave equation analysis

Drop hammers
Weight  H(1) = §
Drop height H =1
Efficiency e = 35

Driving cap

- Weight W(2)
Capblock stiffness X(1)
Capblock restitution ERES(1)
Cushion stiffness K(2-¢)

1500 1b (6.67 kN)

=1 500 000 Ib/in. (260 000 kN/m)

0.5 . .

3000 000 thiin. (250 000 kN/m) (to be

combined with the stitfness (A2 — p) of

’ the first pile clement).

Cushion restitution LRES(2) = 0.3

Soil
Point quake Q
Side quake Q
Point damping J =
Side damping . J*
Point resistance R, =

i

0.15in. (0. 40 cm)
0.15in. (0.40 cm)
0,15 s/t (044 s/m)
0.05 s/ft (0.15 s/'m)
207, to 8097 of Ry (MOSE representative

value = 4097)

way as the actual piles. The Young's modulus
of the precast concrete piles average
4 000 000 psi (28 000 kPa).

( e soil quake and damping are dificult to
) _).»‘ure directly. Fortunately their influence
on the results of the analysis was shown to he
very limited by various investigators. It is thus
the accepted practice to take the values of
quake and damping from the tables published
by Smith (1960) or by Forchand and Reese
(1964). For piles driven in-sand, it is generally
agreed to use a quake of 0.1 to 0.15 in. (0.25
to 0.4 ¢cm) for both the point and side resis-
tance. Similarly the point damping constant J

_is commonly taken equal to 0.15 s/ft (0.4
s-m) and the side damping constant J/ as 1,3
of j. The ratio between point resistance and
skin friction can be evaluated from the classical
bearing capacity formulas; the influence of this
parameter on the comiputed driving resistance
will. be shown during the analysis of the test
ptles.

The final values of the simulation param-
eters used' throughout the present study are

summarized on Table 1.

Analysis of the Instrumented Piles

During the construction of the foundation,
four instrumented piles were driven and test
loaded to investigate the driving behaviour of
> st concrete piles in sand. The information

‘ ied on vertical pile A2 was first .used to

calibrate the wave equation model and to de-
termine the parameter values shown in Table |,
The driving forees and ultimate bearing capaci-
ties measured on this pile as well as on the
other three instrumented piles were then com-
pared to the wave equation predictions.

Uirimate Capacity Predictions ’

Each of the instrumented piles were ana-
hyzed at various stages of penctration in the |
sand deposit. Figure 3 shows the variations
with depth of the bearing capacities computed
from the observed blow counts; also shown on
the figure are the ultimate bearing capacities
measured i the Toad tests on the fully driven
piles (the load test on pile C1 could not be
conducted up to failure).

The agreement between predictions and ob-
servations s remarkable. While such agree-
ment was o be expected for pile .2 for which
the wave cquation mode! was calibrated, it is
cquudly good for piles C2 and €3 in spite of
the ditferences in pile fength, depth in sand and
hammer weighis, thus demonstrating the qual-
ity of the analy <is,

It is also interesting to note that the com-
puted bearing capacities inerease linearly with
depth down o a depth of about 20 ft (6 m)
i the sand deposit corresponding to 20 piie
dizmeters. Below this depth, the computed
driving resistances remain more or less con-
stant. Thus it would appear that the concept
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Fig. 3. Computed and abserved ultimate capacitics
of instrumented precast concrete piles.

of critical depth proposed by Vesic (1967)
and supported by the results presented by
Tavenas (1971) governs not only the static
bearing capacity of piles in sand but also their
driving resistance. the critical depth being the
same in both cases.

Driving Stress Predictions

Figure 4 shows the distributions of driving
stresses computed at two stages of penetration
of pile A2, Also shown on the figure are the
corresponding stresses observed in the pile.
The agreement in both magnitude and distri-
bution is good but some scattering can be ab-
served, which mayv he possibly atributed 1o
the accuracy of thy siross HCasuring svstem.
Similar results were obtained for all instru-
mented piles. :

The driving stresses computed at the differ-
ent stages of penetriation of piles A2, Cl, and
C3 are compared 1o the corresponding stress
observations on Fig. 5: the data for pile C2
were not used here because of the 41 batter
of this pile which resulted in erratic stress mea-
surements. As can be scen, practically all data

J. VOL. 14, 1977
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are within +£30% of a perfect correlation.
Considering the difficulty associated with dy-
namic stress measurements in a composite pile
scetion, the quality of the stress prediction
from the wave cquation analysis can be con-
sidered very geod. The tight control of the
driving conditions has certainly contributed to
the quality of the stress predictions; under
normal field conditions where such tight con-
trols cannot be maintained, more important
deviations between the computed and the ob-
served stresses should be expected.

Analysis of the Test Piles H and J

As already mentioned the pile driving and
test loading program carried out-as part of the
design included the analysis of a steel H-pile
(referred to as pile H) and a Herkules precast
concrete pile type H-800 (referred 1o as pile
J), driven and fest loaded in succession to
depths of 3, 13, 23, 33, 43, and 53 {t (0.9.
4.0, 7.0, 10.0, 13.1, and 16.2 m) into the
sand deposit. The details of this program were
presented by Tavenas (1971). The two piles
have been analyzed at all stages of penetra-
tion by means of the wave cquation method.

Model and Input Parameters

Both piles consisted of a first 20 ft (6 m)
lony section and of additional 10 ft (3 m)
fong sections. For the purpose of the analysis
the piles were divided into 5 ft (1.5 m) sy~
ments so that the joints in the piles could be
easily simulated. :

The drep hammer used to drive the test
piles had a weight of 6300 Ib (28 kN), and
the drop height was varied from 1.25 ft (0.4
m) for the driving of the first two sections of
the concrete pile, to 2 ft (0.6 m) for the driv-
ing of the last concrete pile section and to
2.33 1t (0.7 m) for the steel H-pile. The driv-
g cap had a weight of 1300 1b (5.8 kN)
and carried a 6 in. (15 cm) high capblock of
hardwood. A 1 in. (2.5 ¢m) thick masonite
cushion was used when driving the precast
concrete pile. The input parameters for the
driving system were taken equal to those re-
sulting from the first analysis and given in
Table 1. : o

In order to evaluate the potential of the
wave cquation method for the prediction of
pile capacities in the common case where no
preliminary information on the soil parameters
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would be available, the following three seis of
input soils parameters were considered:
Assume for the quake and damping the
values proposed by Smith (1960) and assign
to the point resistance contribution the mini-
mum value of 20% of the total resistance;
With the same quake and damping assign (o
the point resistance contribution the maximum

g %
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stress cefl -

3
driving stress, x 10 psi
[¢] 1 2 3

(b) DRIVING FROM 36 TO 37 FT,

Based on the actual measurements made
during the driving and loading tests, assign
quake values varying from 0.07 to 0.20 in.
(0.18 to 0.51 vm). and peint resistance con-
tribution values decreasing with the increasing
depth of pile in sand. The damping constants
were maintained at the standard values,

The first two sets of input parameters should
give the limits and the Tast set the most prob-
able value of the bearing capacity of the con-
sidered piles.

Steel H-Pile

The steel pile used n the program was a 12
BP 74. Its properties were taken from the mill
specifications. Since the successive pile sec-
tions were connected by welding, no joints
were simulated in the analvsis,

The load test results had indicated that the
relative importance of point resistance and
skin friction was more or less constant at all
depths and the following input parameters
were seleeted for the precise analvsis:

Test  Depthin Quake Point resistance
No. sand (V) (in.) contribution (%)
H-1 2 0.07 40
H-2 12 0.10 40
-3 20 0.13 45
H-4 32 0.15 46
H-S 42 0.18 41
11-6 52 0.20 37

K

I
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Figure 6 shows a typical scries of results in
terms of the variations of computed ultimate
bearing capacities R with the driving resis-
tance in blows per inch (BP), for the three
sets of assumptions, By plotting the observed
driving resistance on thesc curves one obtains
the predicted ultimate bearing capacity of the
pile. In the case presented on Fig. 6, the mini-
mum and maximum capacities are equal to 72
and 88 1 (641 and 783 kN) respectively, re-
sulting in an average variation of =10%% . The ca-
pacity obtained from the precise input param-
cters is equal 1o 82 (730 kN), ie. nearly
identical to the measured capacity of 80 ¢ (712
kN).

