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ABSTRACT

The main objective of this study was to investigate the possibility
of using the electronic cone penetrometer data to predict the load
carrying capacity of pilés driven in soft cohesive soils. Selection of
the locations involved in this study was based on their subsoil
condition, accessibility, and whether they countained test pile(s) of
known capacities. A total of 10 sites and 37 full scale .test piles
covering various shapes, lengths, and materials was chosen, " The cone.
penetr;tion tests were performed as closely as possible to the location
of the test piles using tips of different.size and angle. However, the

results of the study presented are based on the data collected using an

”

electronic cone peneprome£er of 60° tip angle and 1O‘cm2 base area
pushed at the rate of 2 cm/s.

The intent was to utilize the penetration results directly in com-
putation.of'pile capacities. The tip bearing capacity was predicted by
the tip resistgnce (qc) readings, implementing a procedure similar to
that proposed for sandy soils. Two procedures are recommended to
estimate the pile side frictiomal capacity in cohesive soils which are
the Cone-m Method and the Lambda-Cone Method. The proposed procedures
resulted in close predictions of the test piles' ultimate capacities.
The ultimate capacities of the test piles were also computed by three
static analysis techniques which were the Alpha Method, the Lambda
Method, and the Beta Method. The results of these procedures were com=-
pared with the ones obtained by applying the two proposed cone methodé.

It is concluded that the electronic cone penetrometer data can
indeed be utilized to design pile foundations in cohesive soils.

xiii



Chapter 1

INTRODUCTION

1.1 Research Justification.

Pile foundations are generally used where upper soil strata are
weak or compressible. The ultimate capacity of a pile is either due to
failure of the pile or the soil, but in most circumstances it is govern-
ed by soil failure. A pile foundation is an indeterminate structure to
a very high degree. The ultima%e capacity (Qu) of a pile is generally
considered to be due to the soil resistance developed by friction or
adhesion between the soil and the pile shaft (Qs), and to the end bear-
ing capacity'(Qt) at the tig of the pile. There are three methods
commonly applied to estimate the total pile capacity: (1) the static
analysis techniques based on an evaluation gf properties of the soil
into which the pile will be driven, (2) the dynamic formulas, and
(3) the load test program.

The ultimate (Qu) of a pile by the static analysis techniques is

determined as follows:

Qu = * Qt =f x Al +q x At‘ CL.L)
where
QS = pile side friction capacity
Qt = pile tip bearing capacity
f = unit pile friction
As = pile shaft surface area



Il

q, unit tip bearing capacity

At pile tip area

The main problem associated with this type of analysis is the proper

evaluation of f and 9y The procedure involved for the cohesionless

(sandy) soils differs from that for cohesive (clayey) soils. 1Im

general, f and q, are computed as follows:

f=4x Cu (saturated clays, ¢ = 1)) (1.2)
f =K Eo tang § (sandy soils, Cu = Q) (1.3)
q, = 9T (clayey soils) . (1.4)
q, =37, Nq {sandy 50115)' (1.5)

A = the adhesion factor
€ = undrained cohesion along the pile shaft

K = coefficient of lateral earth pressure

al
Q
]

average effective overburden pressure
8 = pile-soil friction angie
C = average undrained cohesion at the pile tip

Nq = bearing capacity factor (fu;ction of ¢)

The difficulties lie in the proper determination of the mentioned para-
meters. The task is more troublesome in sandy soils than in the clayey
soils due to the following reasons.

1. It is nearly impossible to obtain an undisturbed sample of
cohesionless soils. Presently, shear strength parameters such
as the angle of internal friction (#) are evaluated from the
standard penetration test results. However, the nature of the

relationship is not well understood and the test itself has

numerous shortcomings.




2. The side friction parameters such as K and 6 are very diffi- ~
cult to define and determine. The values of the former.vary
between 0.3 to 3;0 and those of the latter have a range
between 10° to 24° {the limit is 4).

3. The bearing capacity factor (Nq) is a function of the internal
friction angle (4) which should be measured in-situ., Provided
that 4 is evaluated properly, the gq term value differs
greatly depending on the failure pattern or mechanism assumed.
For § = 35°, the factor is about 55 by Terzaghi (1943), but on
the other hand, it is as high as 400 by DeBeer (1945)
criterion, The question is which one should ﬂe used in
bearing capacity calculations?

The difficulties associlated with this technique are less in cohe-
sive soils. Thére is not much dispute over the exact form of the rela-
tionship for computing the€ unit tip capacity (qo). However, the major
portion of the.load carrying capacity of piles driven in clays is con-
tributed by the shaft frictional capacity (QS). Thus, the précedﬁre is
heavily dependent on the proper determination of the adhesion factor
(A)., There are several relationships relating the adhesion to the
undrained cohesion such as the one suggested by Tomlinson (1957). All
of the investigators agree that the adhesion factor decreases as the
shear strength increases., Nevertheless, the values can vary by a factor
of 2 at certain levels of Cu’ depending upon the relationship adopted.
Although the procedure produces fairly good results (mostly conserva—
tive), many investigarors believe that the friction should be related to

the drained rather than the undrained strength.



The dynamic analysis of determining pile capacity is based on

work-energy principles. The axial capacity of piles is related to the

resistance against penetration developed during driving. This procedure

suffers from the following drawbacks.

1.

The difficulties involved in determination of energy losses

are RUMETrOUS.

The pile driving action generates-high excess poré pressureé
particularly in fine'saturated soils., An e;timated capacity

based on a soil in such condition is different from the capa-.

city that develops aftér the dissipation of pore pressures.

‘Thus, for cohesive soils the analysis is even less reliable,

Most of the dynamic formulas (i.e. the engineering news) are
developed for point bearing piles (driven into sand) and their
utilizations cannot be justified for friction piles.

The factor of safety adopted when utilizing such analysis may

be as high as 6 due to the uncertainties involved.

Full scale pile tests are conducted to determine the actual

ultimate capacity due to the shortcomings of the previously mentioned

procedures. The test pile programs are also run to determine the pile

penetration depth, the load-settlement characteristics, and the most

efficient type of pile to he used. Even though the test pile programs

are required and camnnot be eliminated, it is preferable to keep the

number involved to a minimum for the following reasons,

1.

The program is very expensive to perform. The cost ranges
from $1,500 to $150,000 (average $50,000) per test pile. A

project might require several test piles.




2. The program is time consuming. It may take 2 to 3 weeks to
complete a test pile program.

3. The program is sometimes run while the project is in progreés
which is too late to make any changes.

4, There is a dispute over the amount of settlement which would
constitute a failure. Chellis (1951) summarized 16 different
methods to obtain the failure from the load-settlement infor-
mation provided by a pile testing program.

Surprisingly, a factor of safety of 2.5 is usually assumed for deter-
miﬁing the allowable load. It appears that performing a costly, time-
consuming test pile program should reduce the uncertainties and lead to
adoption of a smaller factor of safety.

The quasi~static cone penetration test (QCPT) which can be regarded
as a model test pilé, has been used in tﬁé Netherlands for the design of
piles foundations for many years. This test proﬁides information to
estimate the in-situ continucus profile pf both unit tip bearing
capacity (qo) and unit friction (f). Because of the geological
condition of the countries where QCPT has developed, most of the efforts
have been directed toward prediction of the tip bearing capacity of
piles driven in sand. Little work is available with respect to
utilizing QCPT data to predict pile capacity in cohesive soils.

Most of the test piles involved in this study are driven in
cohesive solls (friction piles). The tip bearing capacities of the test
piles were predicted by a method similar to that proposed by Dutch
engineers. This was done because the procedure for éstimating the tip
bearing capacity using the cone resistance (qc) data were well

established. The frictional capacity of a pile was related either by



the total friction along the sounding tubes or by 9, data, prior to the
development of the friction sleeve penetrometer by Begemann in 1953.
This "new" version of the penetrometer capable of providing local

friction (fs) readings opened the door to a more direct and rational

estimate of the unit pile side friction (£).

1.2 Purpose and. Scope

One of the major goals of this research was to develop procedure(s)
requiring direct utilization of ﬁs data in computations of the
frictional capacity (QS) which contributes the major porfion of the
total ultimate capacity of piles driven in cchesive soils. Two
different procedures are proposed for computing the unit friction f in
conjunction with direct utilization of the cone loecal friction: (1) the
Cone-m Method and (2) the Lambda—-Cone Method, The Cone-n Method relates
the unit‘ffiction f to the average fS values by an adhesion factor ‘
called m. The Lambda~Cone Method is similar to the method proposed by
Vijayvergia and Focht (1972) except for the fact that the mean undrained
cohesion term is evaluated from the average fS readings., The tﬁo
mentioned procedures resulted in close predictions of the test piles'
ultimate capacities,

The ultimate capacities were also computed by three static analysis
techniques: The Alpha Method (Tomlinson, 1957), the Lambda Method
(Vijayvergia and Foﬁht, 1972), and the Beta Method (Burland, 1973). The
results of these procedures were compared with the ones obtained by
applying the two suggested cone methods. The Alpha Method resulted in
conservative results, the Lambda Method provided close predictions, and
the Beta Method produced estimations which had to be corrected by a

friction factor depending on pile length.




It was concluded that the cone penetrometer data could be utilized
to design pile foundations in cohesive soils. Also, in light of the
close predictions made by the proposed procedures, it is hoped that
adoption of such methods in conjunction with further research in this
area would allow smaller factor of safety and minimize the number of

costly and tife cohsuming test pile programs required for a project.



Chapter 2
THE CONE PENETRATION TEST
R . 2.1 General

The western and northern European soils engineers have made fhe
major contributions toward development of the cone penetrometers,
Several types of penetrometers have been developed and utilized by
eﬁgineers th;oughout the world since the early days. These range from
hand-pushed penetrometers of small diameter to large penetfometer probes
almost one foot in diameter. | '

The quasi-static cone penetration test (QCPT) requires the

measurement of the force om a cone-shaped point during its penetration =

into the soil. The base area and the tip angle of the cone are usually
< T :

(flggﬁﬁjlo cm2 and 60°, respectively. The pressure against pemnetration
3 "_ﬂl\ A

17" exhibited by the soil is called the cone resistance (g ) and is obtained
1

-

by dividing the measured penetration thrust by the projected base area

Ay of the tip,
/‘E;v -
Q@ )ﬁ The original version of QCPT equipment consisted of a comical point
"
¥
ﬁf} connected to a steel push-rod. This equipment was developed at the

NG
% Delft Soil Mechanics Laboratory during the early 1930's. One of the
problems associated with this penetrometer ﬁas that soil particles
sometimes entered its mechanism resulting in erronecus readings because
of the friction developed between the moving parts. The Delft .

Laboratory eliminated this problem by designing the mantle cone which

proved to be very efficient. The Dutch mantle cone has been used in
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Netherland for design of deep foundations for many years. This was done
by measuring the total fricéion,along the- rods penetrated.

The Dutgh friction-jacket cone was developed after Begeman became
discontent with using total rod friction for estimating pile side fric-
tion. This penetrometer is similar to the mantle cone, except for the
fact that it provides a movable friction sleeve just above the tip for
measurement of local friction (fs). This data could be implemented in
the design of pile foundations and has proven to be a useful tool in
estimating the shear strength of cohesive soils, The three different
types of cone penetrometers.discussed here are shown in Figure 2.1.

The Fugro electronic cone penetrometer was used for all of the
soundings performed in this study (Figure 2.2). This recent version has
the-same base area as the mechanical cone, however, it has a cylindrical
shape rather than tapered one as in the case of the mechanical cone.
There is no relative movement between the parts of the electrical cone,
and it is édvanced simultaneocusly and continuously over a length of 1 m
which is the length of a single tube. Nottingham (1975) listed_the
differences between the electrical and mechanical cone penetrometers in
his report. There are no systematic differences found between the .
readings obtained by the two cone Penetrometers. However, marked
differences have been found in the measuremnent of local friction (fs)
depending on the type of penetrometer used.

DeRuiter (1971) described general features of electronic penetro;
meters which may incorporate inclinometers and piezometers.,

Many years of experience have revealed that the cone penetration
test (QCPT) could be a useful tool in such various geotechnical engine-—

ering problems as soil classification, determination of soil shear
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strength properties, settlement computations, and bearing values for

design of both shallow and deep foundations. -

2,2 Prediction of Pile Capacity Using QCPT'Data

2.2,1 General

Based on the published literature, it seems that general soil
exploration and pile design have been the main areas of use for QCPT
data. The test can be considered as a model test pile, offering an
alternative approach to the pile capacity prediction problem.

QCPT has been used in the.Netherlands for more than 40 years in the
determination of the bearing capacity of piled foundations. Eérly
efforts involved using QCPT data to estimate the maximum depth that a
pile could be driven at a given site. Begemann (1969b) reported that
the maximum depth that could be achieved by driving a normal concrete
pile was.taken as the depth where the total resistance (point resistance
plus total rod friction) reached 4500 to 5000 kg. " This prdcedura was
later abandoned in faver of utilizing QCPT data to arrive directly at

the unit tip resistance and friction resistance of a driven pile.

2.2.2 Early Pile Point Capacity Prediction Methods

The cone penetration test which replicates a model displacement
pile could provide data to develop an in-situ continuous resistance
profile. Since the early days, engineers have been well aware of the
relationship between the cone resistance (qc) and pile point resistance.
There are several relationships recommended by engineers; however, there
is considerable dispute over the failure mechanism and the relationship
between q. and the unit pile point resistance. Reéérdless of the form,
all of the methods suggest implementing some kind of averaging procedure

to arrive at the unit pile point resistance when using QCPT data.

12
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Plantema (1948) performed an interesting experiment to explain the
connection between 4, data and pile point resistance. He achieved this
by placing a steel sleeve arcund a 42.6 cmz concrete pile in oyder to
eliminate the.side friction and measured the pile point resistance while
it was being jacked into the soil. He also performéd six QCPT soundings
and compared their average with the pile point resistance profile as
shown in Figure 2.3, The average q. readings were higher than the pile
resistance for the top 3 m of penetration. However, the agreement
appeared to be very good. The fact that q, may be.higher than pile
resistance in some cases, became a matter of great concérn among the
engineers. Meyerhof (1951) noted the danger in extrapolating qc_datano
obtain pile resistance. He realized that when a pile penetrated a short
distance into a dense layer, the 4 readings were higher than pile
resistance, because of the difference_in diameters. The phenomenon is

called the scale effect.

~

Van der Veen and Boersma (1957) took the scale effect into
consideration when relating the 4, readings to pile point resistance,
This was done by averaging cone resistance values over a depth interval
of aB above the pile base to bB below the pile base where B is the
equivalent pile diameter (see Figure 2.4). It was noted that the value
of a could vary from 1.5 to 12 and the value b-could range from 1 to 2,
They recommended the most probable values for a and b which appeared to
be 3.75 and 1.0, respectively.

