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This study was conducted to assess the resistance coefficient of an empirical formula often
used to estimate the static vertical ultimate load at the tip of bored pile. Ultimate tip load
was defined as the load at which a given pile attains a settlement that is equal to 10% of
its diameter (Such load is known as the standard bearing capacity of a pile). Data taken fram
each of a series of loading tests were analyzed in detail, assuming that they follow a Weibull
distribution curve. Extent was determined to which such loading test should be conducted so
that data therefram be effectively used to estimate, with a reasonable accuracy, the ultimate
load of a pile at its tip in terms of its settlement/diameter ratio also at its tip.Three
different average N-values were detemmined of a given soil each in a different way.The
coefficient of resistance was then determined for an empirical formula, by dividing the tip
load as measured by each of the three different N-value so as to determine which N-value can
be used to the best effect.

Key words: bored precast pile,case history vertical loading test, load-settlement curve,

tip bearing capacity , standard penetration test .

Introduction

Loading test is seldom conducted on a pile to a load
large enough to allow its ultimate load to be clearly
identified. If sufficient data are not available, as often
is the case, ultimate load needs to be estimated of a pile
by extrapolating the load-settlement curve as determined
through a loading test conducted on such pile. Methods have
been proposed to estimate such ultimate load by assuming
a mathematical model,
relationship, to represent data from a loading test". The
technique proposed by Van der Veen? and that worked out
by Uto et al” are typical of such methods that have widely
been used. '

Based on a technique to accurately estimate the ultimate
bearing load of an impact-driven open-end steel-pile by
applying a statistical analysis to data from a vertical
loading test as conducted on such pile, Matsuo et a1?

proposed a method to work out an empirical formula to
5),6)

including an - exponential

determine its static bearing capacity. Yamagata et al
undertook a camprehensive study on the ultimate tip load
of cast-in-situ and bored piles by applying a statistical
analysis to the data taken from a series of loading tests

on such piles, deriving a correlation between ultimate

load at their tip and the N-value of the soil there.

Meant to offer possible methods, as well as to demon-
strate their validity, with which to work out empirical
formulas enabling us to determine the resistance from the
soil at the tip of a pile and the force arising fram the
friction along its length, these proposals and studies
proved to be a great deal of improvement inpile foundation
design practice. Horiuchi et al” proposed to another
method estimate the ultimate tip load of a pile with a
reasonable accuracy by assuming that the load-settlement
relationship follows a Weibull distribution curve. In
spite of such proposals and studies, not enough work has
been conducted to data to estimate the‘ultimate tip load
of a bored pile or to determine the correction factor for
empirical formilas available to calculate such load.

This paper describes the study conducted to work out the
correction factor of an empirical formula to determine the
static vertical bearing capacity of a longboredpile.Data
were used from a series of loading test that had been
conducted elsewhere on seven different types of pile.
Details are as follows:

(1) Relationships were examined between load and set-
tlement/diameter ratio as well as load and residual-
settlement/diameter ratio, both at pile tip and pile top
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as worked out by using the results formm a multi-cycle
loading test conducted on each of the piles, assuming that
both of such relationships follow a Weibull distribution
curve”.

(2) In reference to such relationships, extent was
determined of the load to which a loading test should be
oonducted so as to accurately estimate the ultimate
bearing load of a pile tip , defined as that at which its
settlement reaches 10% of its diameter.

(3) Applicability was examined of an empirical formula
widely used to calculate the vertical bearing capacity of
a bored pile, in reference to the N-value and the
settlement/diameter ratio. In doing so, three different
types of average N,N; and N, were used: N was determined
as correspordling to the range of depth between 4D above
and 1D below pile tip (as currently used), N, as measured
over a range of depth fram 1D above to 1D below pile tip,
and N, as determined over an interval of depth between pile
tip and 1D below there, so as to incorporate the recently
prevailing concept on mechanics of soil and also to see
which of the N-values can be adopted to the best effect.

(4) Coefficient of resistance was derived for the em-
pirical formula, by dividing the tip load as measured by
each of the three different N-values.

METHD TO ESTIMATE THE ULTIMATE TIP IOAD AND SAMPLE PILES

In estimating the uitimate tip load of a bored pile, its

where Ro is the load applied on pile top; (Roju, the
ultimate pile top load, So the settlement at pile top, Sy
the settlement (when Ro is equal to the yield load Ry, the
value of Ry can be dbtained as 0.63(Ro)u) ;m(>0),the
displacement index (m was assumed to be equal to 1 in this
study) .

