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Time effects, cycles of tension -  Compression of model piles 

Influence du temps, cycles de traction -  Compression de pieux modeles

Amos Zelikson -  Faculty o l C ivil Engineering, Technion, Haifa, Israel

A B ST R A C T: Scale  m odels o f  piles in sand  w ere used lo study long du ration  and cycles b ehav io r under sta tic  loading. S tress 

conserva tion  w as carried  out by H ydraulic  G rad ien t s im u la tion  (sca le  1:75) and by 2 DIM  rods m odel (1:7.4). Im pact v ib ration  tests 

carried  on the H ydraulic G rad ien t m odels w ere com pared  to the sta tic  ones. Im age analysis w as used in the 2 DIM  “ sand” .

R ESU M E: D es m odeles redu its de p ieux dans un sable ont e te  u tilises pour eu d ie r le com p o rtem en t a longue duree et dans des cycles 

sous chargem en t sta tique. La conserva tion  des con tra in tes a ete assuree  par une sim ula tion  par G rad ien t H ydraulique (echelle  1:75) et 

dans le m odele  d ’un sab le  2 D IM  com pose  de cy lindres (1 :7 .4) Des tests de V ibration  - Im pact ont ete execu tes dans la  s im ula tion  par 

G rad ien t H ydrau lique et com pares aux essa is sta tiques. U ne analyse d ’im ages a e te  u lilisee  clans le "sab le"  a 2 DIM.

I IN T R O D U C T IO N

T he paper p resen ts resu lts o f  sca le  m odel tests on piles in both 

real and  sim u la ted  sands. S uccinctly  a rev iew  o f  m ost o f  the 

p rob lem s is presented . A lso the sam e kind o f  p rob lem s ex ist for 

o th er structures: on the  one hand design  is carried  out by 

sim p lis tic  fo rm ulas based on such p aram eters as capac ity , toe 

resis tance , lateral resistance. O n the o th er hand qu ite  heavy 

ca lcu la tio n s are  carried  ou t w hich  have little  im pact on the 

design  and w hich  are “ v a lid a ted ” by fitting  o f  som e force - 

d isp lacem en t curves. V alidation  o f  the design  has been carried  

ou t sp o rad ica lly  by expensive  sta tic  load ing  tests. T hose  tests 

are  lim ited  by the  capac ity  o f  the load ing  insta lla tion , not that o f  

the pile. T he tim e e ffec ts w hich appeared  cou ld  neither be 

stud ied  in detail nor acco u n ted  for. T hus, for som e tim e now  it 

has been c lea r  that the  sub jec t cou ld  only  be stud ied  by m odel 

tea ts w hich  conserve  the  stresses: T he H ydraulic G rad ien t 

m ethod  and cen trifugation . As w ill be show n the  p ile ’s 

resis tance  is strong ly  in fluenced  by the load ing  h isto ry  in a w ay 

tha t suggests a partia l d ep endence  on local grain - arrangem ents, 

w hich  canno t be dealt w ith by the  con tinuum  m ethods o f  soil 

m echan ics. A s the soil varies all the tim e the notion  o f  capacity  

is m eaning less as w ell as th e  dynam ic  m ethods for its 

“ p red ic tio n ” . A d irec t dem on stra tio n s is given that the " to e” and 

“ la tera l” resis tan ces are  one and the sam e so that the w hole  pile 

should  be ex c ited  also  in dynam ic  tests. U sing  the tw o 

d im ensional “rod - san d s” it has b ecom e possib le  to analyze 

v ideo  film s and  ex tract the  d isp lacem en t and d efo rm ation  fields, 

w hich  any com p u ter a lgorithm  m ust from  now  on g ive correctly . 

A lso  the m icro  m otion  o f  the grains can  be follow ed.

2 M E T H O D O LO G Y

C onservation  o f  stresses requ ires that all the volum e forces be 

increased  by the facto r o f  length reduction . T hat im plies the 

conserva tion  o f  the  partic le  velocity  and the s im u la tion  o f  

g ravity , e ith e r  by H ydraulic G rad ien t o r cen trifugation . 

