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ABSTRACT 

The wave equation method of evaluating pile bearing capaoity 

is inVestiaated by using data obtained from a oomprehensive pile 

testing progr&m. Modifications whioh create a more aocurate and 

realistic appl"OQ.eh are made to the method proposed by previous in­

vestigators. With the use of these modifications, correlation be­

tween observed and cbJlpUted results is more readily obtained. 

Sel.eoted pUe formula. in the empirical. static, and dynamic 

categories are reviewed so that a direot comparison between these 

and the wave equation method can be made. 
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1. lliTROOOCTION 

'1'hrouchout hi.torr, pU .. ha ... been driven 1nto the sol1 tor the 

pDrpNe of tnlppel"t1n8 val"1_ etN.Ct:GJoM. With the gJ'Mt nwnber of 

p:Ues uaed for toundatlcma. the development of an analyt.ioal met.hod 

that would. NI'I.OVe all dwbt a. to the aotual beal"ln& oap&Oity of a 

pU. would be a _W..ble contribution. hoh & method would tre­

undO\l8l3 deorea.. tlul JJ1illIbel" of load testa requi.red and the e;xptIMe 

of o ..... rd .. lp1nc where load tnt. aft not eoonordC&l..l7 feasible • 

1. 

.iilginael"8. in their at\eapt. to flftl:wa.te the bear1ng capao1ty of 

pUN, bave dW9loped. IIWHr'OU ath--.t1oal to.l'!lJl1l&Ai, 450 of 'Aldch T.avlI 

been a •• embled by the ~tors of the _a_nil i8I. Rtgwd. 1'b.1a 

1&.1",. J'lUIIber of tOl"mUlas clearly indica tes a genenl lack oZ abaolute 

rel.1&b1llt,. of &I\V pa.rt.1cular approaoh to ~iV8 an acC\lftt.e eval_t1011 

of pU. beari,ag capac1ty when all field ccmd1t1ona are cona1del'ed. 

the coal. the, 18 to 4ev.I.op &Dd prove nl1able £0'1:' All oond1-

tiotuJ a .thod tbat wuld sive, aons1.teatl7. an aoeuzoate .. t1mation 

of the be&rI.ftc oapao1 t,7 of a pile. 

The purpue ot th1s thes1.8 18 to present an anal3Si8 u.sing the 

_ve equat10n a.pproaoh tor the evalua tlon of the bea~ capacity of 

.. p:Ue dri ... into coh •• 1onl ... soU. The wave equation method will 

be eompared with other _rfI ~ used .thoda of pile bMr1ng ca­

pa01t., &.tUll1MUona. In acld1t1on. the wave equation method aa pl'O­

poaec1 aad ued 1:11. SaD1t.h (1) and FoJ'ebanci a.nd Bee •• (2) 1. evaluated 

&Del .~ altNat10M .r theu method. 1Ibi.eh aOOCNDt tor aise Uld 

ahI.pa .r the pile ud. & _" nallau.e _11 ..... oUoft, aN introduoed. 



Tbe JWV' t01'!lNl&1I developed to live the staUc beal"1Dg capaoity 

o£ .. pu. caD ~ ~ 1uto emp1l'1oal. statio. C\Ynt.Ido. and wave 

equation met.bodI 01 &P.PJ'O&ch. 

~oal .ro~. t such as the: one propoaed by Gat.es (3) 1!Ibeft 

R • ~ log 12. ( 1 ) 
8 

..... It • ulUa.te be&~ capaoitJ or reaut.t.no.· U1d 

• • penetra t1or1 peat blow fel" tho la.st 6 incbea f 

aN primaJ"1l7 band uporl .ta t1at.1cal eta ta.. This type ot &11 approa4h 

-7 be qtd.t.e a.dequate tOI" .. p&1"t.1ft.l..&r IOU 00DC1i'Uon. h&aaer &Dd pU., 
bu.t \Ul1ven&&l applicat1oW1 of Epiri.oal tolWala. baa not been proven. 

~ .t.at10 be&1"1Dg capao1\1 folllUlaa are baNd _ the .. aauapt1orl 

that. total pU. oapao1ty 1s the sum. or the p.Ue po1nt. .... 1Att&Do. plu.a 

tbe neutanoe due to 81def'r1ot1on. This trAY be ehowD 19' 

R 1:1 R", t· R 
~ P 

.... Rr • hut.1t.mal ne1nance alc:ma tb. .1de$ of the pile and 

Rp • ,oat. ru1at&nc •• 

Ift7 (4) ••• to show thU a.lat1oMh1p l:rt 

R • 't r~t1\ .. r AeL~ 
~ , • UD1t ~t of the HU. 

4 • aoett1.s..t. of tr1ot1cm betllfMl'l the 80U and pUe, 

(3) 

.~ .... ~ 1D an ~t1on and Gpl&1ned ~ not be expla.1ned. 
a,.u. ul.eaa • d1atuaot ~ 1& 1n~. Apped:Jx b oont&1M a l1at of 
aU -vJlbo1a ..... 



U ,. penm.t.er of t..M pu., 
\ lit coefficient of passiYe earth preSSUN, 

A. * efrective croe •• aeetional area of the pile 

L • lM&gth of the pUe. 

3 

Thi. approach AaS'WllM that the sid • .frictional resistance 18 uni-

tON along the leaath or the pUe and that the f'ull passive earth prea­

eure 1. dfweloped. The impossibility of properl1' evaluating aide fnc­

trion and the coett1e1ent of earth pressure along the total length or 

the pUe tat the tau-cu. load. _k.. this approaoh 'WU'el1&bl. •• 

1be largest number of pile tol'BUl.a.. in ex1.tence are in the ~o 

catepr.r. A more tro1OUgh development of the dJnam1.o approach 18 pre­

sented in order to point out the errore wb:1oh rnult tl'Olll t.b.e val"ioua 

.1IIpl1ty1ng assumptions that are made. This 1. cIoae " that a cosapari-

SGIl with the ave equation method can be m&de. 

'!'be basl0 l"M8omng underlying ~c pUe formulas 1a to anve 

the 1"U1ata.noft. R. tl'ODt enel"Q relationahipa developed by the last blow 

of the ba.er. Fundammtall¥ t.hia oaJ:1 be .hown by 

Wh :111 Rat vh10h g1v •• 

R=* 
• 

wMre W • -1Pt of the haae and 

h • height of fall of the hammer. 

(4) 

(5) 

The a1apl101ty of the relA tionahips indica ted in equa t10n (4) i. 

nulllt1ed b.v the Ita portion of the equation. Complications arise from 

the t •• t that the d;rDuJ1c rea1ata.noe to driv1n& 18 not a reliable ... -

Uft of the f'1Ml. atat-ic reluta:noe and 18 not a constant durl.ng the 



penetration of the pile. Other sources of errors inoluded in this 

portion of the equation are that the distances inoludes elastic com­

pressions of the pUe and BOU a.long with the plastic or permanent 

penetration of the pUe into the so11, and that loss of energy due 

to impact 1s not aocounted for. 

The probable !'esistance - penetration rela tlonshlp for one blow 

of the hammer on a pile driven into a oohesionl.s. soil has been pre­

sented by Cumm:ings (5). In Figure 1 the resistance to penetration is 

plotted on the ch:CiIBaa and the penetration plotted on the ordinate. 

The right hand portion of equation (4) is represented by the area 

ORBS whioh indicates that the resistance to penetration ls constant 

throughout the penetration. However, it is more reasonable to expect 

tha t the res is tanoe-penetra. tion rela. tionship would be more aocura tely 

indicated by area OAS, where resistance varies with penetration. The 

maximttm or dynamic resistance to penetration then becomes R'. The area 

OAS' repreaents the total energy dissipated following one hs.lIlIIer blow 

and the area SAS' is the energy absorbed b,y the elastic compression of 

the pUe and s011. These elastic compressions are represented by SS'. 

