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,y GEORGE E. RAMEY* and ALAN P. HUDGINS§ .

HE DYNAMIC WAVE EQUATION pro-
ies @ means of evaluating pile capacity
2t s mathematically well-foundeds, and
:;?Iacb\y nrovides the most realistic mat!1e-
setbes MmOl ayvailable for  depicting
sctual behawo_u of the hammer-pile-soil
gstem. Numerical v, oration of this equa-
fon, -with the aid of "\ gigital computer,
Zpears 10 be the MOSt wyignal analvtical
nzzns of evaluating pile Canacity. This
ws been accomplished by seveg( inves-
rpators?.3.4.5.6 and excellent correwtjons
ztween predicted and measured failuee
;ads have been observed.

A computer ‘program solution of the
¥t eauation was utilised in the investi-
gHion beiny 1uearted 10 adjudge (i) the
snsitivity  of” progran, agenerated  P-n
aurves 10 the program input soll nara-
w@ters, and (i) the accrresy of the pro-
yam in predicting pile capacty.

Have equation—computer
yogramine

Cevelopment of the pile wave equation
jsulted from a consideration of the inter-
"2 forces and motion of a segment of a
w2ly suspended prismatic bar that was
Aject to an impact at one end. For the
¥ ne of a pile, the equation was modified
iconsider external resistance 1o the seg-
¥t motion offered by the soil. Smith"
Ziverted the tesulting partial differential
Juation to a finite difference equation
ad outlined & numerical procedure for
§ solution, His procedure accomplished
1epproximate solution of the real system
j determining the displacement of each
gment of the idealised system over a
it time interval (e.g., 1/4 000 second).
12 algorithm begins at the impact of the
Trmmer and the time s incremented in
1wt intervals until the pile tip stops
4§ wing. The dnverse of the displacement
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of the pile tip due to one hammer blow
is the number of blows per foot that
would be required during driving 1o
develop the assumed pile static capacity.
The interested reader is referred 10
Smith’s article for a detailed description
of his solution procedure.

Researchers at Texas A & M University?
developed & computer program  which
executed & numerical solution of the wave
equation as outlined by Smith. Their pro-
gram increments time (in steps of &)
until all movement of the pile tip due to
the simulated single hammer blow h.a-SL
ceased and prints the_resul‘titlr:J a.g\mrepeats
set of the pile tip. Jnh:forr a; many input
; . Lions
:,S,.S;i”e_s_,?_f.?ﬁ‘ecsm:':is desired, and hence
can be used to genesate pile P-n curves.
fhese curves, in turn, can be used to
predict pile capacity for any given blow
count value. Fig. 1 provides a generalised
pictorial summary of the fundamentals of
the computer programme. This programme
was slightly modified by the authors to
facilitate 1/0, and used in this investiga-
tion. Since the description of the computer
programi is well documented’ its dis-
cussion here will be brief and limited to
those items specifically considered in this
investigation.

Program input data fall into the general
categories of: :

1. Pile characteristics and pile capacity
desired,

2. Hammer characteristics, and

3. Soil properties and pile soil interactions.

Items (7) and (2) can normally be readily

"determined from the pile properties and

hammer manufacturers’ literature, How-
ever, the input data required for item
(3). are not so readily determined. The

" specific information required for this is:

(a) Distribution of static capacity between
point bearing #ad cide friction

(h) Dicriwnon of side iriciing along pile
RN

(e LT a0 1y,

sl At the poing

end wiong the sides (Guske)

—

accuracyort
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(d) Point
cients,
This iniormation is input in the pro-
gram under the foilowing. variable names
{end definitions). y
PERCNT — The percentage of pile capac-
’ ity that is developed by point
bearing,
QPOINT ~— Quexe or uitmmazie. strain of
fe - sGH a1 e - piie 1ip,

and side scii G6amping coeffi-

QSIDE - Quake or utimate strain of
ine soil siong the sides,
JPOINT — Damping cocmatent of the soil
at the piie 115, erd
JSIDE  — Damping coetficient of the soil
. along the siges. - ’
Because of the polentisliy - large varia-

tion of .the velues of these parameters,
en gzbbrevisted study wes performed to -
adjudge the sensitivity of tne program to
these parameters,

