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FOREWORD

This report describes the results of an in-depth study of pile

load test data to determine the behavior of piles and pile groups

in cohesionless soils. The report will be of interest to other
researchers concerned with load transfer characteristics of piles

in cohesionless so0ils beneath bridge foundations and other structural
foundations.

This report presents the results of a Texas AGM University research
project, '"Behavior of Piles and Pile Groups in Cohesionless Soils.”
The program was conducted for the Federal Highway Administration,
Office of Engineering and Highway Operations Research and Development,
washington, D.C., under contract DTFH61-82-C-0038. The study was
jointly sponsored by the U.S. Geological Survey, Reston, Virginia.

The final report covers the period from October 1, 1982 to

October 26, 1983.

The problem of residual driving stresses was analyzed to determine
the relevant importance in load transfer behavior and the formulation
of pile capacity design methods. A new predictive method which
considers residual driving stresses was developed and presented

in this report. Actual field load tests on piles in cohesionless
soils will be conducted in a follow-on study to investigate the new
design method and residual stress theory. This report is being
distributed to research and development audiences. Additional
copies are available from the National Technical Information
Service (NTIS), U.S. Department of Commerce, 5285 Port Royal Road,
Springfield, Virginia 22161, A small charge is impoused for copiles
provided by NTIS.
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Richard E. Hav, Diréctor
Office of Engineering
and Highway Operations
Research and Development

NOTICE

This document 1s disseminated under the sponsorship of the Department
of Transportation in the interest of information exchange. The United
States Government assumes no liability for its contents or use
thereof. The contents of this report reflect the views of the
contractor, who is responsible for the accuracy of the data presented
hereirn. The contents do not necessarily reflect the official

policy of the Department of Transportation. This report does not
constitute a standard, specification, or regulation.

The United States Government does not endorse products or
manufacturers. Trade or manufacturers' names appear herein only
because they are considered esserntial to the object of this
document.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (5I)

UNITS OF MEASUREMENT

U. 5, customary units of measurement used in this report can be convert-

ed to metric (SI) units as follows:

Multiply by To Obtain
Angstroms 0.0000001 (107 millimetres
inches 2.54 centimetres
feet 0.3048 metres
miles (U.S. Statute) 1.609344 kilometres
square inches 0.00064516 square metres
square feet 0.09250304 square metres
cubic feet 0.02831685 cubic metres
cubic yards 0.7645549 cubic metres
grams 0.001 kilograms
pounds (mass) 0.4535924 kilograms
tons (2000 pounds) 907.1847 kilograms
pounds (mass) per cubic 16.01846 kilograms pet

foot cubic wmetre
pounds (mass) per cubic 0.59327631 kilograms per
yard cubic metre
pounds (force) 4.448222 newtons
pounds (force) per 6894.757 pascals
square inch
pounds (force) per 4.882428 kilograms per
square foot square metre
miles per hour 1.609344 kilometres per
hour
degrees (angle) 0.01745329 radians
Fahrenheit degrees 5/9 Celsius degrees or

Kelvins®

* To obtain Celsius (c) temperature readings from Fahrenheit (f) read-

ings, use the following formula:
Kelvin (K) readings, use:

11

Cc = (5/9)(F - 32). To obtain
K= (5/9)(F - 32) + 273.15,
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CHAPTER I - INTRODUCTION

In order to advance the state of knowledge on the behavior of piles
and pile groups in cohesionless soils, an extensive review of the
literature has been made. The study was limited to data on instrument-
ed piles, hammer driven and load tested vertically. The resulting data
base was analyzed to determine the load transfer characteristics of the
goil, including the effecta of residual driving stresses where the data
was sufficient.

The problem of residual driving stresses has been analyzed in detail
to determine their importance in the reduction of load test data, in
the formulation of pile capacity design methods and in the load-settle-
ment behavior of piles. The results of the load transfer analysis were
then correlated with the available soil data to obtain a predictive
method which considers residual driving streagses. The results of this
method as well as conventional and new in asitu tests methods were then
compared to actual load test results. Areas of critical need for
further research are pointed out and recommendations are made for their

implementation,



CHAPTER II - PILE LOAD TESTS SELECTED

LOAD TESTS AND INSTRUMENTATION

This study was restricted to vertical pile load tests on instru-
mented piles hammer driven im sand., A review of the literature
revealed 10 sites with a total of 33 instrumented piles. Details of
the piles and soil data available at the sites are presented in Table
1.

The width of pile given in Table 1 is corrected for modifications to
the pile for instrumentation. For example, Arkansas pile 1 is a 12,75-
in, (32.4 cm) diameter pipe pile. However, two 4-in. (10.2 cm) wide
channels were welded to the outside of the pile to protect the instru-
mentation, increasing the effective diameter of the pile to 14.4 in.
(36.6 cm), For non-circular piles the diameter given is that of a
circle with the same c¢ross-sectional area as the pile. The assumption
was made that H-piles fail along the rectangular cross section enclos-
ing the pile. The equivalent diameter was then couputed as for other
non-¢ircular piles. This diameter was used in all analyses presented
later,

The piles were all instrumented with strain gages, strain rods, or
both (Fig. 1). The strain rods measure the movement of the pile at
certain levels or stations along the pile with respect to the top of
the pile, Loads are then obtained indirectly at midpoints between two
strain rods using the formula:

(wi —wi+1) AED (1)

Q = T T T

AL

where Q is the load in the pile, w; is the movement at station i, A

is the pile cross-sectional area, E, is the modulus of elasticity of

P
the pile, and AL is the distance between the two stations. When strain
gages are used to instrument the pile, the load is found at the strain

gage level by:



TABLE 1.~ Pile Load Test Information

DIMENSIONS MODULUS :
PILE TYPE DIA- OF TYPE |STRAIN | STRAIN - SOIL DATA
SITE PILE |SYMBOL | AND MATERIAL | METER | LENGTH | AREA [ELASTICITY | TEST | RODS | GAGES (SPT CPT |PMT { OTHER REFERENCE
ft ft in si x 107
(1) (2) (3) (1) (5) (6) (7 (8) (9) | (10) 1 (12) ) (13)] (14) (15) (16)
Lock and Dam 4,1 1 Steel Pipe 1.20 53.1 17.12 29.0 c,T X
Arkansas River
(1963) 2 ‘2 Steel Pipe 1.50 52.8 23.86 29.0 C,T X X
3 3 Steel Pipe 1.70 53.0 27.36 29.0 c,T X
6 4 Steel "H" 1.34 40.0 25.70 29.0 C X 17,
HP 14x73 24
i 5 Steel "H" 1.34 52.1 29.33 29.0 c,T X X X
HP 14x73
9 6 Steel "H" 1.34 53.2 26.28 29.0 [ X
HP 14x73
10 7 Steel Pipe 1.50 |53.1 23.86 29.0 c,T X X
16 8 Steel Pipe 1.42 }52.7 19.62 29.0 c,T X
Low Sill 1 9 Steel "H™ 1.34 80.5 25.70 29.0 [ X
Structure, HP 14x73
01d River, La.
(1956) 2 10 Steel Pipe 1.75 |65.1 27.36 29.0 c,T X
38 1 Steel "H" 1.34 | 70.6 25.70 29.0 c X X 25
HP 14x73
y 12 Steel Pipe 1.42 |66.3 22.65 29.0 c,T X
5 13 Steel Pipe 1.52 [45.1 22.65 29.0 c,T X
6 14 Steel Pipe 1.58 |65.2 25.00 29.0 c,T X
Ogeechee River,| H-11 15 Steel Pipe 1.50 9.9 27.49 30.0 C . X
(1969)
H-12 16 Steel Pipe 1.50 20.1 27.49 30.0 C X Dry
Density, 39,
H-13 17 Steel Pipe 1.50 ]29.1 27.49 30.0 C X X X Total 41
Density
H-14 18 Steel Pipe 1.50 | 39.3 27.49 30.0 C X
H-15 19 Steel Pipe 1.50 {49.3 27.49 30.0 Cc X




TABLE 1.- Pile Load Test Information (Continued)

1) (2) (3) () (5) (6) (7) (8) (9) (10) (11) (12) |(13)] (18) (15) (16)
Lock and Dam 26 |SIP-I |20 Steel "H® 1.34 : 80.1 21.40 29.0 T X
Replacement HP 14x73 i
Site '
(1972) 5IP-II {21] Steel "H" 1.34 ' sa.n | 21.40 29.0 | T X X 18
HP 14x73 i
31P- 22 Steel "H" 1.34 | 54.0 21.40 29.0 c,T X
III1S HP 14xT73
West Seattle Octagonal
Freeway Bridge |A 23 Prestressed 2.05 | 98.0 | 477.20 5.56 C X X
(1980) Concrete Self-
X Boring 33,
Octagonal PMT 34
B 24 Prestresaed 2.05 | 84,0 |477.20 5.56 c X X (partial)
Concrete
Tavenas HS 25 Steel "HY 1.09 | 60.0 21.80 35.0 c X
(1970) 12 BP T4
X X 37
Hexagonal
J5 26 Prestressed 1.05 | 60.0 | 127.00 3.94 c X
Concrete
Gregersen Circular
(1969) A 27 Prestresased 0.92 | 26.2 95.45 3.15 c X
Concrete
Circular
D/A 28 Prestressed 0.92 | 52.5 95.45 3.15 c X
Concrete
X X 20
Tapered Top
[ 29 Circular 0.92 { 26.2 | varied 3.15 c X
Prestressed Bot.,
Concrete 0.66
Straight Cir.] Top
to 26.3 ft. 0.92
B/C 30 Tapered to Bot. 52.5 varied 3.15 C X
botttom 0.66

Pres. Conec.