For the purpose of this study, data were taken from the
loading tests conducted on seven long concrete precast
piles, each bored into a predrilled hole by using an auger
passing through its hollow at each of the five different
sites. All the piles, except one,were of the type provided
with a friction cut to improve load transmitting effi-
ciency fram their top to tip,and had been bored into a
nunber of different types of soft soil in conformity with
the purpose of this study. A pile without such friction
cut was also included among the sanple piles to compare
its load bearing capacity with those of the other piles
provided with a friction cut.To ensure reliable re-
sults,all the sample piles,though relatively few in
number, were chosen from among:

(1) those which had been installed with due care so that
they might provide as accurate a set of data as possible,

{2) those to which a depth gauge and a set of strain
gauges. had been attached so that the resistance from the
soil at their tip and the friction along their
ciramference could be determined separately,

Table.1l General Description of Sarmple piles and their

load-settlement characteristic was assumed to take a installation
Weibull distribution curve, as had been proposed by Uto™. sample}  pile _pile pile . . Toad
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Fig.1 Boring Log and sample pile as bored at each site
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(3) those which had been tested to a relatively large
load or settlement , and had attained a top-to-tip load

transmitting ratio greater than 80% so that a high degree
of accuracy ocould be cbtained in the results as estimated
by using the proposed method, and

(4) those which provided a relatively consistent set of

information on soil conditions and installation method.

Given in Table 1 are the diameters, installationmethod,
penetration depth into load bearing layer, type of soil,
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and the top-to-tip load transmitting ratio at the maximm
test load for each of the seven sanple piles. Strain gauges
were attached to every pile at a height of 0.5 to 1.0m fram
its tip. Shown in Fig.l are the boring log at each site
along with the respective sample pile as installed. The
vertical loading tests were carried out in accordance with

the Standard the Japanese Society of Soil Mechanics and
Foundation Engineering”.

ESTIMATING THE ULTIMATE TIP LOAD

Fig.2 shows seven diagrams each containing four curves
representing the relationship between unit load or load
per unit area (Ro/Bo) and settlement/diameter ra-
tio(So/Do), load (Ro/Po) and residual-
settlement/diameter ratio(Sor/Do), both at pile top, as
well as those between unit load (Rp/Bp) and settle—
ment/diameter ratio(Sp/Dp), unit load(Rp/Ap) and resid-
ual-settlement/diameter ratio(Sor/Do), both at pile
tip, for each of the seven sample piles respectively.

unit

Shown in Fig.3 are curves each representing the rela-
tionship between unit load(Ro/Bo) and residual-
settlement/diameter ratio(Sor/Do )at pile top as well as
that between unit load (Rp/Pp)and settlement/diameter
ratio (Sp/Dp) at pile tip for each of the sample piles.

By observing these two figures, it can be noted that:
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Fig.3 Ro/Ao™~So/Do and Rp/Apr~Sor/Do relationship for
each of the seven sample piles



(1) In general, the experimental data taken at pile top

are in fairly good agreement with the respective curves
representing Eq. (1), and so are the ultimate unit top loads
(Ro/Bo)u as calculated = acordinate.the Eq. (1) with the
corresponding ultimate loads as measured, either when
settlement/diameter ratio exceeds 20% or as residual-
settlement/diameter ratio becomes larger than 15% at pile
top. Data taken at pile tip are also in good agreement with
the respective theoretical curve. No significant
difference is seen between ultimate tip-loads . (Rp/Ap)u
as calculated and those as measured,either when the
settlement/diameter ratio exceeds 10% ,or as the resid-
ual-settlement ratio becomes larger than 6% "or 7% at pile
tip. In every case, however,a substantial discrepancy
appears between the maximm unit tip load as measured and
the corresponding load as calculatedwith Eq. (1)using data
at  a residual-
settlement/diameter ratic smaller than those specified
above.
(2) The ultimate unit loads as calculated in accordance
with Eq. (1)by using load-settlement data taken at pile
top,and also their scatter,are generally greater than
those calculated by using the corresponding data taken at
pile tip, indicating that it is inadvisable to determine
such ultimate loads by assuming that the load-settlement
characteristics of a pile at its top be closely related
to that at its tip. The inadvisability of using load-
residual-settlement data taken at the top of a pile to
estimate its ultimate tip load has already been pointed
out by Yoshinari® who asserted that such data are not
directly related to settlement behavior at its tip ina
direct manner.