Sensitivity and evaluation of wave " -
equation pile-soil interaction
parameters

Use was made of previous published
resugs®.* which indicates linear relation-
ships between QSIDE and QPOINT and

between JSIDE and JPOINT, or more
specifically,

QSIDE = QPOINT . (1)
JSIDE =  1/3* JPOINT

These relationships were assumed to be
valid and thereby reduced the investiga-
tion of evaluating the sensitivity of the

program generated P-n curves to the
parameters, PERCNT, - QPOINT, and
JPOINT. ’ '

An abbreviated investigation was per-
formed whereby each parameter was
varied over its full realistic range while
holding the other two parameters constant.
Since the purpose of the study was to
adjudge the sensitivity of the program

.golution 10 the pile-scil interaction para-

frertern The Natincuizs pile Cese COnSioered
ves NOT deemed crucial. Tne case of &
1£.24m steel UBP 254 x 254 x 63kg/m
driven 13.72m into a relatively uniform

sand with a Vulcan 05 hammer was utilised

for the investigation.

Separate P-n curves were generated
for each of the .three parameter variations
and these are shown in Figs. 2, 3 and 4.
In each case, large variations in the soil
parameters caused much smaller variations
in predicted pile capacities, indicating the
dampened effect of the soil parameters.
This is desirable and means that errors

. . in estimating these parameters will lead
" PLRMANENT SUT 10 errors ‘of tuch smaller magnitude in
predicted pile capacity. For example, look-
ing at Fig. 2, one can see that a 200%
error in estimating PERCNT leads to only
8 13% error in the predicted pile capacity
for a blow count of 30.
Results from several representative field
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TABLE |. VALUES OF WAVE EQUATION
PROGRAM SOIL PARAMETERS FOR

'

TABLE 1. CO\|~\\\\\\\‘

ON OF WAVE EQUATION AN

B

ELN e S D DYNAMG
TWO COMMON ALABAMA SOIL —— . UNSUATION PREDICTED CAPACITIESS . T
SETTINGS tP"" SO"S R H T R
™ ype  type! CALACITNY oy, . N MEN t - HILEYS ™ :
Stratified sand P — % e \_m‘n l »LEY,‘. GAT{:
\Parameter Sand and clay Wéth s :§ a3 125 99 89 b
% tip In san S 5: \3\1 83 57 L ;
AU S T 33 85 110
GINT 0.1 0.1 s gg W 94 127
QSIDE 0.1 0.1 Ss ma a2 106 156
R - . o3 [N
JPOINT 0.15-03 0203 SS 53 g 180 124
3
JSIDE 0.05-0.1 0.067-0.1 ss 27 o o e
PERCNT 50-75 60-75 T ol ™~ 118 209
Lo
..... 2 3s e = 82 106 -
w ss 1oy 2 179 108 - a
' zach case, these parameters wers ad- %) S5 110 Mz 249 145 - 76 - e
Lot (0 0DIEN 3 good SO the qenciaiey 53 ;s R N3 177 78 . 3
Tova tuoaCiudl e TAlre tany gunars, . 05 ‘:) i 137 95 63 - 37
“nums wf QUIDE and JSIOE were raken Ss 176 °x 151 103 . ’ g
5 inuicated in Eq. (1). Al of the pile s 2&) 122 266 162
fuilure data were from Alabama soil set. 3s 93 N 202 114
tings and-the curve fitting procedures S 65 S7 127 80
described on the preceding page were S 67 35 122 211
accomplished for the two soil settings S 69 N 110 162
indicated in Table I. The resuiting para- —_— 148 328
meter evaluations are summarised in that w S - B85 v
same table. These were the pile-soil inter- ;= s 67 53 261 110
action parameter values utilised in subse- < & S 49 ‘_;\\\ 192 81
quent evaluation of -pile capacities by the 9 (é) S 50 50 172 93
wave equation. Program parameter values Fo SS 81 \§? 167 100 .
utilised to depict pile and hammer charac- © SS 82 :&; 354 197
teristics were determined from the field SDvma T 303 154

