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APPENDIX.~NOTATION

= cross-scctional area of pile;

= depth below ground suriace;

= outslde diameter of pile;

= modulus of elasticity of pile material;
= initial void ratio;

= skin {riction;

= cocelficient of lateral earth pressure:
= cmbedded pile length;

= load in pile at any point;

= movement of pile at any point;

= unit weight of soil mass;

= movement of pile at top;

= :m;'lc of wall friction;

= effective stress;

= so0il shear strength; and

- angle of internal friction.

The following symbols have been adopted for use in this paper:

Y
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SOIL MECHANICS AND FOUNDATIONS DIVISION

Procecdings of the American Socicty of Civil Engincers

PILE-DRIVING FORMULAS FOR FRICTION PILES IN SAND

By Roy E. Olson,’ M. ASCE, and Kaare S. Flaate,® A. M. ASCE

INTRODUCTION

Dynamic pile-driving formulas are widely used in predicting the load-
carryving capacity of {riction piles and in writing pile-driving specifications.
Further, when load tests are available, dynamic pile-driving formulas are
used to interpolate between, or extrapolate beyond, the load test results.

The accuracy of a pile-driving formula can be checied by comparing cal-
culated pile capacities with capacities measured in the field. Such compar-
isons have demo: \\tl.lf@d th'1t the {ox nml:\x do not generally apply to cohesive

c‘spocx.llh" """"""" T and do ot Tapply to piles acting as
They apply mdst : '1(:(ux.ﬂ01v t(v individual piles (h ivin into cohesion-
1S, I has also boéﬁ-&cmuns.h.m d that few, if .m\ of the existing dy-
namic pile-drivingfoy TETare thedretically valid) Most of H\emm:
were  deTTved CUeT—USIng Gversimplilicd assumptions or using empirical
parameters that could be adjusted to bying the predicted capacities approxi-
mately into conformance with field nieasurements.

In addition to the theoretical errors , there are errors in many of the field
measurements because of friction in the rams of hydraulic jacks or improper

calibration of equipment. In addition, random variations in the measured ca-
puacity occur because of the pxoblem of uniquely defining f{ailure in the field.
Thus, correlations between predicted pile capacitics and capacities measured
in the field are likely to involve considerable scatter.

Note.—Discussion open until April 1, 1968,
written request must'be filed with the Executive Secretary, ASCE.
the copyrighted Journal of the Soil Mechantes and Foundations Division,
of the American Socicty of Civil Engincers, Vol. 93, No. $M6, November, 1967, Manu-
script was submitted for review for possible publication.on January 27, 1967,

PProf. of Civil & BETE.. University of Ilinots, Urbana, 1L

2Ch. Engr., Nor wepian Road Rescurch Lab., Oslo, Norway.

JlLX"lL,hl K. F., discussion o “Pile~Driving Formulas:
CoxmthLc on the Bearing Vai Plie Foundalions,” Proceedings, ASCL,
No. __ Feb., 1942, pp. 311-325.

Cummm;: A. I, “Dynamic
chanices, 1925-40, Doston Socicty of

soils,
nroups.

ol

less s

" T'o extend the closing date one month, a
This paper is part of
Proceedings

Progress Heport of the
Vol, 08,

Pile Driving Formulas,” Contributions to Soil Me-
Civil Ungrs., Boston, Mass., pp. 392-413.
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In the investigation reperted herein, scven different dynamic pile-driving
formulas (Table 1) werc uscd to predict the capacities of 93 timber, precast
concrete, or stecl friction piles driven into sandy soils, and the predicted
capacitics were compared statistically with the measured values. A linear

TABLE 1.—PILE-DRIVING FORMULAS USED IN THIS INVESTIGATION?

Engincering News Q. = erEy

s+e
GCow = _...._9 [_':Il
Qe s+e ?_H',, w3
Hiley Q = Cr L Wy » 72 Wy
C TS I/20C, G+ Gy} Wy e W,
Pacific Coast Uni- _AE [ A E, Wy enW
form Building Code Qe = 2L T V s* 7)7?1 Tﬂf?"ﬁ’f
Janbu Qe = Ep/h,s
—_—
k, = Cyl1+ /128
u d ( + y * Cy
Ne = E L/AE 5%,
Cg = 0,75 + 0.15 (w, /1)
Danish Q. = el
s - Jer gl
| APy
Gatesh Qc = 5.6 V¢, f: iop 110/s)

2 As presented in this table, none of the furimulas contains a {acter of safety. A suit-
able factor of safety should be applied to obtain the design loads. ’

bn :\!l'b\;: the Gates fori—ain, any consistent set of units may be used. We have
chosen to use inches and tons throuphout. In the Gates formula, the constants contain
parameters needed to makxe the formula dimensionally correct. Thus, any change of units
from the ton-inch system necessitates changes in the constants, In the melr\xc system
of tons (1000 k¢;) and centimeters, the formula becomes: ’

——= 2
Q. =40V, E, log (~q—5>

relationship was assumed between the measured and computed pile capacities,
and the reduced major-axis type of linear regression analysis wasused to de-
termine the slope and intercept of the regression line. Correlation coefficients
were used as measures of the scatter about the regression lines. The statis-
tical data were then used to adjust the formulas to improve their accuracy.
Conclusions are drawn regarding the accuracy of the various formulas.

