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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 soils beneath bridge foundations and other structural 
foundations. 

This report presents the results of a Texas A&M 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 (\TIS), U.S. Department of CoMmerce, 5285 Port Royal Road, 
Springfield, Virginia 22161. A small charge is imposed for copies 
provided by ~TIS. 

I / !) 
' ;· (';// 

/-!,,_~- i~:~~~ , ( , - /~-·, , , 
Richard E. 

1

Hay, Dir. ctor 
Office of Engineer ng 

and Highway Opetations 
aesearch and Development 

NOTICE 

This document is 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 
herein. 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 essential to the object of this 
document. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 

U. S. 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 c10- 7 millimetres 

inches 2. 54 centimetres 

feet o. 3048 metres 

miles (U.S. Statute) 1. 609344 kilometres 

square inches 0.00064516 square metres 

square feet 0.09290304 square metres 

cubic feet 0.02831685 cubic metres 

cubic yards o. 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 per 

foot cubic metre 

pounds (mass) per cubic 0.59327631 kilograms per 

yard cubic metre 

pounds (force) 4.448?.22 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: C = (5/9)(F - 32). To obtain 
Kelvin (K) readings, use: 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 

soil, including the effects 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 t_he 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 stresses. The results of this 

method as well as conventional and new in situ 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. 
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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 in 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 cross-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 computed as for other 

non-circular 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: 

Q = 
(w. w. \ AE 

1 - i+l} P 

~L 
• • • • • • • • • • • • • • ( 1) 

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

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

the pile, and ~Lis 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: 
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TABLE 1.- Pile Load Test Information 
-·-----· r----· DIMENSIONS MODULUS 

PILE TYPE DIA- OF TYPE STRAIN S'i'RAIN · SOIL DATA 

SITE PILE SYMBOL AND MATERIAL METER LENGTH ARE~ ELASTICITl TEST RODS GAGES .SPT CPT PHT I OTHER REFERENCE 
ft ft in DBi X 10-- ( 1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) ( 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 i 

( 1963) 2 2 Steel Pipe 1.50 52.8 23.86 29.0 C,T X I X 

I 
3 3 Steel Pipe 1.70 53.0 27.36 29.0 C,T X 

I 6 4 Steel nun 1.34 IIO.O 25.70 29.0 C X 17, 
HP 14x73 i 

211 

7 5 Steel nun 1.311 52.1 29.33 29.0 C,T X X X 
HP 14x73 

9 6 Steel nun 1.34 53.2 26.28 29.0 C 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 0 1.34 80.5 25.70 29.0 C X 

Structure, HP 14X73 
l,.) Old River, La. 

(1956) 2 10 Steel Pipe 1. 75 65.1 27-36 29.0 C,T X 

38 11 Steel nun 1.34 70.6 25.70 29.0 C X X 25 
HP 14x73 

4 12 Steel Pipe 1.42 66.3 22.65 29.0 C,T X 

5 13 Steel Pipe 1.42 45.1 22.65 29.0 C,T X 

6 111 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 21.119 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 

I 
Density 

H-14 18 Steel Pipe 1.50 39.3 27.49 30.0 C X 

I H-15 19 Steel Pipe 1 .50 119.3 27.119 30.0 C X I 



TABLE 1.- Pile Load Test Information (Continued) 

( 1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) ( 12) (13) (14) (15) ( 16) 

Lock end Dam 26 SIP-I 20 Steel •H• 
I 

1 .34 ; 80.1 21.40 29.0 T X 

Replacement HP 14x73 i 
Site I 

(1972) SIP-II 21 Steel •H• 1.34 ! 54.4 21.40 29.0 T X X 18 
HP 14x73 I 

! 
31P- 22 Steel •H• 1.34 I s4.o 21.110 29.0 C,T X 
IIIS HP 111x73 

West Seattle Octagonal 
Freeway Bridge A 23 Prestressed 2.05 98.0 1177.20 5.56 C X X 
(1980) Concrete Self-

X Bering 33, 
Octagonal PMT 311 

B 24 Pres tressed 2.05 84.o 1177.20 5.56 C X X (partial) 
Concrete 

Tavenas 85 25 Steel •en 1.09 60.0 21.80 35.0 C X 
( 1970) 12 BP 711 

X X 37 
Hexagonal 

J5 26 Prestressed 1.05 60.0 127.00 3.911 C X 
Concrete 

Gregersen Circular 
~ ( 1969) A 27 Pres tressed 0.92 26.2 95.115 3.15 C X 

Concrete 

Circular 
D/A 28 Pres tressed 0.92 52.5 95.115 3.15 C X 

Concrete 
X X 20 

Tapered Top 
C 29 Circular 0.92 26.2 varied 3-15 C X 

Pres tressed 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 

I Pres. Cone. 



TABLE 1.- Pile Load Test Information (Continued) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) ( 10) < 10 I ( 12) ( 13) (111) ( 15) (16) 

Square 
Corpu11 Cbri11t1 Init. 31 Pre11tressed 1 .so 33.5 256.00 5.6 C I 
( 1971) Concrete Texas 

Highway 11 
Square Dept. 

Final 32 Prestre11sed 1.50 33.5 256.00 5.6 C I Cone 
Concrete 

Sellgren Square 
( 1981) A-I 33 Pres tressed 1.00 35.11 113.00 3.15 C I 

Concrete 
I 32 

Square 
A-II 34 Prsstressed 1.00 35.4 113.00 3.15 C I 

Concrete 

Lock and Dam 26 Top Shear 
Ellis Island M6 35 Timber 1.10 35.0 varied 2.0 C I I I I I Wave 43, 
Site Bot. Velooity 114 
(1978) 0.92 

IJ1 

a Had a 3/4 in.(1.9 cm) thick square ijlate on the bottom. 
Note: 1 ft= 0.305 m: 1 psi= 6.89 kN/nf 
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Q = € EPA •••.•••••.•••••.••.••• (2) 

where Eis 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 = AE + C + 120 • • • ' ' • ' • • • ' • ' • • ' • ' • (J) 

p 

where Pis the defined failure load, Lis the pile length, C is a 

constant, and Dis the pile tip diameter in inches. 

The first term is the elastic compression of the pile under the 

defined failure load. The second term is 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. 

Of the 35 selected pile load tests the load-settlement curve had to 

be extrapolated to obtain results in 3 cases for Davisson's criterion 
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OGEECHEE RIVER PILE NO. H-12 

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

settlement 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 criterion when 

analyzing a prediction method as was used to develop the method. 

The third failure criterion was developed in an attempt 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 (q-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 to compute the 

ultimate pile capacity. The details of the load transfer analysis and 

curve fitting are given in Chapter IIL 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,lxD 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: 

S = :EL + 0, lD • • • • • • • • . • • • • • • • . • • . (4) 
p 

This would provide enough point movement to mobilize the tip bearing 
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TABLE 2.- Ultimate Loads by Various Failure Criteria 

ULT!M.\TE LCAn 
SITE SOIL DESCRIPTION PILE DAVISSOII 

toe 

Arkansas 0-30 ft fine saod, SP 1 161 
River telow 30 ..... fir.e sand w1 th 2 207 

.s11 t and clay, 3 2;0 
SP-SH 6 132 

7 189 
9 222 
10 200 
16 1i:4 

Low Sill 0-50 tt silt 1 358 
Structu.re below 50 ft fine and a:ed1wa. 2 338 

sand 3 185 

" ,cc• 
5 135 
6 365• 

Cseecbee 0-12 ft silty :,and H-11 35 
River below 12 tt fine aad H-12 173 

l!ledlum sand, H-13 205 
SIi-SP H-14 290 

a-15 350 

Leck and o-ao ft coarse sand, SP 3IP- 160• 
Da.m 26 'W/ cobble layer IIIS 
( 1972) at 58 rt 

below 80 rt limestone 

Weot 0-78 ft fine to medium. A 525 
Seattle sar.d. with silt 
Freeway acd clay lenses B 450 
Bridge below 78 rt iaterbedded clayey 

sandy :silt and 
ail ty fine 5and 

Tavenas 0-16 ft loose crushed atone JS 120 
below 16 rt medium to fiae H5 109 

uniform sand, SP 

O.resersec 0-5.6 ft .sand A 24,3 
5.6-9.8 rt r1ne send, SP D/A 44,5 

below 9.8 rt medium to coarse C 26.4 
sand, SP 8/C 42.7 

Corpus 0-8 tt fine sand, SP Initial 108 
Christi below 8 ft fiae silty sand, Final 135 

SP aad SM 

Sellgren 0-12 rt silt AI 58 
below 12 rt fine sand AII 129 

t.ock and f1ne to coarse 
Dam 26 sand wi tb trace M6 75 
( 1978) gravel 

Average 192 

• Load-oettlameat ouMa bad to be eztrapolated to obtain •Blue 
b Load•settleeat cw-ve could not be eztrapalated witb cont1deaoe 

to obtaia value 
• Not enougb data available tor reg,-ession 
Note: 1 ton• 8,9 1<11; 1 rt• 0,305 m 

10 

0.1xD HYPERBOLIC 
ton t.01:. 

172a 216 
21.12 322 
272• 264 
183a 2i:7 
243 297 
2502 268 
242a 283 
175a 146 

390• 346 
~208 377 
240 255 
ii40a 402 
145 158 
4JOa 376 

76 134 
232 2~5 
297 328 
347 418 
421 ;45 

b 173 

525 608 

450 532 

163 177 
150 171 

27 28.4 
51 C 

30 29.5 
48 0 

150• 217 
138" 213 

78 107 
143 189 

95 119 

228 264 

~.AXIMUM 
~P?LI::D 

:.,)Al) 

ton 

172 
250 
259 
183 
255 
250 
230 
167 

358 
372 
2c.o 
31', 
145 
345 

105 
238 
315 
400 
430 

150 

535 

450 

163 
150 

30 
52 
31 
52 

134 
157 

90 
158 

110 

222 



and would also include the elastic compression of the pile. The second 

term has been omitted because the rnovement needed to mobilize 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 ot 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. 
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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: 

TID (z.+1-z. 1) 
0 l. l.-

• • • • • • • • • • • • • • • • • ( 5 ) 

where Qi is the load at station i, D0 is the pile outside diameter, 

and zi 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, wi, 

is: 

• • • • • • • (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. 
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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 measured. 

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 fer 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 side friction to maximum friction versus the 

ratio of pile movement to pile radius (f/fmax-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 
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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 cur,ve through the data points. This process should take into 

account the reliability of the instrumentation 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 analysis 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 for 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 

f = 
1 w 
K+f +f 

-r max res 

w 
• • • • • • • • • • • • • • • • • ( 7) 

and q = _!_ + ___ w __ _ 

KP qmax - qres 

w • • • • • • • • • • . • • . • • . ( 8) 

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

initial tangent modulus for the q-w curve, f + f is max res 
the hyperbolic asymptote of the f-w curve, and (qmax - qres) 

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 wand 

performing a linear regression through these points. They-intercept 

of these lines are then the initial tangent moduli and the slopes 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 transfer 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 

Site 

Arkansas 

Low Sill 

Pile 

lb 
2 
3b 
4 
5 
6 

Ogeechee H-11 
River H-12 

H-13 
H-14 
H-15 

West A 
Seattle B 
Tavenas H5 b 

JS 
Sellgren AI 

Corpus 
Christi 

AII 
Initial 

Final 
Gregersen A 

D/A 
C 

B/C 
Lock and 
Dam 26 

M6 
3IP-111Sb 

f +f max res 

(tsf) 

0.690 
0.752 
0.553 
1.174 
1.067 
1.004 
0.692 
0.471 
0.624 
0.794 
0.380 
1.032 
0.699 
0.872 
0.345 
0.636 
0.646 
1.130 
0.930 
0.743 
0.682 
0.392 
0.539 
0.152 
1. 123 
0,232 
0.377 
0.291 

a 
0.389 

a 
0.887 
0.503 

KT 

(tsf/in.) 

72.07 
10.84 
17.57 
3.05 
3.86 
4.89 

21.47 
28.74 
20.70 
22.67 
10.18 
34.47 
20.64 
43. 96 
12.26 

6.75 
5.91 
2.60 
2.01 
6.99 
5.30 
2.02 
3.36 

10.45 
14. 09 

3.04 
4.54 

10.25 
a 

16.33 
a 

5.55 
7.00 

a - Not enough data available for regression. 

(tsf) 

69. 4 
76.6 
47.1 
25 .9 
26.1 
12.6 
62 .4 
22.4 
79.5 
38. 2 
93.9 
61. 5 
10.5 
49.2 
66.7 

104.5 
135.2 
118. 0 
186.0 

37.6 
45.8 
86.0 
80.6 

114.9 
81.3 

102. 5 
87.6 

a 

12.2 
a 

29.9 
32.7 

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

Note: 1 tsf = 95.8 kN/m2; l taf/in, = 37,7 kPa/cm 
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p 

(tsf/in.) 

1506.3 
462.5 
534.6 
63.4 

212.1 
35.4 

174.6 
1201.l 
1609.0 
490.6 
209.9 
832.7 

95.2 
1250.6 

52.3 
659.6 
597. 0 

1081.5 
493.5 
385.5 
577.4 
250.2 
802.8 
322,8 
109.8 
231.3 
324.7 
590.5 

a 

874.4 
a 

227,1 
512.2 



TABLE 4.- Ultimate Loads from Hyperbolic Asymptote 

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 35 111 146 

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 17 7 

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 AI 90 17 107 

AII 64 12 5 189 
LD26 ELLIS M6 20 99 119 
LD26 REPL 31P-IIIS 45 128 173 

a - Not enough data available for regression. 
Note:· 1 ton= 8.9 kN 
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CHAPTER IV - RESID~AL STRESSES: BASIC CONSIDERATIONS 

THE PHENOMENON 

During a hammer blow, a pile will move downward first, then rebound 

and then oscillate around a finai position. At its final position the 

pile is in equilibri~m under a certair. point load and a certain fric

tion load, which car.eel 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 penetretion 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 

pile 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 ~enomenon 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 q-w curve. 

In clays, small, if any, residual point load will exist because the 

movement necessary to 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 

soil, 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 Lcritical (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-soil stiffness ratio is 

an influencing factor. 

If the slope of the unloading portion of the f-w curve is nruch 

steeper than the slope of the unloading portion of the q-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 Tu, and the ultimate point resistance is qU (Fig. 20). The top 

ultimate load is QTU and the point ultimate load is Qpu• The 

load anywhere in the pile is Qu• 

The unloading of the friction is assumed to obey the linear elastic 

model (Fig. 20): 

~T = K;nw ........................ (9) 

where bT is the decrease in pile-soil friction stress at depth z 

K' 
T 

is the unloading stiffness in friction 

bw 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: 

where 6q is the decrease in point resistance 

K' p is the unloading stiffness for the point. 

bw is the upward movement of the pile at the point upon p 
unloading. 

Because the pile was in equilibrium at failure, any change in stress 

brought about by the unloading must also 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): 

where 

ato - ---az 
p t:n 
A 

==0 ...•..•..•..•..... (11) 

6a = normal stresses decrease in pile at depth z 

A= cross sectional area of pile. 

P = perimeter of pile. 
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The constitutive equation for the pile is: 

tio = -E 6E = - E a6w 
p az . • • • • . • • • • . . • • • ( 12 ) 

where Eis the pile modulus 
p 

6gis the decrease in normal strain at depth z due to 

unloading, 

Combining the equations above leads to: 

for which the solution is: 

(13) 

• • • , • • , • • • • • • • • • • ( 14 ) 6w rlz 
8 

-nz 
= a e + e 

with n ·ft EA 
p 

The decrease in load in the pile bQ is: 

(15) 

or 
. nz -nz 

6Q = -AEP rl(a.e - 8e ) . . . • . . • , • . . • . . • (16) 

with bQ = - (Qu - Qa) 

where QR is the residual load in the pile at a depth z. 

