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Session 2/8

The Factors which affect the Natural Frequency 

of Vibration of Foundations, and the Effect of Vibrations 

on the Bearing Power of Foundations on Sand

Facteurs qui affectent la fréquence naturelle des vibrations des fondations, et effet des vibrations 

sur la force portante des fondations sur sol sablonneux

by W. E a s t w o o d , B.Eng., Ph.D ., A.M .I.Struct.E., University o f  Aberdeen, Aberdeen, Great Britain

Summary

The paper describes two investigations concerned with vibrations 

in model foundations on sandy soils.

The first of these was intended to provide information concerning 

the various factors which affect the natural frequency of vertical 

vibration. Besides testing footings of different shapes and sizes sub

ject to various intensities of dead loading, the effect of inundating 

the foundation has been studied.

In the second investigation the foundations were subjected to con

trolled forced vibrations. The effect of these vibrations on the settle

ment and ultimate load of footings of different shapes and sizes has 

been measured. Some of the tests were repeated with the footings 

inundated.

Sommaire

Ce mémoire décrit deux études sur les vibrations que subissent 

des fondations modèles bâties sur des sols sablonneux.

Le but de la première étude est de nous renseigner sur les facteurs 

divers qui influent sur la fréquence naturelle des vibrations verti

cales. Nous avons soumis des fondations de différentes formes et 

dimensions à des intensités variées de charge; de plus, nous avons 

étudié l’effet produit par l’inondation des fondations.

Dans la seconde étude, les fondations ont été soumises à des 

vibrations réglementées sous pression. L’effet de ces vibrations sur 

l’affaissement et l’ultime charge des fondations de différentes formes 

et dimensions a été étudié. Quelques-unes des expériences ont été 

répétées après inondation des fondations.

A im s o f  the Investigation

In the last 20 years much effort has been directed at deter

mining the factors which affect the natural frequency o f vibra

tion o f foundations. The earliest work was that o f the “ Degebo ” 

organisation in Germany and “ Vios” in Russia, whilst in re

cent times Crockett and Hammond (1949), Tschebotarioff (1948) 

and others have made contributions. But many o f the conclu

sions o f these investigators are quite contradictory and one of 

the author’s objects was to try to explain these contradictions, 

som e o f  which originate, most probably, from the limited range 

o f tests which can be made on the full scale, and from the diffi

culty in controlling soil conditions under full scale foundations. 

The authors tests were made on the model scale in the labora

tory, therefore, since the various factors can be varied more 

easily and soil conditions can be controlled more accurately. 

Appropriate caution must be displayed in extrapolating the 

conclusions to full scale foundations, o f course, until full scale 

tests have been carried out to give correlatory evidence.

The effect o f vibrations on the ultimate load and settlement 

o f foundations appears to have been investigated hardly at all, 

apart from tests by Tschebotarioff (1948) concerned with the 

effect o f superposed vibrations on the results o f the C.B.R. 

method o f pavement design.

The information required from the present investigations 

can be summarised as follows:—

(a) Concerning the natural frequency o f vibration.

1. What is the effective mass o f ground which may be said to 

vibrate with the foundation?

2. How is the spring stiffness o f the ground affected by the size 

o f the foundation ?

3. H ow  is the spring stiffness affected by the shape o f the 

foundation ?

4. How  are the answers to the above questions affected by 

inundation?
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(b) Concerning the effect o f  vibration on settlement and

ultimate load.

1. For a vibration o f  a given amplitude is there any particular 

frequency at which settlement is accelerated and/or the ulti

mate load markedly reduced ?

2. How  does settlement increase with time for a given vibra

tion, the footing load being kept constant at som e fraction 

o f the static ultimate load ?

3. D oes the number o f repetitions o f the vibration affect the 

ultimate load?

4. H ow  are the answers to the above questions affected if the 

footing is inundated?
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Fig. 1 V ibration Pick-Up A rrangem ent 

D ispositif pour m esurer les vibrations

Apparatus

The tests were carried out on a well-graded medium sand 

compacted to an average density o f  108.10 lbs./cu.ft. The sand 

was contained in a box 4 ft. x  4  ft. x  4 ft. which was found 

to be sufficiently large for the form o f the vibrations not to be 

affected by reflection from the box sides for footings as small 

as those used in the tests.