Bogdanovic (1961) suggested that finer pile point resistance pre-
dictions are obtained by averaging cone resistance vaiues from an
envelope drawn through the minimum 9. values rather than by averaging

the actual values. He arrived at this conclusion by taking a 30 x 30 cm

[
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"mega" pile to a depth of 13 m and recorded the penetration resistance
continuously. The pile point resistance was calculated by ave?aging the
9. values from 4B above the pile base to 2B below the base, or as the
average of the minimum 9. values over the same interval. The pile shaft
resistance was calculated from the total penetrometer shaft resistance
data. The measured resistance of the jacked-in pile agreed closely with
the estimated resistance except when the pile was penetrating the upper
portion of the dense layer as shown in Figure 2.5,

The cone resistance q, may be taken as equal to that of a large
diameter pile provided that the soil is homogeneous and penetration is
performed at a steady rate. Begeﬁann (1963) investipgated the influence
of pile diameter for the case of a layered and non~homogeneous soil. He
presented a two layered system of a homogeneous clay overlaying’ a homo-
geneous sand layer with specific cone resistances of 200 psi and
2200 psi, respectively, This sudden transition -can only be sensed as
such by a cone of a zero diameter as shown in Figure 2.6. He suggested
that each of the ground layers above and below the base of the cone
contribute aboﬁt half to the measured cone resistance, Tﬁis meant that
a cone with a diameter greater than zero, placed with its base exactly
on the boundary between the layers, would have a specific resistance

equal to the average of the cone resistances in the two layers; in this

case,

200 ; 2200 _ 1200 psi
The theoretical fajlure surface was approximated by a logarithmic

spiral as presented in Figure 2.7. Therefore the full value of 2200 psi

would not be encountered until a penetration depth of 8 to 10 diameter

17
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was reached in the sand layer (Fig. 2.6). The specific cone resistance
increases from that of the upper soil layer to point A, or the average
of the two layers, and is defined by line C-A. This occurs at an eleva-
tion of 3 to 4 diameters above ihe.theoretical "zero" line., The maximum
pile resistance is not reached until a depth of penetration of 8 to 10
diameters is achieved. Lines A~B define thé pile's unit tip resistance
at a point between the average (point A) and the ﬁaximum {(point B)
resistance, The equation of this line for any diameter plile can be
expressed as follows:

Py =7 (Bgp * Pep) 2.1)
where ' ’

P, = specific point resistance for a pile with diameter d

o
|

el = the average cone resistances over a distance 8 d above the

full section of the pile point

Pc2 = the average cone resistance below the full section for 3 to

4 d
Begemann further underlined the importance of layer thickness when
cone resistances of the soil'iayers immediately below the pile tip are

not counstant. Taking into account the above notation as well as the

significance of the shape of the failure surface, he recommended a new

formula to calculate Pc2 which follows:

Peg =[Py *+P) . . . P +10 P 1/[2+n] (2.2)
where ’

P P

1* Fps » o s Pn = the sounding values at regular intervals to a
depth of 3.5 d below the full section of the

pile point

Py
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The influence of the horizontal portion of the failure surface passing
through the Pn layer was taken into consideration by the addition of an

equal number of values of the final sounding point (n - P).

2.2.3 Research Concerning the "Critical Depth"

Sanglaret (lQiﬁ) was not completely optimistic of taking q, data
directly or of using the proposed averaging procedures because he had
encountered‘cases in which the measured pile point resistance was only a
fraction of the qc value at the same level. Kerisel (1964) alsc noted
that the bearing capacity pf'large piles was significantly less than
tﬁ;t of the penetrometérs in dense sand before a certain depth was
réached (see Figure 2.8),

DeBeer (1963) investigated the scale effect and revealed that
eventually after a certain depth is reached, all Jpenetrometers should
attain the same point resistance (see Figure 2.9). This depth is called
the critical depth (Dc) at which the bearing capacity failure changes
from that of a shallow foundation to that of a deep foundation. Point
resistance increases linearly before this depth is reached; however,
after the deep foundation condition is encountered, point resistance
only increase slightly with depth. A pile point resistance will not
reach its maximum value unless it is driven at least a depth equal to Dc
into the bearing layer. )

Meyerhof (1951) and'DeBeeF (1963) have shown that Dc is a function
of the foundation size. The critical depth ratio Dc/dp {critical depth/
pile tip diameter) alsc influences the value of point bearing attained
by a pile. Experimental and theoretical works in this field have indi-
cated that Dc/dp for sand is function of density and varies from 5 to 20

for loose sands and dense sands, respectively. Meyerhof (1976) reported
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that critical depth ratio (Dc/dp) was also influenced by friction angle,
compressibility and ground water condition, which could range from 1 at
$ = 0° to 25 at $ = 45°, L

The scale factor has no significance when the actual embedment is

greater than D as long as the soil resistance remains constant.
[

2.2.4 Recent Pile Point Prediction Method Using CPT Data

Recently the procedures mentioned earlier have been further revised
to account for the presence of thin layers or zones of weak soil which
could affect the shape and position of the rupture surface at the pile
base. Heiljnen (1974) presented the Dutch method for determining the
pile point resistance which follows (see Figure 2.10): |

Step 1 -~ determine average q, for a distance of 3.75 d below the

pile tip from line 1, 2, 3, 4 = q, (1, 2, 3, &)

Step 2 - determine the q, [average from line 4, 3, 5 = 9.
(4, 3, 5)]
Step 3 - determine the.qc {average) below pile point

1, (below) = [q_ (1, 2, 3, 4) +q_ (4, 3, 5)}/2
Step 4 - determine average, q.» above pile point
q. (above) =q_ (5, 6, 7, 8)

Step 5

determine the unit pile point resistance q,, as follows:

4, (above) + q_ (below) .
9 = p (2.3)

The minimum 9. (below) has to be found for the bearing capacity calcula-
tion of the pile. This is achieved by gradually varying the size of the
area between 0.7 d to 3.75 d.

Little work has been done with respect to the use of QCPT data for

predicting pile point resistance in cohesive soils. This is mainly due

24
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to the geological conditions of the countries where QCPT waé originated.
Many engineeré suggest applying the same methods which are used for
sandy soils to predict pile point resistance in cohesive soils., In this
report a procedure similar to the Dutch cone method was implemented to

predict pile point resistances and results were satisfactory,

2.3 QCPT Methods for Predicting Side Friction

2.3.1 General

Most of the early attempts were directed toward using cone resis-
tance (qc) to estimate pile point resistance. Prior to development of
the adhesion jacket come, it was common to relate 9. results to unit
pile friction., This was done either by assuming the unit friction as
some percentage of q, or by estimating the shear strength properties of
the soil penetrated from the cone resistance (qc) data. The invention
of the adhesion jacket cone opened the door to tﬁe more direct measure-
ment of the unit pile friction resistance. Performing the QCPT with the
aid of the friction sleeve to measure the local friction (fs), provides
engineers the means to develop the in-situ friction resistance profile

of a given site,

2.3.2 FEarly Methods for Predicting Side Friction

Prior to development of the adhesion jacket cone, it was customary
to measure the total friction along the sounding tubes. Begemann (1953)
cited that the total friction was used as ar indicative of the friction
to be expected in the various -layers. The total resistance (friction.
plus cone) was also used to predict the maximum depth of penetrétion
that could be reached for a given pile. However, it was later found

that the friction measured along the deep sounding tubes was unreliable

26
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and the idea was abandoned. Beéemann (1953 and 1969) presented some
typilcal curves showing variation of total rod frictionm with penetration
and explained fhe reasons why reasonable pile side estimations from the
total friction data could not be expected., He showed several cases
where the tofal rod friction decreased with additional penetration,
indicating a soil layer had been encountered which was applying negative
friction to the rods, a situation which could not possibly.exist. Some
cases were alsoc presented where the total friction curve ran practically
vertical, indicating that there was no friction in those layers
(Figure 2;11). Begeménn réalized that the lateral movement of the cone
rods would tend to enlarge the hole surrounding them and reduée the
friction. He also noted the loss of strength éﬁé to remolding as more
and more rods passed a certain soil layer, which was believed to be the
cause of the apparent negative friction. °* .
Bogdanovic (1961) and Huizinga (1951), calculated the pile side
friction capacity from the total friction data obtained by the cone
penetrometer. This was done by assuming that the unit pile friction was
equal to the unit cone friction acting on the conme rods. The pile.
friction was estimated by multiplying the total rod friction by the
ratio of the diqmeters of the rods and pile. It was realized that the
above assumptions would result in conservative results because the unit
pile side friction would be much greater than that of the swmooth cone
rods. Huizinga also noted that predictions assuming equal friction on
the pile and rods would be 50% of the actual nmeasured friction of pile,
Begemann (1953) developed the adhesion jacket cone which provided

the measurements of the local friction (fs). By that time he was

certain that the total friction data were reasonable as long as the

28




friction measured in the upper layers kept the same value when more rods
passed through the soil. He cited that the ratio of the local friction
(fs) and tpe cone resistance (qc) could be an indication of! the type of
80il penetrated.

Begemann (1965).;evised a method to determine.frictional resistance
of piles in temsion. The results of his work are presented in
Figure 2.12. The diagram on the left is entered by knowing the local
friction (fs) and cone resistance (qc). This locates the point A on the
q, - fS graph. Point B is then found by extending a straight line
through the origin and Point A to intersect the right margin of the
qc - fS diagram. The graph on the right is then entered until the.
appropriate pile type curve (point C) is intersected. The reduction
factor is determined by projecting a vertical lime through point C to
intersect the reduction coefficient scale. The unit pile friction is
estimated by multiplyiég the average local sleeve friction by the
reduction coefficient, A reduction factor of 100% would-result in no
reduction at all, and a small reduction coefficient amounts to a large
reduction.

It should be realized that these design curves were originated on
the basis of the uplift tests. The procedure provides an estimate of

uplift pile friction rather than friction capacity under compression

loading. However, Begemann reported that some test results showed the

discrepancies between friction in compression and tension (uplift) are

small enough to be ignored.
The unit pile friction (f) may be estimated by either q, or fS

results., The latter would provide a more direct and meaningful

determination of the unit pile friction. The unit friction (f) could be

29
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determined by either of the following methods: (a) assuming a proper
relationship between f énd either of the QCPT data (qc or fs), or (b)
estimating the shear strength properties of the penetrated soil by
either g, or fS and then predicting £ by using conventional static
analysis techniques,

The procedures available differ for cchesive or cohesionless soils

which will be treated separately in this section.

2.3.3 Cohesionless Soils

Unit friction élong the shaft of a pile driven in sand could be
predicted by using either cone resistance (qc) or local friction (fs)

data.

Meyerhof (1956) proposed the following relationship between 9. and

unit frictional resistance of pile:

@

q —
= -2-3—0 (2.4)

£

Further study of this matter by Mohan and Kuﬁar (1963) revealed
that in soils of average stiffness (qc between 10 - 100 kg/cmz) the
value of unit skin friction of a pile is roughly 2% of tﬁe average cone

resistance; therefore

q

- _C )
£f= ) (2.5)

The addition of the adhesion jacket to QCPT permits more direct and

.accurate determination of the unit pile friction  (£). Nottingham  {1975)

developed a procedure using fs data obtained by QCPT (both electrical
and mechanical) to predict pile side friction capacity. The method

takes the local friction data (fs), and corrects theg for the type of
penetrometer used, the type of soil penetrated, the pile material and

taper, and the relative depth of the penetration. His procedure is as

follows:
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8 d L D
Qs = KS[LEO Cg—a) fS AS + SZd fS AS] . (2.6)
where
ds = total ultimate side friction resistance
KS = fs correction factor in sand (Figure 2.13)
= depth to which the fS values considered

d = pile diameter or width
fS = unit local friction sleeve resistance
AS = pile=-soil cqntact area per fS depth interval

D = total embedded length of pile

The first summation term represents a depth-of-embedment correction
applied only over 8 d penetration from the ground surface. Nottingham
applied the Dutch . end bearing and his side friction prediction method to
17 full-scale piles. His prediction error for total ultimate capacity
ranged from about =40% to +20% with an algebraic average error of

_11002-

2.3.4 Cohesive Soils

Unit pile frictilon estimation in clays could be made using conven-
tional static analysis techniques based on undrained strength as
suggested by Tomlinson (1957) in conjunction with cone resistance (qc)

data. The procedure requires determination of the undrained shear

~strength values using q, data and-a proper-qc/su ratio. The ratic dould

vary from about 5 to 70, but probably the range is between 5 and 25 as

suggested by Bjerrum (1973).
Nottingham (1975) presented the following equations applicable to

electrical and mechanical penetrometers, to estimate pile side friction

using q, data:
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¢ = 0.10 kg A (2.7)

or

Q

s = 0.067 1 g A (2.8)

Where the u term is Bjerrum's (i972) field vane shear strength correla-
tion factor as shown in Figure 2,14, L

More reasomnable prediction of unit side pile friction could be made
if the local friction (fs) data were available. Begemann (1965)
suggested that the value of friction resistance (fs) could be set equal
to the‘undrained shear strength (su). Experimental correlation of the
reiationship between fS and s, was also presented by Wesley (1967) and
showed fS to be slightly higher than S, Therefore, it is also possible
to make unit pile friction prediction using fs in conjunction with
available static analysis methods,

Nottingham (1975) proposed the following formula to predict the

total ultimate side friction of piles driven in cohesive soils:

]

g = fs A (2.9)

o' = ratio of unit piie to sleeve friction in clay (Figure 2.15)

Fhi
1]

average sleeve friction
A_ = total pile-soil contact area

His recommendation was primarily based on the model plle studies, The

G’ curve shown in Figure 2.15 is identical to Tomlinson's o curve,

except that &' curve is plotted as function of fs rather than undrained
cohesion C .
u
The unit pile friction may be estimated either by directly relating
the QCPT data (qc or fs) to unit side friction £ or by estimating the

shear strength of the soil from QCPT results. However, it is believed
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that more meaningful prediction of f is possible using fs results
directly. This attitude was followed in this study and attempts were

made to arrive at definite relationships between f and fs‘

2.4 Summary

‘The cone penetration test which could be thought of as a model dis-
placement pile provides means to develop continuous resistance profile
in the field. The cone resistance (qc) results could be utilized to
estimate the tip bearing capacity of piles driven into cohesionless
soils., This is of great impoftance because of problems involved in
determining in-place shear strength pfoperties of sandy soils and the
dispute over the failure pattern. The procedures available for using
QCPT data to predict pile tip bearing capacity have proven to be
successful even though the rupture surfaces assumed, in developing them
are not fully understood. Most of the methods suggested are developed

for sandy soils and little work has been done for cohesive soils.

However, procedures similar to those recommended for sandy soils may be

used for clayey soils because of the following reaséns:

1. The total point bearing capacity of a pile driven into
cohesive soils contributes iittle to its total capacity,
Thus, the exact prediction of tip bearing capacity does little
to improve thé accuracy of estimating the total capacity.

2. The cone resistance (qc) values in cohesive soils are very low
and uniform as compared with 4, values obtained in sandy
soils. Therefore, regardless of the averaging procedure

chosen or the rupture surface assumed, the same unit tip-

bearing would be achieved.