The boundary conditions can be written as follows: 

for z = 0 !IQ = - Qru 
for z = L 6Q = - (Qpu - QpR) 

where QPR is the residual point load. 
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It is also known that: 

for z = L 6w = 6wp 

and - (Qpu - QpR) = Ki, 6wPA 

These last four equations involve four unknowns (a, S, QPR• 6wp) which 

can therefore be obtained •. The result is: 

(

(E Q-tK')eQ(L-z) - (E Q-K')e-Q(L-z) 
Q = Q - Q p p p p 

R U TU (E Q-tK, ) e QL _ (E Q-K, ) e -QL 
p p p p 

) • •(17) 

which can be simplified to 

with 

- _ (cosh (cl + Q (L-z)) ) 
QR - Qu - QTU Cosh (cl.+ QL) •..•..•.. (IS) 

tanh cl 
E rt 

= _£_ 
K' 

p 

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

pile can be used to express the residual load at· the point QpR• 

or, 

2QTU. 

cosh 3 

E g) -l1L 
- _£_ e 

K' 
p 

c:osh ( cl + 51L ) 

. •.• ; . (19.a) 

...•.•. (19.b) 

The iesidual friction stresses along the pile ·are: 

(

(E Q-tK')eQ(L-z) + 
1" R = TU - QTU PS1 p p 

(E n-+K')ent -
. p p 

(E n-K') e-rl(L-z)) 
p p .(20) 

(E 51-K' ) e -r.?L 
p p 
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DISCUSSION OF THE THEORETICAL FORMULATION 

If the pile is infinitely short, the total load on the pile QTU 

is equal to the point load Qpu• For L equal zero the above equations 

show that QPR is zero. No residual point load can exist since no 

shaft friction can be reversed to maintain 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. 

If the value of K; is low, EPQ/~ is large compared to 1 and the 

residual point load is large. Indeed if the value of K' is low, it 
p 

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 n is large, again the equations point to a large 

residual point load. Indeed if the value of n is large, K' is large 
p 

compared to EP. This means that it takes little displacement to 

reverse the friction but that the elastic decompression of the pile is 

large. Therefore, friction is reversed early and a large residual 

point load is maintained. 

The equations derived show theoretically what was expected physical

ly. It is important 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,2 (0.093 m2) 

p = 48 in. (1.22 m) 

Ep = 3 X 106 lb/in. 2 (2.07 x 107 kN/m2) 

L = 600 in. (15.24 m) 

Soil K = 40 lb/in,3 (10840 kN/m3) 
T 

KP = 2300 lb/in.3 (623,300 kN/m3) 

QTU = 200,000 lbs. (44,94 kN) 

Qpu = 100,000 lbs. (22.47 kN) 

The theoretical parameters are obtained: 

11 = 2.1 X 10- 3 in.-l (8.3 X 10-4 cm- 1 ) 

E 11 -p 
E 11 + 

p 
QL == 

K' p 

K' = p 

1.26 

4,000 lb/in.3 (1.08 x 106 kN/m3) 

8,600 lb/in,1 (2.33 x 106 kN/m3) 

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 ts f tsf 
0 100 0 0.25 - 0.38 

10 90 14 0.25 - 0.29 
20 80 24 o. 25 - 0.18 
30 70 30 0.25 - 0.11 
40 60 33 o. 25 - 0.06 
so 50 34 0.25 - 0.02 

Note: 1 ft = 0.305 m; 1 ton = 8.9 kN; 1 tsf 95.8 kN/m2 
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The results are plotted on Fig. 22. The profile of the residual 

friction stresses TR shows a friction at the surface which is larger 

than the ultimate friction Tu· This is due to the elastic analysis 

which did not consider an ultimate value. In 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 compression test. The results can be extended to 

the case of the residual loads that exist 1n a pile after a tension 

test. The theoretical formulation is the same except that the boundary 

conditions are: 

for z = 0 

for z = L 

This leads to the expression of the residual loads: 

( 

S"lz 2S"l (L-z) 
e e 

Qu - QTu ZQL 
e 

-1_\. . . . -1/ • . • • • • • • ( 21) 

and to the expression of the residual stresses: 

TR (

e2n (L-z) + 1 ) 

e2S"IL - 1 
• . . • • • . • • . ( 22) 

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 6 and are shown in Fig. 23. 
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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 Residual 
ft Load Load Friction Friction 

tons tons ts f tsf 
0 - 50 0 - 0.25 + 0.120 

10 - 40 - 3.4 - 0.2s - 0.051 
20 - 30 - 4.4 - 0.25 - 0.003 
30 - 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 = 0.305 m; 1 ton = 8.9 kN; 1 tsf = 95. 8 kN/m2 

As can be seen, the residual loads are much 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 ere too small and the 

friction values too high. Most current design procedures are based on 

load tests which ignore residual loads. 
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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, 

second 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 conventional 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 conventiorial 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 r~sidual 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 another 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 measure residual 

stresses. These 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 testing sequence consists of: 

1. Drive the pile. 

2, Zero the instrumentation. 

3. Load the pile to failure in compression, read the instrumenta-

tion, 

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

5. Zero the instrumentation. 

6. Load the pile to failure in tension, read the instrumentation. 

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

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

1. Curve 1 represents the measured ultimate compression load 

distribution, assuming no stresses in the pile at start of 

test. 

2, Curve 2 represents the measured compression load distribution 

after complete release of the applied compressive load, assuming 

no stresses in the pile at s~art of test. 

3. Curve 3 represents the measured ultimate tension load distribu

tion assuming no stresses in the pile at start of test, 

4, 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 test, 

5, 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. 

6. 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 in 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 in 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 unloading 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 tension 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 O,lxD 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 4 

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 reliable. 
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TABLE 7.- Comparison of Methods of Obtaining Residual 
Loads from Load Test Data 

METHOD 1: MEASURED METHOD 2: HUNTER- METHOD 3: NO 
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Note: 1 ton = 8 . 9 kN 

METHOD 4: COMPRES-
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Qp Qs 
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FIG. 28,- Comparison of the Friction Load in Tension and Compression 
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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 equation 

for pile driving analysis since the early 1960 1 s. The main 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 a 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 

finding the value about which point load is oscillating. An example 

shown in Fig. 32. The point load versus the time interval for the 

sixth blow on Lock and Dam 26 pile SIP-I is shown. The load about 

which the point load is oscillating is marked with a dashed line. 

and 

is 

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 ot these results shows 

that the mean of the ratio of the predicted residual point load over 

the measured residual 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 a 

better correlation than the previous results. The fact that the 

residual point load is related to the static total load at failure is 

consistant 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 ioad 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 

compressive 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 convention 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 EQUATION 

The differential equation that was developed in Chapter IV was 

extended to include a tapered pile elernent 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, Tr, 

with no vertical elastic compression of the pile, and then begins to 
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build up additional shear stress, ~T, due to vertical displacement of 

the pile. The assumed constitutive equations for the residual shear 

stresses, Tr, and additional shear stresses, ~T, are as follows: 

where 

Tr= Ce y sin~ z . ...........•..•..• (23) 

w 
. , • . . • • . • . . . . . . . . . . . . ( 24} 

~Tf = the asymptotic value of additional shear stress in the 

soil which ~T 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: 

A D ....E_ 
~ = C PL 8 

There is a third phase in the assumed soil-pile shear stress consti

tutive equation when the additional shear stress reaches a limiting 

value, ~Ts, when a slip occurs between the soil and the pile. The 

slip occurs when the vertical displacement of the pile reaches a value 

of ws. 

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

shear strength, ~Tf, vary exponentially with depth, as follows: 

kT = A(z) 0 •••••••••••••••••••••• (25) 

6Tf = B(z)m . ......•..•........•.. (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, qf 

Residual soil shear stress, C,Y ,¢ 

It is possible to determine all 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 and 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 residual 

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 quickly 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 

L~ 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 

Arkansas 1 55 
2 55 

3 55 

6 42 

7 55 

9 55 

10 55 
Low Sill 2 66.6 

5 46.5 

6 66.5 

Ogeechee H-11 12.2 
River H.:12 22.3 

H-13 31. 7 

H-14 41. 7 

H-15 51.5 
Tavenas J-5 60.0 
Gregerson C* 26.24 

C+ 26.24 
West Seattle A 100.0 

B 86.0 
Lock & Dam 26 3IP-IIIS 54.0 

Corpus Christi Initial 38.0 

Final 38.0 

*strain gauges placed on steel 
+strain gauges placed on concrete 
Note: 1 ft= 0.3048 m) 

C D 

0.0341 0.822xl0-4 

1.009 97.5 

0.208 17.4 
0.494 29.0 
0.489 45.6 
0.347 31. 3 
0.661 62.7 
0.169 13.5 
0.245 21.1 
0.029 25.7 
0.213 24.3 
0.369 33.6 
0.146 23.3 
0.355 23.1 
0.255 22.1 
0.335xl0-2 0. 709xl0-4 

0.338 30.4 
0.338 30.4 
0.441 40.9 
0.185 0.822xl0-4 

0.154 21.0 
0.381 24.3 
0.123 0.420xl0-2 
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y 

0.0868 

0.0452 

0.847 
0.126xl0-4 

0.565 

0.707 
0.394 
0.727 

0.075 
0.061 
2.78 
0.899xl0- 5 

0.076 
0.626xl0-5 

0.065 
0.975 
0.716xl0-~ 

0.716xl0-5 

0.202 
0.692 

0.268 
0.489xl0-i:'. 

2.43 



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 ~Ts· The soil shear stiffness at any 

depth, z, below the ground surface is given by 

~ = A(z)n 

and the asymptotic value of shear strength at any depth, z, is 

in which z is in inches, kT is in lb/in.3, and ~Tf is in lb/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 Bare 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 

lb/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 lb/in.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 

SITE PILE 

Arkansas 1 
2 
3 
6 
7 
9 

10 
Low Si11 2 

5 
6 

Ogeechee H-11 
River H-12 

H-13 
H-14 
H-15 

Tavenas J-5 
Gregerson C* 

C+ 
West Seattle A 

B 
Lock & Dam 26 3IP-=IIIS 
Corpus Christi Initial 

Final 

*strain gauges on steel 
+strain gauges on concrete 

PILE 
LENGTH, 
ft MEAN 

55 48.9 
55 113.6 
55 35.8 
42 32.0 
55 91. 9 
55 78.0 
55 59.3 
66.6 32.9 
46.5 31. 7 
66.5 20.3 
12.2 34.2 
22.3 36.4 
31. 7 27.6 
41. 7 33.1 
51.5 39.3 
60.0 27.4 
26.24 15.9 
26.24 16.0 

100.0 27.2 
86:o 32.7 
54:o 22.0 
38.0 26.3 
38.0 34.4 

Note: l ft - 305 m; l psi= 6.89 kPa 

A n B 
RANGE MEAN RANGE MEAN RANGE 

40-61 0.12 0.08-0.17 7.95 7.0-9.1 
-- 0.12 -- 11. 37 --

31-40 0.36 0.31-0.39 2.46 2.1-2.8 
-- 0.80 -- 0. 77 --
-- 1.08 -- 0.68 --

54-117 0.37 0.14-0.70 6.53 2.4-10.7 
31-109 0.34 0.30-0.38 6.14 3.9-10.6 
29-36 0.35 0.32-0.36 2.38 2.1-2.6 
25-43 0.54 0.53-0.66 2.23 1.8-3.0 
5-35 0.48 0.34-0.74 4.58 4.2-4-9 
5-66 0.72 o. 39-1.05 0.76 0. 36-1.06 

32-43 0.37 0.29-0.45 2.82 0.47-5.7 
20-35 0.10 0.05-0.20 5.74 5.3-6.7 
16-49 0.45 0.30-0.54 1. 20 0.55-1.9 
39-40 0.00 -- 7.00 --
5-39 0.48 0.33-0.76 0.88 0 ~n-2 f; 

0.4-31 0.63 0.31-0.95 1.53 1.0-2.1 
0.7-31 0.69 0.31-1.06 1.43 0 7-2- 1 
24-30 0.28 0.26-0.30 1.50 1.1-1.9 
25-40 0.21 0.03-0.40 3.00 0.9-51 

-- 0.27 -- 1 nh --
14-43 0.25 0.14-0.36 1.64 0.90-3.9 
22-62 0.24 0.06-0.29 3.20 1.9-5.8 

LlTs 
m RANGE, 

MEAN RANGE osi 

0.50 0.40-0.61 9-10 
1. 21 -- 5 
0.35 0.32-0.38 3-10 
0.48 -- 2-10 
0.40 -- 2-7 
0.78 0.37-1.21 5-12 
0.70 0.46-1.17 6-11 
0.34 0.32-0.36 NO SLIP 
0.38 0.32-0.41 3-11 
0.17 0.16-0.20 NO SLIP 
0.45 0.23-0.67 1-7 
0.49 0.35-0.64 2-10 
0.27 0.18-0.37 4-8 
0.45 0.29-0.62 2-12 
0.40 -- 4-10 
0.32 0.28-0.36 1-2 
0.35 0.31-0.37 1-5 
0.33 0.31-0-15 2-5 
0.28 0.27-0.29 2-7 
0.35 0.30-0.40 NO SLIP 
Q_41 -- NO SLIP 
0.27 0.20-0.49 1-3 
0.41 0.31-0.68 1-4 



remained there which accounts for the number of entries in Table 10 of 

the figure 100,000 lb/in.3 (2.71 x 107 kN/m3). The mean and the 

range of both the soil stiffness, kp, and the soil strength, qf, 1s 

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 tr.e Gregersen pile test site. Although the 

strength was reasonably constant between Piles A and Bat 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

sive 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 for11llllas 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 1s best to 

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 Poiot-Soil StiffRess and Strength Properties 

SITE PILE 

•. ' 

Arkansas 1 
2 
3 

6 
7 
9 

10 
Low Si 11 2 

·5 . 
6 

Ogeechee H-11 
River H-12 

H-13 
H-14 

H-15 
Tavenas J-5 
Gregerson C* 

C+ 

West Seattle A 

B 
Lock & Dam 26 3IP-IIIS 
Corpus Christi Initial 

Final 
. 

*strain gauges on steel 
+strain qauges 2on concrete 
Note: 1 1 b/ in = 6. 89 kPa 

PILE 
LENGTf 
ft 

55 

55 
55 

42 
55 
55 

55 
66.6 

46.5 
66.5 

12:2 

22.3 

31. 7 
41. 7 

51.5 

60.0 
26. 2• 
26. 2• 

100.0 
86.0 
54.0 

38.0 
38.0 

.. 
kp,(lb/in3) qf,(lb/in2) 

MEAN RANGE MEAN RANGE 

8400 4,900-15,500 1300 530-1750 
810 --- -- --- . 

00,000 --- 760 720-780 
220 --- 11 ---
940 --- -- ---

43,300 20,200-100,000 500 490-500 
38,300 17,200-100,000 2900 50-4300 
66,700 29,500-100,000 650 590-690 

3900 1,170-49,500 760 200-990 
1600 810-52,400 1800 580-3100 
4600 3,600-6,000 1000 990-1040 

3700 3,300-6,600 2000 920-2500 
14,000 8,900-52,000 2300 2100-2600 
20,400 15,200-45,500 3400 1700-6100 
51,000 34,300-104,000 2400 2300-2500 
13,500 13,300-13,800 2700 2500-2800 

2600 --- 67 65-69 
4800 --- 69 69-69 

56,200 52,400-60,600 950 940-960 
. 