M odel strip footings were made from steel channel 3 in.,

4 in., and 6 in. wide, o f  various lengths up to 24 in. Square

LOAD  -  LB. P ER  SO. FT.

Fig. 3 N atural Frequencies o f  Square Footings on D ry Sand

Fréquences naturelles de fondations carrées sur sable sec

and circular footings up to 10  in. across were made from £ in. 

thick steel plate. A ll these footings were used when the tests 

. were merely concerned with determining the natural frequency, 

but in tests in which settlement and the ultimate load were 

measured only footings up to 4 in. wide could be used in order 

to ensure that the box sides did not inhibit the form ation o f  

failure surfaces.

W hen measuring the natural frequency o f vibration dead 

loading was used, the vibrations being picked up by means o f  

an arrangement as in Fig. 1. A  thin steel strip cantilevered 

from the footing was held stationary at its free end so that it 

was flexed as the footing moved up and down. Electrical 

resistance strain gauges were used to pick up this flexure and 

the impulses were amplified before feeding into an oscillograph. 

The frequency o f  oscillation was obtained by photographing  

the trace with a 50 cycle/sec time signal. A  single sharp blow  

from a hammer was used to set the footings in oscillation.

In the tests concerning the effect o f  vibration on the ultimate 

load and rate o f  settlement o f the footings, the loads were 

applied by jacking against a loading beam which was rubber 

mounted. This beam could be made to vibrate vertically by

Fig. 2 P hotograph of A pparatus Showing L oading A rrangem ent for 

Forced V ibration Tests, Including V ibration G enerator 

Photographie m ontran t com m ent on procède à la charge de 

l’appareil pour les épreuves de vibrations sous pression. A u se- Fig. 4 N atu ra l Frequencies o f  C ircular Footings on D ry Sand 

cond p lan: générateur des vibrations Fréquences naturelles de fondations circulaires sur sable sec

4- = 6  in  diam 

o  e 0  in  diam

O s IO  in diam

4 0 0  6 0 0  6 0 0  IOOO

LOAD  — L B. P ER SO. ET.

1.400
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an eccentric disc which was driven by a variable speed motor, 

the amplitude o f vibration being altered by adjusting the ec

centric mass (Fig. 2). The vibrations were measured in this 

case by a seismic type pick-up feeding into an amplifier and 

oscillograph as before.

The inundation o f the footing was carried out by injecting 

boiling water at the bottom of the box. As the water level rose

LOAD -  LB. PEU  SO. FT.

Fig. 5 N atural Frequencies o f  Rectangular F ootings on  D ry Sand

Fréquences naturelles de fondations rectangulaires sur sable sec

in the sand air was driven upwards and any small air bubbles 

left behind were dissolved by the water as it cooled.

After each test whether dry or inundated the sand was dug 

up and recompacted, a standard technique being used for the 

compaction which was found to give the same density within 

a fraction o f 1 per cent each time.

M easurem ents o f  the N atural Frequency

The natural frequencies were measured for each o f the model 

footings in turn, dead loads varying between zero and 350 lbs. 

being applied so that the maximum pressure on the smaller

LOAD  — LB PER SO- FT.

Fig. 6 N atural Frequencies o f  Square F ootings on Inundated Sand

Fréquences naturelles de fondations carrées sur sable im m ergé

foundations was o f the order o f 0.75 ton/sq.ft. For each dead 

load at least two results were taken and averaged.

The results for dry sand are given in Figs. 3, 4 and 5. It is 

clearly apparent that at low loads the natural frequency is al

most independent o f the footing size or shape. The frequency 

falls rapidly as the load intensity increases and at high loads 

the frequency is almost inversely proportional to the footing  

least dimension. If it is assumed that the deformations in the 

ground for small footings are geometrically similar to those for 

large foundations the load per unit area o f  the footing should 

be scaled down proportionally to the footing size. Thus, for 

a 4-in. wide model footing the appropriate load for similarity 

with a 10-ft. wide foundation carrying 3 tons/sq.ft. would be 

224 lbs./sq.ft.

With such pressures in the models the natural frequencies are 

dependent on the footing width but are not quite inversely pro

portional to  it.

The results for inundated sand are given in Figs. 6 , 7 and 8 . 

It is immediately apparent that at low load intensities the fre-

LOAD  -  LB. P ER SO. FT.