PILE-DRIVING FORMULAS USED IN THIS INVESTIGATION

The seven pile-driving formulas used in this investigation arc presented
in Table 1. In these formulas, e ¥, js the energy delivered to the cushion
blocks. These energies should be multiplied by e, the efficiency of impact, to

( b U 7=
. . k.

“Twas Tirst deduced as the correct form for a theorctically perfect equ

“utain the energy deliverced to the pile. However, values of ¢; were m}m .
Fliminating ¢; from the Tormulas has doubtitless introduced a certain agount
of scatter inlo the calculated capacities, but unknown types and condition of
fic cushion biocks preclude further refinement. In the special case_of Janbu’s
ferT IO, C gy G FEToth set equal to 0.7 when the formula wns_E?iginnHy
deteToped.and were incorporated into the driving coelfficient. —
@\gﬁ’an formula was developed by Wellington,® who deduced
its gencral form by setting the applied energy cqual to the energy oblained by
graphically integrating the arca under what he considered to be typical load-
Fiven with drop hammers, He subsequently

i

s men STt piics
medtirttheformatator-tsewith §feam hammers. Hestated that his formula

on of

thé Gearing power of piles, barring some trifling and necligible elements to be
nofed and I claim in ropard to that general form that it includes inproper re-
latiow 10 €ach OIRCT Cvery FOTSTARt Which ought to enter into such a Theoreti-
cally—periect practical [ormula, and that it capnot be modified by making it
more complex. .. .7 1L appcars that the Engincering News formula achicved
wide acceptance but has been lessused in recent years as new formulns were
introduced and the inability of the Engincering News formula to predict pile
capacities with reasonable accuracy became betier documented.” The formula
was restricted touse with piles for which the average penctration per blow for
the last few blows was not less-than 0.25 in. and preferably notless than 0.5 in.

In the Gow formula, the deneminator of the Engincering News formula was
adjusted, based on intuition and experience, to account for the extra enerygy-
absorbing characteristics of precast concrete piles.?

Inanattempt toeliminate some of the errars associated with the theoretical
evaluation of cnergy absorption by a pile-soil system during driving, Hiley?
developed a formula in which the recoverable deformations of the pile eap and
iriving head, pile, and soil, were measured during driving and inserted into
the formula as three constants, C,, C,, and C, respectively. The MHiley for-
mula has been used extensively in the British Commonwealth and in Furope.

The Pacific Coast Uniform Building Code formuly,’” hercafter referred to
as ‘the PC formuln, is typical of a number of rather cumbersome formulas in
which atlempts were made to include a variely of sources of enerpy loss.,
Cummings* objected to most of these formulas because of the inclusion of
both the coefficient of restitution and a separate term for the energy loss

caused by elastic compression of the pite, swhich iy redundant.,
Janbull factored out of the conserviation-of-enerpy cquation a series of

* Johannsen, “Merepning av rittntaende pe

s b dlast op tiilatte belastning,”
Teknisk Ukeblad, Oslo, Norway, Noo Lo, June A, 10O, pp. DUL=D10.
CS (‘.HingLonT A. M., discussion of *The Iron Whar! at Fart Monroe, Va,,” by J. L
Duncklee, Transactivns, ASCE, Vol 27, Paper N, S, Aug., 1HU2, ppo 129-107.
T “Analvais of the Engineering News Pile Formuln,® Journal of

T Agerschou, 1
i dations Difviaton, ANCL Vaol, AKH, No. SN, Pruc. Paper

the Soil MeC K
3298, Oct., 196, pp.
81saacs, D. V.. “lteinforeed Concrete e Formulae,® Transactions, Inst, of Engrs.,
Sydney, Australia, Vol 12, 1931, pp. S0LH-320.
T 9 iley. AL, -The Rfficlency of the Hamimer Biow, and 1ta Effeets with Reference to
Piling,” 'l’m:‘.nt'(‘rln}__!. London, June 2, 1922, p. 673,
0 S iTorm Tunding Code,” Pacifie Coant Tntlding Officiain Conf., Low Angeles,
Calif., Vol. 1, 1950, pp. D0T-204,
Hoganta, No, TUne Anadvaee Fhnergetigue du Battage dea Pleax o l'abde de Parametres
Pl ton No, B orwegian Geotectnteal Inat,, Oslo, Norway, 1953,

sans Dimension,”
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variables that could not usunally be evaluated and associated them together as
his “driving coefficient,” C,4. The driving coefficient included terms repre-
senting the efficiency of the pile hammer, the difference between the dynamic
and static pile capacities, and the rate of transferral of pile load into the soil
with respect to depth. It also included the length and cross-sectional area of
the pile, Young’s modulus for the pile, and both the pile capacity and the set.
Janbu correlated his driving coefficient with the ratio of the weight of the pile
to the weight of the falling parts of the hammer, W /Wh Table 1).