3700 2,100-16,300 1100 900-1300 
100,000 --- 620 ---
11,100 3,400-20,400 3800 1700-4400 
14,700 5,500-25,700 2900 2000-3100 
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The results of the calculations appear to be reasonable and in many 

cases show a consistency that promises to improve 111B.rkedly 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 exist until slip 

occurs, The versatility of the method described in this chapter is 

such that any other a~sumed constitutive relation could be inserted 

into the program with little effort. One 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 minimized 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 prove 

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 to a lack 

of other soil data at the sites only the SPT results were used in the 

correlations. Although several corrections 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 not universally accepted. The engineer may apply whatever 

corrections he desires before using the proposed method, but none is 

recommended. 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 soil behavior along the side of the pile, 

Nside• is a weighted average along the length of the pile. The 

correlations were performed in three main categories: residual driving 

stresses, point pressure-point movement characteristics and side fric

tion-pile move~ent characteristics. 

All the correlations presented in this chapter were performed for 

displacement piles. Due to uncertainty regarding areas to use for the 

analysis 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 too 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 

need 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 residual stresses, 

For piles entirely in sand, the shorter a pile is the more important 

the point capacity becomes. Since the point capacity is larger after 

considering residual stresses, short piles will become shorter. As the 

piles become longer the friction becomes more important. Since the 

friction is smaller after considering residual stresses, long piles 

will need to be longer to carry the same capacity. 

It is rare to find a pile driven through 100 ft (30 m) or more of 

sand. The most common case for long piles is to be driven through clay 

with the tip seated in a sand layer. Measurements on piles in clay 

indicate residual driving stresses in the pile are less than five 

percent of the ultimate pile capacity, whereas in sand they may be more 

than 20 percent of the ultimate pile capacity. Thus, the current 

prediction methods for pile capacity in clay should not be affected 

significantly by residual stresses. Therefore, a pile driven through 

clay into sand should carry more load than predicted without consider

ing residual stresses. The friction in the clay is not reduced by 

consideration of residual stresses, however the point bearing in the 

sand is increased due to consideration of residual stresses. There

fore, in most cases the consideration of residual stresses will result 

in greater pile capacity predictions. 
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CORRELATIONS 

Residual Driving Stresses 

The theoretical considerations of residual stresses presented in 

Chapter IV have pointed out various parameters governing the magnitude 

of the residual point pressure, q . The two main parameters are res 
the pile length and the relative stiffness between the soil and the 

pile. The term in the solution to the governing differential equation 

which incorporates these items is LS where Lis the pile length and Sis 

defined as : 

with 

- /y s;.; ~ in which the units must be consistent, 

K,; initial slope of the friction transfer curve in loading, 

obtained as described later in this chapter, 

p ; perimeter of the pile 

Ep ; modulus of elasticity of the pile 

A ; cross-section area of the pile 

The term Sis used instead of the term Qin Chapter IV since it uses 

the slope of the loading portion of the friction transfer curve. If 

the loading and unloading slopes are equal, then Q and Sare equal. 

A plot of qres versus LS is shown in Fig. 40. A linear regres

sion through the origin yields an expression for qres of: 

qres; S.57LS with qres in tsf •....•.••.•• (27) 

The data point shown for the West Seattle pile was added after the 

correlation was made. This pile was instrumented with a load cell at 

the tip, and residual point load was measured after driving. No load 

test was made of the pile, so the value of K was predicted by 

' 
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correlations presented later in this chapter. The results show very 

good agreement with the regression through the other data. 

This correlation with LS showed much better agreement than a correl

ation between qres and Npt· This was expected since the N value 

only gives an indication of soil strength, whereas the term LS includes 

the soil-pile relative stiffness. 

Point Load-Movement Characteristics 

The majority of the load tests did not measure residual stresses in 

the pile. When they were not measured, the residual stresses were 

accounted for using the correlation presented in the previous section. 

Using the hyperbolic model presented in Chapter III, two parameters 

are needed to describe the point load-point movement (q-w) curve. 

These parameters are the maximum asymptotic value, q , and the max 
initial tangent modulus KP. 

Maximum Asymptotic Value.- Of primary importance in these correla

tions is whether or not the load tests actually reached a maximum point 

bearing capacity since a majority of the piles never reached a pile 

point movement equal to four percent of the pile diameter. The ratio 

of point load over Npt for several point movements as a percent of the 

pile diameter are presented in Table 11 for 27 piles. Also presented 

are the asymptotic values from the hyperbolic regression in chapter 

III. In every case the asymptotic values are larger than the highest 

values from the load tests. Fig. 41 is a plot of the ratio of point 

load to Npt versus point movement as percent of the point diameter 

for seven of the piles. From this plot it can be seen that some of the 

piles did not reach a maximum value of point pressure even after a 

movement equal to 25 percent of the pile diameter. For this reason the 

hyperbolic asymptote seems to be the best estimate of a maximum value 

and was used for all further correlations. 

The best correlation that could be found between qmax and N t p 
was a power law function with the equation: 
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TABLE 11.- Ratio of Point Pressure to Npt for Various Pile Movements 

Movement 
Diameter 

Pile 2% 41 8% 10% 15% 25% 

Arkan9as 
l 0.98 l.25 1.52(7.0) 8 

2 0.80(1.4) 
3 o. 73 0.77(2.4) 
6 0.29 0.37 0.41 (4 .9) 
7 0.40 0,450.0) 
9 0.11 0.15(3.4) 

10 0.51(1.3) 
16 0.38(1.l) 

Low Si 11 
l 0.68 0.70(2.2) 
2 0. 33 0.36(2.2) 
3 0.42 o. 54 0.65 0.70 0.8) 
4 0.42(0.9) 
5 0.14 0.15 0.19 0.21 0.24 0.27( 19.0) 
6 0.48(1. 7) 

Ogeechee River 
H-11 J.67 2. 5 ).08 3,42 ),96 5.07 
H-12 5 .41 5.86 6, 77 7 .05 7.13 7.30 
H-13 5,91 7,01 8.53 8.87 9.21 9.88 
H-14 3.16 3.56 4.27 4.27 4.21 4.13 
H-15 2.27 2. 79 ). 720 .6) 

Corpus Christi 
Initial 1.40 l. 77(3,6) 

Final 1.54 1.85 t.87(4,2) 
Seattle 

A 0.47 0.5)(2.9) 
B 0.70 0.76(2.ll 

Tavenas 
J-5 2.22 2,73 2,89(4,4) 

Lock & Dam 26 
M6 0.47 0.49 0.53 0.55 0.60 0.61 (16) 

3IP-Il I 5 0.69 0.74(2.5) 
Gregersen 

A 3,55 5.28 6.04(4.9) 

a - Numbers 1n parentheses are percent movements for highest load level ln load teat 
Note: l tsf = 95.8 kN· I blow/ft • 3.28 blow/m 
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Asymptote 

2.02 
l.66 
0.95 
0.62 
0.57 
0.25 
1.35 
o. 50 

0.80 
0.46 
0,94 
0.74 
0.33 
0.59 

6,67 
7.57 

10.09 
4.24 
4.78 

3.08 
2.63 

0.64 
0,90 

1.22 

0.64 
0.87 

9.32 
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where 

= 19,75 (N )0 · 36 
pt 

in tsf . ...... , ... (28) 

Npt is the average uncorrected blow count per foot of 

penetration within a zone equal to 4 pile diameters above, 

and 4 pile diameters below, the point of the pile. 

A log-log plot of the data and regression are shown in Fig 42. No 

relationship could be observed between qmax and the relative depth, L/D, 

for either varying Npt values or silt content of the soil. This 

corresponds with findings by Olson and Dennis (30). 

Initial Tangent Modulus.- The second parameter needed to describe 

the q-w curve is the initial tangent modulus, KP. The best correla

tion for KP with Npt was power law function with the equation 

in tsf/in ••.••••..•. (29) 

where Npt is the uncorrected average N value as defined above. 

A log-log plot of this regression is shown in Fig. 43, 

Side Friction-Pile Movement Characteristics 

Maximum Asymptotic Value.- Correlations were performed for side 

friction parameters similarly to those for the point. No correlation 

could be found between £max and D/B with Nside' Again the 

best correlation was found using a power law function: 

f 0 •224 (N ) 0.29 in tsf •..•...•.... (30) 
~x= sNe 

where Nside is the weighted average of the uncorrected blow count per 

foot of penetration along the shaft of the pile. A log-log plot of the 

regression is shown in Fig. 44. 
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Initial Tangent Modulus.- A correlation for the initial tangent 

modulus for the f-w curves, KT, yielded the expression 

K 
T 

in tsf/in .•.•...•. , • (31) 

A log-log plot of this regression is presented in Fig. 45. 

LOW DISPLACEMENT PILES (H-PILES) 

All the previous correlations were performed on displacement piies. 

Due to their irregular shape, H-piles were not included in the correla

tions. There is uncertainty with H-piles as to what point area and 

perimeter the soil acts on. All analyses performed on the H-piles used 

the point area and perimeter of the rectangle enclosing the H section. 

The results of these analyses were plotted with the correlations for 

comparison. There is some agreement with the results of the displace

ment piles. However, more research must be done to determine the 

actual failure planes for this type of pile. For the present, a 

conservative design would be to use the smaller of the failure loads 

determined using the actual point area and perimeter of the pile and 

the area and perimeter of the rectangle enclosing the H section. The 

actual failure load will probably be between these. 

A NEW DESIGN METHOD 

Based on these correlations a new method of predicting pile behavior 

under axial load was developed, which considers residual stresses. The 

soil parameters required for input are the SPT uncorrected N values. 

The residual stresses are related to the pile length and the relative 

stiffness between the pile and the soil. The method predicts the 

entire load-settlement behavior of a pile under axial load. 

Ultimate Capacity 

The ultimate capacity is obtained using the correlations for the 
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maximum point pressure and side friction. The equation for the point 

pressure was given in Eq. 28 as: 

)0.36 
qmax = 19.75 (Npt in tsf 

where Npt is the average of the uncorrected N values within four 

diameters either side of the pile point. The equation for the maximum 

side friction is 

)0.29 
£max= 0.224 (Nside in tsf 

where Nside is the average of the uncorrected N values along the 

length of the pile. 

The total pile capacity, Qt, is then 

Qt= q AP+ f As •.•.••.••••••• (35) max max 

when AP is the area of the pile point, and As is the surface area 

of the side of the pile. 

Load Transfer Curves 

In order to predict the load-settlement behavior of a pile, the q-w 

and f-w curves must be predicted. These curves are assumed to be 

hyperbolic and thus may be defined by an asymptotic value and an 

initial tangent modulus, The asymptotic values are given by the equa

tions for qmax and fmax given in the previous section. The initial 

tangent modulus for the q-w curve, Kp, is given by Eq. 29 as: 

in tsf /in. 

The initial tangent modulus for the f-w curve, K, is given by Eq. 31 
T 

as: 

( )o. 21 
K, = 5.01 Nside in tsf /in. 
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Due to the presence of residual stresses in the pile, the transfer 

curves do not begin at the origin. The q-w curve is raised by the 

residual point pressure, qres' and the f-w curve is lowered by the 

residual friction, f , as shown in Fig. 46. These two terms may res 
be found from Eq, 27 as: 

where: 

and 

qres = 5.57 LS in tsf 

L = the pile length 

A 
_£ 
A 

s 

Using these parameters the entire q-w and f-w curves may be predicted, 

The equations are: 

q = ____ w ____ + qres .••••..••...•. (36) 
.1__ + ___ w __ _ 

KP qmax - qres 
and 

f = ~----w ____ - f 
.1__ + w res 

• • • • . • • • • . • • . • ( 3 7) 

K f + f , max res 

It is important to note that the curves are only valid for driven piles. 

Piles installed with a vibratory hammer or jetted, may not develop the 

residual point pressure indicated by these predictions. 

AXIALLY LOADED PILE PROGRAM 

In order to predict the load-settlement curve for a pile, an axially 
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Point Movement 

Shaft Movement 

----

f max 

FIG. 46- .- Examples of Hyperbolic Load Transfer Curves 
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loaded pile computer program may be used. This type of program has been 

described in detail by Coyle and Reese (13). Minor modifications must be 

made to incorporate residual stresses in this type of program. At zero 

movement the pile is under a co~pressive loading due to the residual 

stresses. The elastic compression of the pile under this compressive 

residual load must be subtracted from all settlements computed by the 

program. If this modification is not made, the program will overpredict 

pile settlements. This elastic compression of the pile is calculated by 

using the state of stress shown on Fig, 47. 

This new method was used with an axially loaded pile program modified as 

above to predict the load-settlement curves for the piles considered in 

this study. The curves are presented with the measured load-settlement 

curves in Chapter IX with a statistical analysis of the results, 
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q = 5.57 LB res 

Shear Stresses 

f res 

(in tsf) 

Pile Load 

FIG. 47.- Elastic Compression of Pile Under Residual State 
of Stress 
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CHAPTER IX - PREDICTIONS BY CONVENTIONAL METRODS 

PREDICTIONS OF ULTIMATE CAPACITY 

The conventional static formula method is always used initially to 

determine the pile size (cross-sectional area and depth of penetra

tion) required to carry a design load. Use of the static formula 

method requires a knowledge of soil shear strength which is determined 

from either laboratory or in situ tests. The familiar static bearing 

capacity equation is generally written as follows: 

Qultimate = Qside + Qpoint • • • · · • • · • · • • • · · • • (38) 

where 

fsAs ...•..•.....••.•.•••.. (39) 

and 

q
0

AP . , • • . . . . • • . • . . . • . . . , • • (40) 

The terms As and AP represent the side and point areas of the pile, 

respectively, The term fs is the unit side (frictional) resistance, 

and the term q0 is the unit point bearing resistance. Both f 5 and 

q0 are related to soil shear strength, usually through the use of 

adjustment factors or coefficients. 

The unit frictional resistance for piles in sand is generally deter

mined from the following equation: 

fs = Kp tan 6 ...............•..•. (41) 

The term (K) is the lateral earth pressure coefficient; the term (p) is 

the effective vertical pressure at the depth of interest; and the term 

(0) is the friction angle between the pile material and the sand. 

The unit point bearing resistance for piles in sand is generally 

determined from the following equation: 
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The term (p
0

) in this equation is the vertical effective pressure at the 

pile point; and the term (Nq) is the bearing capacity factor for sand. 

API Method - The American Petroleum Institute (API) method is used 

in the design of pile foundations for offshore structures (1). The 

equations used to predict fs and q
0 

are the same as equations 41 

and 42. The recommended design factors used in this method are 

presented in Table 12. These factors are considered applicable for 

medium-dense to dense sands. In addition, the recommended value for K 

is 0.5 to 1.0 for axial compressive loads. 

Soil Type 

Clean Sand 

Silty Sand 

Sandy Silt 

Silt 

TABLE 12.- API Design Factors 

8 

30° 

25° 

20° 

15° 

N 
~ 

40 

20 

12 

8 

These design factors, with K = 0.7, were used to predict bearing 

capacity for the test piles included in this study. Where no soil unit 

weights were reported, the SPT N values were used with the correlation 

presented by Bowles (6) to obtain an estimate. These values for unit 

weight were used to calculate the effective vertical pressure. The 

results of these bearing capacity predictions are given in Table 13. 