settlament diameter = ratio - or

(3)Even with the sample piles provided with a friction
cut, significant difference is seen between the ultimate
unit tip loads as calculated by applying data taken at
their top and those obtained by using taken at their
tip, indicating that they too are subject to friction. Such
difference can be regarded as arising from the difference
in pile installation technique and/or conditions, in
extent to which each sample pile was provided with a
friction cut, in type of soil as well as pile penetration
respective load bearing layer,and
campressive strength of soil at pile pedestal.

into also in

AOCURACY OF ESTIMATED ULTIMATE TIP LOAD

Upon proposing a new method. to estimate the ultimate tip
load of a bored pile without a loading test conducted
to,or close to its maximun bearing capacity, an assessment
is needed to verify its validity. From practical point of

view, this implies that the extent to which such loading
test should be carried out on a given pile must be
determined so that its ultimate tip load can be estimated
with a reasonable accuracy. .

In order to determine such extent, ultimate tip load of
a pile was calculated by substituting its load-settlement
data, taken at each of the load levels as had been applied
during its loading test, from the maximm (Rp)max down to
minimam, into Eq. (1)and the variation in the results was
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analyzed by canmparing them with the corresponding actual
maximm tip load as measured. The diagrams given Fig.4 show
the relationships between ultimate load (Rp/Ap) and
ratio(Sp/Dp), both  at pile
tip, representing. the results worked out for sample pile
A2 in the manner described above,along with the measured
values. Anunber T is attached to each curve representing
the estimated result,indicateing the respective load
level, counted down from the maximuam, at which data were
taken to work it out (T=0 when Ro=(Ro)max) .The data shown
with synbol (@) are the measured values. Given in the table
included in Fig.4 are the values for the ultimate tip load
(Ro/Bp) as measured, the ultimate load (Ro/Apju as esti-
mated by using Eq. (1),and the settlement/diameter ratio
(Sp/Dp) as well as the ratio at which load was transmitted
from pile top to pile tip,all at each load level.

It can be seen in the diagrams and tal31es that the
ultimate tip load (Ro/Ap)u as estimated varies substan—
tially depending on the load level at which data were
taken. )

Fig.5 shows the variation in percentage error in
ultimate tip loads as estimated at different load levels,
represented in tems of settlement/diameter ratio(Sp/Dp)

settlement/diameter

at pile tip (for six types of sample). The. error was
calculated by using the following equation:

Error (E)={ (Rp)max- (Rp)max-n/ (Rp)max } X100 (%) (2)
where (Rp) max is the maximmm tip load as measured,
(Roymax-n the maximm tip load as estimated by using data
taken at the nth loading level counted down fram 0 ( (Rp)max
corresponding to 0 loading level).

It is seen in Fig.5 that the error in the ultimate tip

load as estimated becomes less than 10% as the settle—
nent/diameter ratio(Sp/Dp) exceeds 0.075 at pile tip.
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Fig.5 Error ‘of Estimate and Ratio of Settlement
to Pile Tip Diameter

The error is further reduced to less than 5% if data are
taken at a load level at which settlement/diameter ratio
becanes greater than 0.1 at pile tip. It is also cbserved
that the ultimate tip load of a pile, assumed to be the
one at which its settlement/diameter ratio(Sp/Dp) becomes
0.1 at its tip, canbe estimated with an error no greater
than 15% by using data taken at a load level at which its
settlement/diameter ratio exceeds 0.075 at its tip. It has
thus becomes clear that, inorder to estimate the ultimate
tip load of a given pile with a reasonable accuracy by using
Eq. (1), data are needed of a loading test-that has been
conducted to a load level at which its settlement/diameter
ratio attains at least 0.075.

EMPIRICAL EQUATION TO CALCULATE STATIC LOAD BEARING CA-
PACITY OF A BORED PIIE

Given below is a set of empirical equation that has
widely been used to calculate the ultimate vertical
statics load bearing capacity  of a bored pile
(Architectural Institute of Japan 1988):

RERDHRE )

where Ru is the ultimate bearing capacity of the pile; Rp,
the ultimate resistance at pile tip; Rf, the ultimate
friction resistance around pile”.

The tip resistance of pile can be represented by the
following equations.

Ro=aN*Ap (@)

where « is the reduction factor at pile tip,N ,the av-
erage N-value taken over a range of depth between 4D above
and 1D below pile tip; Ap, the cross sectional area of the
pile at its tip.

In many study that has hitherto been conducted on
vertical statics load bearing capacity of a pile, effort
has been focused on determining the coefficients @ for
Eq. (4) respectively. Simple equations have been proposed

to data, for these coefficients, in temms of average

N-value of the s0il as determined by a standard penetration
test (SPT) at a given site and the cross—-sectional area of
a given pile at its tip. Typical of such equation,
particularly with regard to the Eq.(4) above, are 30N*
Zp for impact driven piles, 25N"Ap for piles installed by
authorized boring methods (Building Center of Japan™,and

. 20N*Rp for those installed by unauthorized boring methods.

