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Ti t le :  

NATIONl iL  RESEARCH COUNCIL OF CATTAIIA 

Technical Translation TT-521 

TJetli r e s u l t s  obtained from dp.amic foundation 
s o i l  t e s t s .  

(Neue Xrgebnisse der dynmliscllen Bawrundunt ersucllu~g),  

Author: H. Lorenz. 

Reference: 2. Ver. deut. Irq. 78: 379-3859 1934. 

Translator: H. A. G. Nathan. 



One of the long range i n J ~ e r e s t s  of' the Division 

of Building Research, through i t s  Building Physics Section, 

i s  a study of vibrat ions  i n  the ground. This is  a nmtter 

of considerable p rac t i ca l  significance and yet  one upon 

which there ex i s t s  very meagre l i t e r a t u r e .  

The Divisioiz therefore welcomes the publication 

by the Cowlcil o f  t h i s  t rans la t ion  of an ir;iportant 

European paper i n  t h i s  f i e l d  and i s  ~ r a l ; e f u l  t o  1%:~.  

Nathan of the Nain Library Staff f o r  the vfork which he 

has done i n  t rans la t ing  t h i s  soi-ne:;.lzat specialized tech- 

n ica l  contribution. 

Tlze Division 1 : a i l l  be glad t o  hear f raom any rVlzo 

may have occasion to  consult t h i s  taranslat ion,  and .iiho 

have mutual in t e res t  i n  the f i e l d  of ground viby:~tions. 



NEW RESULTS OBTAINED FROM DYMMdIC FOUNDATION SOIL TESTS 

A number of reports recently published deal 
with the method of dynmic foundation soil tests, 

on which work ivas begun at the Deutsche Forschungs- 

gesellschaft fik~ Bodenmechanik (Degebo) about three 
(1) years ago . A study of the detailed report no. 1 

of the Ver8ff'entlichungen der Degebo will enable the 

reader to familiarize himself with the method itself 

and with the theory of the oscillating mass point on 

an elastic support, which was used for the evaluations. 

A short summary of the results to date is given 
in the present paper. In addition, new tests with an 
improved experimental set-up and the results thus 

obtained are described with particular emphasis on 

practical application2:. 

Results Published to Date 

The results of dynamic foundation soil tests published 

to date may be summarized as follo~vs, 

(1) TVIO constants, the natural frequency a and the 
damping factor A ,  are determined by graphical evaluation of 
three curves obtained independently during one test ( i, e. , 
the amplitude curve, performance curve, m d  phase curve), 

(2) In order to obtain comparable values for a and h, 
the same experimental set-up must be used for all the tests, 

(3) In terms of soil mechanics the two constants 
have the follo~vi~ meaning: 

The limited scope of the present paper does not permit dealing 
with the results obtained from investigations of system of 
oscillation with more than one degree of freedom A report 
on this mill probably be published in one of the next numbers 
of the Ver8ffentlichungen der Degebo, 



a is a criterion of the bearing capacity of the soil, 

h is a criterion of the behaviour of the soil when 

the latter is subjected to dyncmic pressure. 

The follovring data refer to the new standard exper- 

imental set-~p: 

neight of vibrator 2,700 kgm., base area 1 sq. m 
eccentricity 10' (moment OF inertia: eccentric weight x 

eccentricity = 30.4 x 1.02 = 31.0 kgm. per cm. ). 

In order to compare the results obtained from the old 

standnrbd eq~erimental set-up aith those obtained from the new 

one, comparative tests made with both set-ups at the sane 

sites. 

The values for the constant a correspond to the 

individual soil types have been compiled in Table I. It becomes 

immediately evident that increasing bearin:,. capacity corresponds 

to the soil types arranged according to increasing a values. 

The follovring values m y  be taken as safe limiting values: 

Lov~er limit: peat soil, a = 12,5 cycles per sec. 

Upper limit: closely packed medium gravel, a = 28.1 

cycles per sec. 

The tests on top of bedrock were carried out with the 

cooperation of the Geophysical Institute of the University of 

Guttiwen in order to study vibrations in the soil. A prelim- 

inary report on these tests mas published by Kuhler and Ram- 
speck(2). The standard set-up was used to determine the a 

values for shell lime and mottled sandstone (30.0 and 34.0 
cycles per sec., respectively). Although the plotted peson- 

ance curves shoiv several maxima, the a values could be uniquely 

defined by taking into account the fact that the maximum value 



which depends on the vibration of the machine on an elastic 

support becomes displaced on the curve as the experimental cond- 

itions (eccentricity, weight of vibrator, position of the machine, 

etc.) change, while a maxirm value which is not displaced on the 

curve, even when the experimental conditions are changed, depends 

on the properties of the soil through which elastic waves pass. 

Table I is well suited to deternining the bearing 
capacity of soils to be investigated since a higher value for a 

must be assigned to more corrpnct soils. 

In the last column of Table I, the safe soil pressures 
obtained from the tentative standards of the Ausschuss fib einheitliche 

technische Baupolizeibestirnnlungen':: (DIN tentative sheet 2, E 1054) 
are shown. The listed values for the safe pressures on the soil 

do not include the respective values for cohesive soils since the 

value a cannot be a sole criterion of the safe pressure on the 

soil here; however, the duration of load application is the deter- 

mining factor. Furthermore, another fact emerges from Table I. 
The manner in 1:ihich the admissible soil pressures have been 

assigned to different ty-pes of soil in the tentative standard 

sheet mentioned above is not yet quite satisfactory. For example, 

this is shovm by the results for fine sand coiitaining 30% of 
canCi cf interneciatc grain. The standard sheet specifies that 

this stLnLi shoulci not be loaded xith more than 1.5 kgn. per sq.cm. 

::: Committee on uniform industrial building regulations. 



