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. Moreover it has been proved from experi-
ments that the plece of soil at the opening of
the contact-canal has a thickness of less than
1 mm, so that this figure, too, in the equation
of d'Arcy tends to a maximum time.

Sub 3, With respect to the measuring accuracy
it cen be said that with the new appa-

ratus an exactness of 0.1 to 0.2 % can be reach-
ed, while with a more robust transportable unit
an exactness of 0.5 % was realised. On account
of other possible faults, in practical cases
errors of 1 to 2 % wlll be probable. These
faults originate in the following factors:
a) The connection cable used between water

. pressure cell and recording apparatus may be
imperfect;
b) The air-volume over the membrane in ‘the wa-

ter pressure cell gives rise to pressures .
on the membrane, when changes of barometric
pressure and temperature occur.

- However, if necessary, these faults can be
eliminated by measuring the open air-temperat-
ure when adjusting the zero point of the meter
before it is brought into the soil and by read-
ing the barometric height during the measure-
ments. It is a favourable circumstance that the
temperature of the groundwater practically is
constant.

"Sub 4. The recording apparatus can,indeed, be
constructed sufficiently robust. The

most sensitive part forms the galvanometer in

the meter branch. By applying an electronic am-
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plification, a stronger instrument can be used.

Recording can take place in two ways:

a) By reading the result from the galvanometer;

the deflection of the pointer is proportion-
al to the change of resistance of the gauge,
and therefore with the waterpressure;

b) By balancing the bridge with the slide-wire-
potentio meter (current through the meter
zero)., The angle of turning of the potentio me-
ter-knob is now proportional to the water pres-

sure.

The method mentioned sub (a) requires not
a single manual work; with the method mention-
ed sub (b) one knob must be turned. However,
with the latter method more accurate recording
is possible.

The actual construction is contained in a
small portable box, and has proved to resist
rather rough treatment. Moreover, as it requir-
es very simple attendance, it.is fully suitable
for field work.

The pore water pressure cell itself is
practically non-destroyable.
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SUMMARY ,

Formulae published to-date for the determination of the natural frequency of machine foun-

dations contain at least two coefficients which depend on the soll beneat

them -~ the dynamic

modulus of soil reaction and the average vibrating mass of the soil. It is customary to use sepa-
rate formulae and coefficients for the cases of vertical and horizontal vibratory forces., No
satisfactory methods have, however, been developed to-date for the determination of these soil
coefficients in edvence of design and construction.

The present paper gives a brief outline of published relevant model test results performed
by the "Degebo" in Germeny, by "Vios" in Russia, and by Princeton University in the United States.
Also mentioned are some full-scale observations carried out in California and a so-far urpublish-
ed resonance case of compressor foundations in a pumping station in the U. S, is discussed in

some detall.

Formulae are developed which show that for the case of vertical vibratory impulses the natur-
al fre%ugncy of a foundation is dependent on the average unit pressure on the ground distributed

over 1

8 entire area. These formulae cen be used for the determination of the "reduced natural

frequency a%r"' which is equal to the natural frequency for a given size of foundation area and

type of soil when the unit pressure on the ground is equal to unity.

A graphical comparison of

available data from different localities shows that this reduced natural frequency " u%i" is pri-
marily affected by the size of the foundation area and only to a somewhat lesser deeree hv the
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properties of the soil, In some cases it does not seem to be affected at all by the direction of

the vibratory impulses.

The effect of piles on the natural frequency of a foundation is briefly discussed.

PUBLISHED DATA ABOUT PREVIOUS STUDIES.

Very little experimental data has been
published to date on this subject.

The conventional natural frequency for-
mula for undsmped vibrations reads:

w,_ = _1_ _5. (1)
n 2w VM . .
where: W, = natural frequency of the vibrating
gystem;

M = mass of the vibrating system;
k = linear spring coefficient of the
support.

Resonance occurs when the frequency of
the exciting forces is equal to the natural
frequency of the system.