3. The intent was to
- A procedure similar to
and will be explained later

The development of the

the ability of engineers to

38

avoid Eomplication cf the matter,

fhe Dutch cone method was used in this study -
in this report,.

adhesion jacket cone by Begemann enhanced

estimate the frictional resistance of piles.

Prior to that time, the total friction along the sounding tubes was used

to predict the_frictional capacity. This approach was later abandoned

because of the lack of accuracy. The local friction (fs) values

obtained from the adhesion jacket come can be used to directly estimate

the unit pile friction. This-attitude was adopted by the author, From

there relationships between

fs and the unit side friction of piles

driven in cohesive soils were developed.
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Chapter 3

STATIC ANALYSIS TECHNIQUES FOR COMPUTING TOTAL PILE
’ CAPACITY IN COHESIVE SOILS

3.1 General

There are three methods commonly used to estimate total pile
capacity: (1) load tests, (2) dynamic formulas, and (3) static analysis
techniques based on evaluation of the soil into which the pile will be
driven. .- The last procedure is the subject of this chapter.

The %otal downward capacity (Qt) of a pile depends on soil condi-
tions provided the pile has adequate structural strength to carry the
imposed loading. The ultimate capacity of a pile is-due to soil resis-
tance developed by friction or adhesion between the soil and pile shaft
(QS) and the end bearing at the tip of the pile (Qp). Therefore, the

total load carry capacity (Qt) may be expressed as follows (Figure 3.1):

Q, =9Q, * Q. ' (3.2)
Qt = q Ap + £ AS (3.2)
where
q = unit tip bearing capacity
Ap = pile tip bearing area .

f = average unit skin friction
AS = Total surface area of pile in contact with soil
Procedures available to calcuiéte Qp and Qs depend on type of soil, and
the methods differ for cohesive and cohesionless soils. The majority of
test piles involved in this study are frictiom piles driven into
cohesive soils. Therefore, only the techniques available to compute Qp

and QS in clayey soils will be explained in- this chapter.
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L Qg = f Ag
_Y
Qp = q. Ap

Figure 3.1 TForces Acting on a Pile




3.2 Tip Bearing Capacity in Cohesive Soils

The location of failure surface is less understood for deep founda-—
tions than for shallow foundations. However, the principles uf bearing
capacity recommended for shallow foundations also hold for deep founda-
tions. Dependings on the type of failure pattern assumed, engineers
have calculated values of the bearing capacity factors. Terzaghi (1943)
suggested the following equation for computing pile end bearing capacity
by static analysis method:

= A = A CN + 0.5 BN + DN 3.3
Q =4, a=A (CN +0.5YBN +yDN) (3.3)

Q_ = ultimate tip bearing capacity
A = pile tip area

ultimate unit tip bearing capacity

el
]

(@]
[}

s0il cohesion

Y = unit weight of soil

B = pile width or diameter

D = pile tip depth

N, N,, N = bearing capacity factors

[ A

For piles driven in cohesive soils this equation may be reduced to the
following:

Q, =4, (CN_ +7¥D) (3.4)

P
For ¢ = 0 degree case, assuming that the welight -of the pile is

equivalent to the soil displaced, the equation is stated:
~A CN . (3.5)
QP P c
Meyerhof (1976) stated that in saturated homogeneous clay under -

undrained conditon, theory and experience have indicated that the value

of NC below the critical depth varies with the sensitivity and

41
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deformation characteristics of the clay. The value of Nc.could range
from 5 for very sensitive brittle normally consolidated clay to about 10
for insensitive stiff overconsolidated clay. The most frequent value
used for the Nc of piles driven into cohesive soils is 9 which provides
sufficient accuracy; therefore,

Qp = 9 Ap c ) (3.6)
where C is the average of the undrained cohesion values up to about 5
pile diameter below the tip,

It is evident that there is not much argument about the exact value
of Nc. However, the importanéé of the pile bearing contribution in
relation to total load carrying capacity is very little in cohesive
soils. Therefore, precisely estimatiﬁg tip bearing capacity in cohesive
soils provides little to improve the accuracy of the total capacity

determined from a static analysis.

3.3 Skin Friction Capaéity in Cohesive Soils

3.3.1 General

The total frictional capacity of a driven pile may be expressed as
Qs = As x f 3.7)
where AS and f are referred to the total pile surface in contact with

soil and the unit skin friction of pile, respectively. Total side

friction capacity could be estimated by the following formula:

QS =P x I (Ca + 0, tang éd) (3.8)
in which
P = circumference of the pile

(]

L = depth of pile penetration
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Ca = developed adhesion between the soil and pile
Eh = average horizontal pressure for the length of the pile
éd = developed angle of friction between the soil and pile

The skin friction capacity relationship was derived on the basis of
Coulomb's Law by using distribution of normal stresses provided that the
vertical displacement of the pile is large enough to mobilize the total
shear resistance between soil and pile shaft (see Figure 3.2).

The average ultimate unit skin friction £, in homogeneous saturated
clay (4 = 0°) is expressed by

£=c, (3.9)
The skin friction, or adhesion, that develops between the soil and pile
shaft has been related to the undisturbed undrained cohesive strength
(Cu) of the clay. Several relationships between the adhesion (Ca) and
the cohesion (Cu) have been proposed, the.most famous one being recom-
mended by Tomlinson (1957). The procedures used to predict ulfimate
frictional capacity of piles driven in clay which assume unit friction
being equal to adhesion, are called "adhesion method". This distiﬁction
is felt necessary because not all of the methods proposed to calculate
unit friction involve the above simplistic assumption., It is believed
by many engineers that the frietional capacity of a pile is influenced
by drained rather than undrained friction. There are empirical semi-
effective procedures available to estimate the unit friction £, such as:

(1) lambda (}) method suggested by Vijayverglia and Focht (19723}, and (2)

beta method (B) proposed by Burland (1973).
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3.3.2 The Adhesion Approach

The penetration of piles into saturated clays will cause the soils
near the pile shaft to be displaced and remolded to a distance of up to
one pile diameter. The pore water pressure induced by pile driving sets
up a consolidation process in the zone of the highly disturbed soil.
After the‘dissipation of the excess pore pressure, the clay adjacent to
driven piles may have a greater shear strength and smaller water content
at some distance away from the piles than it had before the pile
driving (Figure 3.3). However, in very sensitive or stiff overconsoli-
dated clays, the final shear strength or adhesion may be less than that
of the undisturbed soil, The.frictional capacity is a function of time
and is also influenced by the nature of the soil, the dimensions of the
pile and other factors. Because of the phenomenon of strength gain with
time (thixotropy)}, load tests on piles in clays should be performed some
weeks after installation to obtgin a reliable indication of actual
capacity.

The unit skin friction, or adhesion that develops betweeﬁ the soil

-

and pile shaft has been related to undrained cohesion by

£f=A Cu (3.10)
where
f = unit skin friction
Cu = undrained cohesion

adhesion factor relating adhesion to undrained cohesion
The adhesion factor, A, has been empirically related to undrained co-
hesion by various investigators.

Tomlinson (1957) showed that the observed adhesion decreases with

increase in undisturbed cohesion. He related adhesion to undisturbed
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cohesion by a factor cailed alpha (&) which could vary from as high as
1.0 in very soft clays to 6.25 in very stiff clays. Tomlinson noted
that a partial gap formed by transverse vibrations during pile driviné
caused the loss in adhesion. He further explained that in soft clays
the soil would recomnsolidate and close-up the gap, thus achieving 100
percent adhesion, However, in stif£ overconsolidated clays only partial
reconsolidation would take place resulting in low adhesions. °

Woodward, et al. (1961), Peck (1958) and Ke?isel {(1964) have also
recommended relationships between the adhesion factor and the undrained
cohesion. The adhesion factor curves determined by the above mentionéd
investigators are'presented iq Figure 3.4. All of the relationships
présented agree that the adhesion factor is equal or sl}ghtly higher
than 1.0 for soft clays and may be as little as 0.25 for stiff clays.,
Although all of the curves exhibit the same trend (i.e., the factor
decreases with increase in cohesion), they differ greatly concerning the

stiffer clays.

3.3.3 The Lambda Method

Estimating the value of unit skin friction by the adhesion meth;ds
has proved to be less reliable for very long piles., The reason may be
attributed to experimental errors in determining the adhesion factor.
However, some investigators believe that a more probable reason is that
unit pile friction is not a simple function of undrained cohesion.
Recent findings indicate that the unit skin frictiom developed in clay
may be related to an effective lateral pressure,

Vijayvergia and Focht (1972), suggested that the skin friction is
influenced by the passive pressure caused by the displaced soil during

pile driving which mobilizes passive pressure in soil surrounding the

48
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a, o, + ZCU Normal Stress

Figure 3.5 Mohr's Circle Presentation Indicating
Relation Between Vertical Pressure
and Maximum Horizontal Pressure
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Lambda and Pile Length
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pile. if the effective vertical pressure in a so%l mass is Ev’ the
maximum horizontal passive pressure is Ev + 2 Gu grom the Mohr circlé
analysis for undrained shear strength, Esee Figure 3.5). Accordinglf,
they noted that a relationship might be found between unit pile
friction, £, and Rankine passive pressure Ev + 2 C. Therefore, it was

suggested that the unit friction, £, may be expressed “as

F =2 (cv + 2 Cu) (3.11)
where
A = a friction capacity coefficient
Cu = undrained cohesion of the clay

The total frictional capacity QS for a pile’ would be

Qg =2 (O, +2C ) A (3.12)
where '
Evm = mean effective vertical pressure for the embedded length
Cm = mean undrained cohesion of clay for depth of pile
AS ='surface area of }ile shaft in contact with soil

" The values of A have been empirically determined for various pile length

which are presented in Figure 3.6. The A curve was developed using
undrained shear strength values obtained by unconfined compression or

miniature laboratory vane shear tests.

3.3.4 The Beta Method

Several investigators have indicated that the long term capacity of
piles driven in cohesive soils is influenced by drained frictiom at the
pile-soil interface. Shortly after pile driving, the shaft resistance
is governed by the undrained shear strength of the remolded'clay.
However, after the dissipation of pore pressure caused by pile driving,

the skin resistance is controlled by the effective drained shear
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Figure 3.7 Relation Between Friction Factor Beta
and Drained Friction Angle
(Burland, 1973)
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strength parameters C and @, of ﬁhe remolded clay surrounding the pile
shaft. The cohesion of the remolded clay inm drained condition may be
taken as zero,

Burland (1973), suggested that the ultimate unit shaft resistance,
£, developed in clay may be calculated as follows:

£f=8 Ev | ‘ (3.13)
where

B = the skin friction factor
The term B may be expressed as )

B = K tang éd (3.14)‘
where

angle of internal friction in drained shear

L=
o
]

It

lateral earth pressure coefficient
The lateral earth pféssure coefficient K for normally consolidated clays
is given by the following:

K=1(1-sin éd) (3.15)
Iherefore; the unit skin friction of piles in clays can finally be
expressed as follows:

f = (1 - sin dd) tang éd Ev (3.16)
For clays, the angle of internal friction in drained shear normally
ranges between 15 and 30 degrees. The skin friction B for normally
consolidated clays should only vary a small range of abgup.0324_to 0}29’
aé éhéﬁﬁ”in figﬁre.3f7} .fhe.lateral earth pressure can not be easily

determined for overconsolidated soils. Therefore, the application of

this approach should be limited to normally consclidated soils where

B factor does not vary over a wide range.
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3:4 Summary

According to static analysis, the ultimate capacity of a pile is
due to the shaft frictional resisfance (QS), and the end bearing
capacity (Qp) at the tip of the pile.

There is not much disagreement about the precise relationship
between the soil properties and the unit bearing capacities of piles
driven into cohesive -soils. However, the importance of the tip bearing
contribution in relation to total load carrying capacity is very little,
thus, eliminating the need to predict it accurately.

The most common procedure to predict the unit skin friction in
clays is the adhesion method (i.e., alpha method). This approach
requires a relationship between the adhesion or unit skin friction and
the undrained cohesion of the‘soil. This method has heen shown
unreliable for long,piles which has led many investigators to believe
that the unit friction is not a simple function of undrained shear
strength.

In recent years many engineers have suggested that the frictional
capacity is controlled by drained friction at the file soil interface,
Two empirical semi-effective methods were discussed in this chapter: (1)
the Lambda Method and (2) the Beta Method.

Although the Lambda Method provides satisfactory results, the
nature of the empirically determined A coefficient is not well known.

Limited research is available on the Beta Method and it is not
commonly used because of the difficulties associated with evaluating the
drained shear strength properties of the cohesive soils. The -
application of this approach should also be limited to normally

consolidated clays for which the B factor varies over a small range.

e
L "

S




55

The ultimate bearing capacity of the test piles invelved in this
study were calculated by the.adhesion approach (using Tomlinson's adhe-
sion curve), the Lambda Method and the Beta Method. The results were

later compared with the predictions of the ultimate load capacities

determined by the cone penetrometer methods.



Chapter 4
THE ULTIMATE LOAD CRITERION
4.1 General

Vesic (1974) stated that soil under a deep foundation always fails
in the same manner, i.e. in punching shear under the foundation point,
accompanied or preceded by direct shear failure of t@e soil along the
foundation shaft.

The definition of the ultimate load is arbitrary, it may be taken
as when a predetermined amount of settlement has occurred or when the

slope of load-settlement plot is no longer proportional,

4.2 Definition of Failure Load

The ultimate failure load is usually determined by defining a point
on the load-settlement curve obtained from the pile load test results.
Chellis (1951) summarized éixteen different methods which had been used
for selecting this point., More recently, Peck (1977) presented, some of
the rules for determination of ultimate load which can be: found in
Table 4.1,

The following definitions are generally accepted for the failure
load of a piled foundation:

1. The load at which a predetermined amount of settlement has

occurred: This definition may not be applicable for all

different size of piles. Recent research on pile behavior has

indicated that the full mobilization of skin resistance
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Table 4.1

Rules for Determination of Ultimate Load
- {Peck, 1977)

Limiting total settlement

(a) Absolute 1.0 in. (Holland, New York City Code)
(b) Relative 10% of pile tip diameter (England)

Limiting plastic settlement
0.25 in. (AASHTO)
0.33 in. (Magnel)
0.50 in. (Boston Code)
Limiting ratio plastic settlement/elastic settlement

1.5 (Christiani and Nielsen)

elastic settlement increment

Maximum ratio- ; :
aximum tio plastic settlement increment

(Szechy, 1961)
Limiting ratio settlement/load
(a) Total 0.01 in./ton (California, Chicago)

(b} Incremental 0.03 in./ton (Ohio)
0.05 in./ton (Raymond Co.)

o

Limiting ratio plastic settlement/load

(a) Total 0.01 in./ton (New York City Code)
(b) Incremental 0.03 in./ton (Raymond Co.)

settlement increment
load increment e

Maximum ratio
{(Vesiec, 1963)
Maximum curvature of log w/log Q line

(DeBeer, 1967)

Van der Veen postulate

w=81n (1 - Q )

o

(Van der Veen, 1953)
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requires a relative displacement between the pile shaft and

surrounding soil of 6 to-10 mm, regardless of pile size and

" length. Oun the other hand, full mobilization of ultimate load

point resistance of a pile requires a displacement of
approximately 10 percent of pile-tip diameter for driver plles
(Figure 4.1). Therefore, it.is evident that a predetermined
amount of settlement might indeed mobilize .the ultimate load
of a small diameter pile, but only a fraction of the ultimate
load of a much larger pile.

