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Pile-Driving Impnct 

E D W A R D  A .  S M I T H  

Rdyrnond Concrete Pile Cotnpnny 

. 
'I' H I S C A L C  U L .-\ 'I' I 0 X , performed in the IBJI  era1 interest because it can I)e applied to other. impact prob- 
l'echnical Computing C~ireau,  provided a complete numeri- lems. The  calculation can be clone hy band with a slide rule 
cal analysis of the behavior of a pile when struck by a pile- o r  desk ca lc~~la t ing machine; however, modern electronic , 
driving hanlmer. T h e  results iridicated \\hat stresses digital cslcolating machines are  especially \\ell aciaptedto 
occurred within the pile and capl,lock, as well as the'pene- make the calculation quickly and easily. 
tration of the pile into the earth. This is an  example of the 
replxcement of custiy e~~er imen t ' a t ion  by economical cal- General Casc-Basic Theory 
culation. For  pilrposes of analysis, the hammer, pile, etc., will be 

Previously, using only hey-driven calculators, it has represented by a series of concentrated weights separated 
been pos.;i~)le to study orliy partially a few isolated cases o f  by weightless springs. Subscripts t t r -  1, Irr, q r r f  1, etc., will 
the behavior o i  a pile under a n  impact. This was due to the be to denote order of position, and superscripts ,,- 1, 
high cost in tirne and money associated \\ ith each case ,,, n+l, etc., \vill be used to denote of time. 
studied Uy employing the high speed and accuracy of IBM ~ ~ f ~ ~ ~ i ~ ~  to l;igure 1, let JV,,-,, CI/, and k t ~ , + ~  repre- 
electrot~ic calc~ilating machines to perform this repeated sent successive weights, and s,,,-~, S, and s,+~ the springs 
form~ila evaluation, it i b  possil)le to study the bel~avior o f  underneath respective \\,eights. ~~t the initial positions 
nurneroiis 1)ile t jpes.  'The cost of each case studied thereby 
will he substantially retlucetl. 

C \;\.lien piles are driven as a foundation for a building o r  etc. 
other structure, the load that they \\.ill carrjr safely usually % 

om-* . > 
) is tieterrninetl by measuring the penetration under the last 4 

I~low of the harnnler and substituting this figure in a for- 
nlula. Alany different formitlas are in use, and they vary 
widely in the answers they give. 'I'his calculation provides 
a means of tnathematically testing the accuracy of these 
formulas hen applied to various types of piles and varioils 
groiind conditions. 

I 

0," --- 
Furthermore, when the engineer has been asked what 

stresses the pile o r  the pile-driving equipment should be 
dcsigtled to \iithstanti, he has often been at  a loss for 
an ansiver. I-ie I:as known only that certain practices and 
ecluii)ment have proved su6cejsful in the past. T o  do some- 
thing new has meant proceeding by the often costly process 

0, +, 
of trial ant1 error. --- 

Ikcause n pile is an ol,jrct of consitleral)le length, pile 
tlri\ irtz is a 1)roblenl in longitudtrial nave  transmission and 
irul,ict, t!ie t\a>ic i)riticiples o i  uhich \ \ere firbt investigated 
1 l ~ O  ?cars  ;igo 1)y the French mathenlaticians, Saint Venant 
and I:ouj.\inebq. 'I'hese principles have been a t ly  set forth 
1 7 ~  I,. 11. L)ur!nell in .-\S.\II< l'rarisnctions .\PA[-52-14. 
Iicrn t.\ er,  the problenl is a \ ery complicated one. l ' he  
nlethod of solutron olierrd Ilrrein is based oil approsimate 
rntcgrntion ~ibirig a step-/)!-step calc .lation, and is of gen- FIGURE 1 

C 4 3 



of iveiglits IP',,,, etc., at the beg in~~ing  of impact 1)e indicated 
by O,,,, etc., ancl the initial ler~gths of the spri~igs,  1)y Lz,, etc. 
Also, let 

f' jctc. = ir~stantaneous displ;icenlents ( i ~ ~ c h e s ) .  

L,,, etc. = i~~stantaneous lengths (feet) 

C ,,,, etc. = 12[Id1,,-L,n] = L),, - D,,,+I =I i~~stantaneous  
amount of spring compression (inches). 

K,,,, etc. = elastic constants for springs S,,,, etc. = force re- 
quired to produce 1" of compression C,, etc. 
(pounds per inch).  