Th. energy rela. tionships then can be shown as 

Wh :c eRs + Ei (6) 

where CRa III area OAS from Figure 1, 

C III & ooeffioient to inorease so11 resi.~ce due to qynamie 

penetration 

It : energy losses due to elastic oompression of the pile and 

eoU. 
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FIGURE 1. RESISTANCE-PENETRATION DIAGRAM 
After Cummings (5) 
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Energy losses d11e to i'flpact are IJ!t.1.11 unacoounted tor. but equa­

tion (6) may be al"".L;·'~-d tlj inel:r,de the'.:." hy adding a term K. repre-
J. 

»enting impact losses so that 

"Wh :: CRs + ~ + K 
1. i 

It 1. the K1 and '\'". terms of 6qg:~j.on (7) and the assumptions 

a. to how they should' '1;, handled mathematically that has led to the 

large number of d;ynam:1c pile :Cormulas, and consequently their inability­

to give cQM1.tent r .. ults. In add1tion all tormulas ignore the C 00-

effio1ent thereby treating R as a constant. Hammer efficienoy can be 

included by mu1 tlplying the Wh. term by an efficiency factor sui table 

for the pile driving equipment being used. However hammer efficiency 

wUl not be incl.uded in the following discussion. 

Ii: the C coef.fioient and the Ii term a.re ignored .9.nd only' tha t 

energy involved in the elastic compression of the pUe is accounted. for 

in the E:t term then 

whioh gives 

Wh ;: Rs + a2L 
2AE 

where A. l1li: Cro8. sectional area of the pile material, 

E l1li: modulus of elasticity of the pile material. 

(8) 

Equation (9) was develeped b7 Wei.bach about 1850. This equation 

1. inadequate beoause no alloance 18 made for the dynamic ohange in 

soU res1stanoe. the oompression is in tems of static terms when in 

tact it .hould be 1n cbnamic tenul, and all the resistance to pene­

t_ \1011 1. ad\1mlld to act at the pUe point. 



U.1n£ ~ theol')' d8tteloped tor two tree ma •• lye bodi.. to 

t1nd .~ lou .. em. to Ulpaot. ~. (5) .tate. th&t. 

I IS * l ,~.2) (10) 
VI .. p 

WhAm equation (10) ia substituted 1ft equaUon (7) for tl:Mt 11 teIw 

&ad the C and ~ te.. 1&J'.t.Ond then 

Wh • Rs ... WhP(ld2) (11) 
W +- P 

It • 141 & ..... to " ..... Snelaat1.o illpaot. equation (12) re­

duou to 

Equatlan (13) .. pIlbU .. b7 ~1D a.bou.t 1320. 

U • t. tabn ... 1.0, perteotly .la.tic 1Jq)&ct, 4tqUAt1on (12) ,... 

(14) 

1ddch 18 1 .. u..al to oqu.Uoo (5). 

It b equt.te (12) ... taet.or of ... teV .f 6 u uad., .. t .. tor k 

18 a.dded to • to al.lew tor tdaet.1o ~11ou, and the ve1Cht of the 

II • 1..lIA Ca. k) 

11111. s.a ...... 1IiJC _ ..... 1. ~ _ ~ 11\ 1818. 



Equ.&'t.1ob8 (13). (111) and (15) do not account fer ~o obulpa 

1D .011 .... 1.t.anee and ~ ~ various a"ulIPt1oDs faU to GoO­

eotUat &OOU_t~ ~.r erwI'Q' loa_. due to 1rap&ct.. 

WMn all ~ aft aoowated for .. pl'Op08N by ~I" 

about. 1859 the 

E' • ~ of .tut1c1t1 of the pile cap _i.er1&l. aDi 

Q • ...ouat .r .-la&t4c ~1on or the soU. 

It eq,ua.Uon (16) 1. alt..Nd 80 t.bG:t 

(16) 

C
1 

.. IL!.. .......... e1ut1o OGI!preaa1on 0/ the pUe cap, .and 
A'I' 

R "# !Ill (ri t p,2-) (1£) 
~ + ~ tel + C

2 
+:Jj .~.J .~ P 

1IIh1eh 1s the mq ro~. 
It 18 quite &ppaJlCd. at this po1nt. that ~ .. saWJpt1ons oan 

be Mde aDd that to,. _ob. ... ~1e 0,. OOIIb1nat1on o£ u8\l1lJpt1Grw a 

d;J'Dtmo to""" tor ~ bea1"'1a& 0&p&e1t.7 of & pUe om be dfttioped. 

Y.uw t6lWll •• , otbft thaI.a thoM ~ b.-n oaa be ttNDd in 11tu.­

tv. _ pn. cll'ltYSDc. 
1M ~ ~, .\I.e .... cVnalde tuwl •• 40 _t 

PNLt ___ walaat.. tbe 1'1,,3"- ,u. 4r1T1ac ~t-pUe eon 



system. Pl"Oper eva.luation requires that pile size, shape, and elastic 

properties along wi~h the elastio and plastic properties of the 80il be 

correctly considered. The wave equation approach to the evaluation of 

pile bearing ca.pacity takes into oonsideration, in a more accurate man-

ner, all the parameters that are involved. 

In the wave equation approaoh the pUe is treated as an elastio 

rod which is stl'Uok on one end. When the elastic rod shown in F1gure 

2 18 struck at one end a strain wave will be .et up which travels along 

the rod. A sflction a. t a distaMe x from the left end of the rod will 

be displaced a distance u. A section at a. distanoe x + dx w1ll be dis­

plaoed a distance u + due Sinoe the element dx is displaced a distance 

du then the unit "train can be represented a.s~. The partial derit'a.tive 
Ox 

18 us-ad because the displacement u is a function of both time, t, and 

distance x. 

The stress on the section at x is then 

0= Eou 
Si 

and the foroe on section x is 

F = AE~ (20) 

From 'be forces aoting on the element dx, shown in Figure 3 J the motion 

of the elaent can be described by 

F = MA, or 

which g1v .. 



to 

x 

FIGURE 2. PORTION OF ELASTIC ROD 

FIGURE 3. FREE BODY OF ELEMENT dx 



lIhel"e t> -... pel' 1ID1 t vo~. 

Iqua t.ion (22) 18 a toa of the wve eqaaUon. For use 1D pUe 

4r1v1ac ~1 ... 'Wl"m "Pl"MentJJi& .oU resutanoe along the side 

of tbta pUe ADd. at the pUe po1Dt. 18 at.Wed $0 that 

q2a • Ji 02,.+ R 
otf' r ox2 

»OUeiDH:J. (5) tol.: .... d equation (23) 107 the ~ 8t.re.a at. t.M 

f1x6.i eDd of the red .. the l'&t1o of Wi? U lea. than 5 and tCllQDd 

OJIaX II ar (1 +e.i') (24) 

~ () -.x • Mx:1lAJIl ftrM ... t !'12ed end, 

V • veloo1t7 01 the atl"1.ld.rtc ba .. r. 

a • vel.oo1t7 or .t .... aVe in the rod, and 

E.. bu. of the natulILl logrit.l'd:ll. 

i'h __ .. anmpt1ons tha.t .... 1noorpora:tAd in equaUon (2) .-lM 

a ...... ~t1_ (24) and. a.I atatcad by ~s (5) a" lUted a. toL­

low: 

1 .• tbat the • .w.. of ·the pUe 4" r .... w t.bat tb$J'e i.e DO aide 

MoUoa lIl'doh would affect the at."". w.VM tJ!l\ve.'l.ing up and dote the 

.P1lAt, 

2. that.treu ..... in the halrtm.er -1 " Mgleoted, 

3. that. u... AN DO tl--.l ~t.1oDa of the pUe. 

4. that the pUe bebav .. u a lilMl'l1 elutl0 rod, 

5. that. the btl..-.~ d1J:!eetJ.y _ the hMd of the pile and 

\bat u. ftI"l.... at .......... t .... t1IO ideal 8l!IOOt.h panllel pl.t.t.Ma, and 

G. t.hai. tIM l.oww .... ol the p1le 18 ftxed.. 



12 

Smi'C.h (6) dev.lopoc:l equaUou, 1fh1Oh a.re equivalent to the d:11"­

t.~ aolut1on oJ: 3quc.t1on (23), duQrib1ng the forces an: mo~ona 

~ted fo~ the impact o.f the J'a.l£ on th$ pUe. 1'be •• equaUone 

_" &tr1nd r.. an a_loiws _thtfmW,.t1cal model eoraa18t.1D& of we1abt.a, 

~. aDd 1"M1a:t.a.noe.a. rep ___ .ttng ~ ram-p11 .... oU 87Wtem. !he 

p1le arad _theMt1oal model IAl"e .1wN.n in 1'1gure 4. 

htthta AuadaMllW *lUAt1olla are a. !Oll.owel 

D • d .. " (12dt). 
• • m 

, • C K., 
• 1Ilv.i. 