The load at which the slope of the load settlement plot is no
longer proéortional: The ultimate resistance of a pile is
usually defined as a load, at which an infinitely small
increase causes an infinitely large settlement, or as the
point where the load-settlement curve moves downward

veftically. This definition is very much influenced by the

scales chosen for plotting the load-settlement curve. For

example, if the scale on which the settlement data is plotted
is changed, the curve will take a different shape. As
illustrated in Figure 4.2, the drawing on the upper part
suggests that the ultimate resistance has been reached at
about 100 tons, whereas, the curve on the lcwer part suggests

that the ultimate resistance is not yet reached.

Iflantéma tié&éj.préseﬁted.fﬁe 1oad-§ett1ement curve in a slightly
different manner. He plotted the settlement of pPile toe versus the load
applied to pile as a percentage of the ultimate resistance (Figure 4.3).
Van der Veen (1953) noted that the curve resembled a well known function

in biology which represented the growth of a living individual as a
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function of time. Therefore, he suggested that the load-settlement

curve could be represented by the following expression:

Q=0 1-e"% - (4.1) -
where

Q = applied load causing settlement z

Qu = ultimate load

'r = coefficient of proportionality

Magnitude of r influences the shape of the load-settlement curve. This
procedure may be utilized if the loading to failure is not possible due

to practical difficulties.

4.3 Application of Van der Veen's Expression in this Study

The ultimate loads of the test piles involved in this study were

computed using Equation 4.1, This was done by selecting two points from

the load settlement-curve of each test pile. As it is evident in Figure

4.4, this expression should hold for any two points; therefore,

-rzl)

Q1 = Qu -

and

Q. (1 - e~rz2)

u

)
This represents a system of two equations and two unknowns which could
be solved for Qu_and r. At least five pairs of data points were
selected from the load-settlement of each test pile under study.
Theoretically, the solution to the equations of each pair must be the
same and equal Qu and r should be obtained regardless of the pair
chosen., However, some of the pairs of data points_resulted in imcorrect
prediction of the ultimate load (Qu). It was noted that the pairs

including one point from the middle and the other point from the end of
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the test pile program (i.e., the last load applied) would give
reasonable estimate of Qu. In conclusion, & péir of data p?ints
resulting in a Qu which reasonably fits the load-settlement plot should
be selected. The ultimate capacities (Qu) of all of the test piles in
this study were computed by the ab;ve mentioned procedure and the
results were treated as the measured ultimate capacities. The measured
capacities were later compared with the estimation of ultimate
capacities based on the static analysis techniques and cone penetrometer
prediction methods. The test piles were loaded to either 2.5 times the
design load or to loads causing a settlement of about 1/2 inch on the
average. The ultimate capacities computed using the Equation 4.1 were
about 12 percent higher than the last load applied to each test pile.

It is believed that if the test piles were loaded to Qu, a plunging type
of failure would have occurred. The load-settlement data and the
theoretical load-settlement curve for all of the test piles were plotted
(see Appendix A). An example of such a plot is giéen in Figure 4.5. It

was noted that 99 percent of the ultimate load (0.99 Qu) occurred at an

- average settlement of about 0.90 inch for all of the test piles,

The proportionality constant (r) ranged from 3.1 to 10.5 with an
average of 5.3 and a standard deviation of 1.8. The results are summar—
ized in Figure 4.6. It is possible to assume a value for r and compute
the ultimate capacity (Qu) knowing only one data point on the load-
settlement diagram. This is of great value for cases where if.is nof
possible to load the pile to a definite failure. As it was mentioned

earlier, the test piles were either loaded to some multiple of the

.design load (i.e., 2.5) or where a settlement of about 1/2 inch was

reached. Except for a few, none of the test piles experienced a true
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(pluﬁging type) failure. An attempt was made to compute the ultimate
capacity (Qu) using the data of the last load applied in conjunction
with Equation 4.1. The average r (5.3) was assumed for all the sites
and test piles. The predictions were good and the pre&iction errors
were calculated using the following expression:

. 1
% Brror = Predicted-Measured % 100 (4.2)
Measuread

The algebraip mean of the 7 errors was about 1.1 percent with standard
deviation of about 0.09. The results are shown in Figure 4.7.

There are instances when it is not possible to load the test pile
to a large magnitude of load because of equipment limitations, cost,
time, etc. However, it is essential to have an idea about the failure
load. An attempt was made ;o'determine the ultimate load (Qu) using
Equation 4.1 and knowing a point at the start of the loading program,
This load was taken as*100 tons for all of the test piles and r was also
assumed as the average r (i.e. 5.3) for all of the sites, The algebraic

mean of the % errors was found to be 6.0 percent with standard deviation

of about 0.20. The results are shown in Figure 4.8.

4.4 Summary

The proposed procedure in conjunction with Van der Veen expression
(4.1) appears to resu}t in reasonable and meaningful determination of
the ultimgtgucapacity (Qu).of.a_pile._ The capagi;ies computed with this
approach were treated as the actual capacities of the test piles and

were termed "the measurad ultimate capacity” in this study. The

lEvaluated from the load-settlement data provided by the pile load
tests in conjunction with expression 4.1,



measured ultimate capacities weré later used to compare with the
predictions based on ﬁhe available static analysis téchniques and the -
methods using CPT data. The procedure results in a non-biased
determination of Qu which is the load which_would have caused a

continucus movement of the pile (true failure) if it were applied.
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Chapter 5

FIELD TESTING
2.1 General

Selection of the sites involved in this study was based on their
subsoil conditions, accessibility, and whether or not they contained
test piles of known ultimate capacities. All together there were ten
sites under study and all of them were part of projects for the
Louisiana Department of Transportation and Development. A total of
thirty-seven test piles was selected for this study covering a wvariety
of length, shape, and material. The majority of them were loaded to
failure, ?he QCPT tests were performed as closely as possible to the
location of the test piles using different types of cones and tip

angles.

5.2 S8ite Selection

The sites selected for this project were designated as follows:
1) Morgan City, 2) Houma, 3) New Orleans (IIA), 4) New Orleans (1),
3) Ruddock, 6) Baton Rouge (I), 7) Baton Rouge (II), 8) Alexandria,
9) Borgne (I), and 10) Borgne (II) (see Fig. 5.)1). All of these sites
were parts of prdjétts for the.Ldﬁisiéﬁa beﬁartﬁeﬁtudfmTfanspﬁftétion
and Development (LDOTD). However, the names given to these sites merely
reflect their locations and do not necessarily match their LDOTID
designations. The detailed maps of the site locations are presented in

Appendix B. These maps also contain information regarding location of
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the test piles and CPT soundings, LDOTD project name and number, and the
location of the borings performed in the vicinity of each site. A
search was conducted for choosing the appropriate sites with the follow-
ing guidelines in mind:

1. The subsurface soil conditions of sites had to be co;posed of

cohesive (clayey) soils.
2. The sites had to céntain test plle(s) of known ultimate
load(s),

3. The sites had to be accessible by the cone penetrometer truck.

Excépt for the Ruddock Site, all of the sites chosen met the first
criterion. In this site, only ﬁhe first 45 feet is composed of cohesive
soils. All of the sites contain test pile(s) with known ultimate
capacities. Nearly all of the test piles were loaded to failure except
for a few cases where they were tested to only 2.5 times their design
loads. However, the method explained in Chapter 4 was used to d;termine
the ultimate load carrying capacities of those test piles.

The subsurfgce information of the sites weré provided by LDOTD.
The borings wére performed in the vicinity of each site and informatiom
such as the unconfined compression test results, the density and the
plasticity index vglues were used for some of the computations in this
study. The subsurface condition of the sites are summarized and
presented in Appendix C. The undrained shear strength profiles
(undrained cohesion versus depth) of the sites were plotted and
presented in Appendix D. It appears that the subsoil condition of the
majority of the sites is composed of soft to medium normally consoli-
dated clays. This was true for all the ;ites except for Baton Rouge and

Alexandria where the subsurface investigation indicated that the soils
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beneath these locations were stiff overconsolidated elays. The weakest
soil was encountered at Borgne (I) Site and the strongest soil was found
in Alexandria with Qéan undrained cohesion of 0.21 TSF and 1.1 TSF,
respectively. As a general rule, when one moves from south to north in

Louisiana the condition of the soils encountered improves.

3.3 Quasi-Static Cone Penetration Testings

The Fugro electronic cone penetrometer was used in all of the
soundings performed for this study. The QCPFT soundings were performed
as closely as possible to the location Af test piles. The depth of
penetrations was governed by the embedded lengths of the test piles.

The QCPT soundings were conducted to at least 5D (D is diameter of test
pile) below the tip of the test piles. A total of 35 soundings for more
than 2800 feet was performed using different types of cones and cone tip
angl;S. The following three different tips were used:

1. 60°/10: 60° tip angle/10 cm2 base area

2. 18°/10:  18° tip angle/10 cm? base area

3. 60°/20: 60; tip angle/20 cm2 base area
The piezometer comne was also utilized_in two of the sites., The cone
which provided local friction (fs) and tip resistance (qc) readings was
called the friction cone in this study apd was used extensively.

'The data furnished by the QCPT soﬁndings (fS and qc) were recorded
using two different independent systems. One was the strip chart
recorder provided by the Fugro cone penetrometer truck and the other was
a multipurpose oscilloscope (Nicolet). The strip chart recording is the
uéual manner of collecting data which uses two different pens for

plotting the loecal friction (fs) and tip resistance (qc) readings on a

-
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special type of grid paper. The values of fs and q, versus depth could
be read from the chart knowing the proper relationships to convert one
inch of the pen movements into stress (TSF) o; depth (ft). One inch of
horizont§l movement equals 50.0 TSF of tip resistance (qc) and 1.0 TSF
of local friction (fs). One inch of vertical pen movement is usually
equal to 5 feet depth of penetration.

A multipurpose oscilloscope was also used for the first time to
record the cone data (qc and fs) readings. The data was displayed on
the screen during the penetration of eacﬁ rod. After complete

-penetration of each rod (about 1 m) thé data was recorﬁed on flopéy
diskettes. This recording process was automatically performed by the
oscilloscope at the end of each 1 m penetratioh. The data retrieval
unit was capable of collecting and recording up to 1024 data points per
rod penetrated. Nearly all of the penetrations were done at the.rate of
2 cm/g and the unit was able to collect one data point every 50 milli-
seconds. This mean; that on the average one data point was collected
for every 0.1 cm (0.04 in) of penetration. This procedure was used for
all of the penetrations performed in this study. All of the data col-
lected were later transferred from floppy diskettes to computer tapes.
This process made possible the use of LSU's computer system for fast and
accurate analysis of the data. The collected data could then be re-
trieved and used for necessary computations. The area under loc;l
friction diagram (fS vs. depth) for each QCPT sounding was computed per
foot interval. This information was named "total friction" and became a
valuable tool in later cowputations.

The plottings were doné by LSU's Variant plotter. The valﬁes of

local friction (fs), tip resistance (qc) and total frictiom (Ft) were




General Information About the Test Piles

Table 5.1

Test Embedded Ultimate
No Pile Location Shape Length Load (Qu)
(ft) (tons)

1 1 New Orleans (I) 18" Square (C) 120 345

2 2A  New Orleans (I) Step Taper (5) 123 190

3 3 New Orleans (I) Monotube (8) 123 275

4 4 New Orleans (I) Step Taper (S) 123 200

5 5 New Orleans (I) 16" Dia., Pipe (8) 123 320

6 6 New Orleans (LTA) 16" Square (C) 100 225

7 8 New Orleans (IIA) 20" Triangle (C) 100 240

8 9 New Orleans (IIA) Step Taper (8) 102 135

9 10 New Orleans (IIA) Step Taper (8) 137 205

10 11 New Orleans (IIA) Monotube (S) 102 180
11 12 New Orleans (IIA) Monotube (S) 137 240
12 13 New Orleans (IIA) Step Taper (S) 102 175
13 14 New Orleans (ITA) Step Taper (8) 137 200
14 15 New Orleans (IIA) 14" Dia. Pipe (S) 102 200
i5 16 New Orleans (IIa) 16™ Dia. Pipe (S) 137 260
16 18 New Orleans (IIA) Step Taper (S) 101 130
17 19 New Orleans (IIA) Step Taper (%) 138 195
18 1 Houma 18" Square {C) 95 225
19 2 Houma 12" Dia., Pipe (8) 95 140
20 3 Houma 14" Dia, Pipe (S) 95 160
21 4 Houma Step Taper (8) 95 195
22 5 Houma Step Taper (S) 152 255
23 10 Houma - Monotube {S) 95 175
24 24-1  BRuddock 24" Square (C) 65 250
25 30-1 Ruddock 30" Square (C) 65 330
26 24~2  Ruddock 24" Square {(C) 90 380
27 30-2 Ruddock 30" Square (C) 80 600
28 54=2 Ruddock 54™ Round {C) 83 700
29 4A  Morgan City Step Taper (8) 120 180
30 48 Morgan City Step Taper (8) 108 170
31 2A  Baton Rouge (I) 14" Square (C) 45 170
32 44  Baton Rouge (ITA) 14" Square (C) 43 165
33 1 Alexandria 14" Square (C) . . . 31 105
34 3 Alexandria 14" Square (C) 45 140
35 2 Borgne (I) 36" Round (C) 124 500
36 4 Borgne (II) 36" Round (C) 130 520
37 5 Borgne (II) 24" Square (C) 104 320

C: Concrete; §:

Steel
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plotted versus depth for all of the QCPT éoundings performed., An
example of such ﬁlot is given in Figure 5.2. The QCPT sounding plots of

all of the sites are presented in Appendix E.

3.4 The Test Piles Under Study

There is a total of 37 test piles involved in this study. These
test piles cover a variety of shape, length and material. All of the
test piles are part of various projects of LDOTD and located at the
sites described earlier. The majority of them were loaded to failure or
otherwise tested/loaded to 2.5 times their design loads. The test piles
located at New Orleans (I), New Or}eans (I14), Houma, and Ruddock sites
were parts of "advanced test pile programs" and were meant to be loaded
to failure, However, the ultimate load carrying capacities (Qu) were
computed by the procedure described in Chapter 4.

A complete description of the test piles together ?ith their
detailed dimensions is presented in Appendix F. The summary of the test

piles including their designated names, locations, shape, embedded

length, and ultimate capacity (Qu) are given in Table 5.1.