Meyerhof Method - The Meyerhof method (27) used in this study is the 

method which includes the use of a Standard Penetration Test N-value 

for sand. Meyerhof's recommended equations are as follows: 

(43) 

NL 
and q0 = 0.4D < 4N (44) 
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TABU: 13 ,- API Code Predictions 

Site Pile Qp. Qs Qt 

(tons) (tons) (tons) 

Arkansas 1 71. l 102, 7 173.8 
2 108.0 124.2 232,2 
3 141. 6 144. 1 285,7 
6 a a a 
7 a a a 
9 a a a 

10 108.0 124,9 232,9 
16 100.l 121.1 221.2 

Low Sill 1 a a a 
2 187.1 165,7 352,8 
3 a a a 
4 125.7 141.4 267.1 
5 32,5 48.5 81.0 
6 152.7 150,2 302,9 

Ve sic H-11 16.6 3.6 20.2 
H-12 39.l 17.0 56.1 
H-13 56.7 35,9 92.6 
H-14 66.3 77.6 143. 9 
H-15 99.1 106.4 205,5 

Seattle A 393.7 629.4 1023.1 
B 307.2 420.9 728 .1 

Tavenas H-5 a a a 
J-5 60.9 113,4 174.3 

Gregersen A 15.5 14 .4 29.9 
D/A 26. 6 49.6 76.2 

C 8.0 12.4 20.4 
B/C 13.7 46.1 59.8 

Corpus Initial 66.3 46. 2 112. 5 
Christi Final 66.3 46.2 112. 5 

Sellgren AI b b b 
All b b b 

LD26 ELLIS M6 27.3 37.2 64. 5 
LD26 REPL 31P-IIIS a a a 

a - H Piles 
b - No SPT N-Values 
Note: 1 ton = 8.9 kN 
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The term (N) is the average standard penetration resistance, in blows 

per foot, within the embedded length of the pile. The term (N) is the 

average standard penetration resistance, in blows per foot, near the 

pile point. These equations yield fs and q0 in tons per square 

foot. 

Eqs. 43 and 44 were used to predict bearing capacity for the test 

piles included in this study and the results are given in Table 14. A 

reduction factor was not applied to Eq. 43 for H-piles in accordance 

with a verbal recommendation from Meyerhof. However, a correction 

factor was applied to Eq. 44 to account for the influence of overburden 

pressure on the N-value in sand (28). 

Coyle-Castello Method - The Coyle and Castello method (12) does not 

require the use of Eqs. 41 and 42. Correlations were developed by 

Coyle and Castello for the unit resistances, f 5 and q
0

, These unit 

resistances are correlated with relative depth (depth of penetration to 

diameter ratio - L/D) and friction angle(¢') of sand. For piles with 

non-circular cross-sections, Dis the diameter of a circle with the 

same cross-sectional area. The correlation for unit side (frictional) 

resistance is presented in Fig. 48, Relative depth for this 

correlation is determined using the midpoint depth of the appropriate 

pile segment. The correlation for unit point resistance is presented 

in Fig. 49. Relative depth for this correlation is determined using 

the depth at the pile point. Eqs. 38, 39, and 40 are used with these 

correlations to predict bearing capacity. If the standard penetration 

test N-value is used to obtain the friction angle(¢'), a corrected 

N-value (N
1

) should be used for fine silty-sand below the water table 

(6). The equation used to get the corrected N-value (N°) is as 

follows: 

I 1 
N = 15 + I (N-15) .•..•..••..•..•.•.• (45) 

Since the corrected N-value (N
1

) was used to get (¢') in the develop

ment of the correlations, it should be used when making bearing 
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TABLE 14 - Meyerhof Predictions 

Site 

Arkansas 

Low Sill 

Vesic 

Seattle 

Tavenas 

Gregersen 

Corpus 
Christi 

Sellgren 
LD26 ELLIS 
LD26 REPL 

Pile 

H-11 
H-12 
H-13 
H-14 
H-15 

A 
B 

H-5a 
J-5 

A 
D/A 

C 
B/C 

Initial 
Final 

AI 
AII 

M6 
31P-III5 a 

Qp 

(tons) 

140,2 
296.9 
408. 6 
228.8 
226.1 
248.1 
296.9 
253.6 
413.5 
683.1 
468. 7 
449.8 
147 .3 
556.8 
70.7 

120.2 
106.0 
197,9 
261.5 
483.8 
473.9 

94. 7 
79. 7 
2.7 
5.3 
1.4 
2,7 

248.9 
248.92 

b 
b 

122.3 
187. 5 

Qs 

(tons) 

107. 7 
107.5 
143,2 
85.0 

101.4 
127 .o 
108.1 
139. 6 
326.8 
212.6 
215. 6 
183.4 

70.8 
198.1 

3.8 
18.8 
29.3 
48.9 
81.3 

410.5 
340. 7 
117 .8 
95.8 
4.6 
6.4 
3.9 
5.9 

38.0 
38.0 

b 
b 

54 .o 
142.6 

Qt 

(tons) 

247.9 
404.4 
551.8 
313.8 
327.5 
375.1 
405.0 
393.0 
740, 3 
895.7 
684.3 
633.2 
218.1 
754. 9 

74 .5 
139.0 
135.3 
246.8 
342.8 
894.3 
814. 6 
212.5 
175.5 

7.3 
11. 7 
5.3 
8.6 

286.9 
286.9 

b 
b 

176.3 
330.1 

a - H-Piles (Side area and point area determined using 
outside perimeter). 

b - No SPT N-Values 
Note: 1 ton~ 8.9 kN 
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capacity predictions. 

The results of the bearing capacity predictions using this method 

are given in Table 15. It is important to note that the Coyle and 

Castello predictions should be compared with results from field load 

tests where the failure (ultimate) load is determined by the 0.1 x D 

criterion (42). This definition of faiiure (ultimate) is the load 

which induces a total settlement equal to 10% of the pile point 

diameter for driven piles. 

Comparison of Ultimate Capacity Predictions.- A comparison of the 

three conventional methods of predicting bearing capacity (API, 

Meyerhof, and Coyle-Castello) for the test piles included in this study 

is presented in Table 16. In addition, the ultimate loads are given in 

this table, based on the failure criteria presented in Chapter II. For 

comparison purposes, the maximum applied load for each pile is also 

given in Table 16. 

A study of Table 16 reveals several general trends. The AP! method 

is generally conservative (underpredicts) and Meyerhof's method is 

generally unconservative (overpredicts). In order to better quantify 

the results, frequency dis~ributions of predicted over measured total 

loads are shown in Figs. 50 through 53 for the three methods, plus the 

new method presented in the previous chapter. The O.lxD failure 

criteria was used for the comparison since that is the criterion used 

by Coyle and Castello to develop their methods. The failure criterion 

used by the API and Meyerhof methods is not stated in their publica

tions. The new method, called the Briaud-Tucker method on Fig. 53, 

yields the entire load-settlement curve. Thus, the load corresponding 

to a pile settlement of O.lxD could be obtained. A summary of the 

mean, Standard deviation, coefficient of variation and the percent of 

the mean corresponding to 90% confidence level is given in Table 17. 

These results verify that the API method is conservative and Meyerhof's 

method is unconservative. These methods also have a large coefficient 

of variation. The Coyle and Castello and the Briaud and Tucker methods 

show a mean value very close to 1.0. The coefficient of variation for 

the Coyle and Castello method is larger than that for the Briaud and 
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TABLE 15.- Coyle and Castello Predictions 

Site Pile ~ Qs Qt 

(tons) (tons) (tons) 

Arkansas 1 133 .4 96. 1 229.5 
2 150.2 102.0 252.2 
3 227.0 107.6 334. 6 
6 a a a 
7 a a a 
9 a a a 

10 150. 2 102.6 252.8 
16 118,2 117. 3 235.5 

Low Si 11 1 a a a 
2 264.6 186.1 450.7 
3 a a a 
4 236.4 162.3 398. 7 
5 110.3 60.2 170.5 
6 295.3 168.6 463. 9 

Vesic H-11 26.5 4. 7 31.2 
H-12 44.2 11.4 55.6 
H-13 79. 5 39.8 119. 3 
H-14 141.4 51.9 193.3 
H-15 247 .4 92.9 340.3 

Seattle A 430.8 318.2 749. 0 
B 357.9 183.7 541.6 

Tavenas H-5 a a a 
J-5 164. 3 189.4 353.7 

Gregersen A 19.8 11. 3 31. 1 
D/A 24.4 28.7 53.1 

C 10.6 9.7 20.3 
B/C 13.6 25.3 38.9 

Corpus Initial 115 .6 27 .4 143. 0 
Christi Final 115. 6 27 .4 143.0 

Sellgren AI b b b 
All b b b 

LD26 ELLIS M6 62.5 44.2 106.7 
LD26 REPL 31P-IIIS a a a 

a - H-Piles 
b - No SPT N-Values 
Note: 1 ton = 8. 9 kN 
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TABLE 16.- Comparison of Ultimate Loads 

SITE PILE Prediction Method (tons) Failure Criteria 
API Meverhof Coyle-Castel lo Asymptote Davisson 

Arkansas 1 174 248 230 216 161 
River 2 2 32 404 252 32 2 207 

3 286 552 33S 264 230 
6 314 257 132 
7 328 29 7 189 
9 37 5 268 222 

10 234 405 253 283 200 
16 221 39) 235 14 6 154 

I 740 346 358 
Low Sill 2 353 896 4 51 377 338 

3 684 255 185 
4 267 633 399 402 400 a 
5 81 218 171 158 135 
6 303 755 464 378 365 a 

Vesic H-11 20 75 31 IJ4 35 
H-12 56 139 56 24 5 172.5 
H-13 93 135 119 328 205 
H-14 144 24 7 193 418 290 
H-15 206 343 340 545 350 

Seattle A 1023 894 749 608 52 5 
B 728 815 542 532 450 

Tavenas H-5 213 171 120 
J-5 174 176 354 177 109 

Gregersen A 30 7 31 28.4 24. 3 
D/A 76 12 53 C 44. 5 

C 20 5 20 29. 5 26.4 
B/C 60 9 39 C 42.7 

Corpus Initial 113 287 143 217 108. 2 
Christi Final 113 287 143 213 134.6 
Se! lgren AI 107 58.3 

All 189 129.2 
Lock and H6 65 176 107 119 75 
Dam 26 1IP-IIIS 330 173 150 a 

a - Load-Settlement Curve extrapolated to obtain value. 
b - Load-Settlement Curve could not be extrapolated with confidence 
c - Not enough Load Transfer Data. 
Note: 1 ton= 8.9 kN 
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Maxilllllm 
(tons) Applied 

O.lxD Load (tons) 
172 a 172 
24 2 250 
272 a 259 
183 a 183 
24 3 255 
250 a 250 
242 a 230 
175 a 167 
390 a 358 
420 a 372 
240 24D 
440 a 341 
14 5 14 5 
430 a 34 5 

76 105 
232 2)7.5 
29 7 ll 5 
34 7 400 
421 430 
52 5 535 
450 450 
162. 5 162. 5 
150 150 

27 30 
51 52 
30 31 
48 52 

150 a 134 
168 a 157 

77. 5 90 
142. 5 158 

95 110 

* 150 
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TABLE 17.- Summary of Frequency Distribution Results 

Standard Coefficient Coefficient K for 
Method Mean Deviation of Variation 90% Confidence Comment on 

90% Conf. - Data Base --
I. API 0.90 0.47 0.52 0.36 Somewhat 

different 

Meyerhof 1.367 0.68 0.50 0.18 Somewhat 
t--' different 
t--' 
.i:-

Coyle & Castello 0.985 0.40 0.403 0.45 Somewhat 
different 

Briaud & Tucker 1.04 0.30 0.29 0.57 Same 
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Tucker method, indicating a larger amount of scatter in the results, 

Thus, overall the new design method gives the best results, It should 

be kept in mind however, that the data base analyzed here is somewhat 

different from that used to develop the first three methods, whereas it 

is the same as that used to develop the new method, 

The overprediction of the Meyerhof method is due mainly to the 

prediction of point capacity. From the data presented in the previous 

chapter, a value of 4 x N for the point capacity would be valid only up 

to a N value of about 20 blow/ft. Therefore the method may yield 

better results using a maximum value of point resistance of 80 tsf to 

100 tsf (0.8 kPa to 1.0 kPa). 

PREDICTIONS OF LOAD-SETTLEMENT BEHAVIOR 

The static formula methods are used to predict ultimate bearing 

capacity, but they do not predict pile settlement. The best way to 

obtain pile settlement is to conduct a pile load test. In many cases, 

the design of foundation piles is based on allowable settlement, A 

method has been proposed to predict pile settlement, i.e., predict a 

load-settlement curve. This method is based on a computer program 

which utilizes non-linear soil resistance properties (13). The method 

requires a knowledge of unit skin friction versus ffiovements and unit 

point bearing versus movement relationships. 

Two procedures for nonlinear resistance versus movement relation

ships were used in this study to predict load-settlement curves. Both 

procedures were developed at Texas A&M University and were developed 

using the results of instrumented pile load tests in sand. Instrument

ed pile load test data was analyzed to develop plots of friction versus 

movement and point bearing versus movement curves. These curves were 

then used to develop the empirical input needed for the computer pro

gram which gives the predicted load-settlement curve. 

Coyle t-z Curve Method 

The first procedure was developed during the past five years as 
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additional instrumented pile load tests were reported in the literature 

(14). The resistance-movement curves which were developed during this 

time are presented in Tables i8 and 19. The curve from Table 18 is in 

terms of unit skin friction resistance expressed in percentage of the 

ultimate frictional resistance. For example, at a movement of 0.075 

in, (0.19 cm) 50 percent of the ultimate frictional resistance is 

developed. The curve from Table 19 is in terms of ultimate point load 

rather than unit point bearing resistance. For example, at a movement 

of 0.10 in. (0. 25 cm) 60 percet.t: of the ultimate point load is develop

ed. 
TABLE 18.- Friction Movement Curve 

Percent Friction Developed 
Ratio 

0 
0.50 
0.75 
0.90 
1.00 
1.00 

Movement 
in. 

0 
0.075 
0. 125 
0.200 
0.300 
0.500 

Notes: Uses f(ult) from Coyle-Castello 
1 rn. = 2.54 cm 

TABLE 19.- Point Bearing - Movement Curve 

Point Load 
lb. 

0 

0.60 Qp(ult) 
l.OO Qp(ult) 
1. 25 Qp(ult) 

Notes: Uses Qp(ult) = qoAp (qo 

from Coyle-Castello) 

Movement 
in. 

0 
0.10 
0.30 
0.75 

1 lb= 4.45 N; 1 in.= 2.54 cm 
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Briaud-Tucker Method 

The second precedure was developed as a part of this study and was 

detailed in the previous chapter. Hyperbolic resistance-movement 

curves were developed in terms of unit frictional resistance (fs) and 

unit point bearing resistance (q0 ) versus movement (w). These rela

tionships have already been presented in Chapter VIII, but are repeated 

to show the application with respect to predicted load-settlement 

curves. Eq. 36 and 37 from Chapter VIII are used to express the rela

tionships: 

where 

f = .....,.. ____ w _____ - f 
_!__ + w res 

q 

K 
T 

f max 

qres 

fres 

K (f + f ) 
T max res 

w = 
....!.. + w 
K (q - qres) p max 

= 5. 01 (N . )0.27 
side 

= 0.224 (N, )
0

"
29 

side 

= 457.1 (N )0.0065 
pt 

= 19. 75 (N )O. 36 
pt 

= 5.57 L8 in ts f 

A 
= .....E. 