The Danish formula’® was developed using dxmcnsxonal analysis and by
simplifying some of the more complicated formulas. A total of 78 load tests
was uscd in correlating the predicted capacities with capacities measured in
the field. :

The Gates formula'® was developed by grcnt!v simplifying the form of ex-
isting formulas and then applying a statistical adjustment which was based on
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approximately 100 pile load tests. The data on which the study was based were .

not presented and there was noindicationof the amount of scatter. Apparently
all types of soil were included in the study.

Theseformulas were selected to be representative of various types of for-
mulas and toinclude most of the formulas in common use at the present time,

FIELD DATA

“The field test resultsused in this study have been reported by Flaate.™ He
collected the results of 116 load tests on timber, precast concrete, and stect
pilesdriven into sandy soils. In this analysis, only the timber piles with meas-
ured capacities less than 100 tons, and steel and concrete piles with measured
capacities less than 250 tons were used. It seems unlikely that piles would be
designed for higher loads without requiring load tests. Flaate! reported the
following data: (1) The typeof pile, (2) the approximate subsoil conditions, {3)
he length, cross-sectional area, and weight of the pile, (4) the type of ham-
mer, (5) either the weight and height of fall of thé hammer or its reported
energy. (6) the average penetration of the pile under the final few biows, (7)
the reported capacity, and (8) the source of the ‘information.

Attempts to apply dynamic pile-driving formulas to the piles used in these
tests involve a number of uncertainties, including the following:

1. The efficiencies of the various pile hammers were not reported. The

values tabulated by Chellis®™ were used in this study. The actual field values.

of ¢ depend greatly on-the condition of the hammer at the time of driving and
may differ significantly from the values used in this analysis.
2. The cushion blocks used on top of the piles were not usually specified.

'Sorc'lscn T.. and Hansen, B., *Pile Driving Formula—an ln\CbllLdllO'l Based on
Dimensional Considerations and a Statistical Analysis,” Proceedings, 4th Internatl.
Conl. on Soil Mechanics and Foundations, held in London in 1956, Vol. 2, 1957, pp.
61-65.

P Gates, M., “Empirical Formwula for Predicting Pile Bearing Capacity,” Civil
Engineering, Vol. 27, No. 3, Mar., 1957, pp. 65-66.

Flaate, K. S.. "An Investigation of the Validity of Three Pile Driving Formulae in
Cohesionless Material,” Publication No. 56, Nurwegian Geotechnical Inst., Oslo, Nor-
way, 1964, pp. 11-22.

13 Chellis, . D., Pile Foundations, 2nd ed., McGraw-1ill ook Co., Inc., New York,
N. Y., 1961, pp. 28-33.

PILE-DRIVING FORMULAS

They doubtless varied widely in type and condition. These blocks exert great
influence on the shape of the load pulse applied lo the pile’® and thus influence
the energy actually delivered to the pile.

3. The coefficients of restitulion were not knnwn. The PC Code was fol-
lowed by using #* = 0.25 for steel piles and 0.10 for concrete and timber piles.

4. Thedynamic compression and recovery of the piles during driving were
not generally reported. Thus, values for the constants C,, C,, and C, in Hiley’s
formula were taken from the tabulations in Chellis."?

5. Theelastic modulus of the material in each pile was not reported. Aver-
age values for the static elastic modulus™ were used in this study. The dy-
namic elastic modulus may exceed the static modulus, especially for timber
piles. In addition, the moduli of the timber piles vary with the type of wood,
storage conditions, and driving conditions.

6. Only about ten of the piles were driven entirely through cohesionless
soils. At many of the sites the piles were driven through soft cohesive soils
into underlying sands. In other cases the sand was interstratified with clay,
silt, and sometimes organic soil, or was described as silty sand or clayey
sand.

7. The capacities of most of the piles were reported without presenting
the actund load-scttlement diagrams. It is believed that a scatter of perhaps
15% has resulted {rom the use of different failure criteria.

8. Bascd onrecent ficld studies'® it is belicved that many of the measured
pile capacities are in error by 10% or more because of friction in hydraulic
loading jacks, and improper calibration of equipment.

Attempts to account for the various sources of error by adjusting the field
data were not considercd desirable because: (1) The adjustment procedures
would be too complex for normal field use:; (2) data were not availuble-for
making most of the corrections: and (3) arbitrary choices involved in making
such adjustments. would introduce bias.