The same pe and quality of results has
been obtained for the first four tests, as shown
on Fig. 7. The variation between the minimum
and maximum computed capacitics is in the
order of =10% . and- the capacitics obtained
from the precise input parameters are within
5 (45 kN) of the observed capuacities. Larger
deviations between (he computed and observed
capacities can be noted for the tests at greater
depth in the sand. (he computed  capacity
being too high by 11t (98 kN) or 10 for
test H-5, and too low by 39 t (347 kN)Y or
27% for test H-6. A change in the behaviour

%0

rom
5 i
< o
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of pile H had been observed during the int¢
pretation of the load tests and Tavenas (197
has suggested the following explanation: in -
first four stages of driving the soil within -
pile flanges was carried down with the r
forming a plug which was also ¢ffective dur-
the static load tests; at a depth in excess of *
0 40 ft (10.5 to 12 m) this plug was disloca: .
during driving, thus causing the pile to act as
non-displacement pile, probably during drivi-
and possibly also during the static load te«
The present results would support this expl:
nation, in particular for test H-6- the Tow pr.
dicted capacity would correspond to a non
displacement pile with a small point surfu.
and resistance, while the measured high capa
ity would result from the formation of a .
plug causing the mobilization of a high poin
resistance.

In spite of this local problem, the bearn.
capacity predictions obtained from the wan

cquation analysis are excellent for the steo
H-pile.

~Herkules Precast Concrete Pile ]

The Herkules H-800 precast concrete pif.
consisted of a first 20 ft (6 m) long sectinn
and of additional 10 ft (3 m) long sections
the connections being made with the standare.
Herkules mechanical joint. As already noted.
the properties of the pile were determined hy
direct measurement in the laboratory.

The load test results had indicated a regular
decrease of the point resistance contribution
with the depth of pile in sand, and the follow-

ing input parameters were selected for the pre-
cise analysis: :

—— .
Test  Depthin . Quake

Point resistance

No. sand (ft) (in.) contribution ()
— =& mo

J-1 3 0.07 80

J-2 13 0.10 59

I-3 23 0.13 31

J-d 33 0.15 43

I35 43 0.1§ 38

J-6 53 0.20 33

In a first analysis, the mechanical joints in

P
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Fig. a0 Typiial computed variations of R/ with

the driving resistance,

the pile were not simulated. The predicted
minimum, maximum, and -probable bearing
capacities for the six tests are shown on Fig. &
While the predictions agree with the observa-
tion for the first pile section, the measurcd
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no joint simulation.

ulimate bearing capacitics are consistently
lower than the predictions for all other cases,
and the difference between predictions and ob-
servations increases with the length of pile in
sand. Since the pile tested e the first test was
the only one without joint the poor agreement
hetween predictions and observations for all
tests but the first was thought to be the otiect

of the jeants on the driving behaviour of the

pile. As a next step, the joints were taken into
account by assuming that they avould: allow
immediate transmission of the compression
force wave, but that the tensile forces would
be transmitted from one pile section to the

other only after a given stack would have been
teken in the joint. The original computer pro-
gram had a provision for the simulation of
this type of joint effect. The magnitude of the
slack was taken cqual to the specitied con-
struction tolerance of the Herkules joint at the
time of the tesy, feo 0003 1, (073 main). The
beoring capacities computed from this new
analysis were practicatly identical to those of
the first anahvsis without joint simulation. This
stimple jomnt simulation was thus not repre-
sentative of the field behaviour.

The Hoersules piles used in the test program
were equipped with a central inspection pile.
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In order to keep the pipe clean and dry. the
joints were fitted with a rubber O-ring, so that
the two faces of the pile joint were not in selid
contuct nitially, A« g consequence it is most
likely that. during driving, the initial eap in
the joints had firct (0 be closed before any
tramsmission of the compressive force wave
to the Tower pile clement could The
computer progrim was ]

occur,

for a slack effect in both tension and compres-
sion in-cach joint, called here a bidirectional
slack.

In order o cvaluate the eilect of a joint
with a bidirectional slacks o detailed analvsis
of a pile with one joint was carried ont. The
joint was located in the middle of the

‘ pile and
varving

amounts of sdack were specified, FFig-
ure Uehl shows the oft
e compression v
paied oy b

(g Yean
impact

cet of the shack joim on

propagation as com-
SONAVe propagation with no doig
- The development of o secondary
i the joint can be observed. which
results inassignificant disturbance of the s

npe
of the force wine,

The resulting effect of this
disturbance on the driveability of the pile
be seen on Fie. 100 the reduction in ultimate
capacity at a given driving resistance is more
or less Tincar with the magnitude of the slack

cal
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ation through a joint without and with bidirectional slack,

and amounts
(0.25 mm).
In order to correctly simulate the field be-
haviour, the magnitude of bidirectional slagi
in the test piles was taken equal to half th,
construction tolerance of the Herkules joint
With this new model, the wave cquation anal-
vsis resulted in a significant reduction of (he
predicted capacities of the pites. Figure |1
shows the effect of the joints on the ultimate
capacity vs. BPI curve for test number J-5.
the presence of four joints with bidirectiona! -
slack results in a decrease of the predicted
ultimate capacity in the order of 20% ., and
the capacity predicted from the jointed mode
is remarkably close to the result of the foad
test. This effect of mechanical joints on the
drivability of precast concrete piles ds cun-
sistent with the experience reported by the
Swedish Pile Commission (1964). The mini-
mum, maximum, and probable bearing capirc-
itics predicted from the jointed model for the
SIX test piles are shown on Fig. 12 along with
the results of the load tests. The agreement be-
tween the predictions and observations is ex-
cellent, the maximum deviation being in the
order of St (45 kN) or 10%%. Again here, the
possible range of variation of the predicted

to about 9% per 0.01 - in
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Fig, 10. Effcct of the magnitude of a bidirectional
slack on the computed uliimate bearing capacities.

jmate capacity using common values of the
yparameters is in the order of 107, i.c.
pe..etly acceptable for any practical case.

Analysis of the Production Piles

Introduction

In the first two phases of this investigation,
the reliability of the wave equation method for
analyzing piles driven under tightly controlled
ficld conditions has been ‘established. How-
ever, the driving operations carried out during
normal piling jobs are governed not only by
quality requirements but also by cconomic
considerations and in particular a search for
productivity. As a result, the driving condi-
vons are generally less tightly controlied for
production piles and Targe variations are un-
avoidable in such important parameters as the
quality, thickness, and rigidity of the capblocks
and cushions, in the actual drop heights, in
the rhythm of driving. and in the resulting
cfliciency of each hammer blow. Therefore,
driving resistance measurements done on pro-
duction piles by the usual method of counting
the hammer blows per unit length of penctru-
tion are likely to be affected by a rundom error
cquivalent to the random variation in the
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Fio. 11 Computed R vs. 3P for precast concrele
test pile without and with joints simulation.

actual energy delivered (o the pile by ecach
hammer blow.,

The driving records of about 500 precast
conerete piles driven in the homogencous sand
deposit at the Samt-Charles River site have
supported this assumption. As reported by
Tavenas and Audy (19727, the observed vari-
atons of the driving encrgics are extremely
wide with the computed standard deviations
ranging from 23 to 45% of the average valucs.
Since the wave cquation micthod of predicting
pife capacities is based on the assumption that
cach hammer blow delivers the rated energy,
and since it makes use of the standard blow
count, 1t secins likely that the observed vari-
ability of the driving cnergies should be re-
flected on the vesults of the wave equation
analysis,