TABLE 1.~ Pile Load Test Information (Continued)

(1) (2) (3) (1) (5) (6) (7 (8) 9) (10) (11)! (12) |(13)] (10) (15) (16)
Square
Corpus Christi |Init. | 31 Prestressed 1.50 |{33.5 [256.00 5.6 c X
(1971) Concrete Texas
Highway 1
Square Dept.
Fipal | 32 Prestresased 1.50 | 33.5 |256.00 5.6 c X Cone
Concrete
Sellgren Square
(1981) A-1 33 Prestressed 1.00 35.h 113.00 3.15 c X
Concrete
X 32
Square
A-11 35 Prestressed 1.00 |35.4 113.00 3.15 c X
Concrete
Lock and Dam 26 Top Shear
Ellis Island M6 35 Timber 1.10 [35.0 |varied 2.0 Cc X X X X X ! Wave 43,
Site Bot. Velocity 4y
(1978) 0.92

a Had a 3/8 1n.(1.9 cm) thick square

Note: 1 ft = 0.305 m; 1 psi = 6.89 kN/

late on the bottom.
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FIG. 1.- Example of Pile Instrumentation



Q= EEPA.....................-(2)

where £ is the measured strain
FAILURE CRITERIA

Vertical load tests in sand rarely reach a plunging load where a
large increase in settlement occurs for a small increase in load,
Thus, various criteria have been proposed to define the failure load.
The main reason for defining a failure load is for the purpose of
formulating a design procedure or verifying an existing method. Any
comparison of a predictive method to load test results should be based
upon the failure criterion used to develop the method, otherwise
incorrect conclusions will be made concerning the method.

Three failure criteria have been used on the selected tests. The
first criterion selected was Davisson's criterion (14) which is the
load corresponding to a settlement of the pile top, S, of

PL D

S =A—E_+ Cc + 120 » 8 e 2 & e B & & B 4 &4 B 4 & v 2 " (3)

]

where P is the defined failure ldad, L is the pile length, C is a
constant, and D is the pile tip diameter in inches.

The first term is the elastic compression of the pile under the
defined failure load. The second term iz a constant to account for the
amount of displacement necessary to mobilize the skin friction and was
taken to be 0.15 in. (0.38cm) as recommended by Davisson (14). The
third term is to account for the amount of displacement needed to
mobilize the point resistance.

The second criterion selected was the load corresponding to a
settlement of one-tenth of the pile diameter (0.1 x D). An example
showing the use of the two failure criteria is given in Fig. 2.

0f the 35 selected pile load tests the load-settlemeat curve had to

be extrapolated to obtain results in 3 cases for Davisson's criterion



Settlement, in.

Load, tons

2.0 L = 20.1 ft
D =18 in. 6
EP= 30 x 10 ESi
A= 27.49 in.
PL D PL ,
-A_E+0.15+ﬂ-6=ﬁ+0'30 in,
3.0p- P P

f OGEECHEE RIVER PILE NO. H-12

FIG. 2.- Example of Davisson and Q.l1xD Failure Criteria
(1 in. = 2.54 cm; 1 ft = 0.305 m; 1 ton = 8.9 kN;
1l psi = 6.89 kPa)



and in 13 cases for the 0.1 x D criterion. In one case the

load settlement curve could not be extrapolated with confidence to a
gettlement of 0.1 x D. The 0.1 x D criterion consistently gave
ultimate loads higher than the Davisson criterion. The average
difference was 23% with a maximum difference of over 100%. This
emphasizes the importance of using the same failure ¢riterion when
analyzing a prediction method as was used to develop the method.

The third failure criterion was developed in an ettempt to provide a
uniform method for extrapolating the load test results to an ultimate
load. The criterion requires instrumented pile load tests and consists
of first performing a load transfer analysis to obtain the unit side
friction versus pile movement (f-w) and unit point bearing pressure
- versus point movement (gq-w) curves. A hyperbola is then fitted to
these curves to obtain the asymptote for both the friction and the
point bearing pressure. These values are then used tc compute the
ultimate pile capacity. The details of the load transfer analysis and
curve fitting are given in Chapter III. This criterion generally
resulted in higher values than the other two failure criteria. The
only cases where this criterion yielded lower loads was when
extrapolation of the load-settlement curve was required. This
indicates that the extrapolation of the load test results by eye may
overpredict the peak capacity. Table 2 gives a comparison of the
failure loads determined by the three criteria along with the ultimate
load applied during the load test.

Davisson's criterion yields a conservative estimate of the ultimate
load for piles in sand due to the large settlements required to mobi-
lize the point bearing. A combination of Davisson's criterion with the
0.1xD criterion would seem to provide a satisfactory failure criterion,
The ultimate load would then be defined as the load corresponding to a
top settlement of:

PL

S=E+O.1D e & @+ ® 0o ¢ © ©o & 0o e @ © 0o B8 0o @ B @ » (4)

This would provide enough point movement to mobilize the tip bearing



TABLE 2.- Ultimate Loads by Varlous Faillure Criteria

MAXIMUM
ULTIMATE L3AD AFPLIZD
SITE SOIL DESCRIPTICN PILE DAVISSGHN | 0.1xD |HYPERBOLIC LAD
ton ton ten ton
Arkanzas 0-30 ft fine sand, SP 1 161 1722 214 172
fiver below 30 %2 {ine sand with 2 207 z42 3z2 250
=ilt and clay, 3 220 2722 264 259
Sp=SM 6 132 1832 2e7 183
7 189 243 297 ass
9 222 250° 268 250
10 200 2ug? 283 230
15 168 1752 146 167
Low Sill 0-50 ft  silt 1 358 3308 3uE 358
Structure below 50 ft fine and medium 2 338 Lzo® 377 72
sand k] 185 240 255 L0
4 ugc® uuo? 402 241
5 135 145 158 145
6 3652 | u30@ 376 45
Ogeaches 0-%2 ft silty sand Ha11 35 76 134 105
River below 12 ft fine and H=12 173 232 245 238
medium sand, He13 205 297 328 3218
SW=3P H-14 250 347 418 400
H=15 350 421 s45 430
Lock and D-80 ft coarse sand, SP 3IP- 1602 b 173 150
Dam 26 w/ cobble layer 1118
(1972) at 58 ft
below E0 ft limestone
West 0-7T8 ft fine to medium A 525 525 608 535
Seattle sand with silt
Freeway and clay lenses B 450 450 532 450
Bridge below 78 £t {intarbedded clayey
sandy silt and
silty fine sand
Tavenas 0~16 ft loose crushed stona| J5 120 163 177 163
below 16 ft medium to fine HS 104 150 m 150
unifora sand, SP
Gregersen 0=~5.6 ft sand A 24.3 27 28.4 30
5.6-9.8 £+ fine sand, SP D/A 44,5 51 o 52
below 9.6 ft medium tc coarse c 26.4 30 29.5 31
sand, SP B/C 82.7 48 c 52
Corpus 0-8 ft fine sand, SP Initial 108 1502 217 138
Christi below 8 ft fime silty sand, Final 135 1389 213 187
SP and SM
Sellgren 0-12 ft silt Al 58 T8 107 90
below 12 ft [fine sand AIT 12% 143 189 158
Lock and fipe to coarse
Dam 26 sapnd with trace M5 75 95 119 110
(1978) gravel
Average 192 228 264 222

& )oad-settlement ourve had to be extrapolated to obtain value
Loadesettlezent curva could not be extrapolated with confidence
to obtain value

9 Not emough dats available for regression

Note: 1 ton o 8.9 kN; 1 £t » 0,305 o

10



and would also include the elastic compression of the pile. The secound
term has been omitted because the wovement needed to mebilize the
friction is very small compared to that necessary to mobilize the point
reaction., Thus, if the point moves 0.1 x D the friction will be fully
mobilized. This criterion was not applied in this study since this
would require even further extrapolation of the load-settlement curves,
It is recommended, however, that future pile load tests in sand be
carried to this amount of settlement to insure that a value close to a

plunging load is obtained.