*Dynamic equation Capac.iax \\:\....;;

test records and manufacturers’ literature, §S - Sand; SS.- Stratifiey oo™
© iModified Enginser Newss T TN lay e te
Comparison of wave equation and
actual pile failure joads

. shown in Fig. 5. Ezcs =x
After evaluating the soil, pile, and ham-
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& s , POSed of piles of SR h:_vom

el parameters as indicated above, the . various Combinations <3 e Ju
“ram was  employed to generate  soil type, and (5F) h : &P (i)
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2s of P-n curves such as the ong  P-n curves were genecs—a-~
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research project and their dupwpon ¥ &
not the object. of this article, - ...
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¢ TABLE L. COMPARTIS()N OF WAVE EQU"TION AND DYNAMIC
e EQUATION P;)redic!ed/ failure “TIOS
ANISH b . Ppredlcted/P{mlure r*’t;\ -
- e Soit T .
0 - ) .
6y Rme type Vg:;’e EN MEN HILEY  «ixEs  DANISH
i .E L e T LTI e e R
122§ S - 079 - - 260 2.06 1.85 126 © 703
137 i S 1.88 3.79 - 262 2.08 2.25 9 88
12 3 S 1.10 2.47 318 2.79 2.03 91
110 3; S 1.02 1.96 2.64 2.19 1.58 2%
9 §+ S 1.06 1.83 2.69 203 1.47 2.36
167 SS 0.9 3.09 2.14 1.56 1.19 1.94
103 3% Ss 0.97- 3.30 2.25 1.60 1.27 2.02
119 i. SS 1.60 5.27 3.37 2.37 2.33 3.20
141 d S 1.28 194 3.43 2.70 152 2.75
154 S 1.00 2.09 2.72 2.38 1.74 2.77
I E $S 0.69 1.52 0.92 058 059 1.01
1ve @i $S 71.05 223 1.36 071 0.74 T2
1wz PSS ©1.00 2.25 1.27 0.56 0.62 1.0
23 SS 0.81 1.80 1.09 0.72 0.77 1.25
95 %@ SS 0.81 1.77 1.13 0.79 0.74 1.26
159 3. - SS 0.89 1.95 1.19 0.65 0.60 112
139 34 ss 0.43 0.97 0.55 0.30 035 058
170 L SS u.n3 1.30 0.81 O.ov 0 A2 0.07
e B S 1.30 1.86 3.24 2.15 1.43 2.43
132 is S 0.97 1.64 2.42 1.74 13 2.07
Eg g“ S 1.49 214 4.76 2.09 1.75 246
120 3% S 1.04 4.00 -1.68 0.94 1.21 2.01
181 §F s 0.81 2.86 1.20 0.77 1.04 1.66
158 ‘§Z.~ S 0.93 352 1.89 1.37 1.37 244
st g 1.00 3.34 2.00 1.64 1.36 2.40
3z ss 1.03 438 244 1.456 1,42 2.24
3 SS 0.98 3.7 1.89 1.16 1.06 1.90
" "o 24" . TABLE IV. COMPARISON OF WAVE EQUATION AND DYNAMIC
' i EQUATION STATISTICAL PARAMETERS
six 305 & A File Prediction Number Average Standard . Correlation
les of 1M_§ type equation of tests Pored. /Ptait, deviation coefficient
- 23 WAVE 21 1.03 0.34 725
arowt<00s 185 EN 21 2.28 0.95 683
jem——g el H MEN 21 2.18 1.09 o83
0.2 a HILEY 21 1.62 0.63 259
R GATES 21 1.25 058 165
- ' DANISH 21 1.97 0.81. 330
WAVE 6 0.97 0.08 929
EN 6 3.64 0.53 .906
RCKT =50 MEN 6 1.85 0.41 . 782
HILEY 6 1.21 0.31 .600
ATES 6 1.19 .15 804
Olg =02 gANISH 6 211 0.21 797
R Toble pile dsiiore teer gesulie FUothe qeste came from ane geoiogCHl setunge, It
;_.lmn:'. of one ¢ the venerziee Forn an 1ell Inzt thoe dreater scalie: exhibried
8. For each of these cases, a wave by the steel H piies o que 10 variances
amerer icn  predicted cepacity was deter- in soil geologicel setting rather than in-_
- ‘rom the P~n curves and compared  accuracy of the wave eguation. :
s «ive sctual failure load. Some popular dynamic impact equa-
———"/ﬁfi”:Ore making this comparison however, tions were also employed for compara-
s necessary to define pile failure. tive purposes, and the results of their
3% felt that a condition of plunging applications are also shown in Table Il
130 plunging was the preferred criter- Table (Il presents these same data as
¢ Loads corresponding to a slope of dimensionless ratios of ledi(.h_d/f’,u“ure.
Ytons/cm on load-settlement curves A comparison of these results indicates
ENGTH=P dilelt 10 be at or near plunging (others. the superior accuracy of the wave equa-
-30 “bsed a slope of 35.70tons/cm which  tion for the failure test piles considered
o &@ble the .vaiue used in this study) in this investigation.-