STATISTICAL METHODS

As expected, the measured and computed pile capacities did not correlate
perfectly. It was convenient, therefore, te apply certain simple forms of sta-
tistics to the interpretation of the data. The equatinns used in the statistical
study are presented here for convenience of reference.

The mean (Y) and estimated standard deviation (5y) of N observutions (X))
of the variable X are given by

¥-Lvx SRR AR (1)

= — )

N ~ i

16 jousel. W. S., *Michigan Study of Piic Driving Jatimers,” eryn~1 ._,L‘u_\: Sotl Me~
chanics .m(! Foundations Division, ASCE, Vol. 91, No. b 815, Proc. l’.lpcr 4483, Sept.,
1965, pp. :-(24

7 Chellis, R. , op._cit.; pp. HU5H-50G,
B Davisson M T “Summary of Knowledge Gatned from Tesls on Inntrumented

Piles,” presented at ASCE Metropolitan Section, Seminar on Plie Foundatlions, New

York, N. Y., 1966.
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T (v 1 .
L - 52X
and Sy = v I R R (2)

If there arc two variables, X and ¥, and ¥ is .assumed to be linearly re-
Iated to X according to

Y=AX +B3 ... ... .. ... J P (3)

then linear regression analysis can be used to estimate the most probable
values of A and B. In comparing the measured and computed pile capacities,
it was assumed that significant errors existed in both, and thus it was neces-
sary to minimize the square of the deviations measured perpendicular to the
regression line, i.e., the reduced major-axis technique of linear regression
analysis applied. The pertinent equations are

R

A

and B = ¥ - AN Lot (5

In addition to the parameters A and I, it would be desirable to have one or
more parametérs to describe the scatter of the observations relative to the
regression line. Of the various available parameters, it appears that the cor-
relation cocfficient, », is the most satisfactory because it issingle-valued and
varies between fixed limits of plus onec for a perfect positive correlation
threugh zero for no correlation to minus one for a perfect negative correla-
tion(standard errorsof slope and intercept, and standard deviations could also
be used). The correlation coefficient is defined as

VS X - 2 SN YY)

Yooh - Ly Yoo - b

N - ; (x vy

T

MODIFICATION OF J/‘\NHU’Sv FORMULA

There is no apparent reason why Janbu’s driving cocfficient should corre-
late with the ratio of the weight of the pile to the weight of the hammer. To
cheek this correlation, the load tests reported by Flaate™ were used to back-
calculate the driving cocfficients. These driving coefficients are plotted in
Fig. 1. It is apparent that there is no significant relationship between Cy and
w,,/w,, for the tests used in this study. The average values of € for timber,
precast concrete, and stecl piles, were 0.92, 1.06, and 1.07, respectively,
with an average for all piles except 549, C15, and T20, of 1.02. Therefore,
Janbu’s formula was simplified by substituting C; = 1.

Separate statistical studies of the pile data were performed.using Janbu's
original formula, using the modification with a driving coelficient of ane, and
using another modification in which the efficiency terms were not incorporated
into the driving coefficient. The studics showed thal the modification with
Cy = 1 was both the most accurate and the simplest. Thus, in all subsequent

( b Pl -DiUdviiNG FORDMULAS -0

2.5 T 1 T T T \_,k
Key &
A o timber piley
o concrele plley
2.0+ a Py A steel piles ~
PN\ a
a
& el
1.5 a ° —
®
= a e
¢, s °
og © A:‘ 2 sa ° .
ol o 4
1ok © ° o ‘% A o, 2 . .
@ o o Ao L e ®
° % "3 .
® a° J’A ° o °
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FIG. 1L—INFLUENCE OF "HE RATIO “'ﬁ/“'}. ON JANBITS
DRIVING COEFFICIENT f

s_ecti_ons, any statement regarding Janbu’s formula will refer to the modifica-
tion in which the driving coefficient is one.

COMPARISON OF MEASURED AND COMPUTED PILF. CAPACITIES

Prescutation of Data.—The capacities of the piles studied by Flaate™ were
calculated using the seven [ormulaspresented in Table 1, except that the mod-
Hied form of Janbu’s formula was used. The measured pile capacities and the
values ealculated using the seven formulas arereported in Table 2 for timber,
precast concrete, and steel piles. These data were used to prepare dingrams
in which the measured pile capacity, Q,,,, was plotted as the ordinate and the
calevlated capacity, @., as the abscissa. The rcduced major-axis type of
Hinear regression analysis was then used to find Lhe best linear relationship
between @, and @, according to

R = A Qe + B e e e (7

For a perfect pile-driving formula and uniquely defined values of ¢, the
measured and computed capacities would be identical for cach pile and the
statistical parameters would be A =1, B =0, and » = 1.