I:,,,, etc. = instantaneous forces (pounds) r e su l t i~~g  from 
Cm? etc. , 

l',,, etc. = instantaneous velocities of If',, etc. ( ips) .  

R,,,, etc. = external forces, such as  ground resistance, af- 
fecting the motion of W,,, etc. (pounds).  

Zn,, etc. =r instantaneous net force acting on I.t7,,,, etc. = 
Fm-l - F,, - I-? ,,,, etc. (pounds).  

f = time (seconds). 

Also, let superscripts n- 1, ? I ,  n+l, etc., denote successive 
t i ~ n e  intrrvals ~ t ,  so small that ~ v i t h  negligible error it may 
he assu~iied that all forces and velocities remain constant 
during each time interval. Then, i f  by previous ~ a l c u . ~ t i o n  
or  other:vise, the values of V and D are  known for some 
particular time interval n - 1, all values for C, F ,  2, V and D 
or the ncxt time interval can be calculated a s  follows: ' ' .et VZ-l and DL-', etc., represent definite known values 

)ime interval $1- 1, and let C:, el,, etc., represent defi- 
nlte values to be calculated for time interval n. Then the 
following general forrnulas apply: 

AT7 above is evaluated by using the standard formula for 
change of velocity 

Force x Time g F t  . (Z'I -T2) = p - -- 
>lass - JV 

where JI' is the \\.eight, and g is the acceleration of gravity. 
AD above is evaluated hy the formula for distance traveled 
s = z ~ t  with the coeficient 13 introduced to convcrt to 
inches. 

Careful consideration of the above formulas will disclose 
that the force at  the beginning of an  interval is used to cal- 

t . '?te the velocity at  the end of thc interval, and then this 

entl velocity is used to calculate tlie distance t r a ~ e l e d  dur- 
ing the same interval; therefore, the forces, velocities, and 
displacements used are  slightly out of step wit11 OIIC an- 
otllcr, depending on tlie size of t11c time interval. 

These five formulas are  used repeatedly until the calcu- 
Intion has been carried a s  far a s  necessary. They apply 
whether o r  not the successive ~veiglits, elastic conStants, 
arid external forces are  equal o r  unequal. Furthermore, the 
values of h', R, a n d  a t  may be changed from internal to 
interval according to any definite fornlula, or  suddenly a s  
required. Sudden changes are  required, for instance, when 
the stress in a material reaches the yield ~xl in t ,  when a 
\veight loses contact \vith a spring designed only for com- 
pression, when a coefticient of restitution is  introduced, o r  
\\.hen a ground resistance force must be made negative so . 

as  to resist temporary uplvard movenlents. Such conditions 
are  called bo~tndary conditio~zs. Some of the more colnpli- 
cated digital calculators can take care of these boundary 
conditions automatically. 

Choice of Leagtlzs L artd Tilrte I n t e n d s  At 

It should be borne in mind that formulas (1)  to (5) in- 
volve the tise of small but finite increments, not infinitesi- 
mals. The  lengths L and the time intervals At must, there- 
fore, be chosen small enough to suit each particular type of 
problem. For  each new type of problem halving o r  quarter- 
ing the size of the units and recalculating part of the prob- 
lem must be tried until it is found that the use of smaller 
units makes a negligil~le difference in the peak stresses that 
occur soon after impact. The time interx-al can be changed 
\vliile a calculation is in progress by inserting a new value 
for at i n  fornlulas ( 4 )  and (S), although this change is 
subject to the limitation pointed out in Step 2 below. 

Illustrative Probletit 

A pile of non-uniform section a s  shown in F ig~ l re  2 is to  
Ile driven through water or  very soft mud to a hard layer 
of ground which is capable of resisting a masimum force of 
600,000 pounds under the pile p i n t .  If the point of the pile 
starts  to move upward momentarily, a n e g a t i ~ e  frictional 
force of 100,000 pounds must be assumed, acting to hold 
the point down. No  other side frictional forces a re  to be 
considered. The calculation is made to determine the final 
penetration per blow a t  \vhich the assumed point resistance 
of 600,000 pounds will be developed. 

Side friction along the pile has been omitted from this 
problem so a s  to allow the stress wave to travel with the 
known speed of stress (or sound) in the pile material and 
thus provide one way of checking the calc!gation. The  
n~ethod would apply equally well no matter what values 
\vere assigned to side friction. 



Step I. Decide on the titne interval AI. From previous 
csl)erier~ce a time interval o f  1/4000 secorltl has been chosen 
as 1,eing small enough to give accuracy within about 5%. 