~ the ~ a.ppq to the t1tae 1nternl n: 

D • dUplA_t or w1&'ht Il 1n time ~ n, • 

F ;I force earted by apr.\.ng m 1n timo intertal n, • 
x. • ~ oo.tant for aprinl 11, 

(26) 

(2S) 

R 11/ NfdAtaDoe &ppl1oable to wi.ght II in tlmJ 1nterv&l D, • 

W • wa1aht of -lcht ,. 
• f 

~ .. 
... u. ... ..,.U .. F 12 l.tWN Nt ... to ~ ~ U. 1JstMftl 



ACTUAL MODEL 

t------RAM------..I 

_ ___ .. K1 
t-o---- CAPBLOCK -

rr--.--n I-----PILE CAP ------' 

t 

FIGURE 4. PILE MATHEMATICAL MODEL ANALOGY 
After Smith (1) 



0-1. nw t.m dt ifI t.hfI to. 1ntewe.l, which £w: steel 111 no~ 

takeo ... 1/40001MC. 

s.t1tb (1) devel.opod. & 11'.ethod. of -~t.1oal anal;ve1a wh10h 1. 

bNt aolved • an e1ect~c cO!IIpUtsr, 'b7: 

1.4 

1. o-'d.D1_ equat101l61 (28)a,rd (Z9) to elWn.ate t!w .... 1ty 

of Mloulat:bc Z., 
I. 1a~ ... U~ut.i.oft .1Q t.be p,Ue cap and cu.h1on block to 

4UtC'JO\1a\ to .. ....., lot- 111 ihQM two ~t.a. 

). ~ a rlMOWI da'91DB conatant. 80 that J'Uutaaoe to 

penetat1011 will VUI" ldtb 't.bJ yelod.i¥ of ~t1OQ, and 

4. u1ng q 1d_l1aed .t ..... t.nL1n ftlaUOUhip tor the eoU, 

v1th :J all the .ald. .. elAstic .tain. 

~ 1:.be ue of th1. M'thod the ~ capao1t7 o£ a pile can be 

"r'T .00\J;ft.~ 4Mlluted • 

.... \bU -'bed 18 appl1ed tor .. blmr of the baaser tM in­

o.......w &bd tokl d1.Ipl.a---.t.e,. ...,...., .. ~:t tGl"08l, aIld vlllecd.t.SAta, 

~ ..... elft t1M int.rrw, dt t aN oaloulated tor _ob aiPt OJ' 

_,pJ'.bIs of the mat.heat,1cttJ.~. '1'he calcul.at1cm.s a" stopped vheo 

OM ot tt:llU' OOJldjt1ona~. tb.eo cor¥11t1o'Nl are u tol.lowe: 

1 ... the velocity of the pUe cap uceeda t'W:\.M the J'U 

~lt7t t.bS.a ~t1at aute ttben the pile plWJP8 1Dto ~ MU; 

2. __ the ftloelV of tM ~ t.1p .... d. t1d.A1e the .... 

~V, tId..# eGId.1t..1ea ~ __ the p1le ~ 1Dto the AU, 

:s. --..-uaua '" tM pU.e pomt. GIU., ..s 
\. __ all ftl.oolu..tt __ n.ltaMCl1t.'Ull3" MPt.1ve or Z~. 

_ta &lAIo u.u.tea tbat ..... u. baa ..... 



• 

1.5 

.Aa to t.M ...... t.1bna ~ the wave ~t1011. Bldth states 

that all 'but ,; and 5 an allowed 107 tw his r.thod. C\&miDgs (5) 

1ftd1atH that ~Oft. 3 18 GO'I3a1&.red to be ~ ~ aDd 

aood pUe dr1v:I.Bg pzraoUoe wUl meet tbe nq~ts of &88\UQpt1on 

!;. 

To we s.1tbt • method. tor _ch eomb1na.t10Jl of pUe driv1ng 

.~ ¢le. aD! .0U, t.b.$ tollow1ng AQWlptioM .. to be -.del 

1. the ~t of .:LaeUo ~ion or the lOUt th1a tutor. 

~ 1Dd1oated ... Q. 1a \UMId to d.eteJ'l11ao the soU .priDg 

OOMt.u\t. 

(30) 

wbe .. I'. • .,1":1Dc .. \ant fo't' the aoU rea1st.1Qi lIIW..-nt of ~t 

111.. 0.. tot. .... t or peI1etat.ion ft8.obea a va.lue Or:i, plaat10 poll'»-

taU_ ~ pl ... , 

2. tb8 val_ of the ~t o£ v1aQowI damping for the eo11, 

th1. yu. 18 UNd to ~ the 1Dcwa" 1u soU reeutaDoe due te 

II • Rat.io .... ie~. aa5 • 
J • v1aoOWJ da~ oeett1e1Mt of the soU rea1atlDc pcetra-t_ of \he pUe po1nt. &lid ,J. 4 J', 1a the vi.cows dusp1Dg coetfio1_t. 

ot the Mil ~ tha ai_ or the p1le; 

). toM ~t.iMa 01 ... ~ .--- aiAW tr1ot1- aDd point 

~'t 
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It. \be ~t.1on ot .1de tnot.1on or H8iatanc. a1an& the 

l~ ot\M pile, 

5. \be w..Uaw ..a1ai4Doe 01' bea.ri.ng IMpaci'tf of th9 plle. 

~ B u.ta the W ... u. ~ to &C'tGl.UatelT ut.1l1 .. Sld.t.h'. 

equu.. to ob~ ...u.able rNUlta. 

~ 1 ud. 2 ... uaed 1n dete:rndrdaa the reauta.noa to 

1*l8t.Rt.1oa l:4r 

R = (D - D' ) ltD (1 + Jy >. and (32) p p p;r P 

II • (D - D' ) X' (1" Jty ) (33) 
II • • fa • 

'llbeft .Ip • poW "*18~ to dZ'1V'.S.D&. 

:Cp .. ~t ot the pUe po1nt in t.ilae int._"_l n. 

l)' p • plMtu cIUplao....m;. of Mil baMath the pU.e po1At 1n 

U.~Il, 

"p • ..u ~ ~ 1'Hmeath the p1le pe1:t.tt. 

1:. • Mil apl"Sal ~t 10'1 tM .w. of pile • .. 

r...-...s aad ..... (2) ., .... W OIl the ..... ter pJ'OCfta P"-

.. teet 'tV Sad.tb .. ~_t.1 the 00EPt..te ~ 1n 1oJ-t,ftn laDcuage • 

.". a1M ... tbat ...".u..u (25) ~ (29) aN equ:ty&lent to the 
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Its -~ data boa a ~t" of pilH for which dri",1.nG and test 

datA. .... a'ftUAblet they var1ed the values tor which aUUl!'~t1ons 

.. t be __ • y., .. ~ a.8AIIIkl £Ol" ~,t J. J'. when vaJ.\UJ8 ror 

..... u- 3. 4. aa4 5 ... ~ ~ pU. ten., they Wft able to 

obta1aa NDP of va.lwte to~ ~, J, and. Jt. Then .,.alwu .r0J" cobM1 __ 

lAo ao1l ..... 

Jt .05 - .061 

n., ~ valtaea &~O oo .... ~ to thoM PJ'OpoMd 1::0" Sld.tb (1). 

SMd Nl4 ~ (7) 1ft .~ at...,th ~u. ot 

':'I 

~ • lat.eNl oont~pne8'liJle of 2. KU-(;. .. about 4~ peate 

t.Ma tbIt ........... ..s.. a .t.at.1o dft1Md tut. The etnn&th pj.a u 

at.t.ril:Ju.t.d to both d1latao, et.tftt. aDd tbe h1eh rate of load'l'\i_ 

hnd. 1d.t.h gnat. ..w ftt.1oa .... t.Nted 10 & ailala. -...r ~ 

.~ pm ~ tAt o~ tor ... JaDd wltb • :lJ .]S. 