Resulis

In order to verify the refiability of the wave
cquation for the prediction of the ultimate ca-
pacity of production piles, the method was
applicd to 39 pilus dejven on thie Seint-C Lagles
River site, and for which full driving records
as well as oad tests results were available. The
precast conerete piles were similar o the Her-

hm e ., m0d
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with joints simulation.

kules H-800 piles described carlier; they were
driven by drop hammers, using essentially the
same equipment as in the test program. Con-
scquently, the same input parameters used in
the analysis of the instrumented piles  (sec
Table 1) were applied here. The character-
istics of the piles are given in Table 2. Also
given on this table are the ultimate bearing
capacities O, obtained from the load test car-
ried out and interpreted by means of the same
technique as that used during the design test-
ing program. Finally, the ultimate pile capac-
itics Qr obtained from the wave equation
analysis and the mcasured driving resistances
are also given-on Table 2. The results are pre-
sented in the form of the relation between the
computed (O} and the measured (Q¢m) ulti-
mate bearing capacitics on Fig. 13. The wide
scatter of the data is obvious: 16 out of 39
data points arc outside of the =30% limits.
with a marked tendency for the wave equation
to underestimate the pile capacity. By means
of a least square adjustment method, the re-
gression lines O, = a Cra + b and Qg = o
One 4 b" have been defined as shown on Fig.
13; they confirm the poor correlation between
the computed and measured. ultimate capac-
ities indicating that. in fact, no corrclation ex-
ists between the, two sets of data, in the math-
ematical sense of the term. The result of this
analysis thus confirms the carlier suggestion
that the random variability of the driving
cnergy mceasurements used as input would

and observed ultimate bearing capacities for precast concrete test pile
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FiG. 13. Comparison of ultimate capacities observed
and computed from the wave equation—-39 produc-
tion piles.

directly affect the quality of the wave equa-
tion analysis.

To [urther evaluate the true potential of the
wave cqualion analysis when applied to pro-
duction piles, it is interesting to compare the
results. of the present study with those pre-
sented by Tavenas and Audy (1972), in an
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TaBLE 2. Characteristics of tested piles

Test Pile Ot L oy H Blows/foot O
No. No, . (t) (ft) (kip) (rn last foot ()
1 A2/12 67.5 42 7.80 2 18 53
2 A2/138 90 42 6.78 2 44 93.5
3 C3/355 110 36 6.78 2 51 106
4 Cl1/676 140* 39 7.80 2 48 115
5 C2/1029 100* 41 7.80 2 55 122
6 HB/1116 110 40 4.20 3.5 42 78
7 C2/1254 100* 40 7.80 2 37 92
8 C3/1260 70 34 6.78 2 38 81
9 Cl1/1521 85 42 7.80 2 29 79
10, C2/1602 85 39 7.80 2 41 85
11 C3/1613 60 22 7.80 2 21 S5
12 C1/1636 - 125 37 7.80 2 40 99
13 Cl1/68 115+ 36 7.48 2 36 87
14 A2/307 112.5 37 7.40 2 39 91
15 Al,446 85 44 7.48 2 42 93
16 A2,609 60 20 7.48 2 29 70
17 A2/789 70 32 7.80 2 31 76
18 Al 993 87.3 43 7.48 2 47 107.5
19 S/1337 S0 30 7.78 2 29 74
20 C3/3441 85* 28 7.48 2 30 77.5
2] C1/3619 a5 40 6.78 2 42 8§7.5
22 C2,3653 100 37 6.78 2 34 75
23 G2/1790 50 34 7.80 2 34 88
2 Al/l8 t12.5 46 5.58 25 30 6%
25 A2/57 112.5 41 5.58 2.5 27 59
26 C3,209 §7.5 39 7.48 2 32 79
27 27212 125 43 6.78 2 33 74.5
r 28 2,289 120 18 6.738 2 32 74
) 29 Cl1/245 135 40 5.58 2.5 31 66
20 C1/7925 133 37 6.78 2 27 62
31 S,1040 87.5 32 7.48 2 30 72
32 C3/1345 80 35 7.48 2 36 90
33 C3/760 110 32 6.70 2 28 57.5
34 C2/1599 125 40 7.48 2 30 75.5
35 C1'1785 [45* 38 7.48 2 34 84.5
36 C3/3506 65 28 5.30 2 35 54
37 C2/3497 145* 34 5.30 2 52 79.5
38 C1:3525 145* 32 5.30 2 45 69
39 S/3537 120 - 28 5.30 2 58 84
J1 40 20 6.30 .25 24 38
J2 55 . 30 6.30 1.25 52 60
J3 78 40 6.30 .67 hk} 80
J4 95 50 6.30 1.67 110 100
Js . 108 60 6.30 2 100 107
J6 120 70 6.30 2 140 117

* Qi estimated.

‘investigation of the quality of some of the
usual pile driving formulas. Using the same set
of data, Tavenas and Audy ‘have established
the saume lack of correlation between the ob-
served ulumate capacides and the capacities
Q¢ predicted from the ENR, Hiley, Danish,
Gates. and modified Gates formulas. Table 3
summarizes the correlation characteristics be-
meen O, Qr, and Qr,. It can be scen that

the wave equation predictions are no better
than any of the predictions made by the pile
driving formulas. However, this does not mean
that the wave' equation method is not reliable,
but simply that the energy input is so variable
that it destrovs any value of the method. On
the other hand, a careful examination of Fig.
14 indicates that the correlations using the pile
driving formulas were poor not only for the
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TasLe 3. Characteristics of correlation between Qr,, and Qr. or Q.

Pile driving
lormula

Coeflicient of
correlation

Regression lines

a b a’ b’

FNR 0.181 0.052 44.0 0.810 60.8"
Hiley 0.131 0.030 46.5 0.284 86.6
Danish 0.272 0.234 100.5 0.387 52.7
Gates 0.225 0.08! 59.0 1.169 22.2
Gates modified by 0.253 0.130 67.9 0.727 41.8
Olson and Flaate

Wave equation 0.141 0.087 71.4 0.227 82.6

39 production piles but also for the six test
piles. This is an important finding indicating
that, given the proper reliable input data, the
wave cquation method leads to correct esti-
mates of the ultimate pile capacity while the
usual pile driving formulas do not,

In their paper Tavenas and Audy (1972)
had indicated that time effect may. have had
an influence on the ultimate capacities mea-
sured in the load tests, and they had indicated
the trend of variation of the pile capacity with
time reproduced on Fig. 15, In order to check
whether this time effect could affect the corre-
fation: between observed and computed capac-
iies, the variations of the ratio of Qe to Qe
with the time lag between driving and testing
were plotted ‘on Fig. 16. No trend can be de-
tected, thus suggesting that if any time effccts
were present, they were not sufliciently great
to obliterate the random variations due to the
poor reliability of the energy input data.

Summary and Conclusions

The experimental data gathered during the
design and construction of a large pile foun-
dation in the homogeneous sand deposits of
the Saint-Charles River ‘site in Quebec City,
provided an excellent basis for the evaluation
of the potential and limitations of the wave
cquation method of pile capacity  prediction,
both under the well controlied conditions of a
detailed test program and the normal condi-
tions of production piling,

Using for the various input paramcters the
commoen values presented in the literature
{Lowery et al. 1969), the analysis of the driv-"
ing behaviour of instrumented precast concerete
piles has shown that driving stresses can be
predicted within =30%, and ultimate capac-

ities within £10%, under well controlled driv-
ing conditions.

The application of the same method to the
steel H-pile and the precast concrete pile
driven and tested during the design testing
program, confirmed the high potential of the
wave cquation to predict the pile capacitics
when all parameters of the driving system are
well known and kept constant. For all but the
last test on the steel H-pile, the capacity pre-
diction was within =10¢% of the observation.
For the precast concrete pile the effect of
-mechanical joints in the pile was put in evi-
dence, and, with a proper simulation of the
joints, the capacity predictions were also within
=10%  of the observations.