Step 2. Decide on lengths L. These must be a t  least a s  
' great a, the distance stress \\ill travel in the chosen time 

ir~terval At; other~vise the stress \save will r l ir~ illlead of the 
calculation, and the results i ~ i l l  be meaningless. I t  is recom- 
mended that L be made equal to twice the distance that 
stress ~vould travel in the chosen time interval. The  upper 
part of this pile is entirely of steel, an(' the known speed of 
stress in steel is 16,800 fps; therefore, the recommended 
length ior L is (16,800 X 2 )  -+ 4000 = 8.4 feet. The  pile 
Iength, plus a little added for the follower, hat,pens to be a 
niultiple of this figure; therefore, 8.4 feet can be used 
throughout. If an  odd length were'required, it \vould be in- 
serted a t  the point of the pile. 

Step 3. Prepare a diagram as per Figure 3 showing how 
the ram, cap!~lock, follower, and'pile are  to Le represented 

'for purposes of calculation. T h e  individual weights W1, 
etc., are calculated so as to give a weight distribution 
closely ecl~~ivalent to that of Figure 2. 

S tep  .I. Prepare a tal)ulation of all constants required for 
formulas (1)  to ( 5 )  a s  per Figure 4. This is readily done 
by considering the weight, cross-section, and n~odulus of 
elasticity of each portion of Figure 2 equivalent to a single 
spring o r  Jveight in Figure 3. ?'he elastic constarlt K, for 
the wooden capblock must be determined by experiment o r  
  nu st be assumed. For  this problem, a value of 6,400,000 
pounds per inch has been assumed, which represents a 
rather stiff capl)lock, perfectly elastic. 

Step j. If the rvork is to be done by h a d ,  i t  is con- 
veniently tabulated as shown in Figure 5 ,  which covers 
only the first three time intervals. I n  order to start  the 
calculation, it is necessary to have a value for V and a 
value for D in  the first time interval. T h e  value of V, 
representing the velocity of the ram a t  the beginning of 

W, = 1-2689 P Follower + Weight 
of 4.2 ft. of Pile 

W, = 695f 

: Weight of 8.4 
It. of Pile 

= IYeight of 8 
of Pipe and 

.4 [t. 
Concrete 



( ~ t  = 1/4000 Second) 

NOTE: H ,, assumed = F , ,  until F , ,  reaches 600,000#. T/~reafter R,,  =600,000# if 
W , ,  is  moving down and-100,000t if W,, is moving up. 

32.17 st 
\ \  

1,1932,503 
1/ 182,500 

1,'86.500 
1 /86,500 
?/86,500 
1 / a , m  
1/86,500 
1 /86,503 
1 /86,m 
1/86,500 

1/145,000 
1/366,000 
1/388,m 
1 I 194,030 

I1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

See Note 

Nore: Line 3 is  ?tot corilplete because the Force F: = jr,qop calr be used to calculate values 
for Z:, V: and D,S wlriclr are not  shown. Velocity of Ram at Impac t  = 14.250 IPS. 

- .  

FIGURE 5 

K 

G,40C),O%l- 
7,206,000 
7,2013,003 
7,206,W 
7,206,000 
7,206,003 
7,206,000 
7,206,000 
7,206,000 
7,206,O;x) 

14,903,KQ 
19,600,IYX) 
lg,f'3o9000 . 

Subscript 
"nl" 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

D I 

D;-" ..003v;r 

Inches 
.04275 
.03 187 

n 

1 

12 A t  

0.003 
0.003 
0.033 
0.003 
0.003 
0.033 
0.003 
O.KJ3 
0.003 
0.003 
0.003 
0.033 
0.003 
0.033 

W 

7,500t 
1468 
695 
695 
695 
695 
695 
695 
6'35 
635 

11Ca 
2940 
31 16 
1558 

V I  

Yr-l + 2 7 
932,500 
pp 

Ft. per Sec. 
14.2500 
- .2934 

- 

21 

-F;  

n 

cz 
0 3 - I  - Dz-l 

I Inches 
0 

1 

CI 
D;-l- Dn-I 2 

2 1 3 . 9 5 6 6 ~  

F2 

7,206,000C1: 

Pounds 
0 

1.1 

6,400,000CI; 

273,Goo 04275 .OW2 

I 

1 

Inches 
0 

- 273,600 ' 
. O W 2  - .5499 .04022 

3 

I 

2 2  

Fr - F; 