C en trifugation  requ ires robo tics (Z elikson  et Al, 1994). The 

H ydraulic G rad ien t m ethod  is by far m ore su itab le  and  less 

expensive  for piles.

T he H ydraulic  G rad ien t m ethod  used a h ighly siliceous line 

sand m edium ly  com pacted . It w as p laced  in a large

“ p e rm eam eter” and a sa tu ra ted  vertical perco la tion  was 

installed  betw een  a free surface  w ater pressed  by a ir  from  above 

to a bottom  filter. T he d issipation  o f  the w ate r - head produced  a 

sim ula ted  specific  w eigh t co rre spond ing  to length  reductions by 

75. T he d iam eter o f  the soil w as 0.8 m [60 m in situ] and its 

depth  o,4 m [30 m]. T he m odel p ile w as a close ended  steel tube 

o f  1.6 cm  [ 1.2 m] d iam eter w hich  w as tested  at penetra tions o f  

0.1 lo 0.3 m [7.5 to 23 m]. It w as loaded  vertically  by a double 

action  hydrau lic  ja c k  con n ec ted  to an elec tric  pum p (Z elikson , 

1969). T he rods o f  the 2 DIM  “ san d ” w ere brass hexagonal 

cy linders (d iam eters  6 m m , 10 m m ) and 3 m m  circu lar ones. 

T he hexagonal rods w ere m ach ined  to circu lar sections o f  a 

sligh tly  reduced  d iam eter on both  ends so that the con tac t length 

w as halved  and the apparen t density  doubled. T he hexagonal 

form  preven ted  grain ro ta tions and the g ranu lar ensem ble 

resem bled  sand m ore realistically . T he artific ial density  (relative 

to 1.6 g / c m ')  co rresponded  to a length reduction  by 7.4. The 

ang le  o f  in ternal fric tion  w as 30°. T he p icture  p resen ted  to a 

cam era  in front w as that o f  separa te  c ircu la r b right targets. T he 

" so il” w as 1.0 m [7.4 m] deep  and 1.2 m [9.0 m] large. T w o 

“ p iles” 4 cm  large [30 cm ] at 0.3 m [2.2 m] ou te r spacing  w ere 

held  together at the  head and at the toe and the structu re pushed 

into the  bottom  " so il” w hich  rose 20 cm  betw een  the  piles, 

g iving the sem blance  o f  a sing le  ho llow -tube  pile. T he head  w as 

loaded  by a doub le  ac tio n  ja c k  connected  to a servo - pum p. T he 

forces w ere both  vertical and at 33° to the vertical T he w ork 

w as carried  out at the L aborato ire  de M ecan ique des Solides, 

E co le  P o ly techn ique, Pala iseau , France.

3 E V O LU T IO N  O F T H E  R E V E R SIB IL ITY  R A N G E: T IM E  

EFFEC TS (H Y D R A U L IC  G R A D IE N T).

D uring construction  the  p ile undergoes loadings w hich  cause 

residual stresses and grain a rrangem en ts in the soil. A "virg inal 

test"  is carried  out on a p ile w here those changes o f  the  soil are 

negligible.

Fig. I dep ic ts the force (F) d isp lacem en t (U ) graph o f  a com m on 

load ing  test. T he load ing  w as as virginal as cou ld  be as the 

m odel p ile w as in sta lled  in the soft sand p rio r to the app lica tion  

o f  the gradient. A virginal capac ity  C„ s  1500 N [ 8.4 M N] at 

U / d ;  4%  (d = d iam eter) w as fo llow ed  by cycles o f  increasing  

load m axim a. A t these cycles the low est force was above zero.
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Figure 1. Compression loading test

Figure 3. Cycles in compression
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Figure 4. Delayed settlement accelerated by pulses

Figure 2. Delayed settlement

At each cycle the reversibility range expanded, while the rigidity 

remained essentially constant. The last hypothetical loading test 

ACD has a capacity C = 7000 N [45 MN]. The total residual 

settlement was about one diameter, which could have been 

produced at the toe by loading the soil against the pile either by 

jacks (i.e. underpinning) or by grouting, (a relevant case history 

from a bridge in Argentina was reported at the San Francisco 

conference). Underpinning capacity is recognized by the codes. 