Ib, & .t.\Wi' or tb ,bAar ~ or .-p1dq loaded 'Wklr&1ned Nt.. 

_tee! ...... t...t.Md bs triaxial test1ng P~. Wb1tmu.\ and 

Beall' (6) t~ tba t the biotJ.on &:J'I&le 1nonu .. about 10% &II 11M to 

tallue !AI ~ .t. beonM ftt ~ 4ltt1ANl.t.1M t.br¥ 

t..:1 tbat ill aetaal1:tq the • .., ..... 18 leN t..ba 1°. Th4I,Y &leo 

~ tMt ..... C. • .50) _ .. tAd ..... aldb1t.ed DO ot.b.4Qo 1Dcrea •• 

Sa ......... _tb .......... tJta.ia JI&\a ......... 1M •• (. • .65) aa.nda 

.... & ~ SM ..... sa ~ .t1l &Il ..... 1a tJta.ia "'t.._ !bla 
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ct1t.t .... is att.J'ibutAd to the Mlative U- -~ of the __ 

......... _te.r~. 
atl!C ad ~ (9) 18 t.ts 1nYol"l1ne both statio a.nd djrMa1c 

l.oI.41ac of •• ll t~ on dr1 fI.U)d tOUitJCl that .. t,~ Uftdw 

,:u. of lMUDc t.Mttd. la..o •• t.tl.tIIret ~ la~ at an ~ 

.ucsr ,""w -- ,.. P"lJWdv~ ...:11e" t~ UD'1ctr the AM 

_Uo of the ...... bMr.bt&-.,..1_ to t.be .taUe ~ capao1.t,y 

~ lS .... lr w1tb ~ v1dtk. 1I-.1._1hg 1f1th lncnu1rc foot-

1QC 1rflc!t,h. 
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Ill. DISCUSSION 

The wave equation appJ"Oach to the evaluation ot the pU. beal"iDg 

o&paa1t.,' aOOOtmta for all the factors involved in the dynudo driY1ng -

at.&ti¢ lea.t.l1De Nl&t1onshi.p. HGwever. when the dynamic syetem pruet. 

~ the driv1Dc of the pUe 1s resisted by soU with its own peGUllar 

d1naa1.o aDd .ta tic properties t a. reliable solution beoomes dependaDt 

upon the P~l" wal.uat.icm of the •• properUes. PU. bea\ring capao1t7 

then. as evaluat.ed. by the .ve equation. becomes a function or the 

static and d1naa1.c p~pert1 .. o£ the soil. 

This stud;y is based upon 1nf01'lli& tion obta1fted from pUe tests con­

duoted by the U. S. AI'I'IJ¥. Corps or Engineers and reported bl' Man8ur a.ncl 

Kauflran (10). 

the pUU _1'8 driven hom the bottom ot an excavat.1cm created by 

the l'aaoval. of ;0 teet of overburden. SoU conditions at the teet site 

aft "~ b;y the boJ1.na data ashowr1 in Figure (5). sou. beJMath 

the bottom of the aoayaUon oouist of alt.emat:1ng strata ot sUt. 

and a11\7 eanda, with tntAnpel"8ed olq strata, for a total tb1oknee. 

ot 50 te 60 t .. t~ Clan .. Dda with a th10kDNs of 40 to 60 teet lie 

benea th the ail t,. sou. &I'ld. on tep of an unapec1!1ed th10knees of 

.urf tel't1&l7 olqa. 

LaboJat.o17 teata em undi.t.urbed .aP9?l .. of the aUta &ftd sand;y 

aUta pTe an iat.e...-.l aBile of tri.otlon. 4>. of 2.8° and coh •• ion of 

0.1 te ,.,. Iq\'&&N toot. TheM 'ftlu .. WN determ1Ded by OOZUtol1dated -

1IDtbaiMd \na:Aal tNt. aDd ...-ali_ted .. da1ned d:1Not shear te.ts. 
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classification system used by the Corps of Engineers, 
u. S. Army. 

FIGURE 5. BORING DATA 
After Mansur and Kaufman (10) 
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An aveftgt) v&lue of ~ ::: 36° for tru. S4llda was dete1'lld.ned rrom con­

aol1da ted - dJra1ned triaXial testa on both undisturbed and remolded 

aampl ••• 

A Vul.can }!o. QR ra.m. was used to drivEl .a.ll the pUes. The l'IL.m. 

we1.gbed 9300 po'W3.ds, had &. stroke of 39 inch •• and developed 30,200 

.root pourda of ""1'i1'. Velocity at the 1natant prior to 1mpa.ct, a8 

det.rrd.ned by 

V tt (1t.WI. !!firgr j!i ~ • 6I!.4) ·1 (34) 
,. ~t 

was 12.6 fila. when a haaaaer efficienoy of .75 (10) 18 aa8UMd. 

Dri.V1na rea1sta.noea of the three test pUes aft shown in FiguN (6). 

All t •• t pU .... " 1natrwaented nth stre.1n guage. which al­

lowed dete~t1on 01 load distribution al.ong the pile and the 

fttio ot point bear1Dg to total bearing e&paci ty of the pU.. Load­

.. ttlemet aDd laad d1atl"1but1on OUl"V'ea for the teat pUe. &1'8 shown 

in 11pn (7). 

1M ooaplteJt preiftUl1 luted 1n Append1x (C) t wh10h is the Pl"O­

pus pft8_ted 10' FoNband aad BeNet with minor obangN so that it 

could be u.t on an IBM 1620 Y40del n computer, was used with the 

pile dr.t.Y1Dc and t.at data reported by ~~r and x.au.r.n. 
The d1atl"1buUon of the aWe friction along the pu.. vas taken 

tr. I'1pn (7) as heiDi rect.&rl&Ular with eaoh inoNII8Dtal l.eacth of 

pile ~ the a .. amount of :resistance. The valu .. or ~, J 

&ftd JI WN tat •• a .1 •• 15. arJd .05 respectively. 

Fo. _oh vala. of total J'U1ata.noe asSUMd, the penetra t1an re­

ftlt1De ,... 1M blair 18 ~. !be JIM1pnoal. of the ,..tat.1on 

~ \):aU .. 'blw 11 det1Md a ••• t. 
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FIGURE 7. LOAD-SETTLEMENT AND LOAD DISTRIBUTION CURVES 
After Mansur and Kaufman (10) 



S1H Type F1Dal Total Fall ~ Point R , .. U11l"8 Load in Penet in 'It Point R 
m.. and. Lggtp Blgp/i;A Lead (TA) Tpi;tl Load S&pd/TOBI hAd (nl &m9Nl 

1 1~ in H-Beu 2.66 296 34 142 32 6g 
g1 f't long 

2 ··21 in p1.pe pUe 3·33 28 110 17 66 
31t, in w.ll 

thick 
65 It long 

6 **19 10 pipe pUe 5·33 3_2 29 127 15 65 
3/8 in wall 

thick 
65 it long 

•• Effective diameter due to strain gauge inatallat1on, actual OD is 1 inch less 

TABLE 1. PIIE DATA 



The computed resistance - set relationship for the piles. fol­

lowing Smith-s prooedure, are shown in Figure. (8) through (13). 

Each curve repre.-nts a different distribution of resistanoe be­

tween point l'earing and s1de friction. These distributions are as 

follows: 

A - 100~ point, 0% side 

B. 75~ point. 25% side 

e - 50% point, 50% side 

D - 25% point, 75% side 

E - ~ pointt 100% side 

25 

Two groups of curves are shown for each pile. One is for "no load == 

2" which indicates that the movement of all but the top 2 weights, of 

the mathematioal model (Figure 4), is being resisted by the soil. The 

other is when Uno load::::: 8, 9 or 12," depending on the particular pUe, 

which indica. tes that the movement of only those weights in the sand 

layer 18 being resisted. This is the actual driving 04se. A compre­

hensive expl.&n&t1on of the 1ntezrr~tion of Figures 8 through 25 is 

oontained in A.ppendix D. 