11



CHAPTER III - CONVENTIONAL LOAD TRANSFER ANALYSIS
INCREMENTAL METHOD

The incremental method of load transfer analysis allows one to
obtain unit side friction versus pile movement (f-w) curves at various
stations along a pile and the unit tip bearing versus tip movement
(q-w) curve. This analysis requires the measurement of load and
movement at the top of the pile and of load at various stations along
the pile. The procedure has been detailed by Coyle and Reese (13) and
is outlined here. Fig. 3 shows a pile divided into three segments,
each of which is divided into two equal parts. The load in the pile
has been measured at stations 2 and 4 and at the pile tip. The average
side friction, f, in a segment is found by subtracting the load at the
bottom of the segment from the load at the top and dividing by the
circumferential area as follows:

Q1794

f; = S &)
7TD0 (zi+l_zi—l)

where Qi is the load at station i, D; is the pile outside diameter,
and z; is the depth to station i. The movements at the midpoints of
the segments are found beginning from the known movement at the top of
the pile and subtracting the elastic compression of the pile segments,
The general equation for the movement of the pile at any station, wj,
is:

rol

o C2 Qg T QI -z )
Wl—wi_l AEp « * 1 e = a2 s (9)

From this analysis are obtained the unit side friction versus movement
curves. The unit tip bearing is obtained by dividing the tip load by
the tip area. The tip movement is obtained in the Same manner as the

movement at the other stations,

12



o

Station
; Y ‘
W
z o]
1 Cross-Section
1 N
fl wl
Q
Z 2
2 3 Il
.?
9
3 A
N "2 | EE
fy ¥y
. %,
4 3 &
f.
R
5 ,

Tip ¢
f Wtip
Qtip
FIG. 3 .- Segmentation of Pile for Incremental

Load Transfer Analysis
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AVERAGE METHOD

A second method of load transfer analysis is the average method.

The analysis is carried out in the same way as the incremental analysis
but considers the pile as only one segment., This results in only one
average f-w curve and the q-w curve. This method has the advantage of
being simple and requires less pile instrumentation than the increment-
al analysis, This method may also be applied to an uninstrumented pile
if it is loaded in both compression and tension, the assumption being
made that the friction is the same in both compression and tension.
Thus, the data base for this method may be much larger than that for
the incremental method.

Most of the piles selected did not have the load measured directly
at the pile tip. For these piles the tip load was found by linear
extrapolation from the last two load measurements. This extrapolation
had the restrictions that the load could not be negative or higher than

the last load mesasured.
ANALYSIS

Both of the methods of analysis are readily adapted to computer
solution. A computer program was written and used to analyze all the
piles in this study. After the load transfer analysis was performed
the following plots were made:

1. Side friction versus depth for each load step (f-z),

2. Ratio of point load to total load versus total load,

3. Unit side friction versus pile movement {(f-w),

4, Tip load versus tip movement (q-w),

5. Ratio of side friction to maximum side friction versus
pile movement (f/fmax-w), and

6. Ratio of gide friction to maximum friction versus the
ratio of pile movement to pile radius (f/f _ -w/R).

Fig. 4 shows a plot of load versus depth (Q-z) for Arkansas pile 1.
A complete set of plots of the results of the incremental analysis are
shown in Figs. 5 through 10. The side friction is directly proportion-

al to the slope of the Q-z curve. As a result, the side friction is

14
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FIG. 4,- Arkansas River Pile 1 Compression Test: Load
Distribution, Incremental Analysis
(1 ft = 0,305 m; 1 ton = 8,9 kN)
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Side Friction, tsf
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FIG, 5.- Arkansas River Pile 1 Compression Test: £f-z Curves,

Incremental Analysis (1 ft = 0.305 m; 1 tsf = 95.8 kPa;
"1 ton = B.9 kN)
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Side Friction, tsf
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FIG. 7.- Arkansas River Pile 1 Compression Test: f-w Curves,
Incremental Analysis (1 in. = 2.54 em; 1 tsf = 95.8 kPa;
1 ft = 0,305 m)
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FIG. 8,- Arkansas River Pile 1 Compression Test: Q-w Curve
Incremental Analysis (1 in. = 2.54 em: 1 ton = 8.9 kN)
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FIG. 9.- Arkansas River Pile 1 Compression Test: f/f - w Curves,

Incremental Analysis (1 in. = 2.54 cm; 1 £t72%0.305 m)
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very sensitive to error in the measurements and therefore showed some
very erratic results. At some levels the friction decreases with
increasing movement and for some piles, becomes negative at large
loads, Fig. 11 compares the results of the incremental and average
methods for the Ogeechee River site piles. These were actually one
pile tested at five different embedment depths. The incremental analy-
sis yielded a wide range of results. For example, at a depth of 10 ft
the incremental analysis gave friction values ranging from 0.2 tsf to
1.0 tsf (19.2 kPa to 95.8 kPa). The results of the average analysis on
the other hand show a definite trend of increasing friction with

depth.

The results from the incremental analysis may be improved by fitting
a smooth curwve through the data points. This process should take into
account the reliability of the instrumentatién at each level., This
process also includes some judgement which may vary between individ-
uals., Since the published data was insufficient to determine the reli-
ability of the instrumentation, and in order to avoid judgements which
may be questionable, the actual data points were used in the incremen-
tal analysis, The results were too scattered for correlation and the
results of the average analysis were used in correlations with soil
parameters, For comparison, the complete set of plots for the average
analaysis of Arkansas pile 1 is shown in Figs., 12 through 17.

Another problem encountered in both methods of analvsis is shown in
Fig., 15. At the low load steps the computed movement of the pile tip
is negative, indicating that the pile tip is moving up, This may be
due to several things: incorrect pile modulus, incorrect pile cross-
sectional area, or incorrect measurement of the pile top movements due
to movement of the reference beam. The pile moduli and cross-sectional
area used in this study were those reported in the literature and are
felt to be accurate for the purpose of computing movements, These
values would need to be in error by a factor of two or more to create
the error observed in the computed pile movements. The error may then
be attributed to measurement error. In order to correct for this the

f-w and q-w curves were extrapolated back to zero f or q. The axes
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were then recentered at this point for further analysis as shown in
Fig. 15.

HYPERBOLIC REGRESSION
The hyperbolic model for soil response has been proposed and used

with success by various writers (22). The equation of the f-w and q-w

curves for the hyperbolic model are

W
f _l_+. = B )
K £ + £
T max res
and 1= 7 ko = N €D
K Tqe -4
P max res

where K. is the initial tangent modulus of the f-w curve, K, is the

p

initial tangent modulus for the q-w curve, f + £ is
max res

the hyperbolic asymptote of the f-w curve, and (q .. - 9,..4)

is asymptotic of the q-w curve. These initial tangent moduli and the
asymptote values may be obtained by plotting w/f or w/q versus w and
performing a linear regression through these points. The y-intercept
of these lines are then the initial tangent moduli and the slapes of
these lines are the asymptotic values., The regression for the f-w
curve of Arkansas pile 1 is shown in Fig., 18, When the pile was
instrumented with both strain gages and strain rods the analyses were
performed separately and then combined to obtain average values. The
parameters for the load tramsfer curves for all the piles are given in
Table 3. The values of point load, side friction load, and total load,

using these parameters are shown in Table 4.
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TABLE 3.- Parameters from Hyperbolic Regression

. . fnax*Eres X Imax™9res K;
Site Pile
(tsf) (tsf/in.) (tsf) (tsf/in. )
Arkansas 1 0.690 72.07 69.4 1506.3
2 0.752 10.84 76.6 462.5
3 0.553 17.57 47.1 534, 6
6P 1.174 3.05 25.9 63.4
7b 1.067 3.86 26.1 212.1
9P 1.004 4.89 12.6 35.4
10 0.692 21.47 62.4 174.6
16 0.471 28.74 22.4 1201.1
Low Sill 1b 0.624 20.70 79.5 1609.0
2 0.794 22.67 38.2 490.6
3b 0.380 10.18 93.9 209.9
A 1.032 34,47 61.5 832.7
5 0.699 20. 64 10.5 95.2
6 0.872 43.96 49.2 1250.6
Ogeechee  H-11 0.345 12.26 66.7 52.3
River H-12 0.636 6.75 104.5 659.6
H-13 0.646 5.91 135.2 597.0
H-14 1.130 2.60 118.0 1081.5
H-15 0.930 2,01 186.0 493.5
West A 0.743 6.99 17.6 385.5
Seattle B 0.682 5.30 45,8 577.4
Tavenas H5 D 0.392 2.02 86.0 250.2
J5 0.539 3,36 80.6 802.8
Sellgren AL 0.152 10.45 114.9 322.8
NS 1.123 14,09 81,3 109.8
Corpus Initial 0.232 3.04 102.5 231.3
Christi Final 0.377 4.54 87.6 324.7
Gregersen A 0.291 10.25 9.32 590.5
D/A a a a a
C 0.389 16.33 12.2 874.4
B/C a a a a
Lock and M6 0.887 5.55 29.9 227.1
Dam 26 3IP-11158° 0.503 7.00 32.7 512.2

a - Not enough data available for regression.

b - Analysis of H-piles used and perimeter of enclosing

rectangle,

Note: 1 tsf = 95.8 kN/mZ;

1 tsf/in, = 37.7 kPa/cm
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TABLE 4.- Ultimate Loads from Hyperbolic Asymptote