A 
s 

+ qres 
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N = Standard Penetration Test N-Value 

L = pile length 

N 
s =,.,; ~ 

p pile perimeter 

A = pile cross-sectional area 

Ep = pile modulus of elasticity 

Comparison of the Results 

The predicted load-settlement curves which were developed for the 

test piles included in this study are presented in Figs. 54 through 

76. For each test pile the measured load-settlement curve is presented 

along with the predicted curve using both the Coyle and Briaud-Tucker 

procedures. In addition, a single point is plotted to indicate the 

ultimate bearing capacity for the API and Meyerhof's static analysis. 

Coyle and Castello correlations were used to obtain ultimate frictional 

and point resistances with the Coyle procedure. Eqs. 36 and 37 were 

used to obtain maximum unit frictional and point bearing resistances 

with the Briaud-Tucker procedure. A careful examination of Figs. 54 to 

76 shows that both procedures give reasonably accurate predicted load

settlement curves for most test piles. In general, the Briaud-Tucker 

procedure gives the best results. 
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CHAPTER X - PREDICTIONS BY THE CONE PENETROMETER 

AND PRESSUREMETER METHODS 

PRESSUREMETER METHODS 

Ultimate Capacity 

The basic formula for estimating the ultimate vertical capacity of a 

pile, Qult• may be expressed by the sum of point resistance, Qp, 

and skin resistance, Qs, or 

in which qp = the unit bearing capacity of the pile point of area 

AP and fs = unit skin friction on the shaft of area As· No 

matter what type of test data is used, this relationship does not 

change. 

The unit bearing capacity of the pile point, qp, has been defined 

in terms of pressuremeter test results as: 

* qp = k(P1e) - qov • • • · • · • • • · • · • • • . • (4 7) 

* in which k = pressuremeter bearing capacity factor, Ple = the 

equivalent net limit pressure near the pile point and q0 v = the 

total overburden pressure at the pile point, The equivalent net limit 

* pressure Ple is obtained using the relationship: 

• 9 I I I f I I I I I I (48) 

h * * 1· . b . d f were p11 , ••••. , pln are the net 1m1t pressures o ta1ne rom 

tests performed within~ 1.5 D of the pile point where Dis the diameter 

of the pile. The pressuremeter bearing capacity factor, k, is a 

function of the type of soil, the strength of the soil, and the shape 

and embedment depth of the pile. Three design methods were used to 
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determine k and f 8 • These methods have been proposed by Menard (26), 

Baguelin, Jezequel and Shields (4), and Bustamante and Gianeseili (12), 

In the method proposed by Menard (26), Method A, the pressuremeter 

bearing capacity factor, k, used in predicting the axial capacity of 

piles can be obtained from Fig, 77 after first calculating the penetra

tion depth to radius ratio of the pile he/R, and after determining 

the soil category near the pile poict (Table 20). The penetration 

depth to radius ratio, he/R is obtained from: 

where 

h 
e 

R 
= 

1 
R 

n 
E 

i=l 

6z.P1*. i i 

* ple 
.•..••.••..•......• (49) 

R = pile radius, P!i = the net limit pressures obtained 

from tests between the ground surface and the tip of the pile and 

6Zi = the thicknesses of the elementary layers corresponding to the 

pressuremeter tests. For the unit skin friction, fs, Menard recom

mends using Fig. 78 which gives values of skin friction as a function 

of the limit pressure. For traditional bored or driven piles, curves A 

and Bare to be used. Curve Bis used within three diameters of the 

point because of increased skin friction in this region caused by load

ing the pile. For steel piles or piles with a permanent lining, Menard 

advises to reduce the values given by curves (A) and (B) by 20% in 

cohesive soils and by 30% in sands or submerged sands and gravels. 

Menard states that: since skin friction decreases as the pile diameter 

increases, the values given in Fig. 78 are applicable to a pile dia

meter of 24 in. (60 cm) and should be reduced by 10% for a diameter of 

32 in. (80 cm) and by 30% for a diameter of 48 in.(120 cm). 

The second design method, Method B, was proposed by Baguelin, 

Jezequel and Shields (4). The pressuremeter bearing capacity factor k 

is obtained from Figs 79a through 79d for bored piles and from Figs 

80a through 80d for driven piles, Each graph, a through d, represents 

a different soil type and k can be found from these graphs once the net 

limit pressure and the penetration depth to width ratio are known. The 

unit side friction, fs, is obtained from Fig. 81 for a given value of 

P1, A distinction is made between relatively rough, porous 
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TABLE 20.- Soil Categories - Menard Method 

Ranges of Pressures Nature of Soil Soil Categories 
Limit PL 

0 - 25062 psf Clay 
(0 - 12 bars) 

Category I 
0 - 14620 psf Silt 

(0 - 7 bars) 

37593 - 83540 psf Firm Clay or Marl 
(18 - 40 bars) 

14620 - 62655 psf Compact Silt 
(12 - 30 bars) 

Category II 
8354 - 16708 psf Compressible Sand 

(4 - 8 bars) 

20885 - 62655 psf Soft or Weathered 
(10 - 30 bars Rock 

20885 - 41770 psf Sand and Gravel 
(10 - 20 bars) 

Category II I 
83540 - 208850 psf Rock 

(40 - 100 bars) 

62655 - 125310 psf Very Compact 
(30 - 60 bars) Sand and Gravel Category IIIA 

146 

., 



~ 

-I:-
---.J 

I 
ROCK 

51 I I I I ,c I I I I 
8 

7 

6 

5 

11 

4 

3 

• I I SAND ANO GRAVEL 
i.--- 125,300 

1___..-

y 1--"'"" 

V 
V ~ ..,_41,770 I---ROUND 

[.....-or I/ 
SQUARE ~ 

~ V 
V 

--125, 300 p_(' w,~9o - -... --- - I 

j ~ V -· --·•" . 
,_ - ~ -41 770- _ _j___ 

V rro-:i40-• --· - $TRIP 

}, ~ .J,,-

/-

4--+--

:3~-1+-

k 

208,900 

l 
-- 104 400 I . 

5Tfllf' 2 

I 

8,350 

i~ '/ --... --- ~ijl F -- 1-- -1- - 41 170 ., ~ :.J <I . -11 "·"' 0.8 

0 
0 

I I ' I 

2 3 'I 
I 

5 
' I 

6 7 8 

He/B 

(a) 

( Pt" In psi) 

I~ ' 
9 10 ii 12 13 

U
1
!l' ' ' I I --l---1--

(Pt in pst) 

i ' I I I .L ... L I j I 
0 2 34:;G"/8 

(h) 

FIG. 79 .--- Hearing Capacity Factor Charts for Bored Piles; for Use With 
Method B (from ref. 4) 



I-' 
.i,-
00 

k 

I 
83,540 

3-----------+-----~--ROUND 

83,540= PR 
' L___ _... 

2 1---1/ / I I I ,- I I I 

0.8 

0 2 

STRIP 

2,09d--

CLAY 

( Pl in psf) 

3 4 5 6 

He /8 

(c) 

7 

k 

..... 1 162,660 

3 t----t---+---+--------1---
ROUND 

20 880= p• I . . R 

~ 10,440 

I _,62,660 

2 I V//1. I _ ., ..... - 1 I 
- 20,880-

1 • 
10,440- PJ 

I 
STRIP 

2,090-

0.8 
I I I I 

SILT 

I I I 
( pj in psfl 

o' I I I I I I I I I I 

0 I 2 3 4 5 6 

He/B 

(d) 

FIG. }9.- Continued 



k 

4 4 
83540 

62655 

P~,psf < 
3 3 20885 

20885 
k 

P~1psf< k 
Slit Clay 

6266 
2 2 

3 4 5 6 7 8 9 
3 4 5 6 7 8 9 D/8 

D/8 

(a) (b) 

7 

ioss5o-

10 6 
Sand and Gravel 

9 
'j'?J\0 

8 -~'-z; 5 .. .. 7 ...... 41770 

-~~ 
k 

6 
4 41770-

5 
....----20885 

4 ... 
10443- 3 20885 3 

2 

2 
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 

0/B D/8 

(c) (d) 

FIG. 80•- Bearing Capacity Charts for Driven Piles; 
for Use With Method B (from ref. 4) 

149 



• PL (bars) 

0 5 10 15 
1-----+-----+----+-t- l.5 

3000 

2000 

fmax (psf) 

1000 

A 

D 

1.0 

· fmax(bars) 

0.5 

o~--~~---+----+---o 
0 I 0,000 20,000 

P~ ( psf) 

30,000 

A - Displacement/Concrete/Granular 
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He thod B ( from ref. 4) 
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pile material such as concrete or wood, and smooth, impervious material 

such as steel. Baguelir., Jezequel and Shields also make a distinction 

between displacement and non-displacement piles. 

The third method, Method C, was proposed by Bustamante and 

Gianeselli (9), Like the method proposed by Menard (26), the soil is 

broken down into categories (Table 21) and the penetration depth to 

radius ratio he/R is used to obtain the pressuremeter bearing for 

capacity, k bored piles or driven piles (Fig. 82), The unit skin 

friction, fs can be obtained from the appropriate curve shown in Fig, 

83 (A,Abis' B, C, D, E, F) after determining the soil and 

foundation type from Table 22. 

Load-Settlement Curve 

To predict the load-settlement curve at the top of the pile, the 

load transfer curves at the point and along the shaft of the pile, q-w 

and f-w respectively, are first obtained. The q-w curve represents the 

variation of the pressure exerted by the pile point on the soil, q, 

versus the movement of the pile point, w. Similarly, the f-w curve 

represents the variation of the friction developed between the soil and 

the pile, f, versus the movement of the pile shaft, w. Three methods 

exist to determine these curves using pressuremeter test results. 

These methods were proposed by Menard and Gambin (19), Baguelin, Frank 

and Jezequel (2) and Bustamante and Gianeselli/Frank and Zhao (9,16). 

In the method proposed by Menard and Gambin (19) both the q-w and 

the f-w curves are represented by elastic-plastic models as can be seen 

in Fig. 84. The ultimate values of q and f, called qmax and fmax 

respectively, are found by using Menard's method for ultimate capacity 

which was described earlier. The slopes q/w and f/w of the elastic 

portion of the curves are given by: 

2ER 
~=- for R < 2.5 ft (0.76 m) (50) w AR . . . . . . . . . . . 
f 

E 
0 

(0.3 m) (51) and - CR for R < 1.0 ft . . . . . . . . . . . w 
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TABL'.~ 2L · Soil Categories - Bustamante and Gianeselli Method 

Limit Pressure 
PL 

0 - 14620 psf 
(0 - 7 bars) 

0 - 16708 psf 
(0 - 8 bars) 

0 - 14620 psf 
(0 - 7 bars) 

20885 - 41770 psf 
(10 - 20 bars) 

25062 - 62655 psf 
(12 - 30 bars) 

31328 - 83540 psf 
(15 - 40 bars) 

20885 - 52213 psf 
(10 - 25 bars) 

52213 - 83540 psf 
( 25 - 40 bars) 

> 62655 psf 
(> 30 bars) 

> 93983 psf 
(> 45 bars) 

> 52213 psf 
(> 25 bars) 

> 93983 psf 
(> 45 bars) 

Soil Type 

Soft Clay 

Silt and Soft Chalk 

Loose Clayey, Silty 
or Muddy Sand 

Medium Dense Sand and 
Gravel 

Clay and Compact Silt 

Marl and Limestone-Marl 

Weathered Chalk 

Weathered Rock 

Fragmented Chalk 

Very Compact Marl 

Dense to Very Dense 
Sand and Gravel 

Fragmented Rock 
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TABLE 22.- Choosing the Skin Friction Design Curve for Bustamante and Gianselli Method 

INSTALI.ATION PROCEDURE ANll PJI.F. HATF.RlAI. 

DRII.I.F.D WITII 
llRll,l,F.1) CASING UKIVF.N INJECTrn 

1,lHIT 
SOIi. Hl'E PRESSIIRF. 

P1,005 Pa) CUNCREH; GONCRF:"fF. STF:t:I. r:oNCKEn: STEEi. I.OW 
PRl,;SSUKE 

CIRyey, Silty or < 7 4 his A hiA A bis A hiR A hi• A 
Huddy S,111d 

Soft Chnlk < 7 A b i.s A hi" A bi9 A his A bi9 A 

Soft lo Stiff Clay < JO (A) I (A) I A() l 
A bis A bis A hi" A bis A bis A 

Silt 1111d Comp11ct Silt < JO (A )I (A)' (A)I 

A hiR A bis A hiA A bis A biA A 
Herl inm 1),-,,,.,, S,111,I mod IQ lo 20 ( 8) I CA>' ( B) l 

Grav~l A A his A hi" A A n 

Oe1111e to Very DrnRe :- 25 (C) I (e)I (C) l 
S1111rl and r. r.1vP I 8 A A 8 8 B 

WPnthrred to FragmPnted '> 10 (C) I (n)l (C) I 

Clrn lk 8 " A 8 8 C 

Harl 1111<1 l.imPstonP H11d 15 to 40 ( E) I (C) I 

C 8 R r,;3 El E 

Very Comract Harl ) 45 E - - - F 

WPathered Kor.k 2~ to 40 F F FJ FJ > F 

Fr11gmPnt1•d Rock > 45 F - - - > 

I. Use thP IPtlPr in hr.1ckPt for a cRr.,ful execution of thP drilled Bhaft with a lov di11turbance drilling 
techniqu,• or for 11 Roil which will Af>t up or denai[y around the driven pile. 

2. For soi IR with PJ ) 15 x IO~ Pa, 
J. o,,Ly if driving i11-p0Asib[.,, 

HIGH 
PRF:SSIIRF. 

n2 

u2 

) D 

> D 

> D 

F 

> F 

) F 

> t' 



Method A (Menard Gombin) 
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FIG. 84 • - <i-w and f-w Curves For Use With Uethod p._ 
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or 

where 

f 
w 

E 
0 for R > 1.0 ft (0.3m) ••••.... (52) 

ER= pressuremeter reload modulus as defined in Reference 10. 

R = pile radius, 

E0 = pressurerneter first load modulus as defined in 

Reference 10. 