The quality of the predictions was quite dif-
ferent in the case of the 39 producfion piles
analyzed in this study. One third of the pre-
dictions were beyond %£30% of the observa-
tions, and the coefficient of correlation result-
ing from a regression analysis between ob-
served and predicted ultimate capacities was
as low as 0.141. A comparison with the pre-
dictions obtained from five common pile driv-
ing formulas showed that the wave equation
predictions were not any better. This poor per-
formance was attributed not to the method
itsclf but rather to the highly variable energy
input.

The present investigation thus demonstrates
that the wave equation method of pile analysis
is a very reliable tool for the prediction of pile
capacities provided the pile driving system is
kept under very tight and: continuous control
to ensure that the measured blow counts are
truly representative of the driving energy im-
parted to the pile. However, under the usual
conditions of a piling job, a high variability of




49

DIBERT

TAVENAS AND

R

200

; X _ T
_ i
| ol
w i o
o]
3 s K512 3
3 _
W _. dja
w 2 Y, ‘ e <
n o Z NZ
TE ) 4 BE LGNl L e
: > y . ! T
e | H 5 g s N T
£ 3 S ! 2 o : ° 3
¥ _ £ _ ¢ S D | g
— - b — € H
g | ! 8 T 8 e N N T
m “ uA. 4 m o m ! - ’ mu'
w i : | i 2 Al |
= i ; i ! a ‘ o i
2 1 AR e N 12 et > o i N e 3
“ w ! i | O : i
! ! I j p i
! 1 ] i
| ! 1 | _ ‘
{ { i o L - ; =]
2 o g ¢ ° 2 g ) g g o °
sux  pHon30s 1o 001 * paoars bp
f T m m T m
— i
7 2
3 s o
(SRS R SN N SR - 2 Y g
H <
] < af i as
» “
T— if; T SURIA I N S I Y
v 3 | p _ ]
/ < T . m ! b
oy EY 5 = 4 < w
LI a > < |
T~ g ] S | |4 2
S AECETE R AVAR 3 gf - L N |88
: hent N
[¢] o | o (]
m. g i < {
€ i i !
5 > H Ve 1
e ! ! ! :
I Q v @ t- g Q : _ . 2
| e ! " N
; ' | SN
) L _ o o . Moo
m e 3 8 3 © - T, o g o 9 o o
3 2 & o - - - = = =
T jo0)sdiy wi 100 150] Ut A8134u32 Buiaup SUQI DAY SUOp P NDD 0

acities observed and computed from pile driving for-

14. Comparison of ultimate cup

-1G.

I
mul

9 production piles.

us--3

3

2R g iRTIE -

SR e




50 . CAN. GEOTECH. J. VOL. 14, 1977

200 T ] 7
! B e [T -
0 B i ° ° o
TSk - [ — i . EOETNE NE (W T
. y ! x | ,
Ele d ! ° g
S ' ;
2k | i t .
2 280 2 e gt
oS o ——
28 i 4 I
-] H
318 | - ; !
o -
< g > /,’ i |
aiglast ¢ : Bt r 2 3 -
p-15 / /) Pt Lo south srore
sie [ an .- l | © North shore
= ’ b ; '
SRR~ , 5 ] . i
S ooy 7 ‘ | |
315100 o = . N S AT
i i i
i q | |
] , |
» 1 [ i
ors
[ I 20 0 40 30 ©

fime log ! between drving ond festing in doys

FiG. 15, Time effects on the observed ultimate capacities of production piles.

1 T T T , T
! i PO i i
: ! | i
[ A : : |
z00 : 1 | I‘ B i - J—
i :
i _L_,__L ______ ‘____.9_ PO - S SN
¢ ' ey | i
&l T | | OI Ny l
s i ; .
E“;Iu i / ! o ‘ ‘! l ,{\ [ SN
s o : | o | i
5 g }" RS i ' i ! i> abwndrvwgm%l“‘:{:—:!? |lvum rig 1
HH 4 [ i
“}! 150 ! . i . ; | 4 I
fle s ‘ ! ' * AR
HE e, ! 3 - i
! ; | L
37 ;o ot P i l
I /o 1 g - |
bl /b g T i ]
:AI / Oj 0 ) i i
o T i I |
g 4 A4 9 ! o [ |
! |
! ni”u// i ']' i | ! Q SOUTH SeORE
100 - o 1 i- —
! | ° D NORTH. SHORE.
e |
o
o Dl | | o l
or I ! i |
o s 0 [ 20 2 0 33 - 4 0 » ©

1ma Jog t berween drving and testing in doys
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the properties of the driving system and of the

energies delivered to the pile by successive -

blows is unavoiduable and the blow counts are
not representative of the true driving energies.
The pile .capacity predictions obtained from
this variable input data through the wave
cquation method are no more refiable that the
input data itself. In order for the wave cqui-
tion method 1o be used to its full potential
m production piling it appears necessary to
resoit to direct measurements of the driving
energies: the method proposed by Goble and
his co-workers is based on such direct mea-
surements and should lead to predictions of
acceptable quatity. In the absence of such di-
rect measurement, the wave equation method

appears from a practical point of view, to be
no more than a complicated and expensive pile
driving formula, at least as far as the reliability
of production pile capacity predictions is con-
cerned.
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It has often been shown by previous investigators that the existing pite driving formulas yield

bearing eapacities which usually dd not stand in good correlation to the actual bearing capacitics of

. piles in sand. These poor correlations have always been attributed to the formulation of the equations.
- Based on the observations made on a very farge foundation built in an homogencous sand deposit
it is shown in the present paper, that the poor guality of the usual pile driving formulas originates
essentially in the estimate of the driving energy ; while it is assumed that cach blow delivers a constant
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Lk Bearing Capacities of Piles in Sand!
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energy equal to W X H for drop hammers, it appears actually that the energy delivered by a given

equipment varies systematically from blow to blow.

of 478 driving records, is confirmed by the driv

This conclusion, drawn from a statistical analysis

ing tests made on four instrumented piles.

The results of 45 load tests also confirm this conclusion in showing no correlation between the

actual bearing capacities and the estimated driving energy or the bearing capacities computed from

iy five different formulas. The observations also showa possible time cffect on the bearing capacitics
) of concrete piles in sand.

I 1l a ¢té démontré antéricurement par divers chercheurs que les formules actuelles de battage de
' pieux conduisent i la prédiction de capacités portantes qui ne concordent pas avec fes capacités por-
tantes réelles des pieux dans le sable. Ce manque de concordance 4 toujours été attribué a un deéfaut

Le présent article fait état des olservations faites lors de I"étude d'une fondation importante cons-
truite sur un dépot homogene de sable, Ces observations démontrent que e défaut des formules usucl-

les de battage origine dans l'estimation de Pénergie de battage; alors que I'on admet généralement
que chaque coup d'un marteau pilon fournit une ¢nergie constante cgale & W X H, il appert en fait
que P'énergie fournic par un ¢quipement donné varie systématiquement d'un coup a autre. Cette

i
i i . . .
LI daons la forme des équations. )
4 + .
% N 4
’ battage exécutés sur quitre picux instrumentgés.

* conclusion tirée d'une analyse statistique de 478 rapports de battage, cst confirmée par des essais de

Les résultats de 45 essais de chargement confirment également cette conclusion en démontraat le

- manque de corrélation entre les capacités portantes réclles et celles estimees en partant de 'énergic
de battage au moven de cing formules ditférentes. Les observations démontrent aussi qu'il existe
possiblement un cffet de temps sur les cupacités portantes des picux de béton dans le sable.