Table I 

The iiatwal frequency a as a function of the soil type 

(determined by means of the staxdard experimental set-up: 

weight of vibrator = 2,700 k g ~ .  , base area = 1 sq. rn., 

eccentricity = lo0) 

No. 

- - -  

Soil type 
Safe soil press- 
ure kgm. /sq. cm. j 

i 
179 i 1.5 m. peat bog on sand 

i 582 1 1.5 m. old filling: medium ssnd* with 
1 peat residues 

I 
472 i Gravelly sand with clay lenses 
255 Old, stamped-doT::n slag filling 

1 

468 Very old, stamped-down filling of 
i 
i loamy sand 
Tertiary clay, net 

Lias clay, wet 

Very homogeneous, yellow medium sand:: 

458 1 Fine sand containing 30% of medium i sand (SO-called Stettin sand):' 

329 1 Homogeneous gravel 
i 

260 r Vonhomogeneous, closely packed sand 
! 

348 i Absoliltely dry tertiary clay ! 
i 

475 j Closely packed medium gravel 
546 1 Shell lime (bedrock) 

Llottled sandstone (bedrock) 34.0 
1 1 1 " i. e., sand of intermediate grain ? 
i 
L 

lc. 5 
2/3 of the ad- , 

missible com- 
pression strain 

(3 
8 

D 
"3 



By conparing the a values with the safe soil pressures 

a relationship is established between the results obtained from 

d.Smmic foundation soil tests and building practice. It is 

merely necessary to check the accuracy of a values for soil 

types not listed in the standard draft by means of soil analyses 

in the laboratory, possibly by test loads and eventually by obser- 

vztion of the settlement of a completed building. 

Yiith respect to the darnping factor it is not possible, 

unf'ortunately, to assign a definite soil property to each h value. 

This is due to the fact that the damping depends on the energy 

transformed durirq; the production of vibrations and that the 

darnping factor does not indicate whether the energy has been 

consumed for either plastic or elastic deformation. However, 

the dynamic settlement curve, i. e. , the plot of the pe2mment 
settlements of the vibrator as a function of the exciter fre- 

quency, should be of assistance here. This curve jndicates 

whether the soil investigated underr~ellt extensive permanent 

deformation. However, if a large value for h ( h 2  3 cycles per 
sec.) is obtained from a test on a noncohesive soil and if the 
dynamic settlements E measured with the standard experimental 

set-up are also large (E => 10 mm.), then it is certain that the 

soil vrill tend twards large settlenents :'il?en it is subjected 

to any dynamic strain. This prediction may be supported by a 

grain analysis of the soil. Such analyses always showed that 

inequigranular soils tend tbwards large settlement as a result 

of vibration. 

Application of the Results to Actual Cases 

The most important results for practical application 

may be sumr?.mrizcd as follov~s. 

(1) It is evident from the values listed in Table I 
that the ::are soil pressure may be determined from the result 

of a dynamic, fo~u-~d~tion-soil test with the standard experi- 

mental set-up. 



( 2 )  By means of d y ~ ~ a n i c ,  fo~uidction-soil  t e s t s  i t  i s  

novr possible t o  ~ r e d i c t  the essec-Led d.i;"Percnces i n  se t t l enen t  

of a 2lanned building n i  t h  a sunken-shaf t f ound3.t ion, 

Example: Fi"s. 1 a.nci 2 sl-~ox 2 tu rne l  undernezth a l l  

the traclrs o f  a rzi17?:ay s ta tmion tha t  carry lxis;..ejlger t17ains other 

than loca l  ones. A t  the eli2. of tllc t u m e l  2 shaf t ,  e;cJiendin.g 

ap~>~oxi ina te ly  2 m. below the f loor  of -the t w i e l ,  i s  t o  b e  sunk. 

It i s  assunled tha t  the t m e l  has beell b u i l t  on a foundation of 

old r i l l  and tha t  the shaf t  i s  t o  be suil~ into the u~iderlyiiig 
s o i l  (gravel ly  sand with c lay lenses) ,  D~.'il:~nic t e s t s  r:epe made 

a t  two poi;zts, one on the flooll of the tmmel  (pos i t ion  I) and 

the other on the f loor  of th.e shaf t  (pos i t ion  II), 

Comparison with the r e s u l t s  obtzined f roni  the standard 

ex~~er i inenta l  se-t-u:) show, surprisingly enou@., tha t  the value a 
and thus the beaying capacity of the f i l l ,  i s  higher (21,3 cycles 

per sec. ) than tha t  or  the underlying s o i l  (13.lI czrcles 2er  sec, , 
cf. Table 11). Furtherr;iore, i t  should be resnel;~bered tha t  the 

t e s t s  on the f loor  of the shaf t  had t o  73e carr ied ouS i n  a 
tiinbered trench. It is a known f a c t  tha t ,  because of the f i x i t y  

result ing f r o m  the high loads, hizher vc:lues Fo r  a are obtained 

from 'the t e s t s  a t  t h i s  locat ion than fron! t e s t s  on the same s o i l  

a t  ground level ,  Furthernlore, a t  both p o i n t s  of t e s t i n g  the 

sarne value (approxinately 3 cycles pey sec , )  was obtained f o r  the 
damping fac to r  h and a value of 0.15 f o r  h/a, :.:herdeas the value 

f o r  the dynmic settlement cibtained i n  the standard t e s t  a t  
pos i t ion  I1 was almost t en  times a s  high as  'chat f o r  the s e t t l e -  
ment a t  posi t ion I. These r e s u l t s  jus t i fy  the assv~nptioli t ha t  

a t  i den t i ca l  s o i l  pressure the settlement of the shaf t  d i f f e r s  
g rea t ly  f r o m  tha t  of tlie t w e l .  It is  safe  t o  assume tha t  

t h i s  settlement i s  a multiple of tha t  of' the tunnel. On the 
bas i s  of ern-pirical values the safe  s o i l  pressure f o r  posi t ions  I 

and I1 was established a s  1 t o  1.2 kgxb per sq. I .  Sillce these 

predictions indicate tha t  the t racks carrying inain l i n e  passenger 
t r a i n s  a re  endawered by settlement of the tunnel, a construction 

i s  recomnended i n  which the tunnel i s  not affected by settlement 
of the shaft.  