| Were 1aken as the failure loads in

Mudy, These loads were taken direct-
gi‘?rn the pile test load-setilement
%S 8s indicated on the sample P-A

170t Fig. 6, _
% bwave equation predicted end actual
3¢ doads are summarised in Table Il

MNarinm o —f oL __ . 0__ 1 '

Statistical analyses were performed on
the Predicted vs. Actual Failure Load data
sets and the results are summarised in
Table IV. It can be noted from this table
that the wave equation gave average
Poriierea? Pranure  Fatios  much closer to
unity, higher correlation coefiicients, and

1.
120 | 185"
P1=107 o
ST /’“
380+
g
3
-
MOBILE AL
45 F STEEL H-PILE
SS SOIL
S H
: . ; . -3
DEF_EZTION (enii

Fig. 8. Typical load test P-. curve

writung pile-driving »0ecifications, in inter-
potgting Letwes2n @nd extrapolating beyond
load test results, etc. The authors believe
that the most rationa! and accurate anely-
tical approsch in predicting pile capgcity
is through use of e wave equation.

For the failure test results of this inves-
tigation, wave eguation, analyses conss-
tently gave better pile capacity prediction
results than did the dynamic impact enua-
tions considered, Additionally, the accur-
acy of wave equation predicted capacity
was very good in all but a few cases.
Table IV indicates higher correlation co--

"Eefficients, Pp'_edh_“d/Pra”u” ratios closer

to unily, and lower standard deviations
for the wave equation relative to the
impact equations considered. ‘

The abbreviated sensitivity study, con:
ducted in this work indicated a greativ
dampened effect of uncertainty of pile-
soil interaction parameter values on wave
equation pile capacities., That is, errors in
estimating these parameters lead 1o much
smaller errors in the predicted pile capa-
cities. .

In using the wave equation program
it is recommended that values of the pile-
soil interaction parameters as given in
Table | be used. These values have been
-evaluated to give a good fit of predicted-
to-actual failure losds for the two co-
mon soil seriings shown,

Acknowicdoements

This study wass conducied under 1
sponsorship of the State of Alabama
Highway Department in co-operation with
the US Department of Transportation,
Federal Highway Administration.,

References
1. Agerschov, H. A, (1862): “"Anmalysis of the
Engineering News Pile Formula,””  Journal of

the Soil Mechanics and Foundation Division,
ASCE, Vael.

%2, No. SM5, pp. 1.11%,

2. Cheliis, R. D. (1951): Pile Foundations, McGraw-
Hill, New York.

3. Forehand, P. W., & Reese, J. L., Jr. (1964): -
"Prediction of pile capatity by the wave egua-
©tion,”" Jourpal of the Soil Mechanies and
Foundation Division, ASCE, Vol. 0, Nc. SNZ
March, pp. 1-25.

4. Lowery, L. L., Jr.. Edward, T.C., & Hirseh, T. J.
(1968): ““Use of wave equation to predict

soil resistance on a pile during driving,’'" Texas
Transportation institute Research Report 33-10,
Texas A & M University, August. .

. Lowery, L. L., Jr., et al. (1968). ‘‘Pile driving
analysis—State of the art,”" Texas Transporta-
tion linstitute Research Report 33-10, Texas
/3 & M _University, January.

o