Introduction

- The most usual method of construction of

. 'piked foundations being by dynamic driving.
the idea of measuring the Cnergy necessary
to bring the pile to its final depth in the soil
~2ad of using this eneryy to predict the bearing
apacity of the pile has been logically put
= forward very carly in the history of piling.
-~ The first” mathematical formulation of «
correlation between the static bearing capacity
- and the dynamic driving resistance of a pile
i due to Sanders (1851) und was of the most

( ple form ie.,

.'Paper presented at the 24th Canadian Geotechnical
- Conference, Halifax, Nova Scotia, September, 1971,

' Camadian Geotechnical Journal, 9, 47 (107 )

oY i
v
4

O; = (W x H)|S

where W is the weight of the ram in tons,
/11 the drop height in iv ches. and S the set
per blow in inches. Although the simplest
posstble. this formula is no more mentioned
or used. so that Wellington’s formula, also
called the Engincering News Formula (Well-
ington 1893) is the oldest one to be well
known and used. It is still simple but a
constant C has already been added to take
in account the energy losses occuring at the
impact:

O = (H X H)(S + C)

In the search for a greater “‘accuracy”
or for more mathematically looking formulas,

fak
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a large number of sophisticated expressions
have been proposed since that time. As a
matter of fact, Dean (1935) listed 27 different
formulas. while Chellis (195D referred to
36 expressions; actually the real number of
existing formulas may be somewhat from
50 to 100, and possibly more. However it is
of great interest to note that the only difler-
cnees between the various formulas lic in the
introduction of a variable quantity of empir-
ical constants, while the basic paramelers
remain exactly the same for all expressions.
i.e. the weight of the hammer. the height of
the drop and the penetration of the pile. also
called the set under the effect of one blow.
This has alrcady been noted by Cummings
(1942) who stated: “there are only five basic
types of dynamic pile driving formulas.

., and all of them can be 'rcprcscnlcd by
the formula:

WX H =Ry S +Q

where R, is the dvnamic resistance of the pile
and O the energy losses that occur during
impact”.

With the great development of pile driving
operations. the, various formulas have been
increasingly used and at the same time their
validity has been investigated and mercly
questioned. Many references in the literature

are dealing with the validity of one or the

other formula or with the fundamental
aspects of pile driving formulas; important
papers have bLeen prcscnlcd by Cummings
(1940). ASCE (1941) with related: discussions
by Mohr (1942). Terzaghi (1942), Peck

(1942) and Cummings (1942), Sorensen and-

‘Hansen (1957). Agerschou (1962). Housel
(1966). and recently, Oslon and Flaate (1967).
Typically, many ol these papers are concerned
with the validity of the different coeflicients
involved in the analyzed formulas and arc
based on actual ficld loading tests performed
on various sites. They show the evidence of a
very large scattering in the results given by any
formula and cventually try to reduce it by
some kind of statistical adjustment of the
cocflicient or by introducing new empirical

arameters. For example, Olson and Flaate
(1967) analvze seven formulas and show that
the coellicient of correlation. between the
observed failure loads and the ultimate' loads

of 93 piles as computed by these formulas,
vary from 0.29 to 0.81 while it should be
equal to one for a perfect corrclation; by
a statistical adjustment of the Gates fermula
they establish a new formula which seems
to be slightly better as the coefficient of cor-
relation is equal to 0.85. :
Surprisingly enough, while tHe empirical
coefficients involved in the various formulas
have been the object of numerous investiga-
tions. only oae good study has been carried
out on the basic parameter involved in all
formulas, namely the energy delivered to the
pile during usual driving operations. The
Michigan study on pile driving hammers
reported by Housel (1965) was concerned
essentially with the efficiency of a number of
diesel and steam hammers but succeeded in
giving valuable information on the general
behaviour of pile driving systems and on the
variability of the energy delivered to a pile
from blow to blow. In particular, for the piles
driven in‘cohesionless soils at the Muskegon
s'te. Housel showed that the encrgy per blow,
described by the R-value (ratio of the number
of blows of a given hammer to drive a pile.
on a given distance to the average number of
blows of all hammers to drive this type of
pile on that distance). 15 widely scattered
between limits of 0.2 and 1.5 for example.
He concluded that energy losses-occurring at
impact were the cause of the lorge scattering.
While this study showed that the actual
encrgy delivered by a diesel or stcam hammer
was systematically different from its “rated
energy” and was much variable, therefore
making the use of that rated encrgy in driving
formulas very questionnable, the problem
of the evaluation of the energy delivered by
a free fall hammer is still to be solved. It could
be formulated as-follows: what is the accuracy
of the driving cnergy’s estimate obtained by
multiplying the weight of the hammer W
by the height of drop H? Also, does each
blow of a given driving system deliver exactly
the same energy, equal to B X H, to ‘the
pile, and if this is not the casc. what is the
variation from blow to blow? To cvaluatc
these phenomena, one should analyze ¢
large quantity of driving records of identica
piles driven by the same equipment in ar
homogencous soil deposit. :
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Such conditions have been encountered at
-the St. Charles River site in Quebec City,
Canada, where a large pile foundation con-
sisting of three parallel rows of precast con-
crete piles was built in a fairly homogeneous
deposit of fine sand. In this paper the prop-
erties of the deposit, the characteristics of
“the foundation and the analysis of the pile
(driving observations are presented.

Geotechnical Properties of the
- 8t. Charles River Site

The foundation under consideration is part
“of two 12 500 ft (3800 m) long retaining walls
in construction on both sides of the St. Charles
River in downtown Quebec City. The soil
investigation consisted of 32 standard borings
with split spoon sampling and standard
penetration tests and of 10 special borings
with undisturbed sampling of the sand. The
technique used and the results obtained have

fn published by Tavenas er a/ (1970),

AOver a length of about 9000 fi (2700 m)
on both sides of the river the soils conditions
are very uniform. A typical soil profile is
shown on fig. 1. The sand layer has been
investigated by means of more than 300 split
‘spoonn samples and standard penetration
“tests, and 78 undisturbed piston samples.
One hundred and thirty-seven grain size
distributions have been determined on samples
originating from locations distributed all
. over the site; the results, presented in fig. 2,
- show that the sand is a uniform medium sand
~ (note that particles larger than 4 were found
only on 5€¢ of the samples in a limited super-
ficial zone). The statistical distribution of the
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Fig. 1. Typical soil profile at St. Charles River site.
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N values is shown in fig. 3. The standard
penetration index N increases slightly with
depth with a mean value of 23 for the entire
deposit. As this average value applies to any
zone of the site this medium dense sand deposit
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may be considered as very homogeneous.
This is confirmed by the results obtained on
the undisturbed samples: the in siru dry
unit weight varies from 93.5 to 102 lb/ft3:
(1380 to 1571 kg/m?) around an average of
97.51b/ft3 (1501.5 kg/m3) and the relative
density measured according to ASTM D-
2043-64T is equal to 58¢; & 157,

Duc to this homogeneity this site is per-
fectly suited for any large scale investigation
on the behaviour of foundations. in particular
of piles.

Design and Characteristics of the
Pile Foundation

Due to structural and architectural con-
siderations, it was proposed to rest the walls
on two or three rows of piles driven in the
sand; typical plans and scctions are shown in
fig. 4. As the bearing capacity. of friction
piles in sand is practically impossible 1o
evaluate with a satisfactory accuracy from
any of the existing bearing capacity formulas,

and taking advantage of the uniformity of
the sand deposit, the design of the foundation
was based on the results of an extensive full-
scale pile driving and testing program.

The testing program was planned in such
a way as, first to reproduce as exactly as pos-
sible the working conditions of the piles in
the foundation; second to allow a comparison
between different pile materials, i.c., steel,
precast concrete, and timber; third to give
information not only on the variations of the
ultimate bearing capacities with the length
of the piles in the sand and with the driving
resistances but also on the variations of the
unit skin friction and point resistance with
the depth-in sand. The technique and the
results have been reported by Tavenas (1969,
1971). :
For design purposes the three following
relationships were developed:

1} The relationship between the ultimate
bearing capacity Q; and the length of pile’in
si.d (fig. 5), which was used to determine

»
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. Typical implantations of the piles in the foundation.
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the characteristics of the piles necessary (o

ensure a factor of safety of 3 against failure

"~ the actual foundation. '
A .