Note:- 1 ton = 8.9 kN

Site Pile Qp Qs Qt
tons tons tons
Arkansas 1 78 138 216
2 135 187 322
3 107 157 264
6 36 221 257
7 36 261 297
9 17 251 268
10 110 173 283
16 a5 111 146
Low Sill 1 110 - "+ 236 346
2 92 285 377
3 129 126 255
4 97 305 402
5 17 141 158
6 96 282 378
Vesic H-11 118 16 134
H-12 185 60 245
H-13 239 89 328
H-14 209 209 418
H-15 329 216 545
Seattle A 125 483 608
B 152 380 532
Tavenas H-5 80 91 171
J-5 70 - - 107 177
Gregersen A 3 25.4 28.4
D/A a a a
c 2.9 26.6 29.5
B/C . a a a
-Corpusi Initial 182 35 217
Christi Final 156 57 213
Sellgren Al 90 17 107
AII 64 125 189
LD26 ELLIS M6 20 99 119
LD26 REPL 31P-IIIS 43 128 173
a -~ Not enough data available for regression.
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CHAPTER IV - RESIDUAL STRESSES: BASIC GCONSIDERATIONS
THE PHENQMENON

During a hammer blow, a pile will move downward first, then rebound
and then oscillate around a final position. At its final position the
pile is in equilibrium under a cerktain peint load and a certain fric-
tion ioad, whichk cancel out since the top load is zero. The process
repeats itself during the full driving sequence of the pile and when
the pile reaches final penetrztion the load distribution in the pile
can be as shown on Fig, 19,

During the downward movement of the pile the pile-soil friction is
acting upward on the pile to resist the penetration of the pile; the
point soil resistance is also acting upward. During the rebound that
follows, the soil under the point pushes the pile back up while the
plle decompresses elastically. These two components of the rebound
create enough upward movement to reverse the direction of the pile-soil
friction which now acts downward at least in the upper portion of the
pile. Equilibrium is reached when enough of the friction stresses have
reversed themselves in order to keep the bottom of the pile prestressed
against the soil.

It is clear that the residual stresses phenomenon is governed by the
unloading characteristics of the point and friction transfer curves
(q-w and the f-w curves) on one hand, and by the elastic character-
istics of the pile on the other. In sands, a significant residual
point load can exist because little movement is needed to unload the
f-w curve, while much more movement is needed to unload the gq-w curve.
In clays, small, if any, residual point load will exist because the
movement necessary tc unload the f-w and q-w curves are of the same

magnitude and the point load is usually small to start with.
INFLUENCING FACTORS

If a short pile, about 10 ft (3 m) long, is driven in sand the point

load will be high compared to the friction load. Since it is the
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reversal of the friction which keeps the point pre-stressed against the
s0il, if there is little friction available there will be a small
residual point load. Indeed, the residual point load cannot be larger
than the total friction load. As the length of the pile increases,
more friction is available and more residual point load is maintained,
Beyond a certain length Leritical (Fig. 19) there is a sufficient
amount of friction available to maintain a residual point load and this
load is then controlled by the compatibility of unloading displacement.
The length of the pile is an influencing factor.

If a stiff pile is driven in a soft soil the part of the rebound due
to elastic decompression of the pile will be small compared to the
upward movement necessary to reverse the friction stresses: residual
point loads will be small., If on the other hand, a soft pile is driven
in a stiff soil the part of the rebound due to elastic decompression of
the pile will be large enough to reverse the friction stresses:
residual point loads will be large. The pile-so0il stiffness ratio is
an influencing factor.

If the slope of the unloading portion of the f-w curve is much
steeper than the slope of the unloading portion of the g-w curve,
little movement will be needed to reverse the friction stresses and
large residual point loads will exist. If, on the contrary the slope
of the unloading portion of the q-w curve is much steeper than the
slope of the unloading portion of the f-w curve, the point load will be
completely unloaded before enough movement is generated to reverse the
friction. The q-w/f-w unloading stiffness ratio is an influencing

factor.
THEORETICAL FORMULATION

The theoretical formulation which follows makes a number of simpli-
fying assumptions. The results are useful however, because they show
theoretically the role of the various influencing factors which were
discussed qualitatively in the previous section., The residual loads
are loads that are locked in the pile upon unloading of the pile after

the pile has been brought to the ultimate soil resistance. Therefore,
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the theoretical analysis takes as an initial condition the stress and
load distribution in the pile at failure. The ultimate skin friction
is Ty, and the ultimate point resistance is qy (Fig. 20). The top
ultimate load is Qppy and the point ultimate load is Qpy. The
load anywhere in the pile is Qp.

The unloading of the friction is assumed to obey the linear elastic
model (Fig. 20):

At = K%Aw N € )

where AT is the decrease in pile-soil friction stress at depth z
K% is the unloading stiffness in friction
Aw is the upward movement of the pile upon unloading at
depth z.

The conventions of sign and direction are shown on Fig. 21.

Similarly the unloading of the point follows:

Ay =g A e e e e s
TR 8wy oo (10)
where Aq is the decrease in point resistance
K; is the unloading stiffness for rthe point.
AWP is the upward movement of the pile at the point upon
unloading.

Because the pile was in equilibrium at failure, any change in stress
brought about by the unloading must algo satisfy equilibrium if the
pile is to be in equilibrium after complete unloading. Therefore, the
equilibrium of the elementary pile element can be written incrementally

as follows (Fig. 21):

9Ac _ P AT
- = - = T 0 40 v v e v e e e e s e e e e e e s (11
oz A D
where Ao = normal stresses decrease in pile at depth 2z
= cross sectional area of pile.
P = perimeter of pile.
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The constitutive equation for the pile is:

A0=_EAE=_E%-A-lnlln-l------..(lz)
P ) 9z
where E is the pile modulus
Acis the decrease in normal strain at depth z due to
unloading,

Combining the equations above leads to:

2 PK!
“B—'-A';' - _EE_:E- Aw = 0 > a e 3 4 & 4 e & 3 & »3 e » @& e s = o (13)
oz )

for which the solution is:
- Aw R ¢ £ 3

with o

The decrease in load in the pile A9 is:

AQ=AEPB§%...............l.......(15)
or T OAQ = -AE Q(deﬂz - Be-Qi) T ¢ (Y
with AQ = - (Qy - Q!
where QR is the residual load in the pile at a depth z.

The boundary conditions can be written as follows:

_AQ

for z = = - Qry
for z = L 83 = - (Qpy - Qpg)
where Qpp is the residual point load.
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It is also known that:

for z = L Aw = Awp
t
and - (Qpy - Qpr) = Xp Awph

These last four equations involve four umnknowns (&, B, Qpy> Awp) which

can therefore be obtained, The result is:

E_otk) e 172) _ (g g-kryeHL2)
(E.(HK')e = (E_Q-K')e
P P P P
which can be simplified to
Cosh (3 + § (L-
Qr = Qy - Qru ogosé ¥ éL)Z)) e e e e (18)
E Q
with tamhd = E%-
P

This equation which gives the distribution of the residual load in the

pile can be used to express the residual load at' the poinﬁ Qpgr-

ZQTUI
QPR = QPU T T Q aL EQ o v e e a0 . (19.8)
: (l + —lf‘—)e + (l - _LK' )e_ L .
P P
or,
cosh 3
Qer = QU - WU Tgam R .(19.b)

The residual friction stresses along the pile "are:

Q(L-2) -f1(L-2)

(E M4K')e
E__P o .(20)

+ (E Q-K'
- ( o) p)e

= Ty - Qu

Q

T D —-—

: P (E ﬂ+K')eﬂL - (E Q-K")e
I P P
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DISCUSSION OF THE THEQRETICAL FORMULATION

If the pile is infinitely short, the total load on the pile Qry
is equal to the point load Qpy.- For L equal zero the above equations
show that Qpp 15 zero. No residual point load can exist since no
shaft friction can be reversed to mgintain any residual point load,
If the pile is infinitely long then the equations give a residual
point load equal to the ultimate point load. Indeed, there is an
infinite amount of friction available to maintain the full ultimate
point load and the unloading of the top of the infinitely long pile
does not generate any unloading movement at the pile tip.
1f the value of R% is low, EPQJK; is large compared to 1 and the
residual point load is large. Indeed if the value of K; is low, it
takes a large unloading displacement to unload the point load; before
the point load is unloaded significantly the friction is reversed and
residual load equilibrium is reached.
If the value of {2 is large, again the equations point to a large
residual point load, Indeed if the value of [ is large, K; is large

compared to E This means that it takes little displacement to

reverse the ffiction but that the elastic decompression of the pile is
large. Therefore, friction is reversed early and a large residual
point leocad is maintained.