It the evaluation by the wave equation 15 correct then the final 

oomputed let or driving resistanoe should correspond nth the static 

load test failure load in the sand layer. In F1gure (g), close cor­

relation between observed and oomputed set is obtained for the R-plle 

in the sand layer, but in Figures (9) and (10) no correlation can be 

obtained. for the pipe piles in the sand layer. 

The resistance to driving by the silty layers can be considered 

necl1c1ble after a ffltl blon o£ the hammer, due to ohanges in relative 

clenait.7 and pore Pl'Haure8 under dynamic loading. However Yang (12) 

pl'Hente w1dw&o. that 1"M1.tanoe will be increased by a faotor of 
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10 to 12 ... t1JM &l"tel" dri.v1ng has ceased and the .ystem bas OOM 

to *luUlbnum. Horeov .. :r, the dJoiYiDg ru181:.ancM by d .. 8 sand. 

w:Ul h. greater than their static relietanoe beoau.. of :relative 

dens1 ty aQd pore pressure eha.ng... Yang al.o p1"$dicta that the 

equ1l1brilDll res1atance o£ pile. driven into dena. sand w1ll be &p.. 

proxiaatelT 1/2 the res1sta.noe to driVing alter & rmaber or blove. 

The t1Dal Na1stano. to driving for each pile u developed 8.1-

moat etire~ in the sand 1&7.1' eo that th. firlal 00IIpUt.ed •• t tor 

th. total pile mould be 5 to 6 times the fUaal dri.vina ru1atance. 

By apply1nc th1a reuon1.1:\g whim the soU pl"Ovid •• resistance to paM­

taf.1on ot the total pUe (F1gu.1"'e8 11. 12 and 13) oonelation bettNa 

ob$.J"fed qd c-.Plted rela t10W1hip. can onl3 be obtained fol' pile 6. 

lfei~J' Saith nor Forehand and Re ... take into account the .ise 

~ the pu. in their colDPUtat1on8 ctete1'll1iD1ng the rea1at.qce oCt ..... 

by the so11. FJIGla ~t1on (24) it can be SMt\ that the lMxi.J!wa 

trtNu in .. pt.lA jM _t. related to t.he shape ot the p11e. It an H 

aDd. pipe pUe han 1clet.1oal 0"" .eot1cual ..... ot at.el. tU -.xl­

lUI at..TMa at t.be po1nt w1ll b. the.... ao..fV. the ana ot MU 

~ ,..si.t&aoe 1s ditferent due to the noa-ident1cal sh&pea and 

ettMtly. paetrat1ng areas of the tw pUM. Then!'ol"8 the J"Niet­

&lICe to penetat10n for each t.,pe of pUe v1ll be d1tteret aDd. the 

s1H aad ahape f4 the pUe should be cou1dered. !hi. 18 &lM 1ncH.­

_tAd 0,- til. work of hUc aDd. JfoIee 1B ..... t1oD v1tb the ~c 

loa41nc of _11 toot.1ap aDd the dr1'Vi111 I'MUtuac. GUJ'Vea of 

F1pM (6). 



In ordsr to provide fo~ variations in pile s1zes and shapes, 

equt10na (32) and (33) have been modif'led 80 that 

i Q D • D' ) K' (1 + Jv ) AF, and (35) p p p p P 

R = (D - D' ) K' (1 + Jtv ) AF (~6) 
11 m m m In J 

The AF teN of 8quatiom(35 and (36) is uaed to increa •• soU 

JlN1.tano. 4L-ccording to some function of the e.f£eetive uoea, and 

ehape ot the pile. 

A. ... l"eb1ng proe.mll"6 va.s used on the IBM 1620 n computer to 

c1eteDU1ne what value of AF reeul.ted in COJT9lation tor the failure 

load in the ae.M. 1&7er and the t.st Nt. Once a value ot AF was 

dete1'ldned po1nts on the CWl"V'GS in Figures (14) thl"ough (18) were 

ccaputed. :No correlation, except for the load 11'1 sand layers and 

tn. total. load on the H.pil.e, can be obtained. 

33 

The aaount of ~c inoN&8e in soU raaista.nce :rNNl.tiDc :tl"OII1 

the UN of the point and sid. du&ping constant. is ent1l'$ly dependant 

upcm yeloo1t7 in eq,uaUona (30) and (31) with the amount of thi. 1A­

efta •• being unl1a1ted. 

Fofth.alld. and 'Roese pointed out that the static resistance of 

soU, It., and the ~o ru1stano., Rd t can be related aa shown by 

Rd = R. (1 + Jv) (37) 

If the <bn&aic ~atmo. 18 4~ iJ'MteJ" tban the static l"881atanc., 

a8 eta. ted by SMd. and l.ondgNn. aIld J is taken u .15 then 

1.4 R - R (1 + .15V) • • 
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PILE 1 
No-load = 8 
Size and shape factor = 1.85 
Dynamic tncrease in resistance - unlimited 
Test data: 

Load in sand layer at failure - 142 tons 
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PILE 2 
No-load = 9 
Size and shape factor = 1.5 
Dynamic increase in resistance - unlimited 
Test data: 

Load in sand layer at failure - 110 tons 
Load distribution - 66% point bearing 
Final set - 3.33 blows/in 
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PILE 6 
No-load=12 
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At a velocity of 2.24 !'t/s.a the 8011 res1stanoe hal increased 

the mald..mum ot 40$ asBWlllKlJ but .from solution of Smith', equations, 

the 1netantaneoua velocity ot the pile point may reach 10 it/.ee or 

higher. At tMs velocity if the point damping factor is taken or 

.15. the ~c resistance at the point w1ll be 250~ g1'e4.ter ~ 

the static ru1st.a.n.ce. 

In vi_ of the findings at Seed a.m Lu.nd.pen. &ad Whitman it 

appean that Q limit should be placed upon the ~o inor.ase in 

soU resistance. .A. limit 1s 1Dd1oated "811 t..bouah the lbdt&tu.n. 

were found to be applicable 1n t~ comprua1on teat. l'Qt.her 

than epac1.fioa.l.1;r to the dynamic penetJ'ation of pUN. The reeiat­

ance 1norea.aing tems (1 + Jv) alld (1 + J'v) ot equations (35) and 

(36) have been ~ to provide for this umt. with the a.m.ount 

ot inorease in the static resiatanee due t.o ctmam10 ,.,.tation be-

1IlI set at 4016 'lor the poj,nt and 13:' along tbes1dea. The resist­

&rIOe v.Ul DOW ~ •• with 1no:reaMd penetration and veloc1t\Y to 

U. _:a1-.. d)'lwrdo value shown as a' in Figure 1. 

The _earching procedure •• apin tol.loved to determine a value 

of AI that gives eon-elat1on tor the aand layer at the tiDal driv1n& 

... 1atance. A. a reault point. on the curv''' in Figures (19) through 

(25) vue oomptlted. 

Conoelation tor the pipe pU. 1. Obta1ned tor the total pUe 

(Figures 24 and 25) wh-m the set 118911 1. 5-6 t.1me$ the f'1n&l driving 

•• t. Col'ftlat1on for the H pile (F1gu.n 23) 11 obt.rlned when the 

t1aal dr.':f'1rc .et 18 UMd. 
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PILE 1 
No-load = 8 
Size and shape factor = 1.85 
Dynamic increase in resistance - limited 
Test data: 

Load in sand layer at failure - 142 tons 
Load distribution - 68% point bearing 
Final set - 2.66 blows/in 
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PILE 2 
No-load = 9 
Size and shape "factor = 2.85 
Dynamic increase in resistance - limited 
Test data: 

Load in sand layer at failure - 100 tons 
Load distribution - 66% point bearing 
Final set - 3.33 blows/in 
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FIGURE 21. RESISTANCE - LOG CO~~UTED SET 
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PILE 6 
No-load = 12 
Size and shape factor = 2.90 
Dynamic increase in resistance - limited 
Test data: 

Load in sand layer at failure - 127 tons 
Load distribution - 65% point bearing 
Final set - 5.33 blows/in 
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FIGURE 22. RESISTANCE - LOG COMPUTED SET 
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Load on pile at failure - 292 tons 
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IV. CONCLUSIONS 

ThAt procedure developed by Smith, with Cfertain modi.f'ioa tiona , 

oloaeq <lupJ..ioatN a.ctual eond1tions that develop whon a. pUe im­

bedded 1ft 8011 has been struck by a ha.xrner. Theae mod1f1oa tiou 

aooount. t'or the effect o~ oJ'OS .... ectlonal size and ahape of the 

pU. and the lbd.tat.1on on the ~iilm1C increase in 80il res1stance. 