Table I1 

Comparison of the results obtained froln the standard 

experimental set-up at txo positions as shol;,m in Figs. 1 ,and 2 

New Tests - Change of the Constants for the Apparatus 

It explicitly stated that the values for u in Table I 
are only corrparable for tests made with the standard experairnental 

set-up. 

', 
-I= 

o F: 
.,-I a, 9 s 2 
J a o  

g z  0 c4 8 

1.91 

30 63 
2.58 

- 
1 

Position I1 
Darnp ing 

However, the apparatus in its present Forrn permits chLanges 

in the eccentricity of the working loads, weight of the vibrator, 

and the base area within wide limits. There are various reasons 

in favour of this system. WAth the standard experimental set-up, 

curves which are comparatively difficult to evaluate are obtained 

from some soil types (e. g. gravelly sand). HoTrever, it is much 

easier to evaluate the curves if certain constants for the 

apparatus are changed, for example, by increasing the weight 

of the vibrator. This adaptability of the apparatus makes it 

possi3le to obtain favourable eqperimental conditions for any 

type of soil and thus enables clear recorcis to be made. However, 

one single test, as in the case of the standard experimental 

set-u?, is no lower sufficient here; at least three tests are 

city 
4 

- I I 

factor 
c.p.s. 

! I I 
I I 

10 
1 

21.7 1 3.3 1 0.25 1 19.4 2.8 
20 17.4 1 3.0 I 0.61 1 16.0 2,O 

30 f 15.5 2.6 j 1.85 1 15.8 2e.2 
13.5 40 i I I I 2.8 1 12.151 - 1 - 

' ? 1 I 



required. The convepsion of the value a obtained from the nev 

erl~erimental set-up to that oltained from the standard experimental 

set-up requires a curve for the effect which the respective con- 

stant for the apparatus has on the value a, From this curve the 

value converted to standard experimental conditions is then ob- 

tained by interpolation or extrapolation. 

Charge in ';/eight of the Vibrator 

Furthermore, an insight into the behaviour of the soil, 

vhich is excited by periodic forces, m y  be obtained from a study 

of the resonance curves. For example, the resonance of the soil 

may be determilied from the effect caused by a change in the 

weight of the vibrator (identical base area assumed). 

In Fig. 3, the natural frequency a has been plotted on 
the abscissa and the neight of the vibrator, G, on the ordinate. 

The measured value a = 23.8 cycles per sec. has been plotted as 

the initial point (indicated by two circles) for the v:eight of 

the vibrator G = 1800 m., the eccentricity E = 10' and the 
I base area F = ;i: sq,m, If under otherwise identical conditions 

(soil type, eccentricity, base area) only the weight of the 

vibrator is increased, then the value a must decrease in the 

folloniw manner: 

where c = elasticity constant, rn = vibratop mass, g = acceler.ation 

due to gravity. The decrease ofa must be parabolic since G is 

a radicand, Tlie cur-ve obtained by determining the value a belong- 

ing to different values of G from the above relztion has been 

denoted as GB = 0. The decrease in the frequency values on in- 

creasing the or the vibrator should be concordant with 

this curve, if merely the mass of the vibrator itself acted as 

the vibrating mass. If it is assumed that a certain neight of 



the  s o i l ,  GB, i s  p a r t i c i p a t i n g  i n  add i t i on  t o  the  weight of 
the  v ibrz tor ,  G ,  and nmst be r e ~ a r d e d  a s  p a r t  of t he  v ib ra t ing  

mass, then the fo l lov~ing  r e l a t i o n  i s  obtained: 

If the i n i t i a l  point  ( a l  = 23.8 cycles  per  sec., G I  = 1.8 metr ic  

tons )  i s  re ta ined ,  the  r e l a t i o n  f o r  the decrease of the  value a 

i.e., a farnily of curves v i t h  the  parameter GB i n  the system 

of coordinates a t ,  G. 

I n  Fig. 3 8 network of t h e  curves a = f ( ~ )  has been 

p lo t t ed  f o r  assumed values of GB". The ~ileasured values of a 

f o r  the c e i g h t s  of the  v ib ra to r ,  G = l o g ,  2035, 2.7, 3.05 and 

3.4 metric  tons,  have been p l o t t e d  i n  t h i s  network. The curve 

drawn through these points  f a l l s  a e l l  on th i s  netnorlr, i.c., 

i t  f a l l s  approximately rnidv~ay betvieen the  curves GB = 10 metr ic  

tons and GB = 15 metric  tons,  and thus ind ica tes  t ha t  the  

vfl;rating s o i l  has the vrrei~ht GB " 12.5 metr ic  tons and t h a t  
i t  is  illdependent of the  ncight  of tlze vibr:itoix G applied 
( a t  l e a s t  j:;ithin the l i m i t s  0.14 C G / G ~  C 0.26). 