Such empirical approaches, practical though, can hardly
be regarded as being theoretically meaningful. Notwith-
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standing the foregoing, it was decided to adopt Eq. (4)
in its basic form for the purpose of this study because
of its wide use and relatively good agreement with the
ultimate tip loads defined in the preceding chapter.
Subsequent studywas conducted to assess its applicability
in terms of load-settlement relationship by examining how
good an agreement could be attained between the equation
and the ultimate tip load as determined by using the method
herein proposed.

AVERACE N-VALLE AND APPLICABILITY OF THE EQUATICN

According to Eq . (4), the ultimate tip load of a pile
depends on the coefficient o and average N-value N of
the soil around its tip. Three different types of average
M-value , N,Nl and N2 were available for this study as
shown in Fig 6, which corresponds to that in SPT. Dp ispile
tip diameter. N is widely used in current pile~foundation
vwhile N1 is the one whose use is
recamended in this paper.

design practice,

Table2. Regression lLine of (Ro/Dp) ~N-value

| Qo/Dp)u~N | (Re/Dp)u~NI | (Rp/Dp)u~N2
coctticient(a) 32.8(31.7) | 25.2(26.2) | 25.1(26.2)
Standard 5 F 2.51(0.60) | 1.34(6.98) | 1.85(7.93)
Variation(V) | 0.077(0.303) | 0.0530. 267) | 0. 074(0. 303)

*The figures in brackets ( )
(1992) . Preboring piles method

Yamagata and others
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Fig.6 Three different N~values

In every case, when average N-value reached 50 at apile
penetration depth less than 30an fram the upper limit of
respective range, an equivalent value was detemmined by
extrapolating it to a depth of 30am in proportion to the
penetration. Further more, the maximm value of each N
value is limited within 100. Table 2 shows the average
values of coefficient @ &(Rp/Ap)u/N} as calculated by
dividing the tip load determined through loading test by
each of such average N-values. Also given in Table 2 are
the standard deviation 9 of the coefficient @ aswell as
its variation V for every such average N-value indicating
its scatter. shown in the same Table, are the results as
reported by Yamagata et al ® from their study on precast
piles installed by boring method.

It can be observed in Table 2 that, of the three values,
either N1 or N2 can be taken for average N value to good
effect when cglculating the ultimate tip load of a bored
pile by using Eq. (4),as either of them gives a value of
& close to 25 as often used in practice to calculate
such load for a pile installed by an authorized boring
method. This may have been due to the fact that, the data
used were frompiles that had attained a load transmitting
efficiency exceeding 80%. Of the two, however, Nl appears
tobemore suitable than N2 for the purpose, the variation,
and consequently the scatter, being smaller with the
formmer than with the latter.

Analysis was subsequently conducted to examine how good
an agreement can be obtained between Eq. (4) and those
determined with the herein proposed (Rp/Ap)u by using two
of the average N-value, N and Nl. For the purpose the
ultimate tip loads (Rp/Ap)u as estimated by using data
taken at each of the various load levels were plotted

_against N in Fig.7 and N1 in Fig.8. The straight lines

shown in these figures represent Eq. (4),with « as
parameter.

Looking at these figures,. it can be noted that:

(1) when N is taken for average N-value and 25(a value
often used for piles bored by an authorized method) for
o, Eg.(4) shows a good agreement with the estimated
results, provided that the settlewent/diameter ration
(Sp/Dp) as determined by a loading test is approximately
0.04 at pile tip. With a=20(a value nommally used for .
piles bored by an unauthorized method), Eq. (4) is also in
good agreement with the estimated results, when the
settlement/diameter ratio determined by loading test is
around 0.04 at pile tip.

(2) when N1 is taken for average N-value and with «
=25,Eq. (4) is seen to be in good agreement with the
estimated results, provided that the settlement/diameter
ratio (Sp/Dp) as determined by loading test is over 0.06
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at pile tip. Also when a=20is used, Eq. (4) agrees well
with the estimated values, if settlement/diameter ratio
is about 0.04 at pile tip.

(3) the value for @ with which Eq. (4) using N would show
a good agreement with the results as estimated at a
settlement/diameter ratio (Sp/Dp) over 0.075 at pile tip,
is about 33.3. This is gpproximately 1.3 time greater than
25, the standard value of @ tobe usedwith for Eq. (4) when
calculating the ultimate tip load of a pile bored by an
authorized method. Using N1 for N, however, such value for
@ becomes approximately 25.