Is the 5th cycle different than the 1st one ? Above the “yield 

point" time effects appear (Fig. 2). The load was rapidly raised 

to about double the capacity then held constant. From that 

instant the additional displacement is depicted as a function of 

time. A simple Kelvin Visco - Elastic model gives:

U / U , = ( 1 - exp ( - 1 / t)  ) or ( U* - u ) / Ux = EXP ( - 1 / t  ). 

According to Fig 2 the characteristic time x is 23 min.

Also Ux / U was 1.5. The reloading curve ACD of Fig. 1 has an 

Elastic part AC ( C »  Co ), which can be explained by the 

formation upon the preceding unloading of a field of residual 

stresses (Zelikson, 1969). This however does not account for the 

lime effect. Loading tests using screw - jacks operating at a 

constant speed showed that the additional rigidity was 

independent of the speed. It is natural to conjecture that re-

TABLEI

(cycling started after 4000 S, at Ux = 6.33 mm, Fx = 2200 N)

F;N 300 1600 300 1600 300 1600 300

U;mm 5.63 6 . 1 2 5.67 6.15 5.70 6.19 5.74

F;N 1600 300 1600 300 1600 300 1600

U;mm 6.30 5.82 6.34 5.90 6.42 6 . 0 0 6.48

F;N 300 1600 1 2 0 0 320 1 2 0 0 320 1 2 0 0

U;mm 6 . 0 2 6.52 6.40 6.08 6.40 6.08 6.40

arrangement of the grains takes place, which takes time. Putting 

the results o f figures 1 ; 2  together one is inclined to attach lo each 

Fx a Ux, and thus construct the “final” force displacement 

curve. However, according to the tests’ results, later cycling up 

to Fx then produced further residual displacements (Table I). 

According to table 1 additional permanent settlements were 

obtained even at Fmax = 0.7 Fx, while stability existed for Fmax 

= 0.4 Fx. Fig. 3 depicts similar results, where cycling from point 

C onwards produced diminishing residual settlement per cycle 

but not stability up to U = 1.7 U (C). Fig. 3 depicts a yet unstable 

cycle up to point F, and a stable one up to point G (at about twice 

the initial capacity).

Fig. 4 depicts the interplay between cycling and delayed 

settlements: at = 500s intervals a square pulse of force was 

added, causing additional residual settlements and accelerating 

the final stability.

Based on these and many other results it can be stated that up lo 

several times the virginal capacity any force can be made the 

upper limit o f stable compression cycles, and thus be taken as a 

capacity. The corresponding settlement is very long to define 

and might not be unique. When the stresses become zero in a 

zone of soil the preferential grain arrangement is obliterated 

This is the reason for the big softening which follows some 

loading in tension. However, it is interesting theoretically to note 

that when cycling is carried out between fixed limits, one in 

tension and one in compression then after few cycles the plastic

Figure 5. Cycles o f tension - compression
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Figure 6 . Compression cycles following tension

Figure 9 Impact force vs. displacement

Figure 7 Toe resistance related to total force

• 59m,

displacements in one leg are fully compensated by those of the 

other one leading to stability. In Fig. 5 the closing of the 

“ fissures” is in the part AB of the curves. In Fig. 6  is depicted the 

rapid rehabilitation of the rigidity in compression following a 

loading in tension, at a price of an additional settlement of about

0.15 d. Barring exceptional cases (e.g. earthquakes), the loads 

vary between close limits in which case according to Fig. 6  there 

is stability. Much evidence is present (e.g. Zelikson, 1969) to 

show that the variations in the resistance is not caused by density 

changes. However in a denser sand the “work hardening" is 

greater.