Pounds 
0 

512,783 

. w 9  

.08013 -512,783~ 13.4067 .I2481 

Pounds I Pounds 

Vz 
2; 

+ 182,503 ' 

Ft. per Sec. 
0 

0 

D2 

0;-I + .033V," 

Inches 
0 

0 



.- L N U U S T R I A L  C O M P U T A T I O N  

tilt. i~npact,  must l~ c;\lcul:ltetl by consiclerir~g the dis- 
t a l ~ ~ ~  it falls and allowillg for hammer efticiency. For  this 
problem, elticiency was nssul~ied to be 9076, which gave 
a velocity of 14.25 fps to be used in starting the step-by- 
st(:p calculation. 'She numerical value of the displacement 
D in the first time interval is obtained from the assump- 
tion that the ram continues to move with undiminished 
velocity through the first 1/4000 second after the impact. 
F o r  an  impact velocity of 14.25 fps this gives a displace- 
nient in the first time interval of 0.04275 inches. This 

displacen~ent then is trsed to calculate force F ,  for the 
second time interval, and so on. As  the stress wave 
travels down the pile, additional columns a re  needed in 
g ro t~ps  of live, all headed by the basic forn~ulas (1) to 
( 5 )  using constants taken fro111 Figure 4. 

If the ~ v o r k  is done by a n  electronic digital calculator, 
the results will be tabulated by the machine as shown in 
Figure 6. This is a condensed tabulation which shows 
time intemals 1 to 5 and some of the later time intervals. 
F o r  the later time intervals, only the data for the top 

t 

Time 
Interval 

"n" 

1 

2 

3 
I 

4 

5 

20 

28 

30 

46 
1 

56 

57 

58 

59 

i 

Subscript "m" 

1 

1 
2 

1 
2 
3 

1 
2 
3 
4 -- 
1 
2 
3 
4 
5 -- 
1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

1 
2 
13 
14 

Forces 
"F" 

pounds 

0 

273,600 
0 

512,783 
32,409 
0 

690,869 
113,621 
8,100 
0 

794,001 
236,839 
40,517 
2,024 
0 

238,945 
223,200 

522 
0 

166.719 
221,163 
366,135 
0 

139,864 
195,695 
834,305 
0 

465,569 
539,162 
424,886 

0 

182,869 
365.779 
334,104 
0 

97,056 
280,059 
414,362 
0 

28,516 
157,825 
286.881 
0 

-27,017 
15,191 
246,113 
0 

Forces 
"R" 

pounds 

0 

0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
522 

0 
0 
0 

366,135 

0 
0 
0 

600.ocio 
0 
0 
0 
'=AW 
0 
0 
0 ~.~ 
0 
0 
0 

- 100,W 
0 
0 
0 
m,W 
0 
0 
0 

600,000 

Velocities 
"V" 
IPS 

14.2500 

13.9566 
1.4992 

13.4067 , 
4.1314 
.3747 

12.6658 
7.2944 
1.5946 
.0937 

11.8144 
10.3473 
3.8638 
.5390 
.0234 

5.7933 
5.2403 
0.0199 
0 

3.9070 
4.6805 
3.5019 
0 

3.5942 
4.0635 
5.1612 
1.2734 

0.3514 
3.7305 
3.8138 
0.0933 

-5.0749 
-0.6060 
0.4408 
-0.9241 

-5.1790 
-1.6087 
-0.2967 
1.8713 

-5.2096 
-2.3172 
-0.5238 
0.1696 

-7.4977 
-2.5485 
-0.4272 
- 1.7537 

7 

Displacements 
"D" 

inches . 

0.04275 

0.08462 
0.00450 
0.12484 
0.01689 
0.00112 
0.16284 
0.03877 
0.00591 
0.00028 

0.19828 
0.06982 
0.01750 
0.00190 
0.00007 

0.51314 
0.50414 
0.00009 
0 

0.65498 
0.63125 
0.02919 
0 

0.6770 
0.6566 
0.0581 
0.0038 
0.78710 
0.70211 
0.26202 
0.22218 

0.69620 
0.68104 
0.30442 
0.28323 

0.68067 
0.67621 
0.30353 
0.28890 

0.6650-1 
0.66926 
0.30196 
0.28940 

0.6423 
0.66161 
0.30068 
0.28414 



I I I  I 

a ~ i d  bottoin of the pile iirc inclutled, bccausc these a re  56, 1214 is given a value of - 100,000 pounds in the next T!j,!, 
the controllit~g factors in the .calculation. time interval, which, ill this case, is interval 57. In  interval ' 