5.5 Summarz

The objective of this study was to determine the feasibility of
utilizing the electronic cone peﬁetrometer to design piled foundations
in cohesive soils. The sites included a wide range of cohesive soils as
far as the shear strength was concernmed. All of the penetrations were

performed to an adequate depth using different tip angles. The new

. method of collecting, recording, and retrieving the data made it

possible to use LSU's computer for fast and accurate analysis., The test

piles were tested (with majority of the time loaded to failure) and
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covered all kinds of driven piles. The above facts indicate the exig-

tence of sufficient possible means to perform a statistically sound and

accurate analysis to reach the mentioned ébjective.,



Chapter 6

RECOMMENDED PILE CAPACITY PROCEDURES FOR
COHESIVE SOILS USING CPT DATA

6.1 Introdution

The quasi-static cone penetration test (QCPT) has been used
extensively in the Netherlands and other western European countries for
design of piled foundations. However, most of the developments have
been toward predictions of the tip bearing capacities of piles driven in
sand. The frictional capécity of a pile was related to the total
friction along the tubes, or 4. data, prior to development of the
friction sleeve penetrometer by Begemann in 1953, AThis "new" version of
the penetrometer was capable of providing frictional resistanc;, fS
readings which opened the door to a more direct and rational estimation
of the unit pile side friction, f.

One of the major goals of this research was to develop procedure(s)
using fS data directly in computations. This was done by relating fs
data to the unit pile friction (f) or by estimating undrained shear
strength to be used in conjunction with available static analysis tech-
niques. The proposed procedures resulted in close predictions of the
test ﬁiles' ultimate capacities. However, the tip bearing capacities
were estimated by a method similar to the Dutch method. This was done
because the procedures for prediction on the tip bearing capacity using
4. data were already well established. Most of the research

concentrated on developing procedures for estimating the frictiomal
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capacity since it contributes the major portion of the loading carrying
capacity of piles driven in cohesive soils.

It was concluded that the QCPT data could be utilized to design
pile foundations in soft cohesive soils. Also, in light of the close
predictions made by the proposed procedures, it is hoped that adoption
of such methods in conjunction with further research in this area would

minimize the number of costly and time consuming test pile programs

required for a project.

6.2 Tip Bearing Capacity Predictions

THe quasi-static cone penetration test (QC?T) which represents a
model displacement pile provides data to develop a continuous in-situ
resistance profile. Because of the geological conditions of the
countries where QCPT has deveioped, most of the efforts are related to
the use of the cone resistance (qc) data in cohesiohless soils, and
little work is conducted in case of the cohesive soils. Numerous
methods and procedures are available with regard to the use of the cone
resistance data for éstimatiﬁg the unit pile tip bearing capacity (qo).
However, all of the procedures recommend some kind of averaging
procedﬁre applied to 9. data for calculating the tip bearing capacity.
The most recent one is the Dutch method originally suggested by Begemann
(1963) which was explained and successfully applied by Nottingham
(1975). The theory and practicé of using QCPT data for predicting the
unit tip bearing capacity were covered in Chapter 2.

Nearly all of the test piles under study afe of "friction"-type
piles driven in cohesive soils, The tip bearing capacity does not con-

tribute much to the ultimate total capacity (Qu) of a pile driven in
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clayey socils. Thus, most of the procedures were developed for precisely
estimating the frictional capacity. For this reason, a procedure
similar to the one suggested for sandy soils was ;dopted in this study.
The method should not cause any major error due to the following
Teasons.

1. The tip resistance values are low and uniform in cohesive

soils; therefore, regardless of the failure surface pattern,

~ or the procedure used, the same unit tip bearing capacity (qo)
would be obtained. For example, there are five test piles
driven to a a depth of about 138 £t in New Orleans (I14) site
(Fig. 6.1). The unit tip bearing capacity (qo) can be -taken
as 17.0 tsf regardless of the procedure applied.

2. The contribution of the tip bearing capacity (Qt) is very
little (about 10%) to the total ultimate load (Qu);
consequently, the need for measuring it precisely is
eliminate&. a

3. The critica} depth_ratio (Dc/dp) is one'for cohesive soils
($ = 0), This point which was &iscuésed in Chapter 2,
indicates that a pile does not have to be penetrated by a
large amount (greater.than the critical depth) into a layer,
for performing a sound correlation between the cone resistance
reading§ (qc) and 9y It was also intended to keep the
procedure simple and consistant with the presenily available
methods.

The average of the 9. data for each foot of penetration was

cemputed., The average values were utilized in fhe tip bearing capacity

calculations. Fig. 6.2 presents the average cone resistance (Ec) data
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collected between depths of 89.0 ft and 115.0 ft, in the New Orleans
(1IA) site. The equation implemented for calculating the unit tip
bearing (qo) of piles driven in cohesive soils follows:

(9, * 9,.5)/2 + ¢
q = bl 22 a 6.1

Gq = the average of the Ec data, 4D below the pile tip

Qo = the average of the minipum Ec data, 4D.below the pile tip

q_ = the average of the minimum EC data, 8D above the pile tip

D is the diameter or equivalent of the diameter of the pile. The dif-
ference between this procedure and the recent version of the Dutch
method is that in the latter, the term (qbl + qbz)/Z is calculatea using
q, values obtained from XD below pile tip, X is varied between 0 to
3.75, and minimum (qbl + qbz)/Z is chosen in q, calculations.

The tip bearing capacity of the test piles were determined using
the above mentioned procedure. The average cone resistance (Ec) values
collected in the New Orleans (IIA) site is presented in Fig. 6.3,

The test pile No. 15 has a diameter of 14.0 in and is penetrated to
a depth of 103.0 ft. The unit tip bearing capacity (qo) for this pile |

was calculated as follows:

= L =
4q = 3-(102 + 47 + 28 + 32 + 22) 46 tsf
=1 =
Q, == (5 % 22) = 22 tsf .
q, =5 (6%x22+2x18+16) =20 tsf
J S 9222 Y a6 429y 4 00
q, = 7 = > < 27 tsf

The above calculations are recommended for tip bearing calculations of
piles driven to sandy, or silty clays where 9 readings are high and

erratic. In the case of pure cohesive soils, the unit tip bearing
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calculations may be done by simply averaging the 9. values around the
depth where the pile tip is located. This means that for clayey soils,

agherence to the proposed procedure is not necessary.

6,3 Frictional Capacity Prediction Using QCPT Data

Prior to the development of the adhesion jacket come in 1953 by
Begemann, the frictional capacity of a pile was related to the total
friction along the tubes penetrated or the unit pile friction (f) was
related to 4 data. The first idea was abandoned because Begemann (1953
and 1969) presenfed cases where the total rod friction decreased with'
additionél penetration. Tﬁeoretically this meant that certain layers of
soil exhibited negative local friction, which was an impossible
situation. The unit friction (£) may be directly related to q, data as

Meyerhof (1956) suggested, The frictional capacity in cohesive soils

may be estimated by assuming a proper qc/Su (i.e., Nk) ratio. The

" estimated Su may then be utilized in conjunction with available static

analysis techniques such as the one suggeste@ by Tomlinson (1957) to
compute f.

Many investigators believe that the loecal friction (fs) data is a
better indication of the undrained shear strength (Su) and the unit
friction (£) of piles drivem in clays, than the tip resistance (qc)
data. Experimental correlatiom of fS and Su presented by Wesley (1967)
indicatéd'fé tc be slightiy highéf.than S#; The estiﬁated Su.from.sﬁcﬁ
a correlation could also be utilized in conjunction with a static
analysis technique to compute £,

Begemann (1965) and Vesic (1967) suggested that the unit friction

(£) could be directly obtained from the local friction (fs) data.
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Begemann recommended that f may safely be taken as equal to fs; however,
Vesic suggested that f should be taken as Ewo_timeg the fS readings.
Although the relationships jproposed by Begemann and Vesic do not agree -
with each other, they are correct for the particular soils studied by
the two investigators. This indicates that f cannot be related to.fS by
a eonstant for all soils., WNottingham (1975) assumed fs to be equal to
the undrained cohesion (Cu), and related f to fS by the adhesion factor
(¢) suggested by Tomlinson (1957). Nottingham applied this procedure to
compute the frictional capacity of model test piles, and the results
were fairly successéull. He also realize& that f cannot be related to
fS by a constant for clays of différent strength; on the contrary, the
two may be correlated by an adhesion factor such as ¢ which decreases as
the shear strength increases.

The intent was either to relate “the unit fricti?n (£) to the local
friction‘(fs) data or to estimate the undrained Fohesion (Cu) from fS
and employ static analysis techniques to compute f. Consequently, two

different procedures, the Cone-m Method and the Lambda-Cone Method, are

‘suggested for computing £ from fs' The Cone-m Method relates f to fS by

a recommneded adhesion factor called m. The Lambda-Cone Method ig
gimilar to the original Lambda Method (Vijayvergia and Focht, 1972),
except for the fact that the mean undrained cohesion term is aetermined

from the loecal friction (fs) readings. The procedures are explained and

presented in this chapter.

6.3.1 The Cone-m Method

In order to develop a rational relationship between the QCPT data

and the frictional capacity (QS) of a pile, it is essential to determine
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the bortion of the ultimate load carrying capacity (Qu) which is
supported by the pile shaft., Ideally the study would use instrumented
test piles to measure the frictional capacities &irectly and accurately.
However, one of the advantages of working with piles drivgn in cohesive
solls (i.e., friction pile) is that the contribution of the tip bearing
capacity (Qt) to the ultimat; capa;ity (Qu) is very little, Thus, the
frictional capacity (QS) may reasonably be estimate& by subtracting Qt
from Q .

u

Nottingham (1975) conducted a study with instrumented model test
piles driven in clafé and predicted the shaft capacity (QS) by assuming
fS to be equal to Cu and applying Tomlinson's adhes;on‘facto? (a) to
compute £,

The data collected by Nottingham was treated in a differth manner
in this study. The average unit friction (f) of the test piles were
fifst computed. The ratio of f to the average local friction (fs) data
collected in the vicinity of the model test piles was calculated. The
plot of the f/f; ratios versus Es is presented in Fig. 6.4. As
expected, it is evident that the f/f; ratio is not a constant for all
soils but decreases as shear strength increases.

The same type of analysis which was applied to Nottingham's model
test pile data was also performed on the full scale test plles under
study. The unit pile friction (f) of the test piles was calculated
based on the total frietiomal capacity (Qs). The average local friction
readings (fs) obtained at the vicinity of the test piles were determined

by the following expression:

Fe

'fs =5 (6.2)
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F

where F. 1s the total area in (T/ft) under fs diagram for the pile pene-=
tration (L). The area under fs was calculated for each foot of
interval. The areas were then integrated for a given depth (L) to
compute the total friction (F;) for that aepth. The total friction data
(Ft) is plotted next to fs and q, data versus depth for a given site
(see Fig. 6.1).

The ratiocs of the gnit friction (f) and fs were calcualted and
plotted versus fs for all of the test piles. The f/fS ratio was called
the adhesion factor m. The m versus fs plot shown in Fig. 6.5 was
developed by analyzing 37 full scale test piles in ten different sites.
The f/fS ratios gathered from Nottingham's model test pile s;udy are
also presented in Fig. 6.5. It is evident that there is a clear and
definite reiationéhip between m and fs. A curve fitting process was
conducted on m and Es values which resulted to the following expression

for m:

mo=10.0 - 9.5 (1 - e2°0 £

s) (6.3)
The graph of this.expression and the average data obtained for each site
is presented in Fig. 6.6. The unit friction (f) may then be expressed
as shown in Fig, 6.7, where

f=mxE_ <0.75 tsf - ' (6.4)
The reasons for setting an upper limit for f will be explained later in
this chapter.

The shape and the trend of the m curve resembles other suggested
adhesion factor curves versus the soil's shear strength. The suggested
adhesion (m) factor decreases as the soil's strength increases which is

reflected by the Es data for a given site. Equation 6.3 suggested that

m could vary between 0.50 to 10.5 for all soils. This is in sharp
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f=m xfs

Figure 6.8 The Mechanism Involved in
Obtaining £ and fs
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contrast'with the present belief that f could be related to fs by a
correlation factor of:l or 2 as suggested by the mentioned investiga-
tors. The reason for this may be that £ and fS are obtained from two
different mechanisms which involve different types of failure criterion
and condition. The local frietion (fs) dgta is collected by the smooth
friction sleeve from soil layers which have experienced a definite
failure caused by the penetration. On the other hand,.f is obtained
from the information provided by a test pile program conducted after the
pile driving is completed. This argument is depicted in'Fig, 6.8. 1t
may be concluded fhat fs represents an undrained type of friction
whereas f is a'f?iction related to the drained condition.
The fS readings are either increased by a factor (m) greater than
one for soft clays (fs < 0.%0 tsf) or aecreaéed by an m less than one
. for medium to stiff (fs > 0.30 tsf) clayey soils. This is explained by
the fact that the pile driving causes excess pore pressures- in the zone
of highly disturbed soils around the pile shaft. The excess pore pres-
sures set up a consolidation process which eventually increases the
strength of surrounding soils after adequate time is allowed for the
eXcess pore pressures to be dissipated. Although remolding affects the
soil around the pile shaft, the strength gained from the reconsolidation/
densification process seems to be more dominant. But for medium to
stiff soils (fs > 0.30 tsf) the reconsolidation process is less
prominant. The vigorous action of pile driving causes the soil to heave
at the surface; consequently a gap is created between the pile shaft and
the surrounding soils. The gap does not allow a fullvmobilization of

the shear strength which causes the adhesion factor to be smaller than

one,
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The ultimate capacities (Qu) of the test piles were calculated by ~
applying the Cone-m Method to determine the frictional capacity (QS).
The tip bearing capacities were caleulated by utilizing the Equation 6;1
to compute Gy The values of the predicted and measured ultimate
capacities were plotted in Fig, 6.9. The points are gathered around the
one-to~one line which is indicative of close predictions. The
prediction errors were computed by the following equation:

% Prediction Error = Predicted—Measured x 100 {6.5)
Measured

The algebraic mean of the prediction errors was -~2.0% with a standard
deviation of 11.5%, as presented %n Fig. 6.10. It appears that a very
close prediction of a pile ultimate capacity is possible by éumming the
tip bearing capacity determined by Equation 6.1 and the frietion

capacity estimated by the recommended Cone-m Method.

6.3.2 The Lambda-Cone Method

This procedure is similar to the one suggested by Vijayvergia and
Focht (1972) except thg mean undrained cohesion term.is replaced by an
expression evaluated from the average local friction (f;) data. The
original Lambda Method indicated that the unit friction (£) is
influenced by passive pressures caused by the displaced soil during pile
driving. The procedure also suggests that f may be related to the
Rankine passive preSsure.