The equations derived show theoretically what was expected physical-
ly. It is importaant to note that the distribution of residual loads is
dependent upon the load distribution at ultimate load. Indeed, differ-
ent ultimate load distribution will lead to different residual load

distribution. The same comment applies to the distribution of residual

stresses.
EXAMPLE OF THEORETICAL RESIDUAL LOADS

The following example is given to illustrate the results of the
theoretical formulation., The pile was chosen as being an "average"

pile for normal onshore conditions. The following values are

considered:
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Pile A = 144 in,? (0.093 m2)
P = 48 in. (1.22 m)
Ep = 3 x 106 1b/in.2 (2,07 x 107 N/m2)
L = 600 in. (15.24 m)

Soil R =40 1b/in.3 (10840 kN/m3)
K, = 2300 1b/in.3 (623,300 wN/a?)
Qry = 200,000 1bs. (44.94 kN)

Qpy = 100,000 lbs. (22.47 kN)

The theoretical parameters are obtained:
Q=2.1x 10-° in.”! (8.3 x 1074 cu™ 1)

EPQ - K} = 4,000 1b/in.3 (1.08 x 106 kN/m3)
EPQ + K} = 8,600 1b/in.3 (2.33 x 100 kN/m3)
L = 1.26

Table 5 gives the residual loads and residual friction stresses as a

function of depth.

TABLE 5.-Distribution of Residual Loads After Driving

Depth Ultimate Residual Ultimate Residual

ft Load Load Friction Friction
tons tons tsf tsf
0 100 0 0.25 - 0.38
10 90 14 0.25 - 0,29
20 a0 24 .25 - 0.18
30 70 30 0.25 - 0,11
40 60 33 0.25 - 0.06
50 50 34 0.25 - 0.02

Note: 1 ft = 0.305m; 1 ton = 8.9 kN; 1 tsf = 95.8 kN/m?
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The results are plotted on Fig. 22. The profile of the residual
friction stresses Tp shows a friction at the surface which is larger
than the ultimate friction Ty. This is due to the elastic analysis
which did not consider an ultimate value. 1In reality the ultimate
friction at the surface is zero and a possible real profile is shown in
dotted line on Fig. 22, The corresponding real profile for load

distribution is shown,

EXTENSION OF THE RESULTS TO THE TENSION TEST

All the theory and discussion presented above pertain to the case of
a hammer blow or a cowmpression test. The results can be extended to
the case of the residual loads that exist in a pile after a tension
test. The theoretical formulation is the same except that the boundary

conditions are:

]
o
L=
L
|

for z = - QTU

L[}
[

1]
<o

for 2z

AQ

This leads to the expression of the residual loads:

eQz EZQ(L—Z) -1
Qr = Qu - Qru Ao l............(Zl)
e -

and to the expression of the residual stresses:

iz eZQ(L—Z) + 1

TR=TU+QTUT).e ZQL 1 ...--..-o-(?—Z)
e -

The example pile used for the compression test is used here for the
tension test., The resulting residual loads and stresses are summarized

in Table & and are shown in Fig. 23.
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FIG. 22.- Example of Theoretical Residual Loads
(1 ton = 8.9 kN; 1 tsf = 95.8 kPa)
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TENSION TEST
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FIG. 23.- Example of Theoretical Residual Load After a Tension Test
(1 ton = 8.9 kN; 1 tsf = 95.8 kPa)
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TABLE 6.-Distribution of Residual Loads After Tension Test

Depth Ultimate Residual Ultimate Regidual
ft Load Load Friction Friction
toas tens tsf tsf
1] - 50 1] - 0.25 + 0.120
10 - 40 - 3.4 - 0.25 - 0.051
20 - 30 - 4.4 - 0.25 - 0.003
a0 - 20 - 5.65 - 0.25 - 0.031
40 - 10 - 2.15 - 0.25 - 0.05
50 0 0 - 0.25 - 0.056

Note: 1 ft = 0.305m; 1 ton = 8.9 kN; 1 tsf = 95.8 kN/m?

As can be seen, the residual loads are wuch smaller than for the

compression test,

CONCLUSIONS

From this theoretical analysis, it can be concluded that:

1. The longer the pile, the larger the residual point load.

2. The more compressible the pile, the larger the residual point

load.

3. The steeper the slope of the friction transfer curve, the larger

the residual point load.

4. The shallower the slope of the point bearing transfer curve, the

larger the residual point load.
It was also shown that the distribution of residual loads and residual
stresses in a pile is directly related to the distribution of ultimate
loads and ultimate stresses in that pile.

The engineering relevance of residual loads is that they are not
considered in most pile load tests. Instead, the instrumentation is
zeroed after the pile is driven. Therefore, the loads measured are the
difference between the actual loads and the residual loads in the pile
(Fig. 22). As a result, the measured point loads zre too small and the
friction values too high. Most curreant design procedures are based on

load tests which ignore residual loads.

47



CHAPTER V - OBTAINING RESIDUAL STRESSES FROM LOAD TESTS
" CONVENTIONAL LOAD TESTS

In a conventional load test on an instrumented pile, the following
testing sequence is usually observed: first the pile is instrumented,
gecond the pile is driven, third the instrumentation is zeroed, fourth
the load test is performed, Zeroing the instrumentation after having
driven the pile is equivalent to assuming that zero stresses exist in
the pile after driving. Therefore, in a conventional load test resid-
ual stresses are not measured.

The difference in load distribution in the pile between the .measured
loads as described above and the true loads that exist in the pile is
shown on Figs. 24 and 25 for a compression test and a tension test
respectively. As can be seen, the interpretation of the results from a
conventional compression test will lead to a point load which is lower
than the true point load and to a friction load which is higher than
the true friction load.

The interpretation of the results from a conventionmal tension test
on the other hand, will lead to a point load which is larger than the
true point load which is zero, and to a friction load which is smaller

than the true friction load.

EXISTENCE OF RESIDUAL STRESSES

The existence of residual stresses in hammer driven piles may be
best exemplified by the following case (Fig. 26). At the Arkansas
River site, two piles were installed, one was driven, the other one was
vibrated into place. The conventional procedure of zeroing the
instrumentation after placing the pile was applied before the two piles
were loaded to failure in compression. After bringing the top load
back to zero the load distributions in the piles indicated by the
instrumentation showed drastic residual loads in the vibrated pile and

very little, if any, residual loads in the driven pile.
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The above phenomenon is explained as follows. Vibrating a pile into
the soil creates very little residual stresses and therefore, zeroing
the instrumentation after vibrating a pile in the ground is a procedure
which gives a close approximation of the true loads in the pile. The
compression-decompression load test performed on the vibrated pile
simulated a very slow hammer blow and residual loads appeared at the
end of the unloading part of the test.

Driving a pile in the soil creates significant residual stresses and
therefore zeroing the instrumentation after driving the pile is equiva-
lent to having the residual load distribution as a zero reference. The
compression-decompression load test which took place after the driving
sequence could be considered as simulating amother hammer blow. At the
end of the unloading part of the test the load distribution came back
to the residual load distribution. This load distribution appeared as
zero load in the pile since the instrumentation had been zeroed under

similar conditions after the driving process.
MEASURING RESIDUAL STRESSES

There are several methods that can be used to measSure residual
stresses. Thegse methods are described in sequence in the following
sections.

Method 1: Read Instrumentation Before and After Driving

The most direct method of measuring residual loads is to hang the
pile in driving position under the hammer. While the pile is hanging
under its own weight the instrumentation is zeroed, The pile is driven
and the instrumentation is read immediately after final penetration is
reached, The residual loads are then calculated directly.

The instrumentation in this case can be of the strain gage or strain
rod type. In addition, pressure cells are sometimes placed under the
pile tip for direct measurements of the residual point pressure. All
other methods consist of zeroing the instrumentation after the pile is
driven and of obtaining the residual load by using a combination of

testing sequence and theoretical reasoning.
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Method 2: Hunter-Davisson Method

Hunter-Davisson (23) devised a method which involves a given testing

sequence during the load test and then a special reasoning sequence

during the data analysis.

The
1.
2.
3.

~N o W b

The

testing sequence consists of:

Drive the pile.

Zero the instrumentation.

Load the pile to failure in compression, read the instrumenta-
tion,

Unload the pile to zero top load, read the instrumentation.
Zero the instrumentation.

Load the pile to failure in tension, read the instrumentstion.

Unload the pile to zero top load, read the instrumentation.

reasoning and analysis sequence consists of (Fig. 27):

Curve 1 represents the measured ultimate compression load
distribution, assuming no stresses in the pile at start of

test,

Curve 2 represents the measured compression load distribution
after complete release of the applied compressive load, assuming
no stresses in the pile at start of test,

Curve 3 represents the measured ultimate tension load distribu-
tion assuming no stresses in the pile at start of test,

Curve 4 represents the measured tension load distribution after
complete release of the applied tensile load, assuming no stres-
ses in the pile at start of teat,

It is assumed that no residual stresses exist at the end of the
tension test. Therefore, curve 4 represents the residual com-
pressive loads for the test and should be subtracted from curve
3 in order to give curve 5, the adjusted tension load distribu-
tion. -

Curve 4 includes the original compressive residual loads in the
pile due to driving before the compression test, plus the resid-

ual loads induced by the compression test. The subtraction of
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curve 2 from curve 4 gives curve 6, the original compressive
residual loads ia the pile.
7. Curve 6 is added to curve 1 to give curve 7, the adjusted com-
pression load distribution.
This method is based on the assumption that no residual loads are
induced by the tension test. As shown ia the previous chapter, this
assumption is incorrect. The error is zero at the top and bottom of
the pile and peaks towards the middle of the pile where the residual
tension load can be 25% of the ultimate tension load. This method will
lead to accurate predictions of residual point load but somewhat erron-
eous residual friction stresses distribution.