Chanp:e i n  the Value of the Base Area 

The experimental sct-up nalrcs i t  poss ible  t o  use t h m e  

d i f f e r e n t  base a r eas  f o r  a f i xed  weight of the  vibr:3 t o r ,  in e., 
7 F = 1, 5 and $ sq. rn. Here the  r c l z t i o n  2na - - , o r  if the 

L.. - GB = 0, 2, 5,  10, 15, and 30 metr ic  tons. 



dynamic ground constant c '  (k-./cc. ) ~ z u l t i p l i e d  by the base 
2pea f o r  the e l s s t i c i t y  c (!cgr~./crn. ) 
ice. , 2 7 ~ ~  = t ha t  the value a must i ~ c r e n s e  

i n  a parnbolic rnanner .;!hen the area F i s  fncreased. On the 

strength of the sane consideration, which ~~esu.lteci i n  the 

deterr~iination of GB, t h i s  quanti ty may again be obtoined from 

the e f fec t  of the arez F (or  the s t a t i c  s o l 1  pressure o = Gfi, 

ss the case rnay be) on the na'cura% fpecj.uencg. a f o r  the sa le  

weight oi' v ibrator ,  G. In  Figr 4 the v d u e  a hat, been p lc t t ed  

on the abacirsn, the crea F on the ordin:ite, and the s o i l  

pressure a f o r  G = 2,700 ~ I X .  The i n i t i a l  point i.s a ,  = 22.85 

cycles per sec. here, measured on gravel ly  s o i l  f o r  a Sase 

area of 2500 sq,cm. ( o  = 2,700/2,500 = 1,08 k&,n./sq,m. ). If 

i t  were possible to  consider the mass of the vibrutop alone 

a s  the vibrating 1-mss, then the value c on the f l a t t e s t  parzboia 

( G ~  = 0)  should increase as the area increases. Here, too, 
the mez.sured curve f i ts  closely t o  the net1;:c1rk of %hs family o f  

curves obtained f o r  d i f fe rent  vzlues of GB and f a l l s  betlr:een 

the curves f o r  GB = 12 metric tons and Gg = 15 ~: ie t r i ,c  tons. 

Hence, the agreement between the ti-ro vzlues f o ~  GB? which. iiad 

been obtained i n  an e n t i r e l y  differe2x-i; rmnner by rneans o f  t-;lo 

completely independent t e s t  s e r i e s  a %  the scune s i t e ,  1s a?si; 

very good. Here a lp in  the t i g h t  f'i t ~t the me:lsv.re(l curve 

in to  the theoreticz-1 network proves once more tliai; the w e i ~ h t  
GE i s  largely independent of the value of -the s o i l  pressure o, 

(ola base area of the vibrator) .  

In  order to  u t i l i z e  the foundation s o i l  test,s f o ~  

predicting the  safe s o i l  pressv-17es o f  s t ruc tures  t o  be erected 

and the vibration frequencies of the ~ a c l i i n e  f ~ u n d a t i o n s  t o  

be constructed (whose base zrea i s  t o  be  a multiple o f  the 

bsse zrea of the v ibra tor )  on the s o i l  investig;at.ed, the e f fec t  
of the base srea  alone, i.e., the e f f e c t  of various values of 

the base area a t  ident ica l  s o i l  pressure on the value a ,  ~rrust 



be investigated. Unfortunately, the ex~)erimental set-up does 
t 3 not permit the use o f  the available three zrea values (1, 2, -, 

sq. 1;1,) a t  ident ica l  surfzce pressure. In  t h i s  connection i t  

must be rer~enbcrcd tha t  since the lo7i:est neiglit (v ibra tor  alone) 
i s  1800 kgm, it ~aould be necessary t o  increase the veiglit o f  the 

obtalilz the same pressure f o r  1 sy. in, area a s  fo r  $ scl. 1n, , 
i, e., o = 1800/2500 = 0.72 kgm. /sq. cm. Hovrever, t h i s  has not 
been possible a s  yet  due t o  transportat ion d i f f i cu l t i e s .  

Therefore, i t  must  sur f ice  f o r  the time being t o  invest igate ,  

a t  any one t ine ,  only two successive area values a t  ident ica l  

s o i l  pressure f o r  t lLe i r  e f fec t  on the value a and t o  make a 

cornyarison n i t h  the t h i ~ d  value f o r  the area by extrapolating 
the curve a =  f (0) .  In Fig. 5 the c f f e c t  of tlze three area 

values 1, 0.5 aizd 0.25 sq, m, on the value a a t  iden t i ca l  s o i l  

pressure i s  sho7:.n i n  t h i s  manner. It czn he seen tha t  t h i s  

e f fec t  i s  exceedingly s l ight .  This is a no-teviorthy resu l t .  

Ho-;fever, i f  the e f fec t  o f  various area values on thc s t a t i c  
bedding coeTficient C a t  identic21 s o i l  pressure i s  considered, 

( a s  obtsined by KSgler and Aichhorn ( 3 )  f r o m  s t a t i c  load ex- 
periments, cf ,  Fig. 5 ) ,  then the r e s u l t s  rmy 5 e  applied f o r  

p rac t i ca l  purposes a s  f'ollor~s. 

The re su l t s  of d~marflic foundation s o i l  t e s t s  a re  

b e t t e r  su i ted  t o  mike a cleduction ProR sr.1a11 apeas t o  la rge  

ones than thc r e s u l t s  obtained f r o m  s t a t i c  s o i l  investigations,  
In  ordei* t o  explain t h i s  pl~ysical ly ,  the folloning statement 

i s  made.  he observation thsC f o r  a constnrlt s o i l  pressure 
the settlement increases a s  the area increuses 1my be explained 
by the f - c t  tha t  an increase i n  the depth of s o i l  affected 
r e s u l t s  from the increase i n  the loaded area (i, e. , the 

settlement increases s imi la r ly  t o  the volume of affected s o i l ,  
a s  the th i rd  power, whereas the ares. increased as  the second 

povl;ier.*) However, i n  the dynarfiic foundation s o i l  t e s t  the 

'1; Translator 's  Note: The meaning of the s t a t e ~ i c n t  i n  parentl-leses 
i s  not clear. The conventional colicevt i s  t o  collsider a ttb~CLb 
of constant pressure" i n  the s o i l ,  vhbse Ccgth is  propor t ionnl  
t o  the d i tu~e te r  of the loaded area, Settlelxent i s  ~3roportional 
t o  the clepth of the affected s o i l ,  and hence proportional t o  
the d iamete~~  of the loaded a12ea. 



s o i l  af fected i s  l a rge ly  independent of the  s t a t i c  i n i t i a l  

loading o ,  v;hich i s  only a f r a c t i o n  of tile - to ta l  load. Tlie 

s o i l  a f f ec t ed  depends r a t h e r  on the cen t r i fuga l  fo rces  (eccelz- 
t i-l icity of the cror1rin.g loacis) snd the  s t r : .~ t iP i ca t ion  of the  so i l .  