The frictional Cépédity'(qs)'of'thé'test'piiés ﬁaé”dééerﬁiﬁéd.by
subtracting -the tip capacity (Qt) from the total ultimate capacity (Qu).
The unit friction (f) was calculated knowing QS for a given test pile,
The pile friction factor Lambda-cone (lc) was caiculated for all of the

test piles applying the following expression:
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f

Ac = (o0 +2mf) (6.6)
m s

where

Ac = the Lambda~-cone friction factor

O '= mean effective overburden
m

]

m = adhesion factor obtained by Equation 6.3

£
S

1}

average local friction
The term m X fs is equal to f which was introduced in the Cone-m Method.
The Ac factor was calculated for the test piles and the values were
plotted against the corresponding pile penetration (L). The plotted
values indicated a definite relationship between Ac and L. The
Lambda-cone values decreased with increasing pile penetration (L). An
attempt was made to fit a curve to the plotted data which indicate the
following expression for kc:

A, = 0.50 - 0.40 (1 - e0:028 Ly (6.7)
This points out that Ac could vary between 0.%9 and 0.50, The trend and
the shape of Ac curve is similar to the original Lambda curve presented
in Fig. 3.6, Botﬂ A and Ac are 0.50 for a pile of zero length and
remain to a constant for very long piles. It is evident that the reasom
for Ah being 0.50 for pile of zero length is that the term Eﬁ will be
zero, thus, hc will be:

=i -
Ac =3 = 0.50 .

However, A equal to 0.50 (for L = 0) is 6ﬂly poésible if cohesion éqﬁals
unit friction £ for all soils. By the same argument, it is possible to
calculate X for zero length as follows:

£

A:-—_"_—'——-—
(Oﬁ + 2 Cu)
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assuming f = Cu and Em = 0 for zero pile length, then
Cu
X=3%¢

= .50
u

The assumption of £ = Cu may be a correct one for soft cohesive soils,
but not for all soils. This may be the reason that some engineers
believe that the Lambda Method results in overprediction of the fric-
tional capacity of short piies driven in stiff cohesive soils.

The plot of the actual kc values and the graph of Ac values com-
puted by the expression 6.7 is presented in Fig. 6.11. The actual
values fit the proposed curve very well. Furthermore, the procedure was
applied to Nottingham's model test piles and the Kc values obtained were
superimposed in Fig. 6.,1l. The results indicate that Ac may indeed
approach 0.50 for very short piles. One of the advantages of the
Lambda~Cone Method is that it involves *two corrections for determining

f. One is kc which depends on pile penetration and the other one is m

-applied to Es which is indicative of the soil's shear strength. The

term m X fs is ;eplacing Cm (mean undrained cohésion) in the original
Lambda Metho&. This suggests that m x f which is the same as unit pile
friction (f) may be taken as equal to the undrained cohesion. The
assumption is correct in the case of soft cohesive soils. The correla—

tion between Es and undrained cohesion indicated that:

Cu =n Es (6.8)
The plot of n versus ?s is givén in Fig. 6.12, The graph indicates that
n values vary with Es in a manner similar to the adhesion factor (m).
This demonstrates that m x fs may replace the term Cm for computing the

unit friction (f) by the Lambda-Cone Method without contributing any

major error.
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The ultimate load capacity (Qu) of the test piles was computed by
summing the tip bearing capacity (Qt) calculated by the expression 6.1
and the frictional capacity was predicted by the Lambda-Cope Method.

The pile penetration factor (hc) was determined by Equation 6.7. The
results are given in Fig. 6.13 which indicate accurate predictions of
the ultimate loads by this procedure. The algebraic mean of the p;edic—
tion errors was 0.0% with a standard deviation of 13.9% (see Fig. 6.14),
This proves that the Lambda-Cone can be regarded as a reliable procedure
for computing pile capacity in coﬁgsive soils,

Although the predictions made by the Cone-m and iambda~Cone‘proce-
dures were in close agreement with the measured values, it was eésential
to compare the results with the predictions based on the available
static analysis techmiques. Three procedures, the Alpha Method, Lambda

Method and Beta Method were chosen.

6.3.3 Pile Capacity Prediction by the Alpha Method

The ulvimate load capacity (Qu) of the test piles was determined by
the static analysis techniqﬁe called Alpha Method suggested by Tomlinson
(1957). The procedure is discussed in Chapter 3 which suggested the

following analysis to compute Qu:

Q, =Q, +Qq (6.9)
where

Qt =9 x At X Cu (6.10)

Qs =PxLxagx Cu (6.11)

The adhesion factor () was obtained from Tomlinson's proposed relation-
ship presented in Fig., 3.4. The plot of the predicted versus the mea-
sured values is given in Fig. 6.15. It appears that the method results

in comservative predictioms. This is further illustrated in Fig. 6.16
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which indicates that the algebraic mean of the prediction errors is
-30.0% with a standard deviation of 16,2%, The tip bearing capacity of
few test piles had to be predicted from the cone q, results. This was
necessary because those test piles were not driven into pure cohesive

soils and the information provided by the conventional subsurface invesg-

tigation was not sufficient to be used in the classical bearing capacity

equations.

6.3.4 Pile Capacity Prediction by the Lambda Method

The ultimate load (Qu) of the test piles calculated by the Lambda
Method recommended by Vijayvergia and Focht (1972). The method is

described in Chapter 3 which sﬁggests that

L
]

Qt * Qs

Qt =9 x At X Cu

Q =AxPxLx( +2C) (6.12)
i - m

The friction factor (A) values are presented in Fig., 3.6. The predicted

versus measured values are shown in Fig. 6,17, It seems that the method

provides superior results to the previously mentioned Alpha Method. The

prediction errors ranged between -1.0% and +50.0% with an algebraic mean

of ~0.3% and a standard deviation of 17.8% as shown in Fig, 16.18. The

tip bearing capacity of a few test piles had to be estimated by imple-

menting Equation 6.1 for the reasons explained earlier.

6.3.5 Pile Capacity Prediction by Beta Method

The frictional capacity of the test piles was determined by the
sémi-drained Beta Method suggested by Burland (1973). The procedure is

explained in Chapter 3. The method involves the following analysis to

compute Qu:
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Q = Qt + 9 (6.13)

(6.14)

L
]

HP
b
W

) —
9, is calculated from the come 9. results by utiliziq§ expression 6.1.
The frictional capacity (QS) is estimated as follows:

Qs =8 8v
where

B = (1L - sin éd) tang éd

in which éd is the drained angle of friction. The angle of friction
(ﬁd) was determined by using the relationship suggested by Bjerrum and
Simons (1960) which is presented in Fig. 6:19. The ultimate load-(Qu)
of the test piles were calculated using this procedure. However, it was
realized that the analysis resulted in overprediction for long piles and
underprediction for short piles. It was noted that the predictions )
based on this approach had to be corrected by a factor name Chi (¥) *
which was calculated as follows:

_ f (Measured)
X =% (predicted by Beta Method)

(6.15)

where f is the average unit pile friction. The plot of the X values
versus pile penetration (L) is given in Fig. 6.20. 1It is evident that
thié pile frictiom facto; also depends on the pile pemetration length.

The ultimate capacity of the test piles were recalculated by
applying both Beta and Chi pile friction factors. This procedure,
"Beta-Chi", requires the following analysis to predict total frictional
capacity (QS) of a pile:

QS =PxLxXxBx Om ) (6.16)
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where

Lan]
I

pile perimeter
L = pile penetration length
X = pile friction factor (Fig. 6.20)
8= (1 - sin éd) tang dd

Bh = mean effective overburden pressure
The éd values were estimated by utilizing the relationship given in
Fig. 6.19. A weighted average of the plasticity index (PI) values along
the pile penetration was cémputed for determining éd.

The predicted ultimate loads determined by the Beta—éhi Method
versus the measured ultimate loads obtained by test programs are shown
in Fig. 6.21, The algebréic mean of the prediétion errors is-ﬂ4.9z with
a standard deviation of 13.9% which are presented in Fig, 6,22, The
Beta—Ch£ Method provides reasonable prediction of the ultimate load even
though it does not require any knowledge of the shear strength of the
soils surrounding a pile. Adoption of such a methbd would eliminate the
need for undisturbed sampling and shear strength testing of soils under
consideration. In contrast with other available procedures for calcula-
ting the frictional capacity, the method only requires the information

about the plasticity index wvalues which are easily obtained from

disturbed samples.

6.3.6 Step Taper and Monotube Piles

| The stép taper ﬁnﬁ ﬁﬁnﬁtuﬁe pileé were treated in a slightly dif-
ferent manmner than the straight edge piles suech as pipe piles, etc.. For
the Cone-m and Alpha Method, a corresponding m or « was applied to Es or
Eu of a given section for computing the friction capacity (Qs).

However, in the other three methods (Lambda-Cone, Lambda, and Beta-Chi)
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a weighted average of the perimeters was calculated to be used in the
unit friction (£f) computations. The bearing capacities of the "steps™"
were ignored and the tip bearing calculations were based on the
contribution of t@g tip only. This approach was adopted fof both step
taper and monotube test piles., It is believed that the above approach
and assumption are correct in cohesive soils. This is due to the fact
that the major portion of the load carrying capacity of piles driven in
cohesive soils (friction piles) is contributed by the shaft frictional

capacity.

6.4 Compariscon of the Results

The two proposed procedures for computing the ultimate load of

piles driven in cohesive soils, the Cone-m Method and the Lambda-Cone
Method, resulted in very close predittions of the measured values., The
Alpha Method provided the most consetrvative predictions. The predic-—
tions made by the Lambda Method were also in close agreement with the
meésnred data provided by test pile programs. The Beta-Chi procedure
surprisingly resulted in very good estimation of the ultimate ioads evern
though the analysis involved did not require any shear strength data.
The prediction quotients were computed fér all of the pile capacity
determinations made by the mentioned methods. This quotient is expres-—
*

sed as follows:

Predicted Qu

Prediction Quotient = (6.17)

Measured Qu

The ratios were plotted against the pile penetration lengths for pre~
dictions made by all of the procedures cited earlier, The results are

given in Appendix G, A summary of the results is presented on one page
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(Fig. 6.23) for easier comparisons. Further comparisons may be made by
referring to Table 6.1. The prediction quotient results also indicate
that the Alpha Method provides the most conservative predictions of the

test piles' ultimate loads.,

Table 6.1

Summary of the Prediction Results

Prediction Ratio Results

Method Name Mean of Prediction

Range Mean Stdndard Deviation Quotient
(% (%) (%
Cone-n -35 to 25 - 2.0 11.5 0.997
Lambda-Cone =38 to 20 0.0 13.9 0.988
Alpha =57 to 1 =30.,0 16,2 0.692
Lambda -39 to 50 - 0.3 17.8 1.000
Beta-Chi  ~44 to 19 —~ 4.9 13.9 0.943

6.5 The Effects of the Cone Tip Shape and Angle
on the QCPT {(f and q ) Results

The cone penetration testings were performed using three différent
tips. However, the findings of this study are based on results obtained
by a penetrometer of 60° tip angle and 10 cm2 base area penetrated at
the rate of 2 ecm/s. The three types of tips used were (see Fig. 6.24):

1. 60/10: 60° tip angle/10 cm2 base area

2, 60/18: 18° tip angle/10 cm2 base area

3. 60/20; 60° tip angle/20 cm2 base area

120
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Figure 6.24 The Three Types of Tips Used
in the Study
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The results of the penetrations performed by these tips are given in : -

Appendix E. The influence of the tip angle and shape on q, and ?s

results are discussed separately. ) e

pres——
{

6.5.1 The Effects on the Tip Resistance {q )
)

The q, values obtained by the three tips generally agree with each
other. The "pointed™ 18/10 tip's ¢, Fesults are not as smooth as those
collected by the other two. The "big" 60/20 tip resulted in the
smoothest q, measurements for a given layer. The results of the
"regular" 60/10 cone are closer to the "big" tip's q; values than the
18/10 tip. These differences were not. detected in cohesive soils with
low 4. values, However, in the case of a sand layer, the 18/10 tip
reaches a maximum value faster than the other two and the variations
between the 9. values are the greatest. It appears that the 18/10 tip
sense€s and reacts to a layer with high q. values (i.e., sand) quicker
than the other two tips because it is the longest. It should be noted
the Dc/d (critical depth/ cone diameter) also influences q, results.

. The tip with the smallést Dc/d would reach a maximum 9, value the last.

This is in agreement with the fact that the "big" 60/20 with the

smallest Dc/d usually reached a maximum q, the last and gave the

smoothest q, results. The closer Dc/d is to Dc/dp (eritical depth/pile
diametgr) the better the 4 results correlate with the unit tip bearing .
capacity (qo). For this reason, qc values obtained by the big tip are

more indicative of a pile tip bearing capacity than the other two.

6.5.2 The Effects on the Local Friction (fsl
Contrary to the tip resistance (qc) results, the tiﬁ shape and

angle have major effects on the local frictiom (fs) daté. This is
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because fs readings aré influenced by the cavity created by the tip
penetration. It should be noted that the fS values are from soil layers
which have been remolded and disturbed by penetration. The cavity
created by the tip closes back and the soil grabs t;;.friction sleeve
located immediately behind the tip. The level and the intensity of this
"grabing" process is influenced by the tip shape which has major effects
on the local friction (fs) readings.

The 18/10 tip opens a cavity which will close back sooner than in
the case of the other two tips. This may be due to the fact that this
tip has a very sharp pointed Erout and a smooth trénsition with the
sleeve friction. The fs values obtained by-this tip are usuglly higher
than the fS readings obtained by the 60/10 tip. The ratio of the fs
values collected by the 18/10 tip, ranged between 1.0 for soft clays to
as high as 1.6 for stiff cohesive (clayey) soils (see Appendix H). It
appears that in the case of soft soils, the grabing process is
independent of the tip shape and éngle. However, in the case of the
stiff cohesive soils, the cavity created by the penetration will not
close back over the full length of the friction sleeve for the 60/10 tip
as much as it does for the 18/10 tip.