Method 3: No Unloading Reading Method

Often, the testing sequence used for a load test does not follow
rigorously the testing sequence required to apply the Hunter-Davisson
method. Method 3 is used when no reading of the instrumentation is
taken after unlocading the pile, that is to say, when steps 4 and 6§ for
the testing sequence of Method 2 are not performed. Therefore, compar-
ed to Method 2, curves 2 and 4 are not available. In this case the
tension load at the point is assumed to be the residual compressive
load at the point after driving., This assumes that the change in
residual loads created by the compression test is negligible. Fig. 26
shows the results of a load test for which this assumption is most
appropriate (driven pile). Curve 4 for Method 3 is assumed to be a
line joining the point load of curve 3 and zero load at the top.

Method 4: No Instrumentation Method

When the instrumentation of the pile is reduced to the measurement
of top load and top movement, the distribution of load in the pile
cannot be obtained. In Method 4 the ultimate tension load is assumed
to be the ultimate friction load in compression. This friction load is
subtracted from the ultimate compression load to give the ultimate
point load. The validity of this assumption can be evaluated from the
comparison of the measured ultimate friction load in temsion and the
measured ultimate friction load in compression for load tests which

present enough detailed data,
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RESIDUAL STRESSES: LOAD TEST RESULTS

The results of the four methods are summarized in Table 7 for the
load tests for which the analyses were possible, This table is based
on the 0.1xD failure criterion, A comparison of Methods 2 and 3 was
possible for five piles at the Arkansas River site, The residual load
given by Method 3 averaged 13 percent higher than that given by Method
2, This discrepancy is due to the fact that Method 3 assumes no addi-
tional residual loads were induced in the piles during the compression
test, This is obviously not the case. A comparison of Method 4 with
the results of Methods 1, 2 and 3 was possible for 14 piles. Methods
1, 2 and 3 yield a compressive side friction load, whereas Method &
gives the tensile friction load. A comparison of the results shows
that, on the average the friction in tension is only 70 percent of the
friction in compression, This percentage varies from 40% to 110% and
is lowest for short piles, H piles and tapered piles, Fig. 28 is a
plot of the ratio of the friction load in tension divided by the fric-
tion load in compression versus the length of the pile. This figure
shows that the ratio can be more than 1. Because of the difference
between friction load in tension and friction load in compression,
Method 4 was not used in further analyses in this study., The residual
loads used in further analyses were those given by the method available
for each pile; Method 1 being the most reliable method, Method 4 the

least religble,
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TABLE 7.- Comparison of Methods of Obtaining Residual
Loads from Load Test Data

LS

METHOD 1: MEASURED | METHOD 2: HUNIER- METHOD 3: NO METHOD 4: COMPRES-
DAVISSON UNLOAD READING SION/TENSION
SITE PILE QI'ES Qp QS QI'ES II Qp QS QI'ES Qp ’ QS Qp QS
tons | tons tous tons .tons tons toas tons tous toas tons
Arkansas 1 37 87 85 32 | 8 | 90 77 95
River 2 45 120 | 122 62 | 137 | 105 127 | 115
3 48 163 | 109 | 64 | 179 93 152 | 120
7 H 25 . 85 | 158 25 : 85 | 158 175 67
10 10 83 ! 159 ; 134 | 108
16 40 1 93 82 33 ;86 89 97 78
Low Sill | 2 B 29 . 179 | 241 225 | 195
4 ; 37 | 125 | 315 215 | 225
5 | 29 i 54 |- 91 61 84
6 ! 51 | 186 | 244 245 | 185
Gregersen | A 3.3 6.5 20.5 ! 17 10
D/A 5.3 112.0 | 39.0 | 1 24 27
c 1.3 ! 4.5 | 29.5 i 18 12
B/C 5.3 7.0 | 41.0 g ' 25 23
Sellgrea | Al 7.0 166.0 | 11.5 ]
ALI 13.0 |33.5 | 109.0
Lock and | 3IP- i
Dam 26 11154 24.5 | ; | |
Ogeechee | H-15 | E ! : : :
River | ; : i ; | ; 248 | 173

Note: 1 ton = 8.9 kN
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CHAPTER VI - OBTAINING RESIDUAL STRESSES WITH THE WAVE EQUATION

GENERAL

There has been widespread interest in the use of the wave eguation
for pile driving analysis since the early 1960's. The wmain application
has been in pile driveability studies and hammer selection. The wave
equation has also been used to verify pile capacity during construc-
tion. In 1975 Holloway et al. (22) proposed the use of the wave equa-

tion for obtaining residual stresses in driven piles.

THE MODEL

The pile is modeled as a system of concentrated weights connected by
weightless springs., The soil is modeled as 2 spring and a dashpot
(Fig. 29). The displacements and velocities of each of the pile seg-
ments and the forces between the segments are then computed using
formulas developed by Smith (35).

The soil model used in this analysis is that proposed by Smith (36)
and presented by Hirsch et al. (21)., The model is a linear elastic-
plastic model (Fig. 30). The movement necessary to initiate plastic
deformation is called the quake and was taken as 0.1 in. (0.25 cm) for
both side and point resistances. The values for side and point damping
were taken as 0.05 sec/ft (0.16 sec/m) and 0.15 sec/ft (0.49 sec/m)
respectively. The ratio between total soil resistance and point
resistance was taken from the pile load test results and the side load

was distributed uniformly along the pile.
OBTAINING RESIDUAL STRESSES

Smith's equations are solved iteratively increasing the time step by
small increments. When the energy and momentum of the system satisfy
given criteria the solution is stopped. Any forces left in the pile at
this time are residual forces, Locking these forces in the pile and

"hitting" the pile again results in new solutions for the residual
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forces. Fig. 31 shows a plot of the point load versus the time inter-
val. The solution was performed for six blows, each of which ran 1000
iterations. After the third blow the solution repeated itself for each
blow, In this study a series of five blows has always been found to be
sufficient to obtain constant values for the residual stresses,

As seen in Fig., 31 the point load oscillates about, and converges
towards a specific value. Thus the value of residual load may be
obtained by plotting the point load versus number of time intervals and
finding the value about which point load is oscillating., An example is
shown in Fig. 32. The point load versus the time interval for the
sixth blow on Lock and Dam 26 pile 5IP-I is shown. The load about
which the point load is oscillating is marked with a dashed line.

The number of iterations or time intervals per blow required to
determine the residual point load varied from pile to pile. The number
also varied with the level of soil resistance: the lower the soil
resistance, the larger the number of iterations required to determine
the residual point load. The lower soil resistances also had a
tendency to give more erratic results, In all cases studied, 1000
iterations per blow was sufficient to define the residual point load.
This number may be decreased for higher soil resistance and may need to

be increased for piles longer than 100 ft (30 m).
RESULTS

A wave equation analysis was performed for all piles for which
residual point loads were known and hammer data was available. A plot
of the results for Arkansas pile 3 is shown in Fig. 33 in terms of the
residual point load versus the blowcount on the pile. The residual
point load predicted by this approach is plotted versus the measured
residual point load in Fig. 34. An analysis of these results shows
that the mean of the ratio of the predicted residual point load over
the measured residuagl point load is 0.530 with a coefficient of varia-
tion of 0.669.

The results for this pile are also plotted in Fig. 35 in terms of
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residual point load versus total static soil resistance at the time of
driving. It was assumed that the static resistance at the time of
driving was the same as the ultimate load from the compression load
test (0.1 x D failure criterion). This assumption is warranted, since
the soil setup ir sand is negligible. A plot of the residual point
load predicted by this approach versus the measured residual point load
is shown in Fig. 36. An analysis of the ratio of predicted residual
point load over measured residual point load yields a mean of 1.116
with a coefficient of variation of 0.657. These results provide =z
better correlation than the previous results. The fact that the
regidual point load is related to the static total load at failure is
congistant with the theoretical expression for the residual point load

presented in Chapter IV (Eq. 19).

HYPERBOLIC SOIL MODEL

Holloway et al. (22) reported that the hyperbolic model for soil
resistance yields more accurate results than does Smith's model. A
limited study of the hyperbolic model used in the wave equation was
performed. The results of this model are significantly different from
those of the Smith model. Further case history comparisons and para-
meter studies are needed before definite conclusions can be made

concerning this model for use in the wave equation.
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CHAPTER VII - LOAD TRANSFER ANALYSIS BY FINITE
DIFFERENCE - PATTERN SEARCH APPROACH

INTRODUCTION

In Chapter IV, a description was given of the residual stresses that
are found in piles after they are driven. Residual stresses are
self-equilibrating because, with no load at the top of the pile, the
sum of the shear forces along the side of the pile is equal to the
residual compressive forces at the point of the pile. The internal
stresses in the pile that are caused by these side shear and point
comprassive forces are compressive and are present in the pile when a
load is applied to the top of the pile during a load test following the
driving. This is illustrated in Fig. 37a. Because of this, they must
be considered in determining the equilibrium of a pile-element under
load as illustrated in Fig. 37b and in deriving the governing
differential equation of the pile under load. The sign convention that
is illustrated in Fig., 37 follows the structural conventien of
compression being negative and tension being positive, In addition,
the positive z-coordinate direction is downward as is the positive
direction for pile and soil displacement. The stresses acting on a

tapered pile element are illustrated in Fig. 38.