Since t h i s  resons~nt s o i l  i s  a ~ l u l t i p l e  of the  v0rlcin.g load,  i t  
is easy t o  unilerstand t h a t  even conc ide~xb le  clianges i n  the base 

a rea  of the v i b r s t o r  hzve only an unimportant e f f e c t  on the s o i l  

and thus  on i t s  e l a s t i c  proper t ies .  

Chawe i n  the  Eccen t r i c i t y  of the  Workinp: Loads 

The e c c e n t r i c i t y  of the  working 1o:ids i s  the t h i r d  con- 

s t a n t  whose e f f e c t  on the  na tu ra l  frequency a i s  t o  b e  invest igated.  

This constant  i s  expressed i n  radians  because the  e c c e n t r i c i t y  i s  

given by the  r e l a t i v e  pos i t i on  of t ~ i o  masses ly~hich a r e  ad jus table  

011 a circumf'erence. For e:;ar,ple, e c c e n t r i c i t y  E = O0 mecns t h a t  

the  t7:;o equal m ~ s s e s  a r e  opyosed on a d i m e t e r  so t hn t  the tno 

c e ~ ~ t r i f u g a l  f oraces cancel each other.  

If a c l e a r l y  cierined v ib rz t ing  s y ~ t e r , ~  ( e . ~ .  n bean on 

t i ~ o  supports  loaded by a v ib ra to r  (c f .  Fig. 5 ) )  i c ;  e::xmi;led, i t  
can be  seen t h a t  the  natural freclue;;~;~, a ,  of t h i s  z;-;-tel:~ i s  

c o q ) l e t e l y  independent of the e c c e n t r i c i t y  02 ihc -::orlrin;; loads 

and thus  of thc amplitude of the  impulse of vibrz~tion.  

The case under consideratioli ,  i. e., vibrz.tioli:, of a 

rmss on the  s o i l ,  i s  not a c l e a r l y  defined vibrtitilyi; system r i t h  

given e l a s  t i c i t y  and imss bu t  the s i z e  of tlie v i b r z ~ t i r ~  nmss 
depends here  on the r~agni tude of the  impulse as sllovnl i n  Pig. 7. 
This nanner of representa t  ion serves the purpose o f  sho~:i;ig 

t h a t  the  a rea  of the  s o i l  p a r t i c i p a t i n g  i n  the v ib ra t i on  increases  

a s  the  impulse increases  u n t i l  i t  a t t a i n s  i t s  maxinlwn a t  some 

l i m i t a t i o n  (on reaching a l a y e r  i n  the  s o i l  whose dens i ty  v a r i e s  

considerably, e, g. a deep trench,  e tc ,  ). The n a t u r a l  frequency, 
a, ivhich decreases i n  the  manner indicated a s  the  z ~ s s  of 



affected soil increases until. it attains the limiting value 

corresponding to the maximum value for the soil, depends on 

the value for this area of resonant soil. 

From the assunstion that the affected soil Gepends on 

the adjusted eccentricity according to some f~mctior!, it follov~s 

that the natural frequency a must decrease as the eccenliricity 

increases, This phenomenon has been satisfactorily determined 

by tests. Only the extent of the decraease o f a  as the eccentricity 

increases (i, e., the shape of the decrement curve a = f(l3) differs 

for different soil ty-pes), Therefore, it my be asc~~lcd that 

some data on the soil investigated may be obtained from this 

In order to clarify this question the resonznt soil 
must be determined for various eccentricities. The exnerinen'cal 

results represented by four curves in Fig, 8 are available for 
this purpose. Four emerimental series for the effect of the 

eccentricity on the value a are dealt here. Thzse series 
differ merely by the soil pressure aanil the vreight, of %he r r i b -  

rator, G, By means of these curves the resonant soil may be 

determined, as in Fig, 3, for each of the three eccenL~icit.ies 
lo0, 20° and 30°. The curve for the resonant load as a fu-2ci;ion 

of the eccentricity is thus obtained (cf, Fig, 91, 31~0rn this 

curve it is evident that at first the extent of the soil affected 

increases as the eccentricity decreases and then tends to a limit 

(al.~proximtely 40 metric tons here). The acsuxption of F1g, 7 
is conf'irnled; the limiting value for GB and t h ~ ~  tne Ic.\:fer l.imi5 
of the natural frequency a, ( " 18 cycles per see. here) has been 
found. 