The addition of these lI1Od11'ioations oreate a more acoumte and 

reallat10 &Mlogy. 'When this mod2 tied prooedure 18 us«l in oon­

junotiOll nth lane'. method tOl!' altering the t1n&l driving resist­

abO. a. _zoe &04UJ"&te correut1on can be obtained between observed 

and oomputed bearing capacities for t.he pipe pll... This is evident 

by ~ coP.Nlat1on for the piles in the sand layer. Correlation was 

_t obta1.Ded 'between the obiJerv4Xi and cO!npUted bear1Dg capaoity for 

the B-pU. when Yare'. method was used in conjunction with the modi­

fied~. Bow ...... oorralat1.on was obtained without the un of 

lane'. Mthod. TbU 1Dd1cates t.bat the equilibriUm resistance of 

this pU •• bape 1. ve17 n6azolJ the same &8 the final driving resist... 

aDO •• 

Beton the wave equa.tion method of evaluating the bearing oa­

pa.o1t7 of .. pile oan be used &s $. :reliable design procedure t studi. 

_at be _de to d.teN1ne the value of factors involved 1n the lid ... 

4Ild shape of the p1le aDd <tvnu1o incl'6&s. in 8011 reeistance, TheH 

w.htea sbotal.d be d.tara1.Md tor all comb1n& tions of b&Jaen. pil •• and 

ao1l.a. The valn .. GOUld be &~ empirically by studying a suf­

t1eieat ~ of p1lu tor tII40h .aequate t •• t data is avaUable 
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(Appendix B), 01" by model test.ing in the labol'atory. Doth can be 

ez;pnaaed u a. function of the relative denaity of Sands, therefore, 

a DOl'mal IIOU invut1p. t10n 1IO\1ld pl"O'ride a.ll the sol1 1n!Ol"ma t10n 

n80"8&17-

.&11. the pMMnt time the wave equation method of pU. bearing 

oapud.ty evaluation used 1n 04>Djunct1on v:1th an understanding o:f the 

soU OORdi t10M eneount.red 1ll the field is more rel:1.&ble than other 

existing pile foJ.'\UUl.as. 

1'h1. and Pl"e'Y1ous studies on th-& Rve equa t10n method of pUe 

beaJ"j;ftg oapac.1ty detel"m1D.ation 1nd.1cate th&t tha method can be a 

un!'ul tool 1n f'our;ad&tion &naineer1ng. Howver. a. oonsiderable 

amount of stu.etv, ruea:rcb and oonela t:1.on on the method must be 

aOOOllPl~ahed. before 111. can be used nth cont1dGnce on rout1ne pro­

ject.. 
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LIST 01 SYMBOLS 

A • e ..... -.ect1cmal area. of the pile ma ter.ial. 

A' 11: oNSa-aeotiGnaJ. &l'$a ofUle pile cap 

A. =: eftecti:"e aJ"ON .... ect1.onal area. of the pUe 

AF • p1ltJ 51 ... and shape fa.otor 

a ., velocity 0'1 "t.h6 stJ"HS _vo in an elastic rod 

C ., &. coeffioient to 1acl"lMH 8011 resistance due to dynamic pene-

tn.t1on 

C1 • asn.med elastic oompNnion of the pile cap, in the Hiley 

F ol!llUl.a. 

c~ • uStlll8d elastic oompreasion of the pUe, in the HUey ForJllUh. 
c. 

am • eoDtpreM1cm of spri.ng In 1n time intel'V&l n-l 

t1aa 1nt.el"Val n 

Dp 31 dUplaCGmC'lt of the pile point in tjme 1n:t..erval n 

D' .. plastic diaplacement ot the soU at weight m 1n time ~ n 
1Il 

D' :; pla.et.1o dUplA ... t of tM soil at the pUe po1Dt in. Uae 
P 

iftkwal n 

t'., • dUpl&<*8alt 111 1Al1cht III in time inteJ'V'al n-l 

dt ·tu.~ 

E ..... 1 .. or elaaUe1\'r ot ~ pU. _ier1al 
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it ~ modulus of elasticity of the pile cap _ter1.&l 

E 1 := anergy 10.... due to the elastic CClmpres.siOl'lS of the pile and 

8011 

h := heigbt 01' tall of the haDaer 01" l"tiUIl 

J lilt viHOU.a damping eoe.tt101ent tor the soU JU:1st:1ng penetloa t1.cm 

0:£ the p1le point. 

J' • V1a0CMl8 damping eonatant for the soU along the s1du of the 

pUe 

Xi • eneJ187 los... due to impact 

Kp !II ooet!1ci.ent of paeel". earth pressure 

It .. spring conetant. applioable to the soU at weight D1 m 

1(' := apr!.n« QODSt.ant tor the soU at the pile point 
p 

k :e: taQtol' 1n the qmeel"1ng Neva Fo"l'flmla that accounts for elastic 

~.1ons 

L • leacth of the pUe 

L' • lagth of the pUe ea.p 

11 III n.beoript denot.1.Dc • particular 1Ad.gbt of the _theu. tical lIIOdel 

n 1# present t1lue 1ntePl'al 

p lIS we1&ht of the pUe 

Q • ........ t of .luUo ~.i8D of soU 

a • w.'Uoat.. beaJl'1a& _,..01~ or 1'UUtanoe 

•• • _ld_ ... ato .u18taMe to pmetat10n 



\ 
R • 
• 
t 

u 

v 

v 
p 

W 

Z 
1Il 

r 

:: dynamic resistance of the soU, van" 1'roln R to Rt 
8 

:: frictional resistance along the sides of the pile 

d: re$utanoe applica.ble to weight 1'4 in time intern.J. n 

.. :rul.tanc. of the 8011 to t.he penetration 01' the point 

lID I*letmtion per blOW' ro~ the last 6 1nches 

-time 

.: ~rimeter of the pU. 

;: ftloo1ty of the ha .. r at the 1natant of impact 

D valooit)r 01 weight Bl in time interval n 

53 

= velocity of the pUe point 1n the previous t.~ interval n-l 

:lit -..1Cht of the hal'l'.lDl.er or 1"IUI 

-= _t. accale.ting torce acting on weight III in time interval n 

1111 uait. wdpt of soU 

g; baa. of the na t\ue.l logr1th1m 

• ooe1'f101ent of friction between the soU and pile 

tFmax ::: -.xi.JIIQa stre.s at the fiXed end of an ela.tio rod struck on 

the oppoalte end 

1> Cl 1ntemal U(6le of triotion 

f •••• per unit vol~ 



APPENDIX B 

RECOMMENDED PILE TEST PROGRAM 
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In ol'der to tho~ and aCCUl'W.t.~ 1nVest1p te the evalua t10n 

of pU. *rUlg capao1ty by the us. of the wave equat.1on the follow-

1DI intormat1on .from .. pUe driving and teat progftm 18 required: 

1. .uft101ent .eU 1rl¥eat1ga Uoms &0 that a pl'Oper interp1"8ta. 

tion or soU ocmd1t1ows can be made, 

2. weicht of the b&mmer. 

3. he1s,ht 01 :fall or rated energy o£ the hall2D1er, 

4. etfi.o1.en.cy of the pUe driving equipment, 

5. length and ero ..... eot1onal. area of the MJIIlIAr t 

6. C1"O •• -seot1onal &J'U. and type o:f ma.ter1al maJdng up the oap 

blook and ~h1on block &0 that reat,1tuUon values can be ~teN1ned., 

7. J.qgth, Ol"O.s-.eect1ona.l area, and weight of the p11e oap. 

9. the tellow1ns fCJr the pU.: 

a.. 00IIlp05i tion, 

b. length, 

c. t'NIIbedded length, 

d. 'ft1ght, 

•• OI'O ...... oUcmal d1MM1ona for other than .t.andu-d pUu, 

10. d:l-1ving re.ut&Do .. enoolDlt.Nd, .apecia~ the f1na1 dl"1v1Dg 

n.l.t&1:tIect • 

11. dr1T1D& IUUtano .. a!'teJ" the aoU bA. ooae to equ1llbrium. 