Fram the foregoing, it is now evident in an quantitative
nmanner that the degree of agreement or otherwise between
Eq. (4) and the corresponding ultimate tip loads as
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estimated by using data from loading test depends to a
great extent on the way by which average N-value is
determined. This suggests that it is of exterme importance
to establish a method to verify that the tip of a bored
pile be firmly pladed in its load bearing layer so as to
ensure that it attains an appropriate' load bearing

capacity as required.
CONCLIUSIONS

In this study, possibility was examined to estimate,
with a reasonable accuracy, the ultimate tip load of a long
precast boredpile, by using data from a loading test not
conducted to its full bearing capacity. Data from
muiti-cycle loadj_ncj test were analyzed by assuming that
they follow a Weibull distribution curve. Ultimate load
at the tip of a pile, defined as that corresponding to a
settlenent/diameter ratio (Sp/Dp) of 10% at its tip, was
estimated by using data taken at each of the load levels,
from maximm bearing capacity downward, as applied during
its loading test. Accuracy was evaluated of such ultimate
load in temms of settlement/diameter ratio at pile tip by
camparing it with the actual ultimate tip load as measured.
Inaddition, applicability was assessed of an equationwas
calculated. Ultimate bearing capacity of bored pile by
using two different types of average N-values. The re-
sults were campared with the corresponding load as
estimated with the proposed method. The main conclusions
from this study are as follows:

(1) The ultimate tip load as estimated by using data on
load~settleament/diameter and load-residual-
settlement/diameter ratio taken at the top of a given pile

ratio

is larger, and therefore is more likely to be on dangerous
side, than that estimated by using such data taken at its
tip. The difference can be attributed to the fact that
load-residual-settleament characteristic of a pile at its
tip is not directly related to the load-settlement
characteristic at its top.

(2) To estimate, with an error no greater than 10%, the
ultimate tip load of a bored pile, defined as that at which
settlement at its tip attains 10% of its diameter, data
are needed fram a loading test that has been conducted at
least to a load level at which its settlement/diameter
ratio (Sp/Dp) reaches 0.075 at its tip.

(3)Eq. (4) can satisfactorilybe appliedto calculate the
ultimate tip load of abroad pile by assuming a=25 and N=N1,
provided that settlement/diameter ratio (Sp/Dp) at its tip
is about 0.04, the result therefrom being substantially
smaller than the ultimate tip load (Ro/Ap)u measured as
corresponding to a settlement/diameter ratio of 10% at its
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tip, and therefore can safely be used for pile foundation
design practice.

(4) The ultimate tip load as calculated by substituting
a=25 and N=N1 into Eq. (4) shows a good agreement with the
corresponding load as determined by using test data taken
(Sp/Dp) around 0.06.
Moreover, Eq. (4) gives substantially smaller ultimate tip
loads than those detemmined by using test data taken at
a settlement/diameter ratio (0.04 at pile tip) for Eq. (4)
when calculating the tip load of a pile bored by an
authorized method.

It should be added that upon designing an actual pile
foundation, due care must be taken to determine an
appropriate extent or load level to which loading test
should be carried out on a pile canposing such foundation
by conducting a previous analysis on its required bearing

at a settlement/diameter ratio

capacity. When applying the method herein proposed, or
Eg. {4) herein examined, to a specific case, the engineer
in charge needs exercise his/her judgment by making good
use of his/her technical skills and knowledge to determine
the details of the loading test to be conducted or the way
the equation is to be applied by taking into account the
particular conditions pertaining to each application
varying in purpose, type as well as importance, as such
method and equation are only intended for general use.

Pile foundation design, as currentlypracticed, isbased
on an allowable stress criterion. Trend has been on the
rise, however, to design such foundation by using a load
resistance factor or to adopt limit state design. When
applying the limit state design method, different safety
factors are applied depending on the types of uncertainty
involved in a given design, to provide for all sort of
unknown risks as has been the practice. Prdblems remain,
however, how an upper limit should be defined of the load
on a pile in terms of its settlement. To solve the problem,
relationship needs to be identified between the limit load
for the structure the foundation is to bear, of which such
pile is a cagonent, and its settlement which may vary fram
those of the other piles composing such foundation. In
oxder to solve the prcblems, detailed data would be re-
quired of loading tests at every site, along with the
quantitative technical information onbearing layer there.
Such data and information would greatly improve pile
foundation design practice, enabling us towork out a truly
reliable bearing capacity.
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