R0 = 1.0 with R in ft or 0,30 with R in meters 

= coefficient given in Table 23 

C coefficient of friction mobilization (Table 24) 

A a shape factor 

1.00 for circular cross-sections 

1.12 for square cross-sections 

1.53 for length/width= 2 

2.65 for length/width= 10 

Baguelin, Frank and Jezequel (1) developed a procedure for deter-

mining load transfer curves using results from a selfboring pressure

rneter. This procedure was used to predict the load transfer curves of 

piles using preboring pressurerneter test results instead of selfboring 

pressuremeter test results. For this reason this method 1s called 

pseudo Baguelin, Frank and Jezequel method. The referenced procedure 

(2) calls for the use of the small strain selfboring pressuremeter 

modulus, Because the reload preboring pressuremeter modulus ER 

correlates favorably with that selfboring pressuremeter modulus, ER 

was used in the calculations. The q-w and f-w curves using the pseudo 

Baguelin, Frank and Jezequel method are shown on Fig. 85. The ultimate 

values of q and fare obtained using the ultimate capacity method 

proposed by Baguelin, Jezequel and Shields (4) method. This method was 

presented earlier. The slopes of the elastic portion of the model are 

given by 

f 
w 

= 
L 

2(l+v)(l+ln(2R))R 

(53) 

(54) 
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TA .. 1',LE 23-- Values of the Parameter a 

Soil Ty;;e 

Over
consolidated 

Peat 

E /c* ct 
Ill • 1 

Clay 

>16 

Silt 

Cl 

1 >14 2/3 

Sand 

a 

>12 1/2 

Sand and 
Gravel 

a 

>10 1/3 

Normally 
consol ide~ted 

1 9-16 2/3 8-14 1/2 7-12 1/ 3 6-10 1/4 

Weathered 
and/or 
remoulded 

.Rock 

7-9 

Extremely 
fn1.ct.;red 

1/2 1/2 

Other 

1/3 1/4 

Slightly fractured 
or extremely 

weathered 

a = 2/3 

TAf\LE 2L, .- C;:,eJ'fi.c.L2r;t of frictior: Mobilization C - Gambin Method 

• 
~pe of Pile Friction Pile End Bearing Pile 

r./R = 10 h/R = 20 

Driiled Pile 4.5 - 5.0 5.2 - 5.6 2.8 - 3.2 

Driver::. Pi~e L 8 - 2.0 2.1 - 2.3 1. 1 - 1.3 
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FIG. BS.- q-w and f-w Curves for Use With Method B-

159 



where ER is the pressuremeter reload modulus, vis Poisson's ratio, R 

is the pile radius and Lis the pile length. 

The third method used to predict load transfer curves of piles using 

pressuremeter test results was developed by Frank and Zhao (16). These 

curves, as shown in Fig. 86, are bilinear elastic-plastic models. The 

ultimate values of q and fare obtained by using Bustamante and 

Gianeselli's ultimate capacity method as previously described. The 

first slope in the elastic range of the models is given by: 

5.SE 
.9.. = 0 

w R 
I • I I I I I I I I I I I I I I I I I I I I (55) 

aE 
f 0 - = 

R 
I I O I I I I I I I I I I I I I I I I I I I I (56) 

w 

where E0 is the initial pressuremeter modulus, R is the pile radius 

and a is a coefficient equal to 0.76 R (with R in feet) or 2.5 R (with· 

R in meters). The second slope in the elastic range is 5 times softer 

than the first slope and the change in slope occurs at one half the 

value of q or f . 
max max 

CONE PENETROMETER METHODS 

Ultimate C~pacity 

Four methods were used to calculate the ultimate unit bearing 

capacity, qp, and unit skin friction, fs, using cone penetrometer 

test results. These are the methods proposed by DeRuiter and Beringen 

(15), Bustamante and Gianeselli (8), Schmertmann (31) and a method 

which makes direct use of the cone penetrometer results. 

The first method was proposed by DeRuiter and Beringen (15). They 

found, based on load test-CPT correlations, that the pile end bearing 

is governed by the cone point resistant qc over a zone extending from 

0.7 to 4 pile diameters below the pile tip and up to 8 pile diameters 
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above the pile tip. Fig. 87 illustrates these zones and shows the 

formula to obtain the ultimate unit bearing capacity (qp). For 

overconsolidated cohesionless soils, a limit value for qp is imposed 

(Fig. 88) to account for a reduction in strength during the driving of 

the pile, The unit skin friction, fs, according to DeRuiter and 

Beringen is the minimum of 

1) !.25 tsf 

2) average CPT sleeve friction 

3) qc (average)/300 (compression) or 

qc (average)/400 (tension). 

Bustamante and Gianeselli (15) proposed a method by which the ulti

mate unit bearing capacity, qp is obtained from the relationship: 

qp = kc qc (near the point) ••• , ••.••..••. (57) 

and the ultimate unit skin friction from the relationship: 

fs = qc(average) < f 
Ct max • O II • 11 • • I • • m e • • e ( 58) 

The coefficients, kc, Ct and f are obtained from Table 25. 
max 

They are a function of the soil type, pile type and the method of 

installation of the pile. 

Schmertmann (31) suggests using the value of qp obtained from 

DeRuiter and Beringen (15) for piles in sand and in clay. For side 

frictional resistance however, he suggests using the following 

relationship: 

where Qs = 
k = 

d = 

B = 

total ultimate side 

ratio of unit pile 

(see Fig, 89) 

depth to the middle 

L 
E 

d=8B 
f 8 A8 ••••••••••• (59) 

friction resistance 

friction to CPT sleeve friction 

of the depth interval being considered 

pile width or diameter 
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r-..-..... ..+,t-"'T"-,--

80 

( I + II ! / 2 + Ill 
2 

0 : 0iameto, of 1he pile 
I : Average cone resis?ance below the tip of the pile over a depth 

which ffllV vary between 0.70 and 40 
II : Minimum cone resistance recorded below the pile tip over 1:ha 

"""'4' depth of 0.7D to 40 
Ill : Average of the envelope of minimum cone resistances recorded 

abov1 the pile lip over a height which mav vary between 60 and 
8D. In determining this envelope, values abawe the minimum 
valua selected under II ara to be disro,garded 

qp : Ultimate unit point resistance of_ the pile 

FIG. 87,- Point Bearing of Pile in Sand 
(from ref, 20) 
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TABLE 25.- CPT/Pile Capacity Factor - Bustamante and Gianeselli Method 

Soil Ty1>e 

Hurl ,ind Sort 
Clay 

HPdium Stiff 
c;t.,y 

Loose Snnd 
and Si It 

St i fr to 11,nd 
Clay I', Silt 

Soft Clu1lk 

Hedi um nensf> 

qr 

( I0 2kt'11) 

< 10 

I0-50 

< ';O 

> 50 

< 50 

S rrn,I 11nd 50-120 
Gra.,cl 

Wcath,•n•d ,in,I 
FisHured > 50 
Gh11lk 

Dens,• to very 
l)pnse S,ind )120 
:uul Gr-avel 

HP:ar-i.ng 

Fae tor kc Coefficient Maximum ValuP of fs (kPa 'I) 

Bored 
l'i le 

IJ,i.,en Rored Pile Dri.,en Pile Bored Pile Driven PilP ln eclcd Pil" 

0.4 

0.15 

0.1, 

0.45 

0.2 

0.1, 

0.2 

0.} 

Pile w o with Concrete Steel w/o with Concrete StPel Low lligh 

0.5 

0.15 

0.5 

o. 55 

O.J 

0.5 

0.4 

o.,. 

Casing C,rn ing Casing C11,dng Presnure PresRure 

10 10 )0 

40 80 40 

60 150 60 

60 120 60 

100 120 IOO 

100 200 IOO 

60 RO 60 

150 JOO 150 

)0 

80 

120 

120 

120 

200 

80 

200 

15 

(80) 
n 

JS 

(80) 
)5 

JS 

(120 
80 

(150 
120 

(150) 
120 

15 

(80) 
]5 

J5 

(80) 
JS 

]5 

(80) 
J5 

( 120) 
80 

(120) 
RO 

IS 

csoI 
JS 

15 

(BO} 
]5 

J5 

(110) 
80 

( 150) 
120 

( i 50) 
120 

14 15 

15 80 > 120 

J5 80 

]5 80 > 200 

JS 80 

80 120 > 200 

120 150 > 200 

120 150 > 200 

(I) The numherH betwrPn p11renthese9 c11n hr uRrd if the method of pile inetall11tion is particularly favorable to pile capacity: 
careful drillinp, rmd low disturhance for bored piles, densificrition of thP Roil around the pile for driven piles. 

'lJ.9'_!) 
qr (pit,-)= kcqp (crT); r,. (pile) 

It 
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FIG. 89 .- Penetrometer Design Curves for Pile Side Friction in Sand 
(from ref. 31) 



fs unit CPT sleeve friction resistance for depth interval 

considered. 

As= pile shaft area for depth interval considered. 

Wnen fs does not vary significantly with· depth, this can be simpli

fied to: 

where no fs data are available Schmertmann suggests 

or 

where 

for electrical penetrometer results. 

for mechanical penetrometer results. 

average cone resistance and 

µ Bjerrums field vane shear strength correction factor 

obtained from Fig. 90. 

The CPT method consisted of the average cone point resistance, qc, 

within the depth of influence of the pile point as the unit hearing 

capacity, qp, and of using the average sleeve friction from the cone 

penetrometer test as the unit skin friction for the pile fs. 

Load-Settlement Curve 

Verbrugge (38) proposed an elastic plastic model for the q-w and f-w 

curves. The slope of the elastic portion is given by: 

3.125E 
D 

........................ 
0.22E 

D 

I I It I I I I It It I I I I I I I It It I It • I ■ 

(61) 

(62) 

where D diameter of a circular pile or 1.2 x width for a square 

pile, 

E 36 + 2.2 qc (tsf) for bored piles, 

and E = 108 + 6.6 qc (tsf) for driven piles 

The maximum value of f in cohesionless soils can be obtained by one of 

the following relationships: 
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fmax = 0.011 qc Driven concrete piles 

fmax = 0.009 qc Driven steel piles 

fmax = o.oos qc Drilled concrete piles 

fmax = 0.003 qc Drilled steel piles 

where fmax ~ 0.8 tsf for Drilled piles and 

fmax ~ 1.2 tsf for Driven piles. 

Verbrugge does not make any recommendation for qmax for the pile. 

Here, qmax was obtained by using Bustamante and Gianeselli's method 

(8). 

COMPARISON OF RESULTS 

Pressuremeter test results were available at two sites and cone 

penetrometer test results were obtained at five sites. One site, Lock 

and Dam 26 Ellis Island Site, had both pressuremeter and cone 

penetrometer test results, Predictions of pile capacity were performed 

using the methods presented previously. The results of the ultimate 

load predictions are summarized in Table 26. The load-settlement 

predictions are presented in Figs. 91 through 104. The results of 

those methods which predict only ultimate load are shown as single 

points on the load-settlement plots. 

In general, the predictions agree well with the measured results. 

The predictions using the cone penetrometer methods were compared to 

the ultimate load given by the asymptotic values of the hyperbolic 

regression presented in Chapter IV •. The ratios of the predicted loads 

over the measured loads were computed and the mean, standard deviation 

and coefficient of variation of these values for each method are given 

in Table 27. Overall, the Bustamante and Gianeselli method and the 

Verbrugge method gave the best results. The mean of the ratios of 

predicted over-measured total loads was 1.06 and 0.94 for these methods 

respectively. These methods also predicted the distribution of the 

load between point bearing and side friction very well. The other 

three methods predicted total loads reasonably well but overpredicted 

the point load by 100% to 200%, and underpredicted the friction load. 
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I-' ...... 
0 

SITE 

Ogeechee 
River 

Tavenae 
West 
Seattle 
Freeway 
Gregersen 

LD26 Ellu 
Sel lqren 

PILE 

H-11 
H-12 
H-13 
H-14 
H-15 
J-5 

A 
B 

A 
D/A 
C 

B/C 
M6 
Al 

TABLE 26,- Pile Capacity Predictions by CPT and PHT Methods 
(1 ton= 8.9 kN) 

Cone Penetrometer Methods Pressuremeter Methods 
Bustamante- Bustamante-

DeRuiter-Beringen Gianeaelli Schmertmann Cone Verbru1111e Menard-Gambin Pseudo-Baauel in Gianesell i 

Qp QB QT Qp Qs Qt Qp Q~ QT Qp Qa QT QB QT Qp Qe QT Qp Qe QT Qp QB QT 

tons tons tons tone tons tone tons tons tons tons tons tons tons tons tone tons tons tons tons tons tons tons tons 

91 5 -96 62 23 85 I 91 4 95 141 9 150 9 71 
214 23 237 92 70 162 214 10 224 230 26 256 68 1511 
230 42 272 106 139 245 230 15 245 265 42 307 114 204 
1112 54 237 106 1119 295 183 17 200 265 !14 319 165 260 
251 69 320 106 259 365 251 23 274 265 1,9 334 228 334 

70 60 130 39 226 265 70 * * 78 • * 203 242 
272 176 448 249 528 777 272 621 893 497 792 1289 528 776 
172 161 333 124 485 609 172 729 901 249 728 977 456 580 

16 7 23 8 36 44 16 • • 15 • • 24 33 
27 16 43 15 79 94 27 * * 28 * * 50 64 
8 6 14 4 31 35 8 * * 9 * • 21 25 

13 14 27 8 73 81 13 * * 1, * * 46 )] 

99 45 144 76 112 188 99 * * 190 * * 106 1112 209 114 293 239 125 364 131 89 220 
70 97 167 70 90 160 33 70 103 

* No friction values, fs , available 

TABLE 27.- Ratio of Predicted Load Over Measured Load: CPT Methods 

Bustamante-
De Ruiter-Ber in2en Gianeselli Schmertmann Cone Verbru22e 

Qp Qs QT Qp Qs QT Qp Qs QT Qp QH QT Qs QT 

Uean, l. 99 o. 37 0,75 l. 23 l. 32 l.06 l.99 0.57 0.93 2.72 0.80 1.20 l.07 0.94 

I 

Standard 
Devi at ion 1 1.68 0.10 0.21 1.14 0.32 0.39 l.68 o. 73 0.47 2. 64 o. 68 0,56 0. 34 0.36 

Coefficient 
of 0.85 0.28 0.21 0.92 o. 24 0.36 0,85 1.29 0.51 0.97 0,85 0.47 0.32 0.JO 

Variation 
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Although the Verbrugge method predicted the ultimate loads quite 

well, this method underpredicted settlement. At low load levels the 

prediction generally agrees with the measured results, As the load 

increases, however, the actual settlement becomes greater than the 

predicted, This indicates that the elastic modulus of the soil is 

nonlinear. Future research in this area should co~sider correlations 

with CPT data to obtain a nonlinear soil model, 

Due to the limited amount of data, no general conclusions can be 

made regarding the pressuremeter methods. The overprediction for the 

pile at Lock and Dam 26 may be explained by the loading history of the 

pile. It was subjected to repeated cyclic lateral loading before the 

axial load test. This loading makes the results of the axial load test 

questionable in terms of the capacity of pile loaded only axially. 

There were not enough cases for a meaningful frequency distribution to 

be prepared for these methods, However, the data base collected by 

Bustamante and Gianeselli (8) to propose their PMT and CPT methods was 

used to prepare frequency distributions. Figs. 105 through 110 present 

the results for that data base which includes piles in all soil types. 

The results are summarized in Table 28. The two methods both slightly 

overpredict pile capacity with the cone penetrometer yielding the best 

results, The coefficient of variation is much lower than those 

obtained from the conventional methods. Using a data base not limited 

to instrumented piles, Olson and Dennis (30) found that the CPT methods 

provide slightly better accuracy than the SPT methods; the pressure

meter methods were not included in their study. Based on these 

results, the CPT and PMT are quite promising tools for use in predict

ing pile capacity. 
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TABLE 28.- Summary of Frequency Distribution Results 
for PMT and CPT Methods 

Standard Coefficient Coefficient K for 
Method Mean Deviation of Variation 90% Confidence Comment on 

90% Conf. - Data Base --

Cone Penetrometer Total 1.039 0.28 0.27 0.69 Same 
Friction 1. 226 0.642 0.52 0.44 
Point 1.152 0.34 0.3 0.74 

Pressuremeter Total 1. 179 0.29 0.25 0.71 Same 
Friction 1.037 0.38 0.36 0.59 

I-' Point 1.082 0.29 0.27 0.70 
\0 
l'J 



CHAPTER XI - IMPROVING THE STATE OF THE PRACTICE 

RESULTS OF INTERVIEW 

Within the context of the topic •~ehavior of Piles and Pile groups 

in Cohesionless Soils," the following series of questions were asked to 

Mr, R. A, Hawkins of Raymond Kaiser Engineers: 

1. What geotechnical practices·need to be improved to obtain better 

soil characterization? 