12. 
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13. load distribution between point bearing and side friction a.nd 

distribution of side friction along the length of the pile as determined 

from strain gauges, and 

14. stresses in the pUe during driving. 

000. a sufficient number of investigations are carried out to 

establish reliable values for the soil factors involved then only the 

intonaation outlined in items 1 through 12 would be required to ef­

f.ctivel3" evaluate the bearing capaoity of a single pile. 
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APPENDIX C 

THE CQIoWUTER PN£XHWi 

The program tor COmptlting polnts ot the resistance-log set 

CUl"V" 1. llst.d completely at th. end of t.h1s appendix for the 

bIrlef'1t ot others 'Nbo wish to do t\\N.ber 1nY •• t1p.tion on the wave 

equation method. The program 18 the "Var.v mI" program presented by 

Forehand and Beue (2) nth minor :mod1fi.oat1oZllJ for uae on an IBM 

1620 l~l n computeI'. The pUe au. o1U1d shape factor and the 40;G 

lltd.tation on the ~o 1nere&86 in soU l'88istanoe &1"e alao in­

cluded in the progl!'a.m. The time reqUired for the computer to COJIIPlte 

one point 1s from 1 to 5 minutes depel'ld1na upon t.lw amount and dia­

tr1but1o.n of the :rulatanoe. The spacing of the typed pl"Ogram 001"­

... 8pODia 1:.0 a 72 column data card with the C in the first 11M being 

in Col\Ulln 1. 

Preparation of the .input data, except tor the form and placement 

of the data on ~ caN, which 15 giTen in the program; 1. Accomplished 

•• tol.l.Gnl 

CAlI) OlUlElt 

1 

2 

3 

Ind1cat.s whether or not another set 

of da. ta toll.c:Na, +1, yes -1, DO. 

ARltJl 1 f 2. &. 3 Crou-s.otlona.l area. of pUe material 

at top, center and tip ~ the pile 

(1n2). 
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4 M,D11 NUmber of weights in the rna thema tical 

model and the number of weights less 

1. 

5 T Time interval to be used in seconds. 

Next M cards WeI) Weight of each weight (lba). 

Next l"_1 cards SCI) Spring oonstant. for the pile oap and 

pile weights (lbs/in). 

Next M cards SP(I) SoU spring constants for all weights, 

initially zero. 

Next card RES 1 Coefficient of restitution of the 

pile cap. 

Next card RES 2 Coeffioient of restitution of the 

cushion block. 

N.xt card V Velocity of ram at instant of impact 

(rt/s&c) • 

Next card Q Va.lue :for the maximum elastic oompres-

sion of the soil (in). 

Next card Z Point ooefficient of viseous damping. 

Next card ZP Side coefficient of viscous camping. 

Next card CAP Ability of the pUe cap to carry ten-

sion, +1, yes, -1, no. 

Next card RUB Presence of side friction, +1, yes, 

-1, no .. 

Next card Side friction distribution, +1, 

triangular. -1, rectangula.r. 

!text oal'd IVl, ADD Initial ult1mate :resistanoe and amount 

to be a.dded per oycle (lbs). 



ICICLE J NOLOAD Number of times res1.ta.nce is in­

creased by ADD and IlUlTlber of 'Wights 

LA,LB,LC 

for which movement is not res1.sted 

bY'the IOU. 

Numbers that detam1ne the distribu­

tion of reautanoe between poiDt and 

side, U,LB.LC == 1,5,1 w1ll pya 

ou.1'¥es A,S,e,D, and E, 2,4,1 w1ll 

Pile size and shape faotor 



C WAVE EQUATION V AIr! RU 

DIMENSION DS( 20) .IM( 20) ,DL( 20). VS{ 20), VM{ 20), VL{ 20) 

DIMENSION DPSM( 20) ,DPSL{ 20) 

DIMENSION S{ 20),W( 20),DP(500),R{ 20),SP{ 20).CS{ 20) 

DIMENSION CM{ 20),CL( 2O),FS( 20),FM( 20),FL{ 20),DPSS (20) 

207 READ 27,NCASE.lTURN 

27 FORMAT (I10/110) 

READ 71 ,AREA1.AREA2,AREA 3 

71 FORMAT(3Fl0.4) 

READ 70,M,LM1,T,{W{I),I=1,M),(S{I),I=1,IM1) 

1 ,(SP{I),I-l,K),RES1,RES2,V,Q,Z,ZP,CAP,RUB 

70 FORMAT (2I4/F10.4» 

READ 604 ,MUD 

604 FORMAT{I4) 

READ 72,RU1.ADD,ICYCLE,NOLOAD 

72 FORMAT (2'10.4/214) 

73 FORMAT (314/14) 

READ 73,LA,LB.LC,IRES 

74 FORMAT (F10.4) 

READ 74,AF 

PtJJlCH 30,NCASE 

30 J'ORMAT (12H CASE NUMBER 15) 

POICH 2S,(I,W{I),S(I),SP{I),I-l,M) 

2S JORCAf (58 DATA./ /5811 M w s 

59 
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1 SP/(I4,3F20.2» 

PUNCH 29,RES1,RES2,ZP,Z,Q,V 

29 FORMAT (36H COEF. OF REST. OF CAPBLOCK (RESt) :: F4.Z/ 

1368 COEr. OF REST. OF PILECAP (RESZ) :: ,F5.Z/36H SIDE DAMPING FACT 

20R (ZP) = ,F4.1/36H POINT DAMPING FACTOR (Z) == , 

3F4.Z/36B GROUND QUAKE (Q) :: ,F4.2/ 

436B INITIAL lUU'1 VELOCITY (y) == 16.2) 

PUNCH 605,MUD 

605 FORMAT (6H MUD :I: 16) 

PUNCH 31,T ,CAP ,RUB 

31 FORMAT {36B TIME INTERVAL = 
136H CAP III 

z36H BUB = 
PmlCH 608,RU1,ADD,ICYCLE,NOLOAD 

F8.6/ 

F6.Z/ 

16.2/1> 

608 P'OltIAT (5H RU :I E20.4, lOB ADD := E20.4/9H ICYCLE =: 16, 

1138 NOLOAD • 16) 

PUlfCH 609 ,LA,LB,te 

609 fl>JlKAT (5H LA -= 14,10H LB :; I4,10H LC • 14) 

PUlCH 610,AF 

610 FOIMAT (29B AF ::; 

CHECK • 2.*V 

777 CCliT'DItJ.I 

au-RDI 

00 600 IAH III 1,ICYCLE 

I1'DI4-IIotOAD 

AI'1'J»IIrDl 



6:1 

DO 602 J=LA.LB,LC 

FMAll=O.O 

P'MAX2-O.0 

F.MAI}-o.o 

FTENlcO.O 

FTEN2-0.0 

FTENy.o.O 

00 500 1-4. 20 

00(1)-0.0 

DM(I)=O.O 

DL(I)=O.O 

VS(I)-o.O 

VH(I)-O.O 

VL(I)-o.O 

DPSM(I)-o.O 

DPSL(I)-O.O 

R(I)-o.O 

SP(I)=O.O 

CS(I)=O.O 

CK(I)-O.O 

CL(I)-o.O 

FS(l)-o.O 

FM(I)-O.O 

FI.,(I)=O.O 

500 DPSS(I)-o.O 

DO 501 1-1.500 



501 DP(I)-O.o 

OO(1)=V*12.*T 

VS(l) =: V+(.DS(1)*S(1»*r*32.2/W(1) 

VB(2)-(DS(1)*S(1)*T*32.2/W(2) 

DM(1)=DS(1)+VS(1)*12.*T 

DM(2)-VS(2)*12.*T 

CM(2)-IIl(2) 
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VM(1)=VS(1).«DM(1).DM(2»*S(1»*T*32.2/W(1) 

VM(2).VS(2)+«DM(1)-DM(2»*S(1)-(~1(2).DM(3»·S(2»*~32.2/W(2) 

JK(3)-VS(3)+«Ih~(2)-DM(3»*S(2).R(3»*T*32.2/W(3) 

CK(1)=DM(1)-~~(2) 

UaJ 

PART=( 5 •• iW) /4. 