Fig. 7 .  N atural Frequencies o f  Circular F ootings on Inundated Sand

Fréquences naturelles de fondations circulaires sur sable im m ergé

quencies were only a little more than half those for dry sand. 

A t higher loads the difference is not so great. It appears that 

at low  loads the depth to which the soil is deformed due to a 

vibration is much greater for inundated sand than for dry, the 

“ spring stiffness” o f the ground and hence the natural fre

quency being reduced. At higher loads the difference between 

the two frequencies is more likely to be due to the increased 

effective mass o f the ground when water is present. Incidentally, 

some previous investigators have stated that inundation re

duces the effective mass o f the ground, having apparently con

sidered buoyancy instead o f the total inertia o f the system.

Calculations were made to find the effective mass o f  the 

ground vibrating with the foundation assuming that the spring 

stiffness o f the ground was constant whatever the load on the 

foundation. The formula relating the frequency of vibration N  

to the mass M  vibrating on a spring o f stiffness F  is

I n  V  M

If M  is assumed to be made up of two parts, M f  the mass 

on the foundation and M g the effective mass o f the ground
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vibrating with it, then provided F  and M g are both constant 

the value o f M s can be found from any two frequencies meas

ured with two known values o f M f . The values o f M g cal

culated in this way varied widely, however, from several times 

M f  to a negative quantity. The basic assumption o f a constant 

M g and F  value is obviously wrong and this explains why 

Degebo and Vios have differed widely in their estimates o f the 

ratio o f M f  to M s.

The effect o f length o f foundation for long rectangles can be 

seen from Figs. 9 and 10. For both inundated and dry sand 

the natural frequency was independent o f length for long  

rectangles. A  square gave higher frequencies than a rectangle 

o f the same width however (Figs. 3 and 5, 6 and 8).

The Effect o f Vibration on Settlement and Ultimate Load

The first tests on dry sand were concerned with determining 

whether there was any speed o f vibration at which the ultimate 

load was markedly reduced. The footing was subjected to a

Fig. 8 N atural Frequencies o f  R ectangular F ootings on Inundated Sand  

Fréquences naturelles de fondations rectangulaires sur sable  

imm ergé

vibration o f 0 .001 in. amplitude at a constant frequency 

and the load increased so that failure took place in two 

or three minutes. The test was repeated with different fre

quencies o f vibration between 400 and 3,000 cycles/minute. 

There was no evidence that vibrations at any particular fre

quency considerably reduced the bearing power although there 

was a general tendency for the bearing power to be lower at 

high frequencies.

In the next test a constant load was applied and maintained 

whilst vibrations were superposed continuously, the settlement 

being measured at appropriate time intervals. This test was 

repeated using a mean load which was a different fraction of  

the static ultimate load each time. In the tests the vibration 

was o f  2,400 cycles/minute frequency and 0.0006 in. amplitude

i.e. was so severe that according to Thoenen and Windas (1942) 

minor damage such as plaster cracking would be caused to any 

structure superposed on the foundation, and according to 

Reiher and M eister (1931), would be so severe as to cause 

severe headaches in any humans subjected to it.

The settlement for different numbers o f cycles is given in

io*o  -  lb. p cp  so. n  

Fig. 9 N atural Frequencies for R ectangles o f  the Sam e W idth and  

D ifferent Lengths on  D ry Sand

Fréquences naturelles pour rectangles de m êm e largeur m ais de 

longueurs différentes sur sable sec

Fig. 11. It will be seen that when the mean load was 58 per cent 

o f the static ultimate load, failure occurred after 2 x  10 ® cycles 

o f vibration.

Failure occurred after fewer cycles for higher loads. N o  

failure had occurred after 12  x  10 6 cycles with a mean load

48 per cent o f the static ultimate but the total settlement was 

higher than at collapse in the other tests.

Similar tests were made after the sand was inundated and 

as will be seen from Fig. 12 similar results were obtained. The 

chief differences were that settlement was much more rapid, 

failure occurred at lower mean loads, and a much smaller out 

o f balance force was required to excite a given vibration.

This latter phenomenon is attributed to the lower damping 

when the sand is inundated. Instead of the water being squeezed  

in and out o f the interstices during each cycle giving high vis

cous losses, it appears to make the sand behave more like a solid 

bed o f rock with relatively low damping losses. The lower 

damping when inundated had also been noticed when measur

ing the natural frequency o f vibration.