!
N
4

2) The relutionship between Q; and the
energy necessary to drive the last foot of each
pile (fig. 6), which was intended to be used
as a control of the quality of cach pile driven
in the actual foundation, and of the uniformity
of the piling work. '

3) The relationship between Q; and the
total energy necessary to drive the piles in
the sand (fig. 7), which could possibly be
used as a complement to the second correla-
tion. : '

According to the results obtained, five
categories of precast concrete piles were
designed with working capacitics of 20, 22,
25, 27.5. and 32.5 tons (18.0, 19.8, 22.5,
24.8, and 29.31) and corresponding lengths
of 15, 18, 22, 25, and 321t (4.6, 5.5, 6.7,
7.6, and 9.7 m) in the sand. The specifications
called for the piles being driven by means of a
free fall hammer weighing about 7000 1b
(3.21) operated by clutch release at a drop
height of no more than 30in. (76.2cm)
the driving energy had 1o be controlled for
the fast 2t (.6 m) of cach pile and for the
entire Tength of one every 20 piles, and the
energy necessary to drive the last foot of cach
pile was specified in order to comply with
the values given in fig. 6. Finally load bearing
tests to failure were specified on one of
every 150 piles of each category.

A total of 4160 piles on the north shore
and <520 piles on the south shore had to be
driven. Approximately 7070 of the work
is now completed; 478 full driving records
have been compiled on the south shore,
and 45 driving and load bearing tests have
been made on both shores. These results
obtained on identical piles driven with the
same cquipmeat in an homogeneous sand
deposit will be further analyzed.

Aualysis of the Observed Driving Energies

Very early in the control of the driving
operations it appeared that the observed
energies vari~! much from pile 1o pile. At
the same time, load bearing tests carried out
on piles, for which the energy in the last foot
was much betow the required limit. showed
that the ultimate bearing capacity was in

excess of the required value. It appeared -

therefore, that the relationship shown in
fig. 6 was not unique and could not be used
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to control the quality of the individual piles,
and that an analysis of the observed driving
energics would be of great interest.

A statistical analysis of the observations
on the driving encrgy has been made for 478
piles from the south shore. The energies
necessary to drive the Isi. Sth, 10th, 20th,
25th, and 30th t of pile in the sand have been
analyzed and the following parameters de-
termined: the minimum, maximum and aver-
age of all observations: the stttistical distri-
bution of the abserved values in form of
cumulated frequency curves: the <tandard
deviation and the coeflicient of dispersion,
cqual to the ratio of the standard deviation
to the average.

Fig. 8 gives the variations of the minimun,
maximum and average energy per linear foot
as a function of the depth of pile in sand. |
While the average encrgy increnses lincarly
with depth, this figure shows that the indi-
vidual observations aje very largely scattered
around this average. The cumulited frequency
curves shown on fig. 9 for cach depth level are
more or less lincar between cumulated fre-

CANADIAN GEOTECHNICAL JOURNAL. VOL. 9, 1972

quencics of 15C, and 85¢7, thus indicating
that 70°; of the observations are randomly
distributed between the different intervals,
As shown in Table I, the standard deviation
increases with an increasing energy and g
decreasing number of observations from
86 kips ft'Tt (38.71¢ m/m) at a depth of 111
(.3m) to 173 kips fi/ft (77.9 ¢ m/m) depth
of 30t (9.1 m). On fig. 8, the curves repre-
senting the variation with the depth of the
average cnergy plus or minus the standard
deviation are” shown. Their form confirms
that the observed variability of the cnergy s
not related to the behaviour of the sol] in
which the pileis driven but is due to a phenom-
enon independant of the total energy. The
computed coeflicients of dispersion  vary
from 0.450 t0 0.225, a value of 0.25 being
possibly tvpical. Such values have to be com-
pared to the possible limits of the coefficient
of dispersion, equal to 0 for a perfectly re-
producible phenomenon and to about 0.5
for an absotutely non-reproducible or ran-
domly scattered phenomenon. The actual
values indicate a phenomenon of low re-
producibility or large scattering.

driving energy , per foot in kips-foot
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If ' we now consider that the soil deposit is
fairly homogencous and that the piles are
identical and driven in rows (sec fig. 4), thus
eliminating any possible group eflect. so that
the driving encrgies should actually be quite
=piform and statistically distributed according
) a Gaussian law with a very low cocfficient
of dispersion, the observed random distri-
bution has to be attributed to the procedure
for evaluating the energy, and more precisely
_to the assumption that the energy generated
by each blow is equal to the product of the
weight of the hammer by a constant height

of drop, and therefore is a constant. On the

contrary, it becomes evident that the energy
delivered to the pile varies widely from blow
to blow due to the many variable parameters
involved: the actual height of drop which is
determined by hand of the operator of the
rig and is essentially variable, the drag
exerted by the cable during clutch relesse,
the friction of the hammer along the lead
during the drop, the relative position of the
hammer. the driving cap and the pile at im-
pact. the state of the wood cushion on top
of the driving cap. which certainlv varies
frem blow to blow, the state of the fiber
cushion between the cap and the pile head.
the rythm of blows application. the clastic
behaviour of the pile. etc... Therefore, the
assumption that the energy delivered to the
pile is identical from blow to blow and cqual
to WX H must be considered as a large

~over-simplification of the phenomenon; the

fact that the energies so computed are widely
scattered, as shown in fig. § and 9, is no at
all surprising. - '

Driving Tests on Instrumented Piles

In order to further investigate the driving

“behaviour of the piles and to confirm the

previous obseryvations. four driving tests have
been carried out on instrumented piles of
various lengths. The piles were equipped
with a central vertical pipe on which electric
strain gauges were glued at five different
fevels,  particular at 100 (.3 m) above the
pile tip and 2t 8 {1 (2.4 m) below the pife head.

The strain gauges were glued on the outside
of a §in. exira strong steel pipe, in groups of
four, with two active and two reference
gauges connected in full bridge. The gauges
were protected with a waterproof coating and
two layers of electric tape.

The instrumented pipes, cequipped  with
Jdowels spaced at 12in. (30.5 ¢m) symetrical-
iv to the gauge levels. were attached 1n the
axis of tie reinforecement cages made up of
st #5 with =3 spiral styrup, spaced at 61in.
(15.2cm) (fig. 10). After correct positioning
of the cages, the piles were cast in the standard
hexagonal molds with a concrete having a

7500 p.s.i. (82700 kg/m?) minimum strength.

In the same mold a reference picee of pile was
casted with the same concrete; the reference
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picce had a length of 36 i, (9. 44 emy and
Was equiped with an instrument pipe bearing
a4single strain gauges group glued at mid
height: this reference picce was used to mens-
ure in the luborutory the modulus of ¢last-
icity of the finished pile on the same day
as the tests were made and 1o cheek the read-
ings given by the strain rauges,
For the tests, alter lmlzmcing
bridges with the pile in horizontal pusition,
the standard bridge MEASUTING UBIl was con-
nected 1o an oscillogruph and
of the owi!!ogr:\ph sCt S0

the different

the sensitivity
a5 toogive 250
Meper Fing (063 em) division on the cathodic
sereen. At different states of driving. dynamic
stress micasurements  were made for scries
of three consecutive blows, photos being
taken of the traces on the oscillograph. For
the same blows the deformation of the piles
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SECTION A-A

FIGO 100 Detas of the mstrumented pile,
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were measured  at ground level, Fig. 11
reproduce examples of the recults obtamed
A total of 20 serics of measurements hasve
been made. ,
From the peak driving force F, ohseryed
at pile head, and the maximum displacement
Sy atthe same level under the impagct of a given
blow, the actual energy at pile head £
Fy > S, has been computed. From the peak
driving force £, at pile tip and making the
assumpnion that the final set § at ground eyl
represented o tip displacement under (he
impact of a given blow, the sctual energy
pile tip £ = F, X § wus alwe compitted.
The computed energics Lyoand £, have
been compared to the cnergy theoreticalls
delivered by the blow, fe. £ - 1) X L The

!