SP(M).PART*RU/Q 

SmE-RU.PART*RU 

LOADaNOLOAD+1 

IF(MDD)650,651 ,652 

650 00 601 H::sI,OAD, 1M1 

601 SP(H)=SIDE/(AlTEM*Q) 

SP(K)-SP(H)+SIDE/(AITEM*Q) 

GO ro 651 

652 DO 603 N·3,~ 

1M-2 

IIT1-2*)1T-l 

IM2-K-2 

AI!1tr1!1 



6° - LlI 

AIH2aL'12 

603 SP{N)-SIDE*ANT1/{{AlM2*·2)*Q) 

SP{M)=SP(M)+SIDE*{2.*AIM2.1.}/«AIY2*·2)*Q) 

651 CONTINUE 

00 101 N=3.500 

MLESS1-M-l 

00 130 I=l,M 

130 DL{I)-DK(I)+VM(I)*12.*r 

DO 131 I=1,MLESSl 

131 CL{I)-DL(I).DL{I=l) 

13 IF(DL(M» 12,12,14 

12 DEaO.O 

GO TO 24 

14 IF{DL(M)-~) 16,16.18 

16 m;.Q.o 

GO TO 24 

18 VALUE-DL(K)-Q 

IF{VALUE-DE) 22,22,20 

20 DE-VALUE 

GO TO 24 

22 DE-DE 

24 DP{li)-DE 

TU8=(l.+VL(M)·Z) 

Ir(l.4-TUB) 51,52,52 

51 'lVB-l.4 

52 CQlTlBU! 
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R(M)c(DL(K).DP(N»*SP(M)*TUB*AF 

IF(DP(N}) 25.25,26 

26 IF(DP(N)-DP(N.l» 197,197,25 

25 CONTINUE 

3 VAL=S(l)*CL(l) 

IF(CL(l)-CM(l» 5,5,4 

4 FL(l)-VAL 

GO TO 33 

5 CL(l)-cM(l) 

FL(1)=VAL/(RES1*·2)-(1./(RES1·*2)-1.)*S(1)*CL(1) 

33 VAL2-S(2)*CL(2) 

IF(CL(2)-CM(2» 35,35~34 

34 P'L(2)-VAL2 

GO TO 37 

35 CL(2)=CM(2) 

F.L(2)=VAL2!(RES2**2)-(1./(RES2**2)-1.)*S(2)*CL(2) 

37 IF(CAP} 38,36,36 

38 IF(FL(2» 39,36,36 

39 FL(2)=O.O 

36 COITDltlE 

7 IF(F.L(l» 8,133,133 

g FL{l)-o.O 

133 00 132 1-3,HLESSl 

132 F.L(I)-CL(I)*S(I) 

I1(FL(2» 213,211,210 

213 IF(rT.IH1.FL(2» 211,211,214 
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214 FTEN1-FL( 2) 

GO TO 211 

210 Ir(FMAX1.FL(2» 215,211,211 

215 FMAIl*FL{2) 

211 CONTINUE 

HC-M/2+1 

IF(F.L(MC» 216.217.218 

216 IF(FTEN2-lL(MC» 217,217,219 

219 FTEN2-FL(MC ) 

GO 1'0 217 

21g IF(FMA.X2.FL(MC» 220,217.217 

220 FMAI2=FL(MC ) 

211 CONTINUE 

IF(F.L(IH1» 221,222.224 

221 IF(FTEN3-FL(lMl» 222,222,223 

223 F'TER3-FL(IM1) 

GO TO 222 

224 IF{ FMAI3-FL(IK1»225.222,222 

225 FKU3-FL(IM1) 

222 COlifINUE 

42 D(RUB)49,49,44 

44 DO 48 I=3~1 

DPSL(I)-DPSH(I) 

ClWlGE=DL(I).Q 

SUlPDL(I )+Q 

D(DPSL( I ).CBAlGE) 45,46,46 



45 DPSL(I)SCHANGE 

46 IF(DPSL(I)-SUM)48,4S,47 

47 DPSL{ I )-SUM 

SUB-l.+(VM(I)*ZP) 

IF(1.13-SUB) 53,54,54 

53 SUB=1.13 

54 CONTINUE 

48 R(I)={DL(I).DPSL(I)*SP(I)*SUB 

49 DO 50 I=1,M 

VL(I).Y.K(I)+(FL(I-l)-FL(I)-R(I»*~32.2/W{I) 

50 CONTINUE 

DO 75 X-l,X 

X-1. 

U(VL(K)} 75.75.800 

75 CONTINUE 

GO TO 199 

800 CONTINUE 

IF(VL(2)-CHECK) 99,99,190 

99 IF(VL(M).CHECK) 102.102,194 

102 00 98 (=1,M 

DS(K)=DM(K) 

DH(JO-DL(K) 

DL(I)-O.O 

VS(I)-VM(K} 

VH(K)-VL(K) 

VL(K)-o.O 

66 
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CS(K)-cM(K) 

CM(K)=CL(K) 

CL(K)=O.O 

FS(K)=FM(K) 

FM(K)=FL(K) 

FL(K)=O.O 

DPSS(K)=DPSM(K) 

DPSM( I)-DPaL( K) 

98 DPSL(K)ao.O 

101 CONTINUE 

GO TO 196 

190 PUNCH 191,N 

191 FORMAT (64H VELOCITY OF PILE CAP EXCEEDED TWICE THE !WI VELOCITY W 

tHEN N WAS 13) 

GO TO 196 

194 PUNCH 195 •• 

195 FOlt'.lT (64H VELOCITY OF PILE TIP EXCEEDED TWICE THE RAM VELOCITY W 

tHEN It WAS It3) 

GO TO 196 

197 PUNCH 19&,1 

198 lORMAT (268 DP BEC»1E CONSTANT AT N = 13) 

GO TO 196 

199 PUNCH 200,N 

200 PORM4T (52B ALL VL WERE SIHULTANEOUSLY NEGATIVE OR ZERO AT N :: 14) 

196 CON'l'lNUE 

POliCH 607,RD 



607 FORMAT (27H tJLTIMATE RB:SISTAl«:E (RU) s: E15.4) 

BLOW = 1./DP(N) 

PUNCH g05,BLOW 

805 FOBMAT(66H 

lBLOWS/IN= El0.3) 

602 CONTINUE 

RU-mJ+ADD 

600 CONTllWE 

U(ITtJRti) 205 .205 ,207 

205 CALL EXIT 

gD 
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APPENDll D 

INTERPRETATION OF RESISTANCE-LOG SET CURVES 

In Figures g through 25 the OUl'"V"es labeled A, B, C. D represent 

computed results when 100, 75, 50 and 25% of the total resistanoe 

plotted on the ordinate is provided as point resistance. The re­

mainder of the resistance is distributed along the length of the 

pile AI aid. friotion. 

When "No Load ::: g J 9 or 12 t fl depending on whether the oUrY'es 

are for PUM 1, 2 or 6, movement of only that part of the pUe pene­

tl"&ting the dens. sand layer ia resisted by the soil. When "No Loa.d = 

2" the moveaaent of all but the top two weights of Figure 13 is re­

si.ted by the so11. The point. l.&beled "Teat" are the plots of the 

ob8.:rred data obtaiMd from the pile 1oad1ng teat and shown in the 

lower right band oorner ot each figure. Only in Figures 14, 15t 16, 

17, 20, 21 t 22 and 23 do the "Test" point. match oompletely the ob­

served data. shown on the respeative .figures. 

The points labeled "Computed" are point. plotted at the ob.erved 

failure load and computed set. Correlation is obtained when this oom­

puted point is located with respect to curves A, B, C or D in accordanoe 

with the ob~erY'ed load distribution shown in the lO'W£lr right hand corner 

of each figure. 

In interpalating between curves A, B, C and D it must be remembered 

that the spread 1s nonlinear. 
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