The fact that the shape of the curve which represents 

the value a as a function of the eccentricity is characteristic 

for the soil investigated, is clearly evident froni Fig. 8, The 
four curves, which were obtained independently from the same 

soil, have the same shape and tend to approach the same 

asymptote. Hoaever, when curves obtained from different soils 



(cf.  2ig. 10) a r e  compared, tile e f f e c t  of the s o i l  type becomes 

evi  J,eni;. Criirve "a" -.,:as talcerr on a l aye r  o r  clay,  np2i.oxinx~tely 

1 tilic!r, on top of' t e r t i a r y  f i n e  sand. The curve ind ica tes  

t h a t ,  f o r  an ecce:lti7icity E a s   lo^ a s  20°9 the  v ib ra t ion  i l l  ";he 

s o i l  lias 1-ezciled the  f i n e  sand and t h a t  a c l e a r l y  ciefined system 

ol" v i l ; ~ s t i o n  has folmed ahich  ill not c;lzlq;.e even i f  the  impulse 

increases. This a l so  appl ies  t o  curve "ctt t vihich ;.~,s talcen on a 

l aye r  of scndj  pezt (1.5 m. t h i ck )  on g r i t .  110-:lever, curve "b" 

i s  baseC on tests i n  a p i t  of cl:xy of g rea t  t l~ic lmess .  The 

s h a r ~ ~ l y  broken p r o f i l e  producing ye f l cc t ions  of the  naves i s  

presut:i~bly tlie reason 3:!l.1y the l imi t ing  value f o r  GB i s  a t ta ined  

so ea r ly  liere, despi te  the g rea t  thiclrness of the re~:x , r l r~bly  

homogeneous so i l .  Curve "e" represents  a p r a c t i c z l l y  honlogeneous 

t e r r a i n  with hor izonta l  surf'ace. In  t h i s  czse the t e s t s  were made 

i n  a gravel  p i t ,  approximately 20,000 sq.m. i n  a rea  an6 a t  l e a s t  

15 m. thick. This curve i s  tlie f l a t t e s t  of a l l  the culaves taken 

and i t s  v e r t i c a l  as2mptote does not  becorae imlediately evident. 

Final ly ,  curve "d" i nd ica t e s  t h a t  the difference i n  

dens i ty  of the old f i l l ing  and t h a t  of the z r ~ v c l l y  sand is  

s c m l l  and tllat the  very th in  lnyer  of c lay (p~ovide i !  t h i s  i s  
not merely a case where c lay  lenses  had been s t ruck)  i s  not 

suf'ficient t o  confine v ibra t ions  i n  the s o i l ,  Cui-ve "df' thus 

i s  very f l a t ,  indicat ing t h a t  here t h i s  is e s ~ e ~ t i a l l y  a case 

of a f a i r l y  homogeneous coi l ,  

Prac- t ica l  Applications 

An example of an ac tua l  case i c  used here to  shon 

the a(-vantage o f  these experirncntzl se r ies .  For laying a 

r~acliine f'oxnclation (prope l le r  t e s t  s tand) da ta  7::ere required 

on thc expected v ibrc~t ion  frequency and on the d;ma:nic bedsing 

coef f ic ien t  of the foul?dation so i l ,  



The r e s u l t s  of the dynamic s o i l  foundation t e s t  a r e  

shov,m i n  Table 111. I n  the erqerirnent vrith the standard set,-ilp 

a value of 26.7 cycles ;>er sec, was obtained f o r  a. !men these 

experiments were conducted the e f f e c t  which the constants  of the 

apparatus has on the  value a w a s  s t i l l  unlmo~m and no conclusions 

had been drann a t  t h a t  time. Therefore, systematic t e s t  s e r i e s  

d id  not seem jus t i f i ed .  T~~io d i f f e r e n t  ..*:.eights of v ibrz tor  on 

the  same base area (F = 1 sq. m.) had t o  suf f ice ,  However, the  

e f fec t  of the eccen t r i c i t y  thoroughly invest igated,  

The v ibra t ion  frequency and the dynamic bedding co- 

e f f i c i e n t  ( c l )  a r e  determined as  fol lons ,  The v ibra t ion  f r e -  

cuency a depends on the s o i l  pressure a d o n  the ecczn t r ic i ty ,  

The e f f e c t  nhich the extent  of the base area hzs a t  i den t i ca l  

s o i l  pressure o has beer1 omitted here, This has been discussed 

i n  g rea t e r  d e t a i l  i n  the preceding paragra;?l.ls, If rile eccen- 

t r i c i t y ,  or  a t  l e s s t  cen t r i fuga l  fo rce  of the  ljllbalancc of the 

machine f o r  -;:hich the  foundation is t o  be h i d ,  i s  kn~rsn, then 

the  e ~ e r ~ i m e n t a . 1  set-up can be  adjusted t o  the  resi3ective value 

and from i t  the n a t u m l  frequency a may be :,riven v ~ i t h i n  very 

narrov l i m i J i s ,  t a k i q  i n t o  accouit  the  s t a t i c  s o i l  pressure of 

the ~7 lamed foulidation. However, i f  f o r  a planilea machine 

foundation d a t ~ ~  on cen t r i fuga l  fo rce  or  eccentr ici t ,y are  not 

avai lable ,  except %or the ra ted  fu l l - load  sl>eeci, thec the loner  

l ixit  f o r  the na tu ra l  f r e q ~ ~ e n c y  a ,  ':iith the s o i l  pressure Clven, 

i s  determined by tile v e r t i c a l  asyrr~ptotc t o  the r e s ~ ~ e c c i v e  c u w e  

n = f (E) ( ~ i g .  11). 



Table I11 

Resul ts  of the  Qnlamic s o i l  t e s t  of a  machine foundat.io~z 

(prope l le r  t e s t  stand) 

The dynamic bedding coefficient c '  i s  o3tained from 

the v ib ra t ion  frequency a as  follows: 

- 

0 %I 
0 - rl 

r i  l-i - ; rl 
2 Frequencies a - 

i ~ ~ h e n  E = k t 3  I r , O  i k ~  . r l p ! . r i o  1 I P! 0) 
'3.d I O k  [ ."- i g4 k 

i 
i 

6 $ ) 6 0  0 . 0  < Z > I r n Q  

The 1or:cr l i m i t  f o r  c '  is  accura te ly  obt.?.iilcd f r o n  t h i s  r e l a t i on -  

ship  by using the loner  l im i t i ng  value of a and the smallest  

poss ible  v ibra t ing  class (mass of the  v i b m t o r  alone, GB = c)). 