Regression analyses were performed for each type of pile separately using
cach pile-driving formula. Representative @,,, - @, diagrams fortimber, pre-
cast concrete, and steel piles, are presented in Figs, 2 through 4, respectively.
The statisticai parameters are tabulated in Table 3. Cumulative frequency
curves arc presented in Figs. 5 through 7.

Evalualion.—For timber piles, Janbu's formula is clearly superior to the
others {Table 3). The regression line has a slope of nearly 45°, 4 small inter-




5

286 .

TABLE 2.~COMPARISON OF MEASURED AND COMPU

~
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TED CAPACITIES OF PILES

Test (AN Qoo in tons
v ber L . T T
Number in tons EN G . Ga ba e i 3
[$3] ©) 1 ) (8] ) [} (£ {9}
{¢) Timber
1 38 30 31 16 50 a5 29 34
2 38 a3 35 51 G0 42 35 42
3 a5 26 32 41 35 29 26 25
4 31 28 35 43 11 32 29 2
5 23 21 28 33 25 22 22 17
6 21 25 ag 40 a3 b3 a0 213
b 107 20 134 84 117 &8 108 75
& 117 90 209 110 167 113 205 121
s 40 77 76 16 40 26 26 33
10 10 62 61 42 35 22 2 28
11 68 67 44 a7 24
12 152 147 (43 53 s
13 3] 87 FEI ! 27
34 30 11 31 i 2
15 43 34 hES : s
16 i1 155 177 #0 [N} : 65 )
: a7 83 10 i [EI £ 19
S 45 113 1m I a1 1 47
19 187 200 153 PE R Y PO ™ 192
20 - - = =0Ty L= -
121 126 14 T T S S Do 2
162 138 173 e g ; 159 1ii
an 18 48 . a1 [ 67
96 38 43 W ne ) 57 71
50 19 a7 33 i Gs i 30 45
55 65 | o | 15 it 53
! B E] : 15 ] R i 4 ! [
H L A oo o 0
{ 85 . 40 i ' Saz aa : kb
i 86 15 I SR 30 KR 11
13 I SR I T L wa | 72
93 165 ¢ f b o1as L B YT
s H i [ I s s a4
105 160 i 79 i 125 121 ! a0
68 i 35 N S T S N
73 i IS 120 . ST - ! v
33 ! i [ " i o 4 ' | o0
i o
43 101 ns 4T 5 RS I s
59 73 | 1 B o iy
3T 91 104 | 15! 16 1 1
:
41 i3 191 113 4t | 34 12 m i
42 h 161 180 [ ! S0 75 N 7
43 68 . 161 188 61 H Y SH0 T T
44 6 185 228 65 l 100 93 jo1 “w
{b) Coucrete
. .
H 7 53 [g¢] GG 74 ks 71
bd 77 39 18 64 70 67 75
2 a4 41 37 0 SO 61 a3
4 132 42 33 71 75 60 97
5 121 5 29 71 148 87 60 110
[ 138 42 25 71 142 77 55 106
7 70 Y95 201 G4 135 96 68 318
3 34 29 16 45 50 23 18 a3
9 15 26 17 41 42 21 17 27
10 50 37 21 73 173 68 55 100
11 73 37 21 7 128 66 54 v
12 121 75 39 113 181 66 85 134
13 1 a0 42 96 TEA 91 (s 143

PILE-DRIVING FORMULAS

TABLE 2.—~CONTINUED

Qe 0 tons

Test Qe
Number in tona EN G Ga Pa vc " 3
) ) @) ) {s) ) o ) ®)
{b) Concrete {continucd)
11 296 455 452 116 235 110 120 210
15 95 69 298 115 259 83 158 221
16 290 316 316 154 370 133 130 a1z
17 138 245 245 98 ey 88 93 207
{r} Stecl
1 56 7 a4 50 65 46 46 41
¢ it 37 34 50 65 46 16 41
3 15 40 36 53 32 52 51 16
4 55 10 37 5l 75 55 53 18
5 67 2 il 56 £2 60 59 54
[ 45 15 10 5 91 66 66 61
7 9 15 10 59 n [ 66 62
) 15 15 49 60 HE 73 76 65
5 67 15 49 60 9y 71 76 65
10 89 19 13 65 ¢ 109 7 50 77
11 70 [ 69 i 151 o1
12 110 45 i) 14 £7
11 135 212 [ 26 175
14 144 i 153
15 i . ; 202 : ; 161
16 ; ;
17 i
18 !
19
20
! i
: | i . C !
; i : . ! i
. : :
: ) i : : !
: ¥ : -
. : ! ! 145
! ; | : 151
‘ ; ; [ sz
; \ ; | L 10
‘ ; | P
| Yoo | 10N i i ! ; 100,
5 10 ! 150 i i : YT
s ! b i i i o
B H W I w7 f . 2 ' ]
a1 : ] ; an | ; 2
i : t 1 .
an I | i 2z 1 ! ' a2
17 [ 2nh i ; fin ! : . R
an ; 145 i | 7o ! 74 ! 22
3 T ; I T R R W S
10 [ : | and oy | Loaws
: e . . '
11 i 1000 i N7 ] 6N ! 13k . A, !
1 ! 1 H 1700 a5 1 g
41 1in [a¥ [T o T
44 1 L9 I LW [ RE ; 12
i5 2in 500 U | RS R 1
16 207 1305 1isd ten I a0
17 111 201 296 84 i 150 4
4 {62 1170 1164 162 H 330 280
49 I w57 31y 73 i 1i2 147
50 63 R az1 74 ! 1 125
5 55 150 164 59 b7 77
62 42 128 } 1720 o ' 1 70
A a1 1w i 500 63 52
o b ] 181 63 l vy 59
55 o I | oo wo “n 50