4. DYNAMIC PREDICTION OF STATIC TESTS 

(HYDRAULIC GRADIENT)

By the preceding chapter it is clear that all that is related to the 

slow time effects, mainly grain re-arrangements cannot possibly 

be predicted by impact loading. Methods using pile driving 

utilize short impacts which scan the pile in order to discover the

resistance at each point separately. In this connection it is 

pertinent to discuss some old and new results o f static tests (e.g. 

Zelikson, 1986). In a pile instrumented by straingages it is 

possible to measure the resistance at different stations. When this 

is drawn versus the total force F, a very important fact appears: 

the resistance is proportional to F not only in the Elastic range, 

which is normal, but through the plastic range, well above the 

capacity, and also in cycles.

An example is given in Fig. 7 by the straight line o f “toe 

resistance vs. F’\ If the yield points corresponding to piles at 

different toe depths are compared, then in compression the 

capacity is proportional to yli, and in tension to yh2 (y = volume 

weight). Clearly in tension the tangential stress is proportional to 

the horizontal pressure at rest. The result in compression should 

be taken together with the fact that the instrumented piles show 

that at 3 diameters from the toe there exist 70 - 80% of the total 

resistance. This part of the pile is the "tip" where the stresses are 

proportional to the vertical earth pressure at this depth i.e. yh 

(with a large factor) Accordingly the horizontal pressures on the 

pile and the tangential stresses which follow are very much 

higher than the case "at rest”. It follows that the whole tip, and 

preferably the whole pile should be excited "in phase" and not 

just scanned. From the results o f the previous chapter it is 

inferred that each impact stands by itself (no time for re­

arrangement), that a series of impacts is under the influence of 

the grain arrangement o f a preceding static loading and so 

"predicts” the next to come one. Also an "over - rigidity" is to be 

encountered above the capacity. All this was verified by the 

tests.

The name "impact vibration” was given (Zelikson, 1991) to 

tests where the frequency is so low that the whole pile vibrates in 

phase. The best mode of excitation is that of a mass falling on a 

soft "cushion” (rubber, coil springs etc.). The model tests 

indicate for the ram a weight o f about 5% of the maximum static 

load. An industrial method was proposed by Gonin (1984) and is 

now copied around the world

Figure 10 Figure 11

Force vs. displacement from impact & static tests
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In the Hydraulic Gradient methods the velocity was measured 

directly by the Hopkinson Bar method using straingages, which 

were also used for the force (Zelikson, 1991). The displacement 

U was calculated bv integration of the velocity V. Conservation 

of the velocity V is required from that o f the dynamic stresses. It 

follows the time scale equals the length scale. Fig. 8 depicts the 

time signals at a frequency of 37 Hz [5 Hz], Fig. 9 shows the 

force at the top and at the toe as functions of U While the toe's 

graph has the characteristics of a static loading the lop's graph is 

blurred by inertial and radiation resistance. However, in situ only 

the top's graphs are available, and the forces at V s  0 are used lo 

construct pseudo-static F(U) graphs.

Those points like B in fig. 9 are hard to define, and are used to 

construct pseudo static force displacement graphs (fig. 10 - 11).

It is seen that the dynamic results become stiffer in the "plastic" 

range and "over-shoot" the static curves, and could not give 

detailed information about this range. Also the curve o f one 

blow (fig.9) do not follow the static curve (Zelikson, 1991). 

However, the line OB can be used lo calculate the Elastic rigidity 

as well as the quasi static graphs.

5 CYCLES IN THE ROD S' MODEL

p. = 15 Mpa. The corresponding depths are [5 m] and [14 m] 

respectively. Fig. 13 depicts cycles o f different force intervals. 

The frequency was 1/20 Hz. The tension - compression cycles 

became stable al about the 20th one. The cycles in compression 

are similar to those o f the pile in Fig. 6.

The restricted space of the paper does not allow the presentation 

o f a larger number o f similar curves of the two simulations. 

Taking this similarity to be the case, the possibility o f studying 

the arrangements and the deformations in the rods model by 

video becomes relevant.