Ho:::'ever, the upper l i m i t  of c '  cannot be delel-mined x i t h  the  

same accuracy, s ince  only tvo t e s t  s e r i e s  v!ith t.ao d i f f e r e n t  

veights  of the  vibrcitor a re  av3.ilable here f o r  the deterinination 

of the  resonant s o i l .  The ca l cu l a t i on  o r  the l s t t e r  f 01- alljr 

given e c c e n t r i c i t y  must t l ~ e n  be ca r r i ed  out by rneans of the 

s l i g h t l y  l e s s  accurate equation 

l o 0  i k,orn./ 1cgm./ I 
i sq. crn 

1 2  O 16" 30" d k  4 k  .txF-r 

c.p.s. copes .  1c.p.s. lc.p.so I C. i .So 1~ri1jcq ::gxljci. 
i 

1 
j2060 1 0.27 

I 
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I 
23 1 4.4 1 " 6  ., 

I I 
23.771 22.3 i 22 

I I 

29.0 

26.7 
! 1 5 . 2 1 - 6  f 

i 
j 

26.9 

25,4 



Tlle following values a re  thus obtained: GB .= 1,000 1:gn. , G = G + 
S 

GB = 3,000 1;~::;. and when a = 23 cycles per  sec. the C:m,unic bedding 

coef f ic ien t  beco~nes c '  = 6.3 1cgm,/cc. 

lill the shove stste1:;eni;s r e f e r  exclus ively  to  v e r t i c a l  

vibrcl ions,  It i s  b r i e f l y  shovrli below t!-~al; tile exyerilriental se t -  
up g e n ; ~ i t s  not only the sroduct ion of v e r t i c a l  vibrat-ion:; bu t  a l s o  
1ior izont ;~l  and an;;ular molnenta, 

T e s t  nit11 Torsional and H o r i z o n t a l ~ s c i t a t i o ~ i  - 
The set-u2 of the eccen t r ics  f o r  torsional. excitc.tion 

is shol-M i n  Figs, 12-15. The equation of the v ibra t ing  nmss a l s o  
appl ies  t o  t h i s  type of vibrat ion,  But tke constants  have 3 

d i f f e ren t  meaning (cf ,  Figs, 1 2  and 13), It can be seen t h a t  

the  dynanic shem coe f f i c i en t  S of' the  invest igated f o u n ~ ~ . t i . o n  
s o i l  can be obtained by to rs iona l  t e s t s  viith given mo~nents o f  

i n e r t i a  of the  v ibra tor ,  i.e., 8 ( ine r t i . 3  moixcnt) and J ( ~ o l a r  
P 

angular i z ~ ~ u l s e ) ,  i n  the  same ;mxv'ler a s  the bzdding coefTicient  
-c~:ls obtained froin the t e s t  ~ r i t h  vei?,tical excj.tatfol'l, 

A t  the noint  nlentioned above, 7::here the value a = 26.7 
cycles per  see. i-ias obtained ~ : : i t l i  v e r t i c : ~ l .  excit,:?~tio:i (stsililard 

experimental set-up),  a t e s t  v ~ i t i i  t o r s i o ~ l a l  e;rcl.tation resul.ted 

i n  a value o f  1&. 0 cycles per  sec, f o r  t h e  linturn1 fraequency cr T 
The polar  i n e r t i a  lno~nelit of the vibrat.or aluour" i.ts v e r t i c a l  

cen t ro ida l  ax i s  w a s  e ~ e r i m e i i t u l l y  determined as  O = 4,900 Iran, 

cm. see. 2'4) and the po la r  moment of i n e r t i a  of' the base a r e s  
a s  Jp = 16-7 x l o 6  cnO4, Hence, t he  shear c ~ e ~ f i c i e n t  i s  obtained, 



T 5 e  arrange;~lent of the working l o ~ d s  fox2 horizontal  
exc i ta t ion  is shov!n i n  Figs. 16 - 21. It should be noted tha t ,  
i n  addi t ion to  the periodic horizontal  force,  a periodic angular 
momentum about the longi tudinal  ax is  of the vibrator  i s  a l r ays  
excited. By using the dynamic beddin;: coef f ic ien t  c '  = 6.3 lcgnl./cc. 

and the  shear coeff ic ient  S = 2. j lcgm./cc., ahich were obtained 
fi-om t e s J ~ s  1:lith v e r t i c a l  and to~>s iona l  exc i ta t ion ,  the lovrer 
horizontal  freqv.ency a of the  vibr::tor TiaG corq;uted f o r  the HI 
t e s t  s tand r-11en.l;ioned above. The vibrz-tor mass was replaced 

(5) here by two sna l l e r  nasses n, and m,, a.s sq:gested by B=usch . 
Ezch or  these masses o s c i l l a t e s  about t h e i r  comon centre of 
gravity. The natural  frequency aH of the pendulv~n ~ i t h  the 

I 
grezter  rr,ass is  obtained as  

The meaning of the values s, a1 and a2 is  evident fl-on 

Fig. 21. Burtllcrmore, ig is  the radius of' gyration of th.e base 
area F about the c e ~ l r e  of grtivity i n  the  plane of the projection,  

i~ is  the radius of gyration of the tot2.l. mss I about the hori- 

zontzl  cenlroidal  ax is  i n  the  plane of" the  1-~roSection, Then the 
follo?:ring r e l a t i o n s l ~ i p  applies:  



From these equations the lower hor izonta l  fpequency of  

the  v ib ra to r  i s  o b t ~ i n e d  with the follo;:ring vnlues: 

i; = 835 sq. c~n. c '  = G6;,3 ~re;m./c~., 

ii = 875 sq. cn. = 2.3 IC~LT./CC, 

s = 34 cm. 