Caldbad souse

r—ry
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cept, and a high correlation cocfficient. The datn are shown graphically ia
Fig. 2(d}. The Danish and Gates formulas have equa}ly high values of the cor-
relation coelficient but less satisfactory values of A and B. The PC and Hiley
formulas are somewhat less accurate, and the Enginecring News and Gow
formulas arc considerably less accéurate.

Consideration of the data for precast concrete piles is made difficult by
the fact that a total of only fifteen tests was available. For the available data,
Hiley's formula yields the value of 4 closest to one but the low correlation

November, 1967

TABLE 3.—COMPILATION OF STATISTICAL Pz‘.i‘;\.\‘[E'I"ERS

Pile . Formula N A B, in tons r

(13 (2) (3) (1) (%) (6}
Timber Engincering News a7 0.45 16 0.28
Gow 37 0.37 18 0.143

filey 37 0.6 19 0.77

Pacific Coast 37 0.50 14 0.74

Janbu (C; = 1) 37 0.98 9 0.8G

Danish 37 0.71 9 0.86

Gates 37 1.30 -17 0.86

Concrete Engineerin; News 15 0.20 72 0.11
Gow 15 0.32 69 0.12

liley 15 1.08 24 0.43

Pacific Coast 13 1.57 -19 0.75

Janbu (Cd = 1) 15 0.66 20 0.64

Danish 15 G.60 11 0.69

Gates 15 1.62 =27 : 0.63

Steel Engincering News 11 0.28 43 0.37
Gow i1 0.28 12 0.38

Hiley 41 1.4 -10 0.76

Pacific Coast 4 1.07 0 0.79

Janbu (Cyp™ 1) 11 "ol 7 U]

Danish +1 0.:0 ~16 0.82

Gules 11 2.5 -83 0.8

All Engineering News 92 0.33 37 0.29
Cow 93 . 0.3z 37 0.36

Iiley 92 ©0.92 7 0.72

Pacific Coast 3 1.04 2 0.76

Janbu (Cn. = 1) 93 S 0.87 10 0.81

Danish 93 0.77 -2 0.51

Catcs. 93 1.€1 -8 0.81

coefficient indicates considerable scatter [Fig. 3(b)]. This scatter is also evi-
dent in the cumulative frequency curve (Fig. 6). The A -values are farther from
one for the PC, Danish, Janbu, and Gates formulas, but the correlation coeffi-
cients arc higher. The cumulative {requency curves in Fig. 6 suggest that the
formula yielding values of @Q,, /@ closest to one is Janbu’s formula. The low
correlation coefficients obtained when the Enginecring News and Gow formulas
were used indicate that there is essentially no correlation between the meas-
ured and computed pile capacities {Fig. )],

( Y6 PILE-DRIVING FORMULAS T

e

For steel piles, the PC formula yields excellent values of A and B but the
correlation coefficients are slightly higher for the Danish, Janbu and Gates
feormulas. The Hiley formula is slightly less accurate than these and, again,
the Engincering News and Gow formulas arc considerably less accurate.

To obtain a measure of the over-all average accuracy of the formulas, the
weighted average values of A, 13, and » were calculated (Table 3). The corre-
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FIG. 2.~ RELATIONSHIPS BETWEEN MEASURED AND
COMPUTED CAPACITIES FOR TIMBER PILES

lation coefficients are highest, and equal, for the Gates, Danish, and Janbu
formulas, and are slightly less for the PC and Hiley formulas. They are so
low for the Engineering News and Gow formulas that these formulas can be
eliminatéd from further consideration. When the values of A and /! are taken
Into account, the Gates formula can be eliminated. The PC formula ytelds the




200 . & (

A
best average values of A and B but it does so, in part, by underestimating the
capacitics of timber piles and overestimating the capacity of most concrete
piles. It appears that valid arguments can be used in support of the Danish,
PC, Hiley, or Janbu formulas: no ong of the four is clearly superior to the
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others.
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FI1G. 3.—RELATIONSHIDPS BETWEEN MEASURED AND
COMPUTED CAPACITIES FOR CONCRETE PILES