Cycling of an inclined force approaches the general case of 

foundation systems in that the number of load parameters is 

three, all functions o f lime (the force's amplitude, inclination 

and eccentricity) Also the zones o f large deformation and 

stresses ate quite separated in tension and compression so that 

the mutual interaction of which is small.

Fig. 14 depicts a cycle and half which is already stable 

(inclination angle 33°). Fig. 15 depicts ten slow symmetric 

cycles (period 5 minutes). Fig. 16 depicts twenty quick cycles 

(period 2 seconds), the maximum compression being 3 times the 

maximum tension. The cycles o f Fig. 14, 15, 16, have similar

The length of the contact line between the rods was 3 cm. The 

two pile structure can be taken either as one with a gross base 

area of 30 x 3 cm or as two separate piles with a net area ( 4 x 3  

cm) x 2. Fig. 12 depicts two cycles of tension - compression. It 

resembles Fig. 5 o f the pile, although the concave part AB is now 

smaller which indicates a lesser degree o f grain re­

arrangements.

The maximum force of about 6000 N devided by the net area 

gives an average pressure o f p = 2.5 Mpa. The pile’s area was

2 cm" and the maximum force of 3000 N in Fig. 6 gives

Figure 12 Rods’ model - two cycles tension - compression Figure 15 Symmetric cycles; period 5 minutes (force at 33°)

Tension - compression cycles; period 2 seconds (force
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graphs. S tab ility  ex ists a t the end  in all the cases. T he short 

period o f  fig. 16 had no in fluence  re lative to the m uch longer one 

o f  Fig. 14.

6 IM A G E A N A LY SIS

In 3 DIM  m odels, w hen the " so il"  is sim u la ted  by g lass grains, 

an oil w ith  a su itab le  refrac tion  index m akes the  m odel 

transparent. O ne o f  the p ioneers o f  the  m ethod  is A llersm a 

(1987, 1991). T he th ickness w here transparency  ex ists depends 

on the un ifo rm ity  o f  the  glass. U sing Pyrex glass, tests have 

show n that beyond 6 - 8 cm , a steel ball d isap p ears  in the  “ fog” . 

H opefully , w hen gra in s m ade o f  the h ighly pure g lass used in 

com m unication  cab les are  availab le  transparen t m odels o f  about 

50 cm  d iam ete r w ould  be constructed . T he H ydraulic  G rad ien t 

m odels w ould  then  use the sam e oil for percolation .

For sands the  m ethod  o f  “ sand - c a s tle” w as in troduced  by the 

author in 1986 fo r the cen trifu g e  o f  LC PC  in N an tes (Zelikson

Figure 17 D efo rm a tion  o f  a grid  rods m odel (co llapse  o f  ro o f  by 

blast).

F igure 18 Field o f  m ax im um  co n trac tion  (tw o  p iles in the  ro d s’ 

m odel)

1989, 1991). A cco rd ing  lo the m ethod  th in  layers o f  co lo red  sand 

are in troduced  during  the co nstruction  o f  the m odel. A fter the 

test the  sand is d ra ined  but not dried. T he m oist sand is then 

sliced  show ing  the  d efo rm ed  pattern  o f  the  co lo red  lines. U sing a 

fine sand, the reso lu tion  is rather good.

T he rods' m odel w as in troduced  for the  purpose o f  visual 

inspection . If  ord inary  cy linders are used than  a grid  o f  chalk 

can  very effic ien tly  be used. Fig. 17, w hich  dep ic ts the co llapse 

o f  a cav ity  caused  bv a shock tube b last is an exam ple.

H ow ever, at presen t v isual m ethods are ju d g ed  by their 

am enab ility  to im age processing . T he basic  p roblem  o f  

p rocessing  is the id en tifica tion  o f  the sam e “ m ark ” on successive 

cliches. T he sim plest m ethod  uses m arkers, w hich  are  good both 

for 2 DIM  and 3 DIM. In the p resen t case  they w ere  ex tensively  

used in the rods' m odel. D uring  the test a  v ideo film  is prepared . 