NUMERICAL APPROXIMATION OF DIFFERENTIAL EQUATIQON

The differential equation that was developed in Chapter 1V was
extended to include a tapered pile element such as that shown in Fig.
38 and to account for the weight of the pile.

In order to closely represent reality it is necessary to approximate
the differential equation numerically and to use a nonlinear
constitutive equation for the soil-pile shear stress. The constitutive
equation illustrated in Fig. 39 assumes that when a load is applied to
the top of a pile, it first overcomes the residual shear stresses, T,,

with no vertical elastic compression of the pile, and then begins to
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build up additional shear stress, AT, due to vertical displacement of
the pile. The assumed constitutive equatiomrs for the residual shear

stresses, T,., and additional shear stresses, AT, are as follows:

Tr=CeY Sin¢!z................--.(23)

W
AT = l L] [ ] L[] L] ] » » [ ] » » L] » - L] L] » a - - L] - (24)
w
kT

T £

where

ATg = the asymptotic value of additional shear stress in the
soil which AT approaches as the vertical displacement
increases
kT = the shear stiffness of the pile-soil interface
C,Y,$ = constants which describe the distribution of residual

shear stresses after driving. These constants give
patterns of residual stresses such as were illustrated
in Fig. 19 in Chapter IV.

The parameters C and ¢ were found to be dependent variables and thus a

new constant, D, was defined for convenience in the pattern search as:

<
i
nlo
TR
Zho
™

There is a third phase in the assumed soil-pile shear stress consti-
tutive equation when the additional shear stress reaches a limiting
value, ATS, when a slip occurs between the 80il and the pile. The
slip occurs when the vertical displacement of the pile reaches a value
of wg.

It is further assumed that the shear stiffness, ki, and ultimate

shear strength, ATg, vary exponentially with depth, as follows:

=
]

(-3 L ¢ 1)

ATf

B(z)® | L L s e e e e e e e e e e el (26)
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The numerical approximation of the differential equation thus uses a
total of nine constants, as follows:
Soil shear stiffness, A,n
Maximum shear strength, B,m
Soil-pile point stiffness, kp
Maximum pile point pressure, qg
Residual soil shear stress, C,Y,¢
It is possible to determine 2ll nine constants given above by a method
of minimizing the sum of the squared errors between the observed and
predicted side forces. This was done using an iterative pattern search

computer program.

SUMMARY OF PILE ANALYSIS

The details of the pile length, diameter, cross sectional area,
perimeter, and point area for each load test are given in Table 1 of
this report. The following sections will report on the residual stress
properties for each pile and then will give mean values aund ranges of

the soil properties derived from each pile analysis.

Residual Stress Properties

Table 8 shows the final values of C, D, andY. With three excep-
tions, C ranges between 0.10 and 1.0. The constant C may be viewed as
a scale factor for residual shear stresses., It is proportional to the
shear stiffness of the soil and the area of the point of the pile and
is inversely proportional to the pile perimeter, its cross—sectional
area, and its elastic modulus.

Low values of Y indicate that the loads in the pile due to residuél
stresses are not reduced with depth much below what would be expected
with the simple elastic rebound formula given in Eq. 26. Conversely,
high values of Y indicate that residual shear stresses are damped out
very quickiy with depth. The two largest values of Y come from short
piles. In general, values of Y range between 0.04 and 1.0.

The value of D should be twice the constant that, when multiplied by
LR gives the residual point pressure, The smaller values normally

occur with longer piles.
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TABLE 8.- Residual Stress Properties

PILE
LENGTH
SITE PILE ft c D y
Arkansas 1 55 0.0341 0.822x10™% | 0.0868
2 55 1.008 97.5 0.0452
3 55 0.208 17.4 0.847
6 42 0.494 29.0 0.126x107%
7 55 0.489 45.6 0.565
9 55 0.347 31.3 0.707
10 55 0.661 62.7 0.394
Low Si11 2 66.6 | 0.169 13.5 0.727
5 46.5 | 0.245 21.1 0.075
6 66.5 | 0.029 25.7 0.061
Ogeechee H-11 12.2 | 0.213 24.3 2.78
River H-12 22.3 | 0.369 33.6 0.899x10"°
H-13 31.7 | 0.146 23.3 0.076
H-14 1.7 | 0.355 23.1 0.626x10™°
H-15 51.5 | 0.255 22.1 0.065
Tavenas J-5 60.0 | 0.335x1072 | 0.700x10"% | 0.975
Gregerson c* 26.24 | 0.338 30.4 0.716x10™°
c+ 26.24 | 0.338 30.4 0.716x107°
West Seattle A 100.0 0.441 40.9 0.202
B 86.0 | 0.185 0.822x107% | 0.692
Lock & Dam 26 | 3IP-1IIS | 54.0 | 0.154 21.0 0.268
Corpus Christi| Initial | 38.0 | 0.381 24.3 0.489x10"2
Final 38.0 | 0.123 0.420x107% | 2.43

*strain gauges placed on steel
+strain gauges placed on concrete

Note:

1 ft = 0.3048 m)
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Soil Shear Stiffness and Strength Properties

Table 9 presents a summary of the calculated values of the soil
shear stiffness values, including mean values and ranges of the
constants A, n, B, m, and ATg., The soil shear stiffness at any

depth, z, below the ground surface is given by
k, = A(z)"
and the asymptotic value of shear strength at any depth, z, is
Atg = B(2)™

in which 2z is in inches, k. is in 1b/in.3, and 4T¢ is in 1b/in.2.
Typical mean values of A range between 30 and 40 and of n are around
0.30 to 0.40. Typical mean values of B are between 1.0 and 6.0 and the
means of the exponent n are around 0.30 to 0.50. The shear stress at
which slip occurs varies with depth and with the material of which the
pile is composed. However, the mean value of B, expressed in

1b/in.2, is a good approximation of the shear stress at which slip
occurs. There were four piles in which no slip occurred, i.e., the
forces in the pile with depth were matched within very close toler-
ances, and the predicted displacement at the top of the pile was the
same as was observed in the field for all load levels,

The amount of the variation of the constants around the mean
differs between sites. The Arkansas site is characterized by high
stiffness and high strength, with the exception of Piles No. 3 and 6.
The mean stiffness constant, A, was remarkably uniform with the
Ogeechee River test piles, where it appears that the mean strength

coefficient, B, increased with the depth of the pile.

Pile Point-Soil Stiffness and Strength Properties

An upper limit of 100,000 1b/im.3 (2,71 x 107 kN/m3) was placed
on the value of kp, the soil stiffness constant at the pile point.
In some cases, the pattern search routine sought the upper bound and
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TABLE 9.- Soil Shear Stiffness and Strength Properties