The wlculalioi~ 1)egins in tlie first time i n t e r i d  with 57, tile velocity v14 is q a i l l  positive; therefjre, XI, is again r ,  m velocity of 14.25 fps alld a displacenient of O.w27j  g;,.ell a of 600,000 I,OuI1dS in interval j8, and so on. 
. ~ s .  Tlle stress ware travels d o ~ v n  the pile. bringing cacb I,, the ~lleal,tilllr, of dirp~acenlents D~~ hare 

successive section of the pile into action. For  esaniple, in iiicrtased gratlually to a masiinuin of 0.25910 in interval 58, 
fourth time ititesval, the \.elocity fTa amotints to only 

after \vhich thc) re~iiain ~)rac t ic ; i l l~  unchanged. I t  \\.ill also 
1.5916 fps \\.it11 a displacenlent of D3 of only 0.00591 inches, 
and a total force FQ of only 8100 pounds. bc ol)served that tllc capblock force F1 becomes ~iegat ise  in 

I t  will be observed tliat, to represent tlie specified ground time interval 59. This means that tlie hammer mni has 

resistance, R~~ is gi\.en a value equal to pI3 until I : , ~  separated from tlie capl~lock; therefore, at  this point, the 

ceeds 600,000 pounds, a s  it does first a t  tiwe internal 30. hanlmer ram is droppecl from the calculation. 

From this point on, Rlq renlains at  600,000 pounds, except Figure 7 is a graphic representation of the results of the 
that when YI4 l~econies negative, as it does iil time interval calculation. -4 separate curve is plotted for each weight W ,  

TIME INTERVALS = 114000 SEC. EACH 



I N D U S T R I A L  C O M P U T A T I O N  

and tlie curves represent the relationship betiveen displace- 
ment and time. I t  can be seen fro111 the curve for 1V, that 
tlie hammer ram curve crosses the pile head curve in the 
5Sth tilne interval. O n  the curve for it can be seen that 
the penetration reaches a niaximuni in the 53rd time inter- 
val and then fluctuates slightly in the succeeding time in- 
terval;, reaclii~lg practically the sarue maximum again in 
interval 5s. The  calculation should always be carried beyond 
the firht lnasimum of penetration in order to make sure that 
on11 slight fluctuations in penetration will occtrr thereafter. 

CIlcckirrg the Culculations 

'She total energy of the system for any particular time 
in t ena l  can be obtained by adding the kinetic energies of 
the irldividual weights, the potential energies of the indi- 
vidual springs, and the total work performed in overcoming 
the ~ a r i o u s  esternal forces. 'l'he total shotlid equal the 
energy of the ram Just  before impact. 

'I'he total rnomentun~ of the system for any particular 
time interval can be obtained I,y a d d i ~ ~ g  the products of 
each mass nlultiplied by its instaritaneous velocity and the 
p r o d ~ c t s  of each esternal force multiplied by the total time 
it has acted. l 'he total should equal the momentum of the 

rm ,act. ram just before 1 
Sei ther  check is esact  Ixcause of minor inaccuracies 

in this  neth hod, but a sudden variation herween one time 
interval ant1 the nes t  indicates a numerical error. If the 
total varies by niore than abo~ l t  570, consideration should 
be given to reducing the time interval and possibly the 
lengths I,. If the work is dont: by hand, it is recommended 
that checks be made at every 10th interi-al. I i  the lvork is 
done by an  automatic calculator, it may be possible to in- 
clude a running check as part of the setup. T h e  energy 
check is to be preferred to the momentum check as it is 
more complete. Plotting the calculated results for displace- 
ments D as  per Figure 7 is $so a n  excellent check on the 
reasonableness of the results. Curves for separate calcula- 
tions rnay be readily compared. 

K c c n l c ~ i l u f i o ~ l  fo r  Cllartge in Grolcnd Resistance 

.-I change in the resistance near the point ot the pile will 
change only a half or  a third of the total calcrllation. Piles 
Ins, therefore, I)e recalculated for various point resistances 
\\.ith a consideral)le saving of effort as compared with an 
entirely neiv calci~lation. 

DISCUSSIOS 

d l r .  S l rc ldo)~:  I \voulcl like to make a fciv comments. I 
ha\ c been milch impressed lvith Mr .  Srnith's handling and 
understancling of the phenomena v.\ich go into these piles. 
I l e  has not cml)loyet1 calcultrs, Ijirt he has really derivrct for 
you :he partial tliffcrential ecluation for the  notion of the 
pile with 1)oundary conditions. 