LOAD  —  LB. P ER SO. Ft .

Fig. 10 N atural Frequencies for R ectangles o f  the Sam e W idth and 

Different Lengths on Inundated Sand

Fréquences naturelles pour rectangles de m êm e largeur mais 

de longueurs différentes sur sable imm ergé
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C onclusions

Although it would be unsafe to try and extrapolate the be

haviour o f full size foundations from the results o f  the present 

tests it is likely that the results would be qualitatively similar.

For the small size foundations the following conclusions can 

be drawn.

(a) Regarding the natural frequency o f vertical oscillation.

1. For very lightly loaded footings the natural frequency is 

alm ost independent o f the footing size for a given load intensity, 

but for high loads it is alm ost inversely proportional to the 

foundation width. For dead load intensities, which are com 

parable with those on actual foundations the behaviour is som e

where between these two extremes.

2. It is not possible to estimate the effective volum e o f  

ground which acts in the vibration system since the volum e 

appears to vary. The calculated value is also distorted by the 

fact that the spring stiffness o f the ground also varies.

3. For long rectangles o f equal width the natural frequency 

appears to be independent o f  the length for a given load in

tensity. Squares give higher frequencies than rectangles o f  the 

same width.

4. Square footings had slightly lower natural frequencies 

than circles o f the same width. It may be that a circular 

footing has approximately the same frequency as a square of 

the same mean width.

5. For inundated foundations the natural frequencies were 

again almost independent o f  the footing shape at low  load  

intensities, but the frequencies were only a little over half those 

on the dry sand. A t high loads the frequency was again roughly 

inversely proportional to the footing width but was not nearly 

so low  relative to the value for a corresponding footing on dry 

sand as it was at low  load intensities.

6 . After inundation the natural frequency was again inde

pendent o f length for long rectangles, but squares gave higher 

frequencies than circles.

(b) Regarding the effect o f vibrations on bearing power and 

settlement.

1. Vertical vibrations in structures which would be severe 

enough to cause slight structural damage and produce adverse 

physiological effects on people have negligible effect on the 

ultimate load o f a foundation on dry sand provided they are 

only applied for a short period o f time-say less than onem inute.
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Fig. 11 Settlem ents U nder D ifferent Percentages o f  the Static Failing  

Load on  18 in. x 4 in. F ootin g  Subjected to Severe V ibration  

on  D ry Sand

T assem ents sous différents pourcentages de la charge statique  

pour une fon dation  de 18 pou ces sur 4, sur sable sec, soum ise  

à de fortes vibrations

2. For a given amplitude o f oscillation there does not appear 

to be any particular frequency at which the effects o f  vibration  

are most pronounced. There is o f course greater possibility o f 

large amplitude oscillations if the driving force is applied at 

approximately the natural frequency.
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Fig. 12 Settlem ents U nder D ifferent Percentages o f  the Static Failing  

L oad for an 18 in. x  4  in. F ootin g  Subjected to Severe Vibra

tion  on  Inundated Sand

T assem ents sous différents pourcentages de la charge statique  

pour une fon dation  de 18 pouces sur 4, sur sable im m ergé, 

soum ise à de fortes vibrations

3. If severe vibrations are continued for a sufficiently long  

time the foundation may fail at a smaller load than the ultimate 

for static loading. It appears that for a footing on dry sand 

subjected to severe vibration, a normal failure can occur at 

about 50 per cent o f the static failing load after rather more 

than 10 x  106 cycles. For mean loads greater than 50 per cent 

o f the static ultimate load failure took place after appropriately 

less cycles o f  loading.

4. A lthough there was no failure in the ordinary sense o f  

the word with loads slightly less than 50 per cent o f  the static 

ultimate, settlement was so great as to amount to failure 

after about 12  x  10 ® cycles o f vibration.

5. Inundation reduces damping effects. Thus a given im

pressed force will tend to cause greater vibration than on dry 

sand, although the exuberance will also depend largely in each 

case on the incidence o f resonance.

6 . Vibration o f  the inundated foundations gave similar but 

more marked reductions in bearing power compared with those 

on dry sand. Failure occurred at much lower fractions o f the 

static ultimate load after a shorter period o f vibration.
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