A t desired  tim e in tervals the  com p u te r p icks cliches. T he 

m arkers are separa ted  from  the  background  by fillers. For th a t to 

be successfu l, the background  m ust be m uch  darker. A fte r tria ls 

the  best m ethod  w as found to be the use o f  pain ts that g low  in 

the dark  for som e tim e after the  room  is darkened , during  the 

tim e the  film  is taken.

A ccord ing ly  all the  m arkers and only the m arkers w ere p icked  

out. T he cen te r o f  “ grav ity" o f  the lighted  p ixels is then 

calcu lated . U sing  successive cliches the next position  o f  each 

m arker is iden tified  and  the d isp lacem en t calcu lated . T he next 

step  is triangula tion . T he quick  H ull A lgorithm  for C onvex  H ulls 

o f  C.B. B arber, D P. D obk in  and H. H udhanpaa w as used. A ny 4 

poin ts give 2 triang les in 2 d ifferen t w ays, and som e triang les are 

too “ flat". T he angle betw een  tw o edges w as ca lcu la ted  using  the 

ratio  o f  the vector p roduct o f  the  edges to the  sca lar product. T he 

unsu itab le  triang les w ere deleted . T he g rad ien t o f  d isp lacem en t 

increm ents w as ca lcu la ted  by linear in terpo la tion  and  assigned  

to  the  gravity  cen ter o f  the  triangle . E ither G reen 's deform ation  

or the linear one  w as ca lcu la ted , and then the  principal axes and 

values. Fig. 18 as an exam ple  dep ic ts the largest co n trac tions and 

th e ir  axes near the  toe  o f  the piles. T he force w as at 33°. The 

d isp lacem en ts betw een  F | and Fi w ere used. T he im age w as 

com posed  by 512 pixels. T here fo re  large zoom ing  w as necessary  

for the  second  m ethod  w hich  fo llow ed  the m otion  o f  each  rod in 

a  restric ted  zone (Z elikson , 1993).

In p repara tion  the cy linders o f  3 m m  d iam eters w ere pain ted  

b lack. T he laithed  rods do not tuch  each  other. T h erefo re  they 

ap pear as b right c ircu la r d isks on a dark  back-ground. T he 

com p u ter p rog ram m es m enue (in sta lled  on a M acin tosh) 

inc ludes a th resho ld  filte r w hich  en hances the p icture. U sing 

“ p encil” "b ru sh ” etc the d isks w hich  are seen to be in con tac t are 

separa ted . T h is o pera tion  reduces in a neg ligeab le  w ay the 

"m asses" . T h e  program m e then sieves the partic les by the ir area. 

In the presen t tests there are  only tw o sizes. Finally  it ca lcu la tes 

the  cen ter o f  gravity  in pixel units, and num bers the  partic les

Figure 19 C om puter p rin tou t o f  each  g ra in ’s id en tifica tion  for 

c e n te r’s calcu lation .
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T A B L E  2 M otion  o f  the rods