2. Is a cost analysis such as the one shown on Figure 111 feasible? 

3. Is it cost beneficial to obtain 95 percent or better confidence 

in given parameters if construction activity negate benefits of 

improved site characterization? 

In response to the first question, Mr. Hawkins pointed out several 

areas where improvement is needed, The reporting of the site investi

gation is often incomplete, omitting ground elevations and water table 

information, and not clearly written, "Considerable license" is taken 

in applying the unified soil classification system for visual classifi

cation. The standardized procedure for the Standard Penetration Test 

(SPT) is not always followed and problems associated with caving of the 

borehole are not always recognized, All of these factors could be 

greatly improved by placing better trained technicians or engineers in 

the field for the site investigation. Mr. Hawkins also pointed out 

that improved or new equipment such as_ the SPT energy measuring device, 

the cone penetrometer, the pressuremeter and the dilatometer "promise 

to advance the state of the art". 

In answer to the second question, Mr. Hawkins commented that "the 

cost evaluation of site inve_stigations is not so clear-cut" as Fig, 111 

indicates. It is very easy to look back at a successful project and 

decide ·that less site investigation is necessary. However, the uncer

tainties in the mind of the designer due to an incomplete site investi

gation bear directly on his conservatism in design and hence, cost to 

the owner. There are many other items affecting the cost of the 

foundation much more than the site investigation, such as the job 

location, size of job, foundation specifications, time schedule, pile 
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type and conditions of the site. In general, the site investigation is 

more important than its relative cost. On most projects the cost of 

the site investigation varies from less than 1 percent to around 5 

percent of the final foundation cost. Another area where savings is 

possible is with driving criteria for piles. Use of wave equation 

analyses can turn each pile log into a valuable penetration record. 

According to Mr. Hawkins, the 95% confidence level is clouded by 

other factors, The definition of 95% confidence level necessarily 

includes the engineers prior knowledge and experience in the area. 

Some effects of construction activity are beneficial, such as compac

tion, and some are negative, such as inadvertant batter and the jetting 

of piles. However, Mr. Hawkins concludes that "in spite of the some

times dramatic changes construction activity can have on site para

meters, the engineer and contractor must have a clear idea of what was 

there to start with", Mr. J.B. Hilton of Raymond Builders added that 

the extent of the site investigation is influenced by several factors 

including size of the project, settlement criteria, nature of subsur

face strata, and variability of the site. As a result it is difficult 

to make "blanket generalizations which are accurate for all cases". 

In a more general interview, Dr. M. W. O'Neill of the University of 

Houston commented that residual stresses in piles were probably a func

tion of the mean effective stress (or depth) and soil compressibility 

or rigidity. He added that the pressuremeter would be useful to 

measure the soil rigidity, Related to the questions mentioned pre

viously, Dr. O'Neill stated that "there is probably limited benefit to 

be gained on a production project by doing highly detailed borings", 

However, he added that more flexible contracts which allow design 

changes based on feedback from the pile driving records would be an 

area of great cost savings. He felt that a cost evaluation such as 

presented in Fig. 111 may be of some benefit to perform for a specific 

case, but would be impossible to generalize. 
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PRECISION ON THE SOIL PARAMETERS 

A statistical analysis of the soil data at the Lock and Dam 26 Ellis 

Island site showed that the coefficient of variation is about the same 

for the SPT, the CPT and PMT. If it is concluded from the previous 

chapter that the CPT and PMT methods lead to a better precision of 

ultimate capacity prediction, the difference may be attributed to two 

factors: 1. The CPT and PMT are more repeatable from one site to 

another than the SPT, 2. The parameters measured during the CPT and PMT 

are more related to the ultimate capacity of a pile than the blow 

count. 

It was shown in Chapter VIII that the relation between the blow 

count N and the ultimate point pressure for the pile qmax is not 

linear. This may be explained as follows. 

In very loose sand the SPT blow count is very low, the SPT does not 

apply a sufficiently large number of blows to densify the sand and the 

blow count is representative of the sand in its undisturbed state. In 

very loose sands however, the pile will apply a large number of blows 

to the sand, densify it and q will be 1111.1ch larger than the q max max 
for the undisturbed loose sand. In very dense sand the number of blows 

for both the SPT and the pile are large and a similar soil condition is 

created around the split spoon and the pile. These two observations 

may explain why the ratio of qmax/N 1s high at low SPT blow counts 

and low at high SPT blow counts. 

The CPT and the PMT on the other hand, measure a soil response under 

the same conditions whether the soil is loose or dense. The cone pene

trometer provides directly measured values of friction and point resis

tance. It seems however, that the friction sleeve is too close to the 

point to give unquestionable results. A sleeve friction located 18 in. 

(46 cm) behind the tip (10 diameters) would probably give more reliable 

results. Unlike the SPT, the CPT and PMT do not create a soil condi

tion similar to the one that exists around the pile after driving 

except in the case of the PMT slotted tube technique. 
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The shear wave velocity test did give a lower coefficient of 

variation than all other tests. This test gives a very low strain 

shear modulus which may be useful for the initial tangent modulus of 

the hyperbolic model. 

COST SAVING ASPECTS 

Considering residual stresses 

In the past, residual stresses have been ignored in design methods. 

As will be shown in the following example, using· a design method that 

does consider residual stresses can lead to significant savings. 

Problem 1: Find the length of pile required to sustain a 75 tons 

(667.5 kN) working load. The pile is a square 16 in. x 16 

in. (40.6 cm x 40.6 cm) concrete pile. 

Solution SPT profile is constant with N = 25 blows/ft (82 blows/m) 

1. Not considering residual stresses 

Not considering residual stresses, the equations for qmax and 

£max are: 

( ts f) 

and 

f = 0.288 No.z 5 
max ( ts f) 

Thus 

Qp = 12.59 (25) 0 •41 x 1.78 = 83.9 tons (746 kN) 

QS = 0.288 (25) 0 •25 X 1.33 X 4 XL= 3.43 L 

Qr= 75 tons x Factor of Safety= 75 x 3 = 225 tons (2002.5kN) 
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Then the equation for pile length is: 

83.9 + 3.43L = 225 which gives L = 41 ft (12.5 m) 

2. Considering residual stresses 

To consider residual stresses, use Eqs. 28 and 30 from Chapter 

VIII which are as follows: 

( ts f) 

fmax = O. 224 N°· 29 ( ts f) 

These equations give: 

Qp = 19,75 (25) 0• 36 x 1,78 = 112 tons (997 kN) 

Qs = 0, 224 (25 )0.26 X 1,33 X 4 XL= 3,03 L 

QT= 225 tons (2002,5 kN) 

This yields an equation for the pile length of: 

112 + 3.03 L = 225 which gives L = 37.3 ft (11.4 m) 

This represents a savings of 9%. 

Problem 2: Same as Problem 1 but the working load is now 150 tons 

(4005 kN) 

1. Considering no residual stresses 

The equation for pile length is: 

83.9 + 3.43 L = 450 which gives L = 106. 7 ft (32.5 m) 
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2, Considering residual stesses 

The equation for pile length is: 

112 + 3.03 L = 450 which gives L 

The pile must be lengthened about 4%. 

111.6 ft (34.0 m) 

The above example points out the potential cost saving of consider

ing residual stresses in design. The consideration of residual stres

ses in the interpretation of compression load tests on piles driven 

through sand into sand leads to higher point loads and lower friction 

loads. Very long piles rely essentially on friction to develop the 

resistance to load; as a result very long piles driven through sand 

into sand will be underdesigned if use is made of design methods that 

ignore residual stresses. Very long piles driven through clay into 

sand however, will be overdesigned as far as the point load is concern

ed, if use is made of design methods that ignore residual stresses; 

this is based on the assumption that residual stresses play a minor 

role in the interpretation of pile load tests in clay. Short piles on 

the other hand, rely more on point bearing to develop the resistance to 

load than do very long piles; as a result, short piles driven through 

sand or clay into sand will generally be overdesigned if use is made of 

design methods that ignore residual stresses. 

The point at which the reduction in friction load equals the 

increase in point load is a function of the pile size and the soil 

strength. The larger the pile, the deeper the breakeven point will be. 

Also, the stronger the soil, the deeper the breakeven point will be. 

Developing an optimum method of design 

The errors involved in the prediction of the capacity of a pile 

foundation are due to the following factors: 

- soil heterogeneity. 

- precision of soil test. 

- adequacy of soil test. 

- precision of design method. 

- construction activity. 
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These factors are discussed one by one in the following paragraphs. 

Minimizing the error due to soil heterogeneity while optimizing 

costs is related to the miniJ11Um number of borings necessary to obtain a 

satisfactory level of confidence on the soil variability at a site. At 

Lock and Dam No. 26 there was very little to be gained from performing 

more than 6 borings for the selected 400 ft x 200 ft area. Beyond this 

number of borings a pile load test would be more beneficial than added 

borings. 

The SPT is not a precise soil test. This situation can be improved 

by the use of free fall hammers and/or of energy measuring devices at 

the top of the rods. The PMT can be a precise soil test if the bore

hole is performed by drillers who have gathered long experience with 

PMT borehole preparation. The PMT can be performed in almost all 

soils. The CPT cannot be performed in all soils, but has the definite 

advantage of being a very precise soil test. 

The SPT is a test which siJ11Ulates the driving of the pile (except in 

very loose to loose sand as discussed earlier). The CPT is a test 

which simulates the loading of the pile. The _PMT is a test which gives 

information on deformation characteristics. It is suggested that a 

combination of those three tests would give an opti1DUm in soil testing 

adequacy. The dynamic pressio-penetrometer probe is shown in Fig. 112. 

The technology for such a probe has already been developed-(3). 

The testing sequence would be as follows: 

1. Drive the probe to the first testing depth and stop. 

2. Push the probe 0.5 in. (1.3·cm) at a slow rate of penetration 

3. Repeat 1 and 2 at the other testing depths. 

The measurements would be the point and friction resistance on the 

penetrometer, the radial stress on the pressuremeter and the displace

ment at the surface. Recording of the measurements during step 1 would 

give valuable information for wave equation analysis. The measurements 

at the end of step 1 would give valuable i-nformation on residual 

stresses. Step 2 measurements would give the data necessary for static 

analysis: residual stresses would automatically be included because of 

the continuous record of point resistance with the electric cone. 

Every so often a pressuremeter tee~ would be performed in order to 
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obtain soil deformation characteristics and information for lateral 

loads if necessary. The fact that the probe is driven in the soil 

would allow to penetrate soils which would otherwise not be penetrated 

by a continuous push. 

The precision of the design method is influenced by the soil hetero

geneity, the precision of the soil test, the adequacy of the soil test. 

It is also influenced by the precision of the load tests results 

forming the data base for that method and by the adequacy of the design 

mechanism which links the measured soil parameter to the sizing of the 

pile. This mechanism is based either on theory, empiricism, analogy or 

a combination thereof. Theoretical methods rely on the undisturbed 

characteristics of the soil and simulate the driving process before 

predicting the load-displacement response of the pile. These methods 

present ultimately the most sound approach to the problem, and should 

be pursued. These methods are presently unsatisfactory however, 

because they require the knowledge of too many soil parameters which 

are difficult to measure accurately with current technology. Empirical 

methods are easy to develop and usually easy to use. Empirical methods 

which have the least number of intermediary steps have the least chance 

of error. However, methods which use the blow count N to obtain the 

relative density DR to then obtain the friction angle ¢, to then 

obtain the bearing capacity factor Nq, to then obtain the value of 

qmax are accumulating imprecision in each of the steps using 

empirical correlations. Empirical methods are always questionable 

outside the data base on which they were developed. 

Methods based on testing analogy present the best short term payoff 

for driven piles in sand. The SPT and CPT are tests which represent a 

partial testing analogy with the driven pile. The proposed dynamic 

pressio-penetrometer test represents a nearly complete analogy of the 

driven pile and includes all influencing factors. 

Construction activities such as inadvertent batter, heave and subse

quent redriving of adjacent piles, method and order of driving will 

influence the accuracy of the pile capacity. It is very difficult to 

incorporate in a reliable fashion all those factors in the method of 

design. These factors can best be incorporated by making use of the 

pile driving records while construction proceeds in order to assess the 
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"as built" capacity of the foundation. The wave equation is very 

useful in this respect, especially if force time input are available 

and if the soil model is available from previous tests with the 

proposed dynamic pressio-penetrometer. As construction progresses, the 

engineer can evaluate the foundation capacity and may decide to 

decrease (or increase) the number of piles originally planned. This 

requires a flexibility in the pile driving contract which is not 

presently described in most specifications, but which has already been 

used in the offshore environment and has resulted in great savings to 

the client. This approach also requires a careful planning of the 

order of driving in a joint effort by the engineer and the contractor. 
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CHAPTER XII - SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

SUMMARY AND CONCLUSIONS 

The purpose of this study was to advance the state of knowledge on 

the behavior of piles and pile groups in cohesionless soils and to make 

recommendations for further research in this area. The project was 

limited to the study of existing data on instrumented piles, hammer 

driven and load tested vertically. 

Pile Load Tests Selected 

A total of 35 load tests at 10 different sites were selected as a 

data base (Table 1). The piles were of various types: steel pipe, 

steel H, prestressed concrete or timber. Their diameter averaged 1.29 

foot and their length, 49.6 ft. The ultimate vertical load was deter

mined by three criteria: Davisson's, 0.1 x D and hyperbolic asymptote 

(Table 2). The average ultimate load for all the piles considered, was 

192 tons for Davisson's criterion, 228 tons for the 0,1 x D criterion, 

and 264 tons for the hyperbolic asymptote criterion. The maximum load 

applied during the tests averag~d 222 tons. 

Due to a lack of full scale group load tests in sand, much reliance 

has been made on model studies. These studies indicate that group 

efficiencies in sand are almost always equal to or greater than one. 

This conclusion is verified for driven piles by the full scale pile 

group tests available (29). 

The only instrumented full scale load test reported in the litera

ture used partially jetted timber piles (43,44). In addition to this 

the group was subjected to various preloading conditions which may have 

had a drastic effect on the load transfer behavior of the piles. The 

side friction for the group piles was significantly lower than the 

friction on the single pile and the point loads were much higher. The 

large model tests performed by Vesic (40) showed the opposite to this. 

On these groups the friction was more than twice the friction on the 

single piles and the point loads were approximately equal, These 

conflicting results point out the need for carefully performed load 
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tests on well instrumented full scale pile groups which include 

measurements of residual loads. 

A preliminary report on the West Seattle Freeway Bridge Project (35) 

gives some measurements of residual point loads on driven piles. The 

residual point loads, on 92 ft (28 m) long piles immediately after 

driving were about 60 tons (598 kN). Subsequent driving of piles in 

the group did not reduce the residual point load on the pile. 