Fiu,

T Driving forces at pile (a) head and (W tip.
Scide of photographs. One square has a fergth of 250
win. in. = 30 tons. Pile number = A2-138 pie length
42 ft 4in., length in soil at testing = 360t 6 in. weight
of hammer 6750 1tb, drop height =.24 1., average set
under observed blows = s insand average displacement
of pile head under observed biows = Iin,




statistical  distribution of the computed
ratios £,/E and EJE is given in fig. 12.
If the product W X H would accuratgly
represent the energy delivered to the pile
and if each blow would be nearly identical.
the E,'E curve should be nearly a vertical
line passing by the abcissa 1; as shown in
fig. 9, this is by far not the case, the observed
values of E\/E being scattered between 0.6
and 2.2 around an average of 1.1. This result
therefore confirms the previous conclusions:
the actual encrgy delivered by a free fall
hammer during normal driving operations
differs greatly from blow to blow and is
generally not equal to the product W x .

Validity of the Driving Formulas

The analysis of the observations on the
assumed driving energy has led ‘to the con-
clusion that the usual energy estimate was not
satisfactory, and when used in pile driving
formulas, would have a detrimental effect
-in inducing an important scattering of the
results. This conclusion can be verified on the
r‘ascr\'ulions made on 45 piles which "were
~dbmitted to driving and loading tests.
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The loading tests have been performed on
piles, driven at various lc cations on both shores
of the river, and which were usually selected
on the basis of a final driving resistance below
average. The final sets observed on these

piles varied from 0.22in. to 0.66in. per .

blow. The test load was applied by means

of the same jack for all piles, the necessary

reaction being provided. either by a loaded

platform or by pull-out reaction on four

neighbouring piles. The loads were applied
in 12,5 tons (11.31) increments sustained
for 60 min. up to a maximum load equal to
four times the design bearing capacity of the
piles. A typical load-setilement curve is given
in fig. 13, which shows a clear definition of the
failure load; however, on 259 of the piles
no failure was reached, the ultimate bearing
capacity being then cxtrapolated from the
form of the load-settlement curve. Table 3
gives the complete basic information on the
45 tested piles.

Beside the energy necessary to drive the
last foot of each pile, five pile driving formulas
have been considered for comparison with
the observed failure loads (Table 2).

t g T - 0
IS Sy
energy 'cf pile tip l%
80 ~_%rqy ot pile heod
/7/ I
60 /

40‘{ Y

o/

parcent of values smalier thon x

0 02 0.4 06 08 10

actucl energy in the pile = force x displacement

i
.
1.2 4 16 1.8

theoriticd energy delivered = weight of hommer x drop height

Fig. 12. Statistical distribution of Ey,/E and IY/E.
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In all these formulas, the constants were ¢y, = efliciency of the hammer = 0.8 4
selected as follows: ‘ cording to Whitaker (1971)
C = constant of the hammer =1 .
cording to Chellis (1951)
epplied loods , oom CI = 0. 15, C?_ = 0.50, C_, =0.10 Accor!
of : ing to Chellis (1951) - .
n =025 according to Chellis (1951)
N [ S A = Cross sectional area of the pile
Py S N . o sattiemant 125in.2 (806.3 cni?)

L= Young‘s modulus of the pile =6
10¢1b/in2. (4218.6 x 106 kg/m?)

The parameters are defined as follow.

W= weight of the hammer in tons
1" = hcight of drop in inches
10 b~ — . ~ . . .
, ¥ = set of the pile per blow in inches
2 f e S \

Fro. 13,

W, = weight of the pile in tons

- (i, = ultimate bearine capacity in tons
i g Y
re L. i "

The values of these parameters for each pile
- Lead settlement curve for pile No. A2-789.  are given in Table 3.
Tanue 1. Average. standard deviation and coeflicient of dispersion of the energy.
Numbe: Standard  Coeffic'ent
R of I-r.n'nimmx\ i':m:\.\:im:;m F’-:l\'vr:\c:e deviation of
Depth it observations K-ttt k-ft/ft k-ft/ft k-ft,ft dispersion
I 478 20 560 191 86 0.450
S 478 40 560 250 90 0.300
10 47N 80 620 329 91 0.276
15 4706 120 800 417 107 0.257
20 370 140 920 503 113 0.225
25 153 280 1020 600 159 0.265
30 hE 300 1100 768 173 0.225

Tanee 2. P driving formulas considered in this investigation

L eh X WX H
Engineering News C i

| Ot = g e
(Wellington 1893)

en X WX H Wton? W,

Hiley (1925) : Qrey == o S

SEHC G T Cy N T T W,

: : e X WX H
Danish . ¢/ E— )‘.W_,,__,,..h_,
(Sorensen & Hansen 1957

Gates (1957

o0 .
Maoditied Gates Ots = [9 X <¢h XX 1{) X log K ~.27
(Olson & Flante 1967)

N

SNelt NG of the

Dresesbod bormulas contains a factor of safoty,
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TasLe 3. Characteristics of tested piles

been compared to the measured ultimate
bearing capcaity Q.. The results obtained
are given in fig. 14, where the light svmbels
refer to the piles tested during the construction
f the foundation and the dark symbols to

“the piles tlested during the design testing

L Wy I Blows/fout

No No. Tons Foot Kips Foot Last foot
1 A2/12 67.5 42 7.80 2 iR
2 A2/138 90 42 6.78 2 14
3 C3/358 110 36 6.78 2 5t
4 Cl/676 140% 39 7.80 2 48
5 C2/1029 100* 41 7.80. 2 55
6 HB/1116 1o 40 4.20 3.5 42
7 271254 oo 10 7.80 2 37
3 C3/1260 70 a4 6.78 2 18
9 Ci/1521 85 42 7.80 2 29
10 C2:1602 85 39 7.80 2 a1t
11 C3/1613 60 32 7.80 2 21
12 C1/1636 128 37 7.80 2 40
13 1,68 115% 6 7.48 R} © 36
14 A2:307 112.3 37 7.40 2 39
15 Al 346 h& 44 7,448 - q2
16 A2609 60 30 748 2 29
17 A2IT89 70 U 7.80 2 3
18 Al 995 R7.5 43 743 X 17
19 S, 1337 30 Rt 7.9 2 29
20 C3 344l Ri= s 7o 2 30
21 Cl1/3619 EN 40 678 2 42
22 C2/3653 100 37 6.7% 2 34
r\ 23 C2/1790 50 34 7.80 2 34
)‘ 24 AI/IS 112.5 16 558 25 30
=1 25 A2/3T7 2.5 41 5.58 2.5 27
26 C3/209 R7.3 39 7.48 2 a2
27 C2i212 125 43 6.78 2 33
28 72/289 120 Rb G678 = 32
29 Cl1/245 135 40 5.5838 2.5 31
30 C1:925 135 37 6.78 z 27
31 S/1040 875 32 748 2 30
ki C3/1345 20 35 7.438 2 306
33 ‘C3,760 1o a2 6.70 2 RA
34 C2/1599 125 40 748 2 30
35 C1/178s 145% 38 7.48 2 34
36 C3 2506 .5 o 5.30 2 kB
7 C2/3497 145% RE 5.30 2 52
38 Cl1/352 {45* 32 5.30 ) 45
39 $/3537 170 28 5.30 2 58
J1 40 20 6. 30 1.2S I
J2 S5 30 6.30 1.25 47
J3 78 40 .30 1. 67 26
J4 Y3 Y 6. 30 [.67 50
Js 108 60 ¢330 2 S5
J6 120 70 6,30 2 o0

*Qrpyy ostimated.
The computed values of @y and the cnergy  program. The sole observation of fig. 14
delivered to drive the last foot of pile have shows that no valuable corrélation exists

between any of the computed bearing capac-
itics and Q. By means of a lecast square
adjustment method the regression lines Qg =
a Q@ + b oand @, = a’ QO + b’ have
been delined as shown on fig. 14; the values
ol the coetlicients a, b, a’, and b” as well as
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of the coefficieats of correlation  which
have been ccmpuated are given in Table 4.
All these results confirm that no correlation
can be found between Oy and @y, for the
piles tested, and that all five formulas are
practically similar in their inefficiency as
the coeflicient of correlation vary from 0.13
for the Hiley formula to 0.27 for the
Danish formula.