The ﬁs readings obtained by the '%ig" 60/20 tip are not reliable
for pile friction estimation. The fS values obtained by this tip are as
low as 10% of the ones obtained by the other two tips regardless of the
soil's consistency. Negative total frictions were detected with this
tip indicating a layer with negative local friction (fs) values, which
is not possible. This may be attributed to the fact that the friction
sleeve of this cone has a diameter much smaller than that of the tip
base. The hole created by this tip is large and does not close back

over the full length of the friction sleeve.
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It is concluded that the q, values collected by the 60/20-are
better indication of the pile capacity. However, the fS values obtained
by this tip need to be studied in further detail. The fS values
gathered by the 18/10 tip are the highest and probably the most
representative for a given layer; on the other hand, the q. values
measured by this cone are not as representative as the ones collected by
the other two tips. The 60/10 tip which was extensively used.in the
analysis may be regarded as the "average" tip, compared with the other
two., .The tip resistance (qc) values gathered by this tip are as
reasonable as the 60/20 tip and the fS values are as representative as
the values obtained by the 18/10 tip., However, the 60/10 tip was the
only one that could provide both fs and ., values reasonably. A tip of
60° angle and 20 cmz base area, coupled with a friction sleeve having a
diameter slightly. larger than the tip base is recommended for pile
capacity prediction. This tip would provide qc values as representative
as the ones obtained by the 60/20 tip for the tip bearing calculations,
and fS readings as reliable as the values obtained by the 60/10 tip for
frictional capacity compﬁtations. A 60/15 tip has been developed by ‘
Fugro which was used recently. The tip provided satisfactory results

(Tumay et al., 1981),

6.6 The Unit Pile Friction (£)

It appears that there is an upper and a lower limit for the unit
pile friction (f), This argument is further supported by the plot of
the actual test piles' unit frictions versus their penetration d4s shown
in Fig. 6.25. The range is between 0.30 tsf to 0.65 tsf. This may be

the reason attributing to the shape and trend of the adhesion curve, m.
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The shape and the tread which resembles other adhesion curves, such as
the one proposed by Tomlinsén (1957). The m and O values are such that
f cannot take a magnitude out of a certain range; This range is usually
taken between 0.25 tsf to 0.75 tsf as recommended b? many engineers.
The adhesion (f) wvalues calculated by Temlinson's a factor (f = o Cu)
implies an upper limit of 0.50 tsf for all piles. The upper limit
adopted for f values obtained by the Cone-m Method 1s 0.75 tsf as given
by expression 6.4, The f values obtained by the Cone-m method are
independent of the pile penetration length. The average unit friction
(f) computed by the Alpha Method is also independent of the pile length
and values depend only on the undrained cohesion (Cu) of the soil. The
Cone~m Method is very similar to the Alpha Method except for the fact
that in the former, the cone (fs) values are utilized instead of the
undrained cohesion (Cu) data, and the adhesion factor o is replaced by
m.

The Lambda-Cone and the Lambda Methods are similar to each other
and the average unit friction-(f) calculated by these two procedures do
depend om pile pemetration length (L). The unit friction (fj computed
by these two methods increases with larger pile penetration. This is
due to increase in the Em term %ith increase in depth. On the other
hand, the pile friction factors Ac and i, decrease with depth, prevent-
ing £ from taking a value outside its range. This is also true for the
Beta—-Chi Method in which the term X also decreases with incr;aéing pile
penetration, keeping f in its acceptable range. The summary of the unit
pile friction (f) versus pile penetration calculated by the five differ-
ent procedures used in this study is shown in Fig. 6.26., The mean

undrained cohesion and the average local friction (fs) for this site
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(New Orleans IIA) are 0.40 tsf and 0,20 tsf, respectively. The pile
unit friction (f) is 0.32 tsf a; determined by the Alpha Method or
0.42 tsf as computed by applying the adhesion factor (m) of the Cone-m
Method. These unit friction values are independent. of the pile length.
However, thé f values computed by the Lambda-Cone, Lambda and the
" Beta~Chi Methods vary with depth. Interestingly, it can be noted that
although the procedures are based on different approaches and théories,
the‘unit frictions computed by the methods for different pile lengths
are generally in agreement as depicted in Fig. 6.26,

The unit frictions (f) computed by the Cone-m and Lambda-Cone
Methods were compared with respect to variations in shear strength. The
£ §a1ues computed by the Cone-m Method (f = m x ES) were compared with f
values obtained by the Lambda-Cone Méthod for two différent pile
penetrations of 50 and 140 feet. It’appears that the unit frictions
obtained by the two procedures are in agreement with'each other
regardless of the soil's shear strength as shown in Fig. 6.27,

The f values determined by the Alpha and Lambda Methods were also
compared with respect to variations in soils' shear strength. The
agreements are generally good for -soils of low shear strength. However,
in the case of stiff soils, the values of £ computed by the Lambda
Method are much higher, as shown in Fig. 6.28. Evidently, the Lambda
Method results in overprediction of the frictional capacity of piles
driven in stiff cohesive soils.

As mentioned earlier, the Alpha Method results in underprediction
of the pile frictional capacity. The algebraic mean of prediction
errors and the mean of prediction quotients were =30.0% and 0.692,

respectively. The conservative predictions made by this method may be
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attributed to the fact that the adhesion factor o should take higher
values in the case of soft soils. The matter is fﬁrther élarified-by
plotting the adhesion factors obtained from the test piles, versus the
mean undrained cohesion of the sites investigated in this study., The
adhesion factor (@) curve is also presénted in Fig. 6.29. It is evident
that the meaéured adhesion factors are much higher than the o factors in
the case soft cohesive soils. The measured adhesion factors take wvalues
of greater than one which is éontrary to the belief of many engineers.
The adhesion factor is not allowed to be greater than "one" because the
limiting value of the unit friction f is set equal to the undrained
cohesion Cu' The argument is valid, however; it should be noted that
the adhésion factors are evalﬁated based on the undisturbed undrained
cohesion. In reality, the capacity of a pile is controlled by'the
remolded soils of the disturbed zone created by pile driving. The pile
ériving action gemerates excess pore pressures Whicb, after dissipation,
increases the strength of the soils surrounding the pile shaft., The
process is only prominant in the case of soft cohesive soils with
undrained cohesion of less than 0.40 tsf. This fact is further illus-

trated in Fig. 6.30 in which

(9]
n

1 undrained cohesion before pile driving (undisturbed)

fl = adhesion of a soil with cohesion of Cl
C2 = undrained cohesion after pile driving
f, = adhesion of a soil with cohesion of C

2 2

Before the pile is driven the limiting value for fl is Cl'
Consequently, it is true that the adhesion factor (¢) cannot take a
value greater than "one." However, after the excess pore pressures have

dissipated, the soil becomes stronger as the result of the

o
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reconsclidation/densification process, The process is simjlar to the
consolidated undrained (CIJ) condition. The pile driving increases the
vertical and horizontal stresses in the soils around the pile shaft.

The increase in stresses generate excess pore pressures which set up a
consolidation process. After the excess pore pressures have dissipated,

the surrounding soils gain in strength (C. increases to Cz) because of

1
the reconsolidation/densification action. A pile testing program is
performed a few weeks after a pile is driven. The frictional capacity

is probably controlled by the new shear strength, C., and the

29
corresponding adhesion f2 is limited by C2 (after pile driving) rather
than C1 (undisturbed). The adhesion factor curves are based on thg
undisturbed shear strength (Cl) rather than C2 which contributes to the
load carrying capacity of a pile. The reason for the measured adhesion
factors taking values greater than "one" (contrary to theory) is that f2
may be greater than C1 due'to the cited consolidation (gain in strength)
process. The limiting factor for the "real adhesion is post pile
driving cohesion (Cz) rather than the pre pile driving cohesion (Cl).

It should be stated hére that this consideration is significant only in
soft cohesive soils.

6.7 Practical Application of the Proposed QCPT
Methods in Pile Capacity Prediction

A test pile program is required for accurate measurement of pile
capacity due to the uncertainties associated with the present static
analysis techniques. The difficulties involved with using the bearing
capacity equatious for pile tip bearing capacity occur more in ;he case
of sandy soils than in clayey soils. The test pile programs are not

only used to determine the load-settlement characteristics, but also to
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choose the most efficient type and size of pile. The process is coétly,
time consuming, and performed after or while the project is in progress,
-An attempt was made to simulate the function of a test pile program

by applying QCPT data in conjunction with the proposed Cone-m Method.
:The ultimate capacity of a 14,0 inch diameter pipe pile was calculated -
versus depth at the New O?leans (1IA) Site, The tip bearing capacity ) =
was calculated using the expression 6.1 and the frictiomal capacity was
determined by utilizing the adhesion factor, m (Fig. 6.6). The pile
penetration length was increased in 10 foot intervals, and the
correspondiné ultimate lsads (Qu) were computed. In reality, there is a
14,0 inch diameter pile driven to a depth of 103 feet in the New

Orleans (ITA) Site. This test pile actually failed under 5-200 T of | -
load which is equal to the ultimate load predicted by the Cone-m Method -
as shown in Fig. 6.31. The same type of analysis may be conducted by
u;ilizing the Lambda-Cone Method.

Presently, the ultimate load capacity versus penetration depth

determinations are based on the driving resistance records (blow counts/
foot) used in conjunction with a dynamic pile caﬁacity analysis such as

the Engineering News Formula. Due to the uncertainties associated with -
this and other similar procedures, a high factor of safety is usually ¥

adopted. The factor of safety applied to a static analysis technique is

usually taken as 2.5. ‘This is in addition to the "built-in" factor of
safety as part of the analysis, due to the conservativg determination of
the adhesion factors used to calculate the frictional capacity. As
mentioned earlier, the Alpha Method resulted in underprediction.of the
ultimate loads. The ﬁean of the prediction quotients was 0.692 (for the

alpha method) which indicates a "built~in" factor of safety of more than
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1.4 (1/0.692), Thus, the real factor of safety adopted is 3,50

(2.5 x 1.4)., The higher the factor of safety, the more money and piles
required to finish ; project. A higher factor of safety also means more
confidence in the safe performance of a structure. It should be stated
that when predictions are good and uncertainties are minimum, a smaller
factor of safety may be considered, A test pile program leaves little
doubt with regard to the magnitude of ﬁile failure load. 1In light of
the close predictions made by the Cone-m and the Lambda-Cone Methods, a
factor of safetyof 2.0 is recommended for computing the allowable load.
This_suégeston is further supported by the fact that under the allowable
loads computed by a factor of safety of 2.0, the average settlement of
the test piles is 0.15 inch. This settlement is only 15% of the
settlement of 1.Q inch accepted widely to be the failure condition. It
is also concluded that with regard to settlement tolerance, the factor
of safety is more than 6 (1.0/0.15) under the recommended allowable load-
Q,/2.0).

The depth of the cone penetration tests were controlled by length

' of the longest test pile presented at a site in this study. In

practice, this information is not available because the problem is to
determine the pile length. The function of the cone penetraton testing
is to determine the length of a pile(s) capable of carrying the imposed
loading., The length of a pile is computed by utilizing the QCPT data in
conjunction with ome of the suggested Cone~m or Lambda—Cone Methods.
Sufficient amounts of data must be collected to condﬁct such amalysis.,
The required cone penetration testing depth (CPTD)} may be determined in

feet by the following equation:
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Qa x F.S. -
.CPTD = m (6.18)
where ) )
-Qa = allowable pile load (T)

F.8. = factor of safety

assumed pile perimeter (ft)

o
]

The unit friction (f) is taken as low as possible (f:= 0.30 tsf) to
ensure adequate amount of penetration. The tip bearing capacity is
ignored for further assurance against lack of CPT data to perform a

sound pile capacity calculation,

6.8 Summary

The ultimate bearing capacity of a pile can be predicted by utiliz-
ing the QCPT data. The tip bearing capacity may be estimated py a
procedure similar to the ones suggested for sandy soils. Two procedures
were suggested for computing the frictional capacity. The two
procedures are the Cone-m Method and the Lambda~Cone Method. Both
procedures- provide very close predictions of the ultimate loads. Two
éxisting static analysis techniques were also investigated: the Alpha
Method and the Lambda Method. The former resulted in consexrvative, and
the latter in close predictions of the test pile's ultimate loads. A
modified version of the Beta Method was introduced which provided
reliable pile capacity estimations. This method was named Beta~-Chi. It
was concluded that the undrained cchesion can be estimated from ‘the cone
local frietion (fs) data with reasonable accuracy. A cone tip of 60°
angle and 20 cm2 base area in conjunction with a friction sleeve having
a diameter slightly larger than the tip base is recommen&ed te be used

in pile capacity analysis.
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A factor of séfety of 2.0 may be adopted when any of the two cone
procedures is applied. The QCPT data can be utilized to determine the
length and the most efficient type of pile to be used in a project,

This is presently done by performing test pile programs. It is believgd
that analysis involving the utilization of QCPT data in conjunction with
the proposed procedures could help minimize the number of test piles
required for a project., Further research in this area is strong1§
recommended. More research may be performed in stiff clays with piles

of shorter length which have not been coveraed extensively in this study.



Chapter 7

CONCLUSIONS

This research has produced several contributions with regard to the

use of the electronic come penetrometer for pile capacity prediction in

cohesive soils. Based on the study performed, the following conclusions

were drawn:

1.

The cone penetration (QCPT) test is capable of providing an
in—situ continuous profile of the unit tip bearing capacity
(qoj and the unit pile.side friction (f).

The tip bearing capacity of piles driven in clays can be

predicted by utilizing the cone tip resistance (qc) data in

conjunction with a proposed method similar to that used for

sandy soils. The modified wversion suggested in this study °

should not cause any major errors for the following reasons:

a. The cone resistance (qc)'values are low and uniform in
cohesive soils. Therefore, regardless of the procedure
used, the same unit tip bearing capacity is obtained.

b. The contribution of the tip bearing capacity to the
ultimate load is very little, thus, eliminating the need
for precisely determining it.

c. The pile does not have to be penetrated to a great depth
into a cohesive soil layer to make sound correlations

d .
between qc an qo
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It was also intended to keep the pfocedure simple and consis-’
tant with the available methods.

On the average the tip bearing capacity (Qt) of the test piles
comprised only 10% of the total ultimate capacity.

The pile frictional capacity may be estimated by a proposed
procedure called the Cone-m. The method relates the average
unit pile friction to the average fs readings by an adhesion
factor (m), The procedure produced very goed results, (The
algebraic mean of the prediction errors = -2.07%.)

The pile frictional capacity can also be predic£e& by a recom—
mended procedure called the Lambda-Cone. The method is
similar to the one suggested by Vijayvergia and Focht (1972)
except that the mean undrained cohesion term is evaluated from

the local friction (fs) data. The procedure employs a pile

" friction factor (Lambda—-Cone) depending on pile length., The

predicfions made by this method were extremely good. (The
algebraic mean of prediction errors = 0.0%.)

The undrained cohesion can be related to the éverége local
friction (fs) by a factor called n, The shape and the trend

of the curve n is very similar to that of the curve m emp loyed

in the Cone-m Method.

The Alpha Method produced conservative results, especially in
soft cohesive soils. (The algebraic mean of the prediction
errors = -30.0%.)

The a&hesion factor should take higher values for soft soils.
The factor is not allowed to be greater than “one;" because,

the limit of the adhesion is set equal to the undisturbed



10.

11,

undrained cohesion. It is believéd that the adhesion is
governed by the undrained cohesion of the disturbed soil
(after pile driving) rather than thht of the undisturbed soil
(before pile driving). The pile driving action generates
excess pore pressures which set up a consolidation process.
The disturbed soils around the pile shaft gain in strength
through the reconsolidation process. The magnitude of the
adhesion (unit friction) is controlled by the undrained
cohesion of the stronger soi}, and its value may be greater
fhan the undisturbed cohesion of the soil before pile driving,
For this reason, the adhesion factor may téke values greater

than "one,"

contrary to common practice, The argument is only
valid for soft cohesive soils.

The Lambda Method gave close predictidns of the ultimate
loads. The algebraic mean of the prediction error; was -0.3%.
The method produces unconservati%e results for short piles
driven in stiff cohesive soils.

The'Beté Method produced conservative results for short piles
and unconservative results for long piles.