Adjustment of the Fornudas.—None of the formulas used in this study has
any claim ‘to theoretical rigor. Their usefulness is determined solely by the
degree to which they successfully predict pile capacities in the field. Any ad-
justment to the formulas that improves their correlation with measured €3°
pacities is justified on pragmatic grounds. )

All of the formulas can be improved il n new calculated capacity, Qe

defined using the equation

]

N QL= AQ B L. e R, W

in which the parameters A and I are tabulated in Table 3. If the values of A
and I3 are taken separately for each type of pile, and the new calculated ca-
pacitics are compared with the measured capacities, the repression line must
vield A =1 and ¥ = 0. Thus, the accuracy of the adjusted-formula depends on
the correlation coefficient.
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FIG. 4. = RELATIONSHIPS BETWEEN MEASURLED AND

COMPUTED CAPACITIES FOR STEEL PLLES

In terms of high averagecorrelation coelficients and simplicity of use, the
Gates formula must rank lirst, followed closely by the Danish and Janbu for-
mulas. The PC formula is less accurale and considerably more cumbersome
0 apply. The Hiley formula might be more accurate if t'hc values of C,, C
Wd ) were measured in the field, as Hiley recommended, bul the fox{;nulz:;
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ranks [ifth among the seven studied, when the average values of these con-
stants are used. ' -

If separate formulas are used for timbér, precast concrete, and steel piles,
the adjusted forms of the Gates formula become

Timber Qe = 1.2v¥¢, E, log (16/s) - 17
Precact Conerete Qu = 9.0 0, F, log (1075} - 27 ) .. ... .. (0)
Steel Q. = 13.0V¢, r, log (10/s) - 83 ]

in which Q. is in tons, F is inin.-tons, and s is in inches.

The pile capacities were all recalculated using these three formulas. The
measured and recomputed capacities are compared in Fig. 8. The equation of
the regression line was @,, = Q. and the corrclation coefficient was 0.83, in-
dicating a good correlation, The ratic Q,, /Q. was caleulated for each pile.
The average value of the ratio was one and the standard deviation was estl-
mated (Eq. 2) to be 0.28 (pile S35, which was driven with a small hammer,
vielded a negative capacity and was not included in the caleulation). Tl_\_un,
approximately two-thirds of the piles had measured capacitics within 280 of
the caleulated value.

If a single pile formula is desired for use with all three types of ptles,
then the average 4 and M factors (Table 3) can be used to adjust any of the
formulas. It scems apparent from their high corrclation coefficients and slm-
plicity of use, that the Gates, Danish, or Janbu formulas should be recom-
mended. As an example of the adjustment, a complete set of calculations was
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pcrfm—'mcd u\; _. the modified form of Janbu’s f()rmu.ln with A = O..B‘d and
B = 10 tons. For all 93 piles, the regression line relating the mcasur-co.;n_
pacities to the adjusted, computed capacities yielded A = 1, B = .0, fmd r = 0. 3_
The mean value of @,,/Q. was one and the coefficient c?f v:u"mt.xon vx}-: 350,
i.c., about two-thirds of the piles hm:l calculated c:mncitms thl?m 5% 9{ the
mc."'asured values. Similar correlations would be obtained if a single adjusted
ish or Gates formula were used.
DN‘\':;‘Z“ r.‘\pplying the revised pile-driving formulas in practice, use of a fr;c_
tor of safety of about three is recommended. There are several reasons for
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FIG. 8. ~COMPARISON 8 SSURED PILE CAPACTTIES
ANDY T CAPACITIES CAl LATED PSING THE \I\ Iis-
TICALLY ADJUSTED FORMS OF GATES FORMULA (5. 9)

choosing three. First, a ractor of two is needed to account for innccuracy 1.!1
calculations (Fig. 8). Second, additional capacity is needed to account for nos -y
mal uncertainties in loading. Third, the factor of safety should be increased
further toecnsure relatively small settlements under the design load. The fnc—.
tor of safety actually uscd in design may be adjusted to larger or smalle:
nlues depending on the consequences of excessive settlement, . -

Validity of the Adjustmeni Procedure. —A question may be raised reg:xr(h;-.n
the validity of the adjusted forms of the pile-driving !of'mulns because of t:g
fact that th'ey were adjusted, statistically, to fit certain data :m.d then \tgpr
compared with the same data. Can the adjusted formulas be npphcc‘i’to o her
piles with reasonable confidence? The answer would appear to be yes, 'p o
vided that the data used in this study are representative of data gm}ernlly Obc
tained in the field. Whether the data are, in fact, rcprcs.ef‘ltntxvo can o
cstablished only by the collection of a large number of additional Iond-‘l'c‘;.g
results which would then be used to refine the values of A »:md I, It appears

'

= .
~the numberof tests used in this study for timber and stenl piles was<_ .-
Fc/ient toallow moderate confidence to be placed in the values of 4 and B pre-
sented in Table 3. Howcever, the small number of tests using precast concrete
piles, and the large amount of scatter, would suggest that more data are necded
to establish values for 4 and B for these piles. No data are included for cast-
in-place concrete piles where the casing is driven with a steel mandrel, but
it appears probable that the formulas used for stecl piles would apply.
In any case, it seems certain that the adjusted formulas are more accurate
than the original ones. If the original formulas were good enough to use, then
the adjusted formulas are likely to be better.