These results are in concordance with the
observed scattering of the driving encrgy on
which the formulas are based. Therefore, it
can be concluded that for the type of piles
tested the usual driving formulas are of no
practical value, not because of an crroneous

formulation but at least partly because the-

basic parameters which are used, i.e. the driv-
ing energy and the set per blow are not ac-
curately controlled and are therefore aitected
by a very large scattering which directly
reflects on the results yielded by the formulas.

The Effect of Time on the Bearing Capacity

The influence of time on the behaviour of
Jes driving in cohesionless soils has often
)cn recognized as a potential difliculty
related to the use of pile driving formulas
for predicting the static bearing capacity of
such piles.

Parsons (1966) has presented case Listorics
from the New York City area which show
that the penetration resistance of piles in
granular soils may vary with time. As re-
ported the observed penetration resistances
at the beginning of redriving of steel piles in
submerged sand were much lower than at
the end of the initial driving which had been
performed weeks or months before; also,

TasLe 4. Characteristics of correlation between Q3

and QC
Coeflicient Regression lines

Pile driving of B -

formla correlation a b HY b’
ENR 0181 0052 4.0 0810 0.8
Hiley 0.131 0030 465 0.284 S6.6
Danish 0.272 0,234 {00.5 0.337 =207
Gates 0.223 0.651 53.0 l.iay 22.2
Gates modified

by Olson and

Flaate 0.253 - 0.130 67.9 0.727 41.8
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the measured static bearing capacities  de-
termined by load testing were on some oc-
casions much smailer than expected as com-
puted from driving formulas. Parsons called
this phenomenon of the reduction of the soil
resistance ~around the pile, “‘relaxation”,
but fuiled to propose valuable explanations
for it

Yang (1970) has recently analyzed very
extensively this reluxation phenomenon of
piles in sand and showced that pore-water
pressures as well as changes in the soil
structure after driving could Jead to variations
of the driving resista. ce. Investigating the
influences of these two parameters, he showed
that, tor piles in fine sand, the permeability
is low enough to allow the buad up of pore
pressures during driving and therefore the
dissipation of some energy in the pore water;
consequently, a high driving resistance s
measured  whichh however is not stgnilicant
for the long term behaviour of these piles.
Yang also comsiders the effect of the soil
structure and suggests that for piles driven
in dense sand a low driving resistance has to
beexpevted at redriving while for loose sand
the driving resistance will increase with time;
however. he failed to show an evidence of this
last statement on case histories.

During the initial testing program, as re-
ported by Tavenas (1971) the piles were driven
in 1011 (3.0 m) increments and load tested
after cach driving scquence. Delays of at
sast 12 h between the end of driving and the
beainning of the test, and about 24 h between
the end of the test and the start of the next
driving sequence were provided. No signif-
icant differences were observed in the driving
resistances at the end of driving and at the
beginning of redriving despite a delay of at
least 48 h between these operations. Thus,
as shown on fig. 14, the corrclation between
Q; and the driving energy is the same which-
ever energy s considered.

i we now consider the resubis of the test-
piles i the actead foundation, fig. 14 shows
clearly that their behaviour was  sensibly
different. their static hearing capacity being
usually much larger for the same final driving

energy. As these piles were perfectly identical

to the reference test piles with respect to
material, geometry, driving equipment, spac-
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ing. and surrounding soil. the systematic
increase of the ultimate bearing capacity
has to be explained by the influence of the
only variable parameters. e, the time lag
between driving and testing of each pile,
Fige 15 shows the relutionship between the
time lag and the ratio of the ultimate bearing
capacity of each pile 1o the ultimate hearing
capacity ol the corresponding test pile for
which the time lag was 121, Despite an
important seattering of the resuhs, a definite
tendency can be  observed. the ultimate
hearing capacity increasing during the first
1510 20 days to reach a constant value 70¢,,
higher than that observed at 12 h. As observed
by Tavenas (1970) in an Waalysis of the first
IS tests performed at the St Charles River
Site. this phenomenon cannot be explained
by the influence of pore pressure, as the sand
1550 pervious (A = 10 2 emifsed) that com-
plete pore pressure dissipation can be expected
to oceur within a few hours; the increase in
bearing capacity has therefore to be related to
changes occuring in the sand structure around
the pile.

Conclusions

Very often in the past the validity of the
existing pile dri\'ing formulas has been in-

CANADIAN GREOTECHNICAL JOURNAL. VOL.9, 1972

vestigated and  questioned. However. the.
analysis were usually based on observatior
made on various types of piles driven at dirve
ent sites so- that not real uniformity of i,
basic information was ensurod, Thus, 1h

conclusions  of these investigations coul
always be related. no onlv to the has
phenomenon under in\'estigution. but al.

to vanations in the site conditions.
of piles as well as in the testing
were therefore not definite,
On the contrary, the investigation presente -
in this paper has been. carried out on a yver
large pile foundation where a good uniformiy-
in all the parameters was ensured: a uniqu
type of piles, hexagonal precast concrel
piles with an equivalent diameter of 12 p
(30.5cm), was driven by the same cqinp
ment (drop hammer) in a sand deposit whic
Was proven to be uniform in jts physical ane
mechanical propertics. Therefore idey corn
ditions were provided for an extensive in
vestigation of the validity of the usual con-
trols of quality based on’ the driving cneray.
The statistical analysis of 478 complets
driving record shows that the driving enera
as evaluated by multiplying the weight of the
hammer by the drop height, is very wideh
scattered, The limits of the range of variation

in the o
techniques. an
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arc related to the average value £, by £,
+ 70°,, and the coeflicient of variation,
defined as the ratio of the standard deviation
to £ varies from 0.225 to 0.450 despite
the very large number of observations. As
the soils conditions are uniform this scattering
musi be attributed. not to variations in the
driving behaviour of the pile soil system, but
to the erroncous evaluation of the driving
energy delivered to the pile, and mainly
on the assumption that cach blow generates
an identical energy cqual to W X /.

Driving tests carried out on instrumented
piles show that the actual encrgy delivered by
different blows varies much and is usually
not equal to W x H.

The usual energy estimate being proved
erroncous, it is possible to conclude, first

that any pile driving formulas in which this.

estimate will be used will also be erroneous,
sccond that the control of the driving energy
cannot even be used to verify the uniformity
in the bearing capacitics of the piles and to
extrapolate to them the observations made on
a few tests pifes. Actually the driving energy

,-:omrol was absolutely useless on the reported

)c job. _ »

“ The analysis of the results of 45 load tests
confirms this conclusion: it is shown that
the bearing capacity computed by any of the
five following formulas, Wellington, Hiley,
Danish, Gates, Gutes modificd by Olson,
and Flaate, had no uvseful correlation to the
actual bearing capucity, the highest cocflicient
ol correlation being 0.27.

As this poor quality of the results, obtained
by pile driving formulas, is at least partly,
related to the erroncous cstimate of the
driving cnergy, cfforts should be made now
develop a technique for measuring as-accurate-
ly as possible the actual cnergy delivered to
the pile by each blow; this could probably
be achieved by developing an instrumented
driving cap. In the meantime the validity
of the usual pile driving formulas is best
dafined by a statement made by Peck (1942):
“It can be demonstrated by a purely statistical
approach that the chances of guessing the
bearing capacity of a pile are better than of
computing it by a pile driving fermula™.

Finally, it 1s shown that, cven il a method
of measuring the driving energy would be
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developed, the use of good pile formulas
would not neeessarily lead to a valuable

estimate of the static bearing capacities of

piles, due to possible time ecffects. For the
sand and the conerete piles under considera-
tion, the bearing capeity shows a trend to
increase by about 70¢ in the first two to three
weeks after driving. the tong term behaviour
of these piles being therefore not related to the
driving resistance.
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