The etluation for the (lisplacement D ( x , f )  io a one- 
diniensional, inhomogeneous elastic medium is: 

\\here p( . r )  is the mass density, Y (,r) is Young's modulus, 
and f(x,t)  is the applied stress. The  simplest difference 
system by which we can replace the above differential equa- 
tion is, in the notation of Xlr. Smith, 

The solution of this difference system is esactly equivalent 
to the solution of the difference system derived by Mr. 
Smith from first principals. T o  see this, note that 

1v D.2 - on,-' -- = , ,Ax and b': = 
32.17 12At ' 

hlr .  Smith chose an  interval at = A X / ~ C  ( c  = sound 
speed), so that he had a safety factor of 2 in the Courant 
condition for the stability of numerical integration of hyper- 
bolic type equations. 

\Ve solved this problem on the card-programmed cal- 
culator at  the technical colnputing bureau. W e  chose the 
CPC £or solution because Mr.  Smith had quite complicated 
boundary conditions imposed. F o r  one thing, the resistance 
of the ground is a non-linear function. It is 600,000 poilnds. 
upwards when the last weight is moving down and 100,000 
pounds downward when the last weight is moving up. .4n- 
other condition that has to be provided for i s  that the cap- 
block and follolver are not attached to the pile itself, so 
that after  a certain period of time the capblock and follower 
fly off the top of the pile. Using the card-programmed 
calculator with its facility to list answers as we go along, 
we were able to observe the sign of the velocity a t  the 
bottom of the pile and also whether there was a tension o r  
compression in the capblock. A s  soon as  the condition 
which bounded this motion changed, we were able to insert 
a new instruction card which would take care of the new 
condition, 'l'his is a much simpler procedure than attempt- 
ing to put these conditions into the control panel of a 
machine. \Ye have solved, totally, eight cases of this pile- 
driving \\,orl<, and for the last s i s  cases there was an  addi- 
tional complication in the auxiliary conditions. hlr .  Smith 
decided to take account of the fact that the capblock was 
made of wootl and, therefore, was not perfectly elastic. U'e 
chaoged tlie elastic constant of the capblock according to 
ivhether the cal,block was being c6mpressed or  was ex- 
panding. 



S E h f 1 N A . R  P R O C E E D I N G S  

'l'he l)rol)lem runs a t  allout one step i11 tllc time every 
three minutes. 'l'his is a n  alrerage figure, taking account of 

-?lging the program cards to take care of auxiliary con- 
!IS. 

I),-. Aronofsl:y: I do not understanti tllc boundary condi- 
tions at  the top. '!'he weight of the ram is 7,500 pounds. I s  
there any contiitio~i imposed? 

J l r .  S ~ c l d o n :  'l'he u-eight a t  the top is n freely falling 
weight; so tlle boundary condition at  the upper end of the 
pile is that at  t = 0 the ran1 has a certain definite velocity, 
and all the other +rreights arc  not moving. 

Dr. Aro~rofsky: Is there any assuml)tion about resistance 
along the lateral side of the pile all the \say do\vn? 

Afr. Shcldolr: In  one case there \\.as just the resistance at  
the bottom. I n  another case the resistance was applied in 
the middle. 

Afr. Swlitlt: 111 Figure 4 the only resistance that is in- 
serted is the last one. All the other resistances are  zero. 

I fowever, if desired, you can put in a s  matty resistances as 
thcre are  weights. 

Dr. Bz(cllllolz: I think such studies have bee11 made or1 
analog equipment. You replace this tj-pe of s).sten~ by a 
net\r.ork of little capacities and provide certain nonlinear 
elenlents to take care of l~oundary conditiolls and special 
conditions. You run into a bit of a prohlenl in the cqse of 
the capl)loclc leaving the rest of the system. I don't k11ow . 
\vhethcr this problem has been done, but I imagine i t  might 
be possible to do so. 

A17. Moncreifi: \Vas special \\iring used for this probleln? 

MY. Sheldor~: N o  effort -\\.as made to change the stantlard 
setup at  all. \Ye made it very simple so that  it took about 
one day to plan for the machine. 

Mr. Illoncveiff: The  calculation is simple enough so that . . 
you could save time by wiring a special control panel. 

Alr. Slzcldon: That  is true. 