Length un it= p ixel, 1 pixel^O. 16m m , w indow : 233 by 189

Initial position__________ Final position

No. X y No. X y l!x Uy

60 283.00 291.00 60 238.00 294.00 0 3

61 367 .00 285.00 61 367.00 288.00 0 3

62 471.00 282.00 62 471.00 285.00 0 3

64 609.00 271.00 64 609.00 274.00 0 3

65 701.00 262.00 65 701.00 265.00 0 3

66 153.00 260.00 66 152.00 263.00 -1 3

67 406 .00 260.00 67 406.00 263 .00 0 3

68 218.00 257.00 68 222.00 256.00 3 -1

69 110.00 251.00 70 109.00 254 .00 -2 3

70 313.00 245.00 71 313.00 248.00 0 3

71 479 .00 225.00 72 479 .00 229.00 0 4

72 655.00 237.00 73 655.00 240 .00 0 3

74 351.00 227.00 75 351.00 230 .00 0 3

76 142.00 219.00 76 144.00 221.00 2 2

77 203.00 219.00 77 203.00 222.00 0 3

78 95.00 213.00 78 94.00 216 .00 -1 3

79 545.00 199.00 79 546.00 202.00 1 3

80 620.00 211.00 81 620 .00 214 .00 0 3

acco rd in g  to a lex icograph ic  criterion . A s seen  from  figure 19, 

all the hexagonal rods are accoun ted  for. T he “ w indow ” w as 8 

cm  large, covered  by 500 p ixels, i.e. one pixel equ ivalen t to 0.16 

m m . T ab le  2 lists part o f  the results. T h e  p rob lem  o f  

co rresp o n d an ce  can  be ex am in ed  as follow s: if  the d isp lacem en t 

is sm all enough  re lative to the  partic le  size than  the  cen te rs  o f  

co rrespond ing  d isks w ill d iffe r  only  slightly . In fact in tab le  2 in 

m ost cases the first tw o dig its in bo th  x and  y are  the  sam e, and 

the o thers d iffe r only by 1. T h is can  be the  basis an au tom ated  

routine. T he lex icograph ic  o rd erin g  gives som etim es 

co n sequ itive  num bers to  far aw ay disks. A s tab le  2 show s th is is 

not frequent. A lso the siev ing  fille r w ill d ro p  ou t clu ste rs o f  disks 

in app aren t contract. H ow ever, the p rog ram m es that have been 

used all con ta in  som e in terac tion  usually  in the  filte ring  phase. 

A lso  erro rs o f  pa iring  have been seen. T h is ind ica tes tha t the  use 

o f  som e hum an in te ligence  is not a lto g e th er undersirab le . T he 

average  d isp lacem en t is (U x) =  0 .08  ; (U y) = 2 .97  pixels. T he 

standards d ev ia tions co respond  to  0.13 and  0.05 m m  

respec tive ly , in d ica ting  a  p rec ision  o f  about 0.1 m m  (or 0.5 

pixel).

T he second m ethod  prov ides the d isp lacem en ts  at the  cen ters o f  

c lu s te rs o f  rods, and  then  fo llow s the  p rocedure  o f  the  first 

m ethod. A s the fram e is 512 x 512 p ixels, a cu m b erso m e m ethod  

o f  cam era  d isp lacem en ts has to be used, w ith the  ensu ing  errors. 

B locks o f  several cam eras w ere  also  used. It stands to  reason  that 

in the  near fu tu re cam eras o f  a m uch  g rea te r num ber o f  p ixels 

w ould  be availab le , and all these  techn ical d ifficu lties  d isappear. 

T he paper strives to show  that in m any w ays the  rods' b ehav io r is 

s im ila r to that o f  real sands, especia lly  as concern in g  w ork 

hardening. T herefo re  any com puta tional m odel shou ld  co rrec tly  

pred ic t the field  o f  d isp lacem en ts  w hich  is availab le  by im age 

processing.

m echan ics, o f  p aram eters such as capac ity  and o f  its 

“ p red ic tio n ” by dynam ic  tests.

4. S im ple sta tic  tests and  im pact v ib ration  tests by G on in 's 

m ethod  seem  equally  su itab le  for v a lida tion  o f  the design 

prov ided  large enough  d rop -m asses are  used.

5. S tatic tests and im pact v ib ra tion  tests are not in terchangeab le.

6 Sim ple  m ethods o f  execu tio n  and in terp re ta tion  o f  the im pact

v ibra tion  tests shou ld  be defined  by the codes.

7. T he m ethods o f  im age analysis are  ex p ec ted  to b ecom e m ajor 

tools for the understand ing  o f  the  p ile  - soil in teraction , even 

in the  m odest env ironm en t o f  the rods' m odel.
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7 C O N C L U SIO N S

1. T h e  d ep endence  o f  the sta tic  resis tance  on residual stresses 

and on grain re-a rrangem en ts acco rd in g  to  the  load history 

m akes it very d ifficu lt to define.

2. For the  facto rs o f  safety  the  w hole  life o f  the  struc tu re  should

be considered .

3. T h e  use is in doubt o f  ca lcu la tio n s based  on con tinuum
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