1 86 
m ' = g i X %  x 2,000 = 1.83, !:gnl, sec. 2/cm, 

104 1 
a$l= 4~~1.83 I 1 = 173; a,.! 

= 13,1 cycles. 
+ -  835'6.5 2.3 

The t e s t  with hor izontz l  exc i t a t i on  ac tua l ly  resu l ted  

i n  a hor izonta l  na tu ra l  frequency of the v ibra tor  a t  l3 ,5  

cycles per  sec. However, i t  ??as not possible i n  t h i s  t e s t  

t o  a t t a i n  the other higher frequency aII 
2 



Suratxary of Results f o r  P rac t i ca l  Pui2poses 

Results From Individual Tests with a S t ~ n d a r d  Experimental 
Set-u73 on Noncohesive S o i l s  

1. Data on the ab iss ib le  s o i l  pressure. 

2, D a t a  on the expected dif ferences  i n  set-t;lement. 

3. Determination of the safe ty  of the founuation s o i l s  
against  t r a f f i c  vibrations.  

Results fror.1 Test Ser ies  n i t h  the Constants of the Appapatus Chalif~ed 

1. D e t e r n ~ i ~ t i o n  of the  s o i l  mass pa r t i c ips t ing  i n  the 
vibration.  

2. Data on the thickness of layer  and homogeneity of the  
invest igated s o i l .  

3 .  Definit ion of the mtur~11 frequency o f  a m2chine 
foundation. 

4. Reliable f igure  f o r  the 10-~e r  l i m i t  of the cl~marnic 
bedding coeff ic ient .  

Trend i n  Irrmroviw the i,Iethod of Dynamic Foundi~tion Soi l  Tests_ 

1. Extension of Table I so a s  to  include the clependence 
o f  the a values on the s o i l  tjrpe. 

2. Corxpletion of a curve f o r  the determination o f  the  
admissible s o i l  pressure from the value a. 

3. Control of set t lement of completed buildings. 
4. Absolute predi:t?on of the set.tlement f o r  non- 

cohesive s o i l " .  

5. Versification of the predetermined na tura l  I"~;ecluencies 
by meas~u~ei:ielits on the  erected imchine foundation, 
j . e. , f o r  v e r t i c a l  mid horizontal  vibrations. 

6. Continuation of' the invest igat ion o f  the e f fec t  
of dynamic s t r e s s  on the damping constant 
d;mmic settlement curve. 
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Figs, 1 and 2 Example f o r  applying the dynamic 
s o i l  foundation t e s t .  A shaf t  i s  t o  be sunk t o  a 
depth of approximtely 2 m. a t  the end of a r a i l -  
way s t a t i on  tunnel underneath the tracks f o r  m i n -  
l i n e  passenger t ra ins .  

Fig, 3 Effect of the weight of the vibrator  on the 
natural  frequency (GB = weight o f  the resonant so i l ) .  
The t h in  curves were plot ted on the bas i s  of assumed 
values f o r  the resonant so i l .  The thick curve con- 
nects the values of a measured f o r  various weights 
of the vibrator. 
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natural frequency a 

Fig. 4 Effect of both the extent of the base area 
and the static soil pressure on the natural frequency 
for a given weight of the vibrator (2,700 kgm. ). 
Cf. text of Fig, 3 regarding the thin lines and the 
thick line. 

static bedding 

8 
u 

P en= natural frequency a 

Fig, 5 Effect of area variations on the natural 
frequency and static bedding coefficient at ident- 
ical soil pressure. 

The straight lines designated by d connect points 
of identical soil pressure. The fact that these 
straight lines are verticzl indicates that the 
effect of varying the area on the natural frequency 
is slight. If, in static load tests, too, the static 
bedding coefficient C were independent of the area, 
the curve C i~ould also be a vertical straight line, 



natural freqwnoy a 

Fig, 6 Beam on two supports Fig, 7 IJass supported 
loaded with vibrators. on the ground, 

vlbratlag sol1 mesa 

Fig. 8 (left) Behaviour of eccentricity and 
natural frequency at different soil pressures a. 
Fig. 9 (right) Effect of eccentricity variations 
on-the weight.of soil Go, participating in the 
vibration. 

Figs, 6 to 9 Effect of the eccentricity of the 
working load on the natural frequency a 



Fig, 10 Eccentricity and natural frequency 
for different soil types. 

/ 1 

 h he accompanying figures explain the curve 
designation), 

Fig, 11 Determination of the lower limit of 
the natural frequency. 

1 layer of d i m  gram1 a t  
O? l e a s t  15 m. thiolr 

I a LT c.p.a.3 



Figs. 12 to 15 Set-up of the eccentrics for tor- 
sional exci1;ation. Equation of rnotion of the tor- 
sional vibrator: 

+ b;Y + cM) = % sin at, 

where O = inertia moment relative to the vertical 
centroidal axis, 

Jr = torsion angle with respect to the equil- 
ibrium position, 

b = damping factor, 

yvl = JpS - elasticity constant, 
J~ 

= polar angular impulse, 

S = shear coefficient, 
- 

Mp - m rw2t - moment of rotation of the exciter 
f8rce about the vertical centroidal axis. 

Solution of the differential equation I) = Y sin(wt - #) 
equation of the amplitude 



Figs. 16 to 21 Dynamic foundation soil tests 
by means of horizontal excitation, 

Figs. 16 to 19 Set-up of the eccentrics. 

Fig. 20 Diagram showing the excitation curve, 

Fig, 21 Disk supported elastically (according 
to ~ausch), Substitution of the vibrator masses 
by two smaller masses which oscillate about 
their comon centre of gravity. 