The predictions made by the Beta Method had to be corrected by
a friction factor depending on the pile length. This factor
was called Chi; consequently, the procedure was named
Beta-Chi. The method does not require any shear strength data
which eliminates the need for the undisturbed samples.
However, the plasticity index (PI) values for the soils along
the pile shaft is needed. The procedure produced suprisingly
good results. (The algebraic mean of the predietion

errors = =4,9%,)
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13,

14,

15.

15,

17.

The Van der Veen's expression can be used to make rational

analysis of the load-settlement data provided by load test

" programs., The ultimate loads obtained by this procedure would

cause a plunging type failure of the pile. A pair of points
from a load settlemeht curve may be obtained, and two applica-
tions of the expression generate a system of two equations and
two unknowns. Solving the system of equations would give the
ultimate load tQu) andithe coefficient of proportionality (r).
The ultimate load (Qu) may be predicted by knowing only one
point on the load settlement curve and assuming an average
coefficiegt of proportionality (r). The average r for the
test piles under the study was 5.3.

The settlement of the test piles under 99% of their ultimate

loads was about 1.0 inch (on the average) which is the widely

accepted failure criterion.

There is an upper and a lower limit for the unit pile friction
(f). £ ranged between 0.30 tsf to 0.60 tsf, for the test
piles under invéstigatioﬁ. |

The unit frictions obtained by the Cone-m Method and the
Lambda-Cone Method agreed with each other both with respect to
variations in the soil's shear strength and the pile's length.

The size and the geometry of the cone tip did not have amy

‘significant influence on the cone resistance ch) readings.

However, a, values obtained by the "big" 60/20 tip may be

considered to be the most reliable for the pile capacity

caleulations,
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19.

20.

21,
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The cone tip's size and geometry greatly affected the local
friction (fs) measurements. The 60/20 tip provided less
reliable local friction data. The 18/10 tip and the 60/10 tip
gave reliablé fs readingé.

A tip of 60° apex angle and 20 cm2 base area in comjunction
with a friction sleeve having a diameter slightly larger than
that of the base .would give reliable results for pile capacity
prediction.

The 60/10 tip gives as reliable 4. data as that of the 60/20,
and as representative fS readings as those obtained by the
18/10 tip. The findings of this study were based on a pene-
trometer of 60° tip angle and 10 cm2 base area (the 60/10 tip)
pushed at the standard rate of 2 em/s.

The ultimate load profile for a given site and pile may be
developed by applying either of the ;w6 proposed cone proce-
dures. The most efficient type of pile for a particular
project can be determined by performing CPT, before the
project is undertaken, Presently; this is done by conducting
test pile programs which are costly and time consuming.
Although the test pile programs cannot be eliminated, reducing
the number of test piles required for a project would save a
great deal of time and money.

A factor of safety of 2.0 may be adopted when either of the
proposed cone methods is employed. The test piles settled
only 0.15 inch (on the average) under the allowable loads
(Qu/2.0) computed by this factor of safety., This amount is

only 15% of the 1.0 inch settlement which is the failure
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condition widely accepted by the engineers. The commonly
assumed factor of safety is 2.5. The 20% reduction in factor
of safety (2.5 to 2.0) will lead to savings in money and time
without jeoparizing safety.

Further studfiin this area is strongly recommended. More
study may be performed in stiff clays and with piles of short
lengths which were not covered extensively in this research.
The piezo-cone penetration test (PCPT) may be tried in
conjunction with such studies to simulate the effects of pore

pressures caused by pile driving for a possible drained

approach to this problem.’
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Morgan City Site

Pepth Soil Type & Color Uy Y PL PI
(ft) (TSF) (TCF) @ @
0- 4 Tan & Gray Clay 1.05 0.060 61 41
b 7 Gray Silty Clay 0,66  0.062 @ —= -
7= 10 Gray Silty Clay 0.39 0.060 — -
10- 18 Gray Clay 0.53 0.057 63 42
18- 23 Gray Clay — — - —_
23~ 48 Gray Clay g.60 0.055 70 46
48~ 63 . Gray Clayey Silt e — — s
63~ 67 vﬁ'ray Clay Q.76 0.051 — -—
67- 75 Gray Clay 1.81 0.057 - -
" 75~ 80 Gray Clay 0.68  0.052 94 67
80- 84 Gray Clay 1.04 0,057 — —-—
84~ 94 Gray Floc. Clay 0.85 0.057 — —_—
94~ 98 Gray Silty Clay - ——— -— -
98-108 Gray Clay 0.88  0.058  —=  —m
108-123 Gray Clay. 1.24 0.058 - —-—
Boring Number: B~10 Station: 177 + Q0

209



210

New Orleans (IIA)

Pepth . Soil Type & Color i Y LL fI
(fr) (ISF)  (TICF) )y @)
0- 12 Brown Silty Clay 0.40 0.058 49 23
12- 15 Gray Clay —— G.058 - -
15« 21 Gray Silty Clay 0.39 0.041 ——- ——
21- 54 Gray Silty Clay 0.43 0.052 90 62
S54= 57 Gray Silty Clay 0.60 0.052 103 73
57- 60 Gray Silty Clay 0.31 0.057 33 15
60~ 66 Gray éilty Clay 0.84 0.054 76 51
66— 69 Gray/Brown Silty Clay 0.32 0.060 33 18

69~ 75 Gray Brown Sandy Silty Clay 1.20 0.064 73 54
75- 78 Gray Brown Sandy Silty Clay 0.80 G.066 - —
78~ 84 Gray Brown Sandy Silty Clay 1.07 0.064 30 “ 13
84-102 Brown Silty Clay 1.45  0.061 65 41

102-147 ' Gray Silty Clay 1.85  0.058 72 46

Boring Number: 1 Station: 380 + 00




Houma Site

211

Depth S0il Type & Color % Y LL PI
(£t) (TSF) (TCF) V9 T ¢
0- 4 Gray Silty Clay 0.48  0.048 100 62
4w 8 Gray Silty Clay 0.26 0.053 55 30
8- 13 Gray Fine Sand — 0.059 - -
13- 28 Gray Silty Clay 0.37 0.061 37 15
28~ 38 Gray Silty Clay 0.57 0.055 63 39
38~ 43 Gray Silty Clay 0.74 0.055 76 44
43- 48 Gray Silty Clay 0.65 0.050 65 38
48« 53 Gray Silty Clay .41 0.056 51 30
53~ 68 Gray Silty Clay 1.29 0.056 73 47
68~141 Gray Silty Clay 1.61 0.057 72 55
141-153 “ Gray Medium Sand ~— — - —
153-157 ~ Gray Fine Sand - 0,056 o -—
Boring Number: Not Available Station: 41 + 99



212
New Orleans (I)

Depth Soil Type & Color - %y Y L PI
(ft) (ISF) (TCF) &y
0- 4 Brown Sandy Silty Clay 0.44 0.056 36 14
b 7 Gray Brown Silty Clay 0.39 0.058 60 37
7- 10 Gray Sandy Silty Clay 0.36  0.062 33 13
10— 13 Gray Silty Clay 0.54 0.034 73 41
13~ 15 Gray Silty Clay 0.54 0.053 108 70
16~ 19 ‘Gray Silty Clay 0.57 0,053 102 65
19— 40  Gray Silty Clay 0.58 0.053 67 41
40- 43 Gray Silty Clay 0.78 0.051 114 840
43- 46 Gray Silty Clay 0.81  0.054 68 46
46~ 58 _ Gray Silty Clay 0.8  0.051 80 40

58- 61 Gray Medium Silty Sand — — —— ——

61~ 64 Gray Sandy Silty Clay 0.58 0.057 33 15°
64— 67 Gray Silty Clay 0.94  0.057 42 20

67- 79 Gray Silty Clay 1.44 0,052 99 72 i
79~ 85 Gray Brown Silty Clay 1.28  0.061 88 64 4
85- 88 Brown Sandy Silty Clay 0.98 0.063 39 23

* 88 94 Brown Silty Clay 1.80 0.060 93 66
94-100 Brown Silty Clay 1.54  0.063 44 24

100-109 Gray Brown Silty Clay 3.42  0.062 70 50

109-133 Gray Fine Silty Sand SPT N = 44

Boring Number: 2 Station: 245 + Q0




(=3

Ruddock Site

Depth Soil Type & Color Ty SPT
(fr) (TSF) (63D
O~ 4 Gray & Tan Clay 1.05 -
4= 8 Grown Humus w/ Wood - ——
8-10 Very Soft Gray Clay - -
10-33 Gray Clay w/ Sand 0.20 -
33-46 Tan Gray Clay 1.40 ——
46-55 Tan Gray Fine $and - 20
55-61 Gray Sand w/ Clay - 19
81-66 Gray Dense Sand — 32
66-71 Gray Sand o 50-10"
71-76 Gray Stiff Clay w/ Sand - 17
76-79 Gray Clayey Sand 0.20 -
79-82 Gray Silty Clay 0.63 -
82-99 Gray Silty Sand - 50-8"
Boring Number: F-15 Station: 670 + 75
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Baton Rouge (I)

DePth 5011 Type & Color %W Y LL. - PI
(ft) (T8F) (ICF) Yy @)
0~ 3 Brown Clayey Silt 2,10 0.058 30 8
3-8 Brown Silty Clay 2.05 0.062 35 18
8-11 Brown Clay 2.58 0.062 57 35
11-20 Gray Brown Clay 1.60 0.064 68 43
20-23 Brown Silty Clay 0.83 0.060 32 14
23-26 Brown & Gray Clay 2.50 0.059 86 57
2630 Brown Clay 1.07 0.059 33 18
30-33 Gray Silty Clay 2.59 0.063 50 32
33-54 "Brown Clay 4.09 0.065 46 29
54-57  Brown Sandy Silty Clay 2.64  0.062 38 20
37-60 Browm Clay 2.43 0.061 34 16

Boring

Number: B-14

Station: 66 + 45
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Baton Rouge (II) Site

215

Depth

Soil Type & Color % Y LL  PI

(ft) (TSF) (TCF) (%) (%)
0=10 Gray Silty Clay 1,21 0.059 36 15

10-50  Gray Brown Silty Clay 2.76 0,057 105 74
50~56 Gray Silty Clay 2,17 0.062 32 13
56-66 Gray S5ilty Sandy Clay 2,49 0.063 38 21
Boring Number: 2 Station: 78 + 20



Alexandria Site

Depth

So0il Type & Color u LL PL

(ft) (TSF) (¢ R ¢
0- 3 Brown Sandy Loam - - -

3-6 Gray Brown Medium Fine Sand —— - —

6— 8 Black Gray Brown Sandy Loam 0.52 21 4

8~12 Gray Brown Silty Clay 1.28 56 38

1215 Black Gray Silty Clay 0.75 41 27
15-18 Gray Brown Silty Clay 1.%0 46 23
18-21 Brown Gray Silty Sandy Clay 2.22 38 21
21-24 Black Gray Sandy Clay 1.72 48 31
24-27 Brown Black Gray Sandy Clay 2.25 66 46
27-30 Red Brown Silty Clay 3.00 77 56
30-42 Brown G;ay Silty Clay 1.77 81 52
42-49 Gray Brown Silty Clay 1.14 8 52
49-57 Brown 311t§ Clay 1.40 95 67
Boring Number: 9 Station: 375 + 50
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Borgne (I) Site

Depth Soil Type & Color 9 SPTy LL  PI
(ft) (TSF) (W) (ICP) (%) (%)

0- 20 Gray & Brown Silty Clay 0.28 —-— 0.044 72 41
20~ 26 Gray Silty Clay 0.19 - 6.052 31 11
26~ 42 Gray Silty Clay 0.28 - 0.055 43 21
42~ 60 ~ Gray Silty Clay 0.52 - 0.048 115 84
60~ 66 Gray 8ilty Cléy 0.42 - 0.045 106 76
66~ 76 Gray Silty Sand - 18 —_— e -
76~ 78 Gray Silty Clay 0.28 - 0.056 32 15
78« 90 Gray Silty Sand — 50 0.058 ~—= —
30-102 Gray Silty Clay 0.50 - 0.056 45 24
102-122 Gray Silty Clay 0.72 — 0.053 50 23
Boring Number: 6 Station: 123 + 15
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Borgne (II) Site

Depth Soil Type & Color 9 Y L PL
(£t) (TSFY (ICF) )
0- & Gray Brown Silty Clay 0,27 0.049 104 66
6- 9 Gray Clayey/Silty Sand - 0.055 -— —
9- 21 Gray Silty Clay 0.22 0.048 82 50
21~ 30 Gray Clayey/Silty Sand - 0.053 - =
30~ 45 Gray Silty Clay 0.38  0.055 61 38
45- 66 Gray Silty Clay 0.43 0.052 114 86
66~ 69 Gray Fine Silty Sand - —— - -
659~ 72 Gray Clayey Silty“Sand - —— —-— -
72— 84 Gray Fine Silty Sand - —— N = 30
84- 87  Gray Sandy Silty Clay  0.48  0.057 29 11
87-117 Gray Silty Clay 0.98 0.053 53 28
117-120 Gray Fine Silty $and — 0.051 22 1 )
120123 Gray éandy Clay 0.25  0.057 30 12 ]
Boring Number: 10 Station: 132 + 55 7
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BATON ROUGE (1)
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BATON ROUGE (11)

PENETRATION RESULTS TEST NO=85 (CONE 18710}
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ALEXANDRIA (1)

PENETRATION RESULTS TEST NO=87 (CONE 60/10)
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ALEXANDRIA (1)

PENETRATION RESULTS TEST NG=88 (CONE 18/10)
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ALEXANDRIA (I) ,
PENETRATION RESULTS TEST NO=88 (CONE 60/20)
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APPENDIX F

TEST PILES' GEOMETRY AND DIMENSION
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APPENDIX G

PREDICTION QUOTIENT RESULTS
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PREDICTION QUOCTIENTS BY CONE-M METHCO

f=d
=+
j=J
m
o ¢
=
o
[
(=]
obhb
] 8 ]
[y LS °
- -
o ]
5 ® ]
i B
o o -] L] L}
ui_ L]
& N o ® ®
[=12] o
]
—
= o lo
o
g=J
kS
=2 ]
a
]
2
=
w
o
o
=
“b. oo 20.00 4D, 00 B0.00 B). 08 100, 00 120.00 110, 00 60, D0 180,00
PILE PENETRATION (FEET)

200. 6o




268

PREDICTION QUOTIENTS BY LAMEDA-CONE METHOD
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PREDICTION QUGTIENTS BY ALPHA METHAD

Q
=
(=]
b
h=
[4Y]
2
o8 4
E -,
b
jun |
b a
W
T8 .
ne A
Lot
F~
(4]
.I.ﬂv
(=)
e a
mo
[1
-~
o Y
r~ r
o I
Y
Y
m :D
o Fa
'y
E Y A
7S A N
o a
[~
=+
“b. .0p 80.00 160,00 120,00
PILE PENETRATION (FEET)




APPENDIX H

EFFECTS OF CONE TIP SHAPE ON LOCAL FRICTION RESULTS
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