PILE Atg
LENGTH, n RANGE,
SITE PILE ft MEAN | RANGE | MEAN | RANGE MEAN | RANGE MEAN | RANGE psi
Arkansas 1 55 48.9 | 40-61 0.12 |0.08-0.17 7.95 [7.0-9.1 0.50|0.40-0.61 | 9-10
2 55 113.6 -- 0.12 -- 11.37 -- 1.21 -- 5
3 55 35.8 | 31-40 0.36 {0.31-0.39 2.46 [2.1-2.8 0.35(0.32-0.38 | 3-10
6 42 32.0 - 0.80 - 0.77 -- 0.48 -- 2-10
7 55 91.9 - 1.08 - 0.68 -- 0.40 -- 2-7
9 55 78.0 | 54-117 | 0.37 |0.14-0.70 6.53 |2.4-10.7 0.78 | 0.37-1.21 | 5-12
10 55 59.3 | 31-109 | 0.34 |0.30-0.38 6.14 [3.9-10.6 0.70 [ 0.46-1.17 | 6-11
Low Sill 2 66.6 32.9 [ 29-36 0.35 [0.32-0.36 2.38 [2.1-2.6 0.34]0.32-0.36 | NO SLIP
5 46.5 31.7 | 25-43 0.54 [0.53-0.66 2.23 [1.8-3.0 0.380.32-0.41 | 3-11
6 66.5 20.3| 5-35 0.48 |0.34-0.74 4.58 [4.2-4.9 0.17 | 0.16-0.20 | NO SLIP
Ogeechee H-11 12.2 34.2 | 5-66 0.72 |0.39-1.05 0.76 [0.36-1.06] 0.45] 0.23-0.67 | 1-7
River H-12 22.3 36.4 | 32-43 0.37 |0.29-0.45 2.82 |0.47-5.7 0.49] 0.35-0.64 | 2-10
H-13 31.7 27.6 | 20-35 0.10 | 0.05-0.20 5.74 |5.3-6.7 0.27]0.18-0.37 | 4-8
H-14 41.7 33.1 | 16-49 0.45 {0.30-0.54 1.20 [0.55-1.9 0.45] 0.29-0.62 | 2-12
H-15 51.5 39.3 | 39-40 0.00 - 7.00 - 0.40 - 4-10
Tavenas J-5 60.0 27.4 | 5-39 0.48 10.33-0.76 0.88 10,30-2.6 0.32]0.28-0.36 | 1-2
Gregerson Cc* 26.24 1 15.9[0.4-31 | 0.63 [0.31-0.95 1.53 {1.0-2.1 0.35{ 0.31-0.37 | 1-5
C+ 26.24 | 16.0/0.7-31 ] 0.69 {0.31-1.06 1.43 10,7-2.1 0.33] 0.31-0,35 | 2-5
West Seattle A 100.0 27.2 [ 24-30 0.28 [ 0.26-0.30 1.50 {1.1-1.9 0.28] 0.27-0.29 | 2-7
B 86.0 32.7 | 25-40 0.21 | 0.03-0.40 3.00 |0.9-5,1 0.35] 0.30-0.40 | NO SLIP
LCock & Dam 26 | 3IP-I11S | 54.0 22.0 -- 0.27 - 3.06 - 0.41 - NO SLIP
Corpus Christi| Initial | 38.0 26.3]14-43 0.25|0.14-0.36 1.64 {0.90-3.9 0.27( 0.20-0.49 | 1-3
Final 38.0 34.4 | 22-62 0.24 | 0.06-0.29 3.20 {1.9-5.8 0.41} 0.31-0.68 | 1-4
*strain gauges on steel
+strain gauges on concrete
Note: 1 ft - 305 m; 1 psi = 6.89 kPa




remained there which accounts for the number of entries in Table 10 of
the figure 100,000 1b/in.3 (2.71 x 107 kN/m3). The mean and the

range of both the soil stiffness, k,, and the soil strength, qg, is

given in that table. ’
The Ogeechee River test piles again exhibit an increase of stiffness
and strength with the depth of pile. The variable nature of the soil
at the Arkansas and Low Sill sites is shown with the large spread of
the mean stiffness values and their ranges. An unusually low strength
of soil was found at the Gregersen pile test site., Although the
strength was reasonably constant between Piles A and B at the West
Seattle test site, the stiffness at the point of the pile changed
drastically as the pile depth changed from 86 feet (26.2 m) to 100 feet
(30.5 m). The Corpus Christi site was very uniform in its soil stiff-

ness and strength properties as the load increased by a factor of ten.
CONCLUSIONS

This chapter describes a method of analyzing the results of pile
tests which is capable of incorporating very general constitutive rela-
tions for the soils around and beneath a pile, and of considering
explicitly the presence of residual stresses in the pile and in the
surrounding soil prior to the load test. The method is fairly inexpen-
give to use, requiring approximately five dollars of computer costs,
including time and printing, to make a complete analysis of a load on a
pile. Rapid convergence of the iterative procedure requires the input
of initial guesses of the nine soil properties that are reasonably
close (within a factor of 2 to 5) to the final values. The results of
the calculations in this chapter and the formulas for starting values
of the nine constants given in a previous section of this chapter
should prove to be very helpful in this regard. After several trial
runs with the pattern search method, it was decided that it is best tc
determine residual stress constants on the lower load level before
there is much likelihood of slip and then keeping them constant for

subsequent load levels.
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TABLE 10- Pile Point-Soil Stiffness and Strength Properties
SITE PlLE LENGTH. kp’“b/""a) as,(10/1n%)
ft MEAN RANGE MEAN | RANGE
Arkansas 1 55 8400 | 4,900-15,500 | 1300 | 530-1750
2 55 810 --- - -—-
3 55 100,000 --- 760 | 720-780
6 42 220 --- 11 -—-
7 55 940 --- -- ---
9 55 43,300 {20,200-100,000|{ 500 | 490-500
10 55 38,300 |17,200-100,000 | 2900 50-4300
Low Sill 2 66.6 | 66,700 |29,500-100,000{ 650 | 590-690
~5 46.5 3900 { 1,170-49,500 760 | 200-990
6 66.5 ‘ 1600 810-52,400 | 1800 | 580-3100
Ogeechee H-11 12.2| 4600 | 3,600-6,000 | 1000 | 990-1040
River H-12 22.3| 3700 | 3,300-6,600 | 2000 | 920-2500
H-13 31.7 | 14,000 | 8,900-52,000 | 2300 |2100-2600
H-14 41.7 | 20,400 | 15,200-45,500 | 3400 | 1700-6100
H-15 51.5] 51,000 |34,300-104,000| 2400 | 2300-2500
Tavenas J-5 60.0 [ 13,500 |13,300-13,800 | 2700 | 2500-2800
Gregerson c* 26.24 2600 -— 67 65-69
C+ 26.24 4800 - 69 69-69
West Seattle A 100.0 | 56,200 | 52,400-60,600 950 | 940-960
_ B 86.0| " 3700 | 2,100-16,300 | 1100{ 900-1300
Lock & Dam 26 | 3IP-I1IS 54.0 100,000 -—- 620 -
Corpus Christi| Initial 38.0] 11,100 | 3,400-20,400 | 3800 1700-4400
Final 38.0| 14,700 | 5,500-25,700 | 2900 2000-3100
*strain gauges on steel

+strain gqauges.,on concrete
= 6.89 kPa

Note:

1 1b/in?
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The results of the calculations appear to be reasonable and in many
cases show a consistency that promises to improve markedly the ability
to predict pile load-settlement and capacity predictions.

The constitutive equation for the soil in shear along the side of
the pile was assumed to be rigid-elastic-plastic, in which residual
stresses are overcome with no displacement under load and then a hyper-
bolic stress-displacement relation was assumed to exiat until slip
occurs, The versatility of the method described in this chapter is
such that any other assumed constitutive relation could be inserted
into the program with little effort. Ome such constitutive relation
that would be desirable to investigate is one that imposes the same
hyperbolic stress-displacement relation on the residual shear stresses
as on the subsequently added shear stresses due to load, Such a
constitutive equation has been formulated but limitations on time and
budget on this project have required this further investigation to be
deferred. If this constitutive equation is used, slight modification
will be required in the part of the program that defines the sum of
squared random errors that is to be wminimized by the pattern search
routine,

The soil constitutive equations and the method of characterizing the
residual shear stresses that are described in this chapter should proﬁe
to be useful in predicting pile load-settlement and capacities,
particularly if the constants that were derived can be shown to be
correlated with the results of simple laboratory or in situ tests.

In summary, the method that has been developed and is described in
this chapter is convenient to use for analysis of pile test data and
promises to provide a sound basis for accurate predictions of pile

displacement under load,
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CHAPTER VIII - A NEW DESIGN METHOD INCLUDING RESIDUAL STRESSES
GENERAL

In order to identify the important parameters affecting pile
behavior under load and formulate a design method which incorporates
residual stresses, various correlations were performed. Due té a lack
of other so0il data at the sites only the SPT results were used in the
correlations. Although several correctiona for SPT N values have been
proposed (9,38), uncorrected N values have been used throughout the
correlations. This decision was made due to the fact that the correc-
tions are anot universally accepted. The engineer may apply whatever
corrections he desires before using the proposed method, but none is
recommeaded. The value of N used for correlation with the soil behav-
ior at the pile point Npt’ is an average over a distance of four
diameters either side of the pile point. The value of N used in
correlations with the s0il behavior along the side of the pile,

N is a weighted average along the length of the pile. The

side*
correlations were performed in three main categories: residual driving
stresses, point pregsure-point movement characteristics and side fric-
tion-pile movetent characteristics.

All the correlations presented in this chapter were performed for
displacement piles. Due to uncertainty regarding areas to use for the
analyeis of H-piles, they were not included in the correlations.
Further discussion of H-piles is given in a later section of this

chapter.
THE REAL MEANING OF RESIDUAL STRESSES

As explained in Chapter IV the typical load test on an instrumented
pile does not measure residual stresses in the pile. The measured top
load and top movement are correct, but the measured distribution of
load in the pile is incorrect. The measured point load is tco low and

the measured friction is too high. Due to this error in measurement,
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all the predictive methods based on these load test results are in
error. Therefore, for the purpose of developing a predictive method,
residual stresses must be considered.

In an uninstrumented pile load test, residual stresses cannot be
measured, This is usually not important however, since these load
tests are normally performed to verify the capacity of the design pile.
Since the measured top load and top movement are correct, there is no
teed to know the residual stresses, However, if the results of the
pile load tests are extrapolated to a pile of a different length, the
residual stresses must be considered. This is again due to the fact
that the distribution of load is affected by resaidual stresses,

For piles entirely in sand, the shorter a pile is 