Conventional Load Transfer Analysis 

Measurement of movements with strain rods and measurement of strains 

with strain gages lead to the calculation of loads in the pile at 

various depth along the pile. The slope of this discrete profile of 

load in the pile leads to values of mobilized friction. This deriva

tion process introduces great scatter in the friction values which, 

cumulated with errors in the measurements, leads to meaningless 

friction transfer f-w curves. A curve fitting method on the load 

profile would lead to smoother f-w curves but would introduce an 

arbitrary massaging of the data. This problem and the overall lack of 

sufficient precision in the measurements lead to the choice of an 

average analysis (Chapter III) where an average friction value was 

calculated for the entire pile shaft. The hyperbolic model fits that 

f-w curve very well with most of the friction being mobilized at a pile 

movement of 0.15 in. or 1% of the pile diameter. The hyperbolic model 

also fits the point pressure transfer q-w curve very well with 50% of 

the point resistance being mobilized at a point movement of 0.3 in. or 

2% of the pile diameter and 90% of the point resistance being mobilized 

at a point movement of 1.5 in. or 10% of the pile diameter. The 

equations for these hyperbolic transfer curves are: 

f = w 

_!_ + w 

Kt f + f 
max max 

q = w 
1 w -+ 

KP qmax - qres 
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Residual Stresses: Basic Considerations 

The phenomenon of residual stresses in a pile takes place upon 

unloading of that pile after either a hammer blow, a compression test, 

or a tension test. A theoretical formulation of this unloading 

process, based on the fundamental differential equation, is presented. 

The solution indicates the following influence of various factors: 

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 unloading slope of the friction transfer curve, 

the larger the residual point load. 

4. The softer the unloading slope of the point pressure transfer 

curve, the larger the residual point load. 

It was shown that the distribution of residual loads and residual 

stresses in a pile is directly related to distribution of ultimate 

loads and ultimate stresses 1n that pile and that residual loads after 

a tension test are not zero but are much smaller than those after a 

compression test. 

Obtaining Residual Stresses From Load Tests 

In conventional load tests the instrumentation is zeroed after the 

pile is driven thereby assuming that the pile is stress free before the 

start of the test. At least four methods exist to obtain residual 

loads from pile load tests. The first one consists of zeroing the 

instrumentation before driving and reading the instrumentation after 

driving. The three others consist of zeroing the instrumentation after 

driving the pile and before performing the compression test and then 

making use of various combination of instrumentation readings for the 

tension test and for the pile state of stress in the unloaded condition 

(Chapter V). 

The results of this residual stress analysis are summarized in Table 

7. These results indicate that the residual point load varies from 11% 

to 54% of the true ultimate point load and averages 36%. This means 

that on the average the true ultimate point load for those hammer 
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driven piles in sand is equal to 1.56 times the ultimate point load 

measured in a conventional load test. At the same time the true 

ultimate friction load averaged 0.81 times the ultimate friction load 

measured in a convention~! load test. 

This residual stress analysis also allowed to calculate the ratio of 

the true ultimate friction load in tension over the true ultimate 

friction load in compression. It was found (Fig. 28) that for short 

piles, tapered piles, and H piles this ratio is less than one, but that 

for straight shaft piles longer than about SO ft this ratio may be more 

than one. 

Obtaining Residual Stresses with the Wave Equation 

The wave equation was used ta predict residual stresses in the pile 

after driving, A multiple blow analysis was used together with the 

conventional linear elastic-plastic model (Qside = Qpoint = 0.1 in., 

Jpoint = 0.15 sec/ft, Jside = 0.05 sec/ft). A minimum of 5 blows with 

1000 time steps per blow is necessary to obtain valid results, The 

residual point load Qp(res) is obtained 

steps for all blows and determining the 

tions take place. 

by plotting Qp(res) 

Q ( ) about which pres 

versus time 

the osc i lla-

This method was used on the piles where Q ( ) was measured. pres 
The ratio of Qp(res) predicted over Qp(res) measured had a mean of 

1.12 and a coefficient of variation of 0,66. 

Load Transfer Analysis by Finite Difference

Pattern Search Approach 

This approach was taken in an effort to develop depth dependent 

friction and point transfer curves while minimizing the error made in 

the regression analysis. The general differential equation for the 

pile-soil system was developed and assumptions were made for the 

constitutive models for the pile and the soil. The pile model was 

linear elastic. The point soil resistance model and the friction model 

were hyperbolic models. For the friction model, the initial slope and 

the ultimate friction value were assumed to vary as a power law of the 

depth. The friction hyperbolic model was cut off at a limiting 
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friction value, The residual stresses after driving were assumed to 

have a damped sinusoidal distribution with depth. This lead to a total 

of nine constants to be determined by a best fit regression on the load 

test data. 

The finite difference method was used to solve the differential 

equation together with a powerful pattern search program to find the 

best fit values of the nine constants by minimizing in the 9 dimension

al space the error between the pile loads calculated using the 9 

constants models-and the measured pile loads, A program was developed 

for this method and reasonable answers were obtained (Tables 8, 9, 10). 

More work is necessary however, to bring this method to the level of 

usefulness that it promises to be. 

A New Design Method Considering Residual Stresses 

Due to the lack of other soil data at the sites, only the SPT 

uncorrected blow count, N, was used in the correlations. The point 

residual pressure correlated best with the parameter, LS, a key 

parameter in the solution to the ·governing differential equation. This 

·-parameter is th~-product of the pile length L by the relative soil pile 

stiffness factor, S, (Chapter VII). 

qres = 5.57 LS in tsf 

where ft s AE 
p 

p = perimeter of pile 

A = cross-sectional area of pile 

Ep = modulus of elasticity of the pile 

The following correlations were also found 

qmax = 19.75 (N )0,36 
pt in tsf 

KP = 5. OS (N )0.24 7 
pt 

in tsf 
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where 

fmax 0.224 (N . )0.29 in tsf = side 

K = 5. 01 (N . )0.27 in tsf /in. 
T side 

qmax and fmax are the true ultimate point pressure and friction. 

qres is the residual point pressure after driving 

KP is the initial slope of the hyperbolic q-w curve 

KT is the initial slope of the hyperbolic f-w curve 

Npt and Nside are the average uncorrected SPT blow count values 

in the pile point and pile shaft respectively. 

The precision of these correlations can be observed from the 

figures of Chapter VIII. These correlations were used to develop a new 

design method to predict the entire load settlement curve for the pile. 

This method is the first such method based on friction and point trans

fer curves, which include residual stresses. The equations for the 

hyperbolic f-w and q-w curves are: 

f = 

and q = 

w 

w 

f res 

The correlations above are used to find qmax' fmax' qres' Kr and KP. The 

residual friction, free• is found by 

f res 

A 
_..E. 
A 

s 
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Predictions by Conventional Methods 

Conventional methods to predict the ultimate capacity of a driven 

pile in sand were used. These were Meyerhof method, API method, Coyle 

& Castello method. The results show that on the average the API method 

is 10% conservative, Meyerhof method is 37% unconservative, Coyle and 

Castello method is 2% conservative. The coefficient of variation for 

these methods is approximately 0.45 and the coefficient by which to 

multiply the mean predicted ultimate load to obtain a 90% confidence 

ultimate load averages 0,3, The detailed results are shown in Table 17 

of Chapter IX. 

A method developed by Coyle was also used to predict the load 

settlement curve for the pile. This method recommends the use of a 

very simple friction transfer and point load transfer curve (Tables 18 

and 19) and gave reasonably accurate results for its simplicity (Figs. 

54 to 76. 

Predictions by the Cone Penetrometer and the Pressuremeter Methods 

Three pressuremeter methods and four cone penetrometer methods were 

used to predict the ultimate capacity of the piles at the few sites 

where PMT and CPT data was available. These methods were: 

PMT 1 Menard 

2 Baguelin-Jezequel-Shields 

3 Bustamante-Gianeselli 

CPT 1 DeRuiter-Reringen 

2 Schmertmann 

3 Bustamante-Gianeselli 

4 Cone Method 

The results are shown in Table 26 of Chapter X, 

Pressuremeter data was available at two sites. The Bustamante

Gianeselli method gave the best predictions with the other two methods 

being unconservative. For the CPT predictions the Bustamante

Gianeselli method again gave the best results with a ratio of predicted 

total load over measured total load which averaged 1.06. The averages 

for the other methods are: DeRuiter-Beringen, 0,75; Schmertmann, 0.93; 
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Cone, 1,20, These methods however, underestimated friction and over

estimated point load by a factor of about 2, whereas the Bustamante

Gianeselli method averaged 1,23 and 1.32 ratios for predicted overmea

sured point and side load respectively. 

Three pressuremeter methods and one cone penetrometer method were 

used to predict the load-settlement curve for the piles. These methods 

where PMT 1 Menard-Gambin 

2 Baguelin-Jezequel-Shields/ 

Baguelin-Frank-Jezequel 

3 Bustamante-Gianeselli/ 

Frank-Zhao 

en 1 Verbrugge 

The CPT Verbrugge method gave good predictions of the load settlement 

curve. The closest PMT predictions were obtained with Bustamante 

methods, 

Improving the State of the Practice 

An optimum method of design is one that minimizes in a cost effec

tive fashion. The behavior prediction errors due to soil heterogene

ity, precision of the soil test, adequacy of the soil test, precision 

of the design method and construction activity. There is an optillllm 

number of boring to characterize soil variability at a site. At Lock 

and Dam No. 26, this number was 6 borings for a 400 x 200 ft (122 m x 

61 m) area. Beyond this number a pile load test would be more bene

ficial than added borings. 

An analysis at Lock and Dam 26 site shows that at a given site the 

precision on the soil parameters measured with the SPT, PMT and CPT is 

approximately the same and that only the cross-hole shear wave velocity 

shear modulus shows an increased precision. However, the repeatability 

of the tests from one site to another and from one operator to another 

is not included in the above analysis and it is argued that the rating 

of repeatability of these tests would be; 1. Cross-hole shear wave 

velocity and cone penetrometer, 2, Pressuremeter, 3, Standard Pene

tration Test. Other factors not included in the above analysis and 

important to consider before choosing one test over another are whether 

the soil parameter measured is representative of the phenomenon to be 
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predicted, whether the test is cost effective and whether the test can 

be performed in all soil conditions. 

It appears that the CPT is the more precise and repeatable test and 

offers the best potential for improved ultimate capacity predictions. 

De$ign methods based on testing analogy have the best potential for 

short term success for driven piles in sands. Therefore, a dynamic 

Pressio Penetrometer (DYPP) Test which would simulate the driving and 

then the leading of the pile, is proposed. 

Residual stresses play an important role in pile design and must be 

considered in any future design method. The influence of construction 

activities and other uncertainties can best be incorporated by making 

use of the pile driving records while construction proceeds in order to 

assess the "as built" capacity of. the foundation. This in turn may 

provide significant savings to the client, 

RECOMMENDATIONS FOR FURTHER RESEARCH 

Residual stresses play an important role in the behavior of driven 

piles in sands and appear to lead to shorter onshore pile lengths when 

they are properly considered, At the same time the current data base 

on precisely and reliably instrumented driven piles in sand is 

extremely weak. Therefore there is a need to perform full scale load 

tests on piles instrumented in such a way that residual stresses can be 

determined accurately. In this respect, more pile behavior case 

histories such as the West Seattle Freeway Bridge project must be 

encouraged, There is need at the same time for continuing to develop 

the theoretical analyses of the re_sidual stress phenomenon such as the 

wave equation analysis. 

For the immediate future, the method of design by analogy is the 

most promising method to predict the behavior of driven piles in sand, 

While awaiting the further development of theoretical methods, and 

because the SPT is not at present a sufficiently repeatable test, it is 

recommended to develop a dynamic pressio-penetrometer test which would 

be driven in place to simulate the driving of the pile and then pushed 

to record the load transfer characteristics of the sand. It would be 

driven and pushed in place by conventional drilling rigs. 
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More precise use of the pile driving and redriving records should be 

made to evaluate the "as built" capacity of the foundation while the 

piles are driven. There is evidence to show that flexibility in the 

pile driving contract, well planned order of driving, together with a 

close on site cooperation between the geotechnical engineer and the 

pile driving contractor, can lead to significant savings to the 

client. 

The data on residual stresses in groups of piles is inexistent with 

the exception of the ongoing West Seattle Bridge project. There is a 

need to investigate whether residual stresses are released or if 

additional residual stresses are locked in during the driving of 

additional piles. No full scale test on groups of driven piles loaded 

to failure and sufficiently instrumented to determine the evolution of 

residual stresses exists. 
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FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY RESEARCH, 
DEVELOPMENT, AND TECHNOLOGY 

The Offices of Research, Development, and 
Technology (RD&T) of the Federal Highway 
Administration (FHWA) are responsible for a broad 
research, development, and technology transfer pro
gram. This program is accomplished using numernus 
methods of funding and management. The efforts 
include work done in-house by RD&T staff, con
tracts using administrative funds, and a Federal-aid 
program conducted by or through State highway or 
transportation agencies, which include the Highway 
Planning and Research (HP&R) program, the Na
tional Cooperative Highway Research Program 
(NCHRP) managed by the Transportation Research 
Board, and the one-half of cne percent training pro
gram conducted by the National Highway Institute. 

The FCP is a carefully selected group of projects, 
separated into broad categories, formulated to use 
research, development, and technology transfer 
resources to obtain solutions to urgent national 
highway problems. 

The diagonal double stripe on the cover of this report 
represents a highway. It is color-coded to identify 
the FCP category to which the report's subject per
tains. A red stripe indicates category 1, dark blue 
for category 2, light blue for category 3, brown for 
category 4, gray for category 5, and green for 
category 9. 

FCP Category Descriptions 
1 . Highway Desiglll and Operation for Safety 

Safety RD&T addresses problems associated 
with the responsibilities of the FiHW A under the 
Highway Safety Act. It includes investigation of 
appropriate design standards, roadside hard
ware, traffic control devices, and collection or 
analysis of physical and scientific data for the 
formulation of improved safety regulations to 
better protect all motorists, bicycles, and 
pedestrians. 

2 _ Traffic Control and Management 
Traffic RD&T is concerned with increasing the 
operational efficiency of existing highways by 
advancing technology and balancing the 
demand-capacity relationship through traffic 
management techniques such as bus and carpool 
preferential treatment, coordinated signal tim
ing, motorist information, and rerouting of 
traffic. 

3 . Highway Operations 
This category addresses preserving the Nation's 
highways, natural resources, and community 
attributes. It includes activities in physical 

maintenance, traffic services for maintenance 
zoning, management of human resources and 
equipment, and identification of highway 
elements that affect the quality of the human en
vironment. The goals of projects within this 
category are to maximize operational efficiency 
and safety to the traveling public while conserv
ing resources and reducing adverse highway and 
traffic impacts through protections and enhance
ment of environmental features. 

4. Pavement Design, Construction, and 
Management 
Pavement RD&T is concerned with pavement 
design and rehabilititation methods and pro
cedures, construction technology, recycled 
highway materials, improved pavement binders, 
and improved pavement management. The goals 
will emphasize improvements to highway 
performance over the network's life cycle, thus 
extending maintenance-free operation and max
imizing benefits. Specific areas of effort will in
clude material characterizations, pavement 
damage predictions, methods to minimize local 
pavement defects, quality control specifications, 
long-term pavement monitoring, and life cycle 
cost analyses. 

S. Structural Design and Hydraulics 
Structural RD&T is concerned with furthering the 
latest technological advances in structural and 
hydraulic designs, fabrication processes, and con
struction techniques to provide safe, efficient 
highway structures at reasonable costs. This 
category deals with bridge superstructures, earth 
structures, foundations, culverts, river 
mechanics, and hydraulics. In addition, it in
cludes material aspects of structures (metal and 
concrete) along with their protection from cor
rosive or degrading environments. 

9. RD&T Management and Coordination 
Activities in this category include fundamental 
work for new concepts and system character
ization before the investigation reaches a point 
where it is incorporated within other categories 
of the FCP. Concepts on the feasibility of new 
technology for highway safety are included in this 
category. RD&T reports not within other FCP 
projects will be published as Category 9 projects. 
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