CONCLUSIONS

The measured capacities of 93 piles driven into sandy soils were compared
with the capacities predicted using the Engineering News, Gow, Hiley, PC
Code, Janbu (C, = 1), Danish, and Gates formulas. The accuracy of the far-
mulas varied with the type of pile. Janbu’s formula was the most accurate for

tilw. None of the Tormuias was clearly hest Iorthe precast
conerete piles. In all cascs, however the Engineering News and ~ow for-
mulas were .clearly inferior to the others and were eliminaled from further
congideration. :

The three formulas that yielded the highest average correlation coefficients
were the Danish, Janbu {C4 = 1), and Gates formulas. Thes: formulas were
adjusted statistically to fit the observed capacities. The adjusted formulas are
believed to be more accurate in predicting the field capacities of timber and
steel piles than any previous formulas. For greatest accuracy and simplicity
of use, it is recommended that the adjusted forms of Gates’ formula, Eg. 9,
be used. ) .

Adjusted forms of the Janbu (Cy = 1} or Danish formulas are also recom-
mended. They vield essentially the same results as the Gates formula but are
slightly more difficult to use. ’ '

Single adjusted formulas may beused for all types of piles but the predicted
capacities are tikely to be slightly less accurate than wien a different adjusted
form of the formula is used for each type of pile.

APPENDIX.—NOTATIO

The following symbols are used in this paper:

A = slope of a regression line (climensionlcss);-cross—.scclionn.l area of a
pile, in squarc inches; )

o= intercept of a regression line, in tons; .

C, = recoveruble deformation of the pile cap and head, in in¢hes per blow;

C, = recoverable deformation of the pile, in inches per blow;

C; = recoveriable deformation of the sofl, in inches per blow;

= Young's modulus for the pile material, {n tons per square inch;
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nominal energy of the pile hammer, in inch-tons per blow;

efficiency of the hammer (dimensionless ratio); .

efficiency of impact betwecen the hammer and the cushion block (dimen-
sionless ratio); - '

height of {all of the ram, in inches;

length of the pile, in inches;.

number of observations;

pile capacity calculated using a dynamic pile~-driving formula, in tons;
calculated pile capacity after the application of a statistical adjustment,
in tons;

measured pile capacity, in tons; | .

correlation coefficient (dimcnsionless‘ number ranging from 1 to -1);

= estimated standard deviation of X;

estimated standard deviation of Y;
average penctrationof the pile per hammer blow for the final ten blows,
also known as the set, in inches per blow;

weight of the falling part of the hammer, in tons;

weight of the pile, in tons;

a variable;

meun value of X;

a particular value of X;

a variable;

mean value of Y; and

a particular value of Y.
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VOLUME GCHANGES IN TRIAXIAL AND PLANE STRAIN TESTS

By W. D. Liam. Fian,! Neil H. Wade,* and Kenneth L. Lee,?
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INTRODUCTION

Studies of the strength of sands under high confining p-resshres ‘have shown
that the volume change a specimen exhibit~ during shear is dependent on the
magnitude of the consolidation pressure. 1t the density of a sand is above a
certain minimum density, the sand will expand during shear under low con-
fining pressures. When high confining pressuresareused, the sand grains are
crushed and, during shear, volume contraction {akes place. At a certain value
of the confining pressure, depending on the magnitude of the initial void ratio,
no volume changestakeplace. The confining pressure which assures no volume
change during shear has been termed the ’_‘cx~itical confining pressure.”®

The magnitude of the pore-water pressurethatoccursin sand during shear
depends in part on the kind and amount of volume change; a tendency to volume
expansion induces negative pore pressure leading toincreased strength inun-
drained shear, while a tendency to volume contraction leads to-positive pore
pressurcs and reduced strength, The shear strength of saturated sand in un-
drained shear under high confining pressures will, therefore, depend on the

. relation between the actual confining pressure andthe critical conflining pres-

sure. At confining pressures less than critical, expansion tends to occur with
a resulting decrease in pore-water pressures, but at pressures greater than
critical, a tendency to contraction and positive pore pressuros will develop.

"To date most high-pressure tests on soils have been under conventional
triaxial test conditions. Yet in practice the soil may deform under plane
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