Iorenz 1) performed experiments with vi-
bration-producing machines of the German Re-
search Society for Soil Mechanics ("Degebo")
and subsequently transformed formula IE) To
read:

ad 1 Ag (2)

(,,_)n = ——.
21 ¥ We+W,

where: A = contact area between base of vi-
brator machine and the so0il;
k' = k/p = dynamic modulus of soil re-

action, or the volume spring co-
efficient,

g = acceleration of gravity;

Wy = Weight of vibrator machine, in-
cluding its Poundation;

Wg = Weight of vibrating soil.

During the experiments which led to the
development of formula (2) the machines were
employed to produce continuous vertical har-
monic vibrations, Any possible damping effect
of the soll was neglected in setting up the
formula, Tests with one standard type of vi-
brator were perfomed on a wide range of soil
types. Experiments were also performed by the
"Degebo" whereby the machine was set to pro-
duce harmonic horizontal vibratory forces al-
ternating with rotational vibratory forces
around its horizontal axis, The natural fre-
quency for this condition was equal to app.50%
of the value found for vertical vibrations 1)

No experiments with purely borizontal
vibratory forces were reported.

In analysing the results of the tests on
footings ranging from 2,7 sq., ft, to 10,7 sq.
ft. area subjected to vertical vibratory forces,
Lorenz 1) arrived by indirect reasoning to
the conclusion that a definite mass of soil
took part in the vibration at resonance and
that this mass neither depended on the unit
contact pressure between the base of the vi-
brator and the soil, nor on the size of the
contact area between the vibrator base and the
s0il, The vibrating soil mass, however, appear
ed to increase in size - (from four to ten
times the weight of the vibrator) - with an
increase in the magnitude of the vibratory
forces, Iorenz further concluded that the na-
tural frequency itself was only slightly af-
fected by the size of the contact area between
the sail and the base of the machine, 1)
(Pig. 5). Most of the above conclusions were
based on comparative computations which appear
to involve the assumption that the dynamic mo-
dulus of so0il reaction of a soil is indepen~
dent of the intensity of the unit pressure on
the surface of the ground,

Barkan 2) 4) reported the results of
extensive large-scale model tests performed
in Russia by the Institute for Engineering

Foundation Research ("Vios"), Tests were per-
formed on one type of soil only - plastic
clay. Three_model_machine foundations were
used of 2 m2; 4 m? and 8 me base contact area
with the soil (21.5 sq. ft.; 43 sq. ft.; 86
sq, ft.) The determination of their natural
frequency was performed by two methods, First
by the use of a vibration producing machine.
This method gave clear vibrographs for the
case of vertical vibratory forces, but less
clear ones for the case of horizontal vibra-
tory forces. The latter tests were also per-
fomed by a second method whereby the vibra-
tion was induced by means of a single hori-
zontal blow, In contrast to the "Degebo" re-
sults the natural frequencies thus obtained
did not differ by more than * 11% from the
corresponding values produced by vertical im-
pulses 2) (See tables No, 5 and No, 11).

-The analysis of the results was performed
mainly for the purpose of detemining the
values of the moduli of soil reaction both
for the case of vertical forces and for the
case of horizontal forces. To that end in the
relevant computations the mass of the vibrat-
ing soil was assumed to be zero, However, by
indirect reasoning the conclusion was also
arrived at that the mass of the vibrating
sail cannot be neglected, but that its value
must lie between two-thirds and one and a half
times of the combined mass of the vibrator and
of the foundation., This is much less than the
value estimated by Lorenz.

The U,S., Coast and Geodetic Survey 3)
has published an extensive investigation of
earthquakes in California, It includes a table
of data concerning some 212 buildings and the
soil types on which they were built. The table
gives the recorded frequencies of horizontal
vibration of these buildings as a result of
wind pressures. Some 93 buildings of those
submitted had a rectangular shape. The com-
parison of the records of these buildings
shows that their horizontal natural frequen-
cies decrease appreciably with the height of
the building.

Extensive studies of the effects of vi-
brations on the bearing properties of soils
were performed at Princeton University in
1943/46, 5) 6) They were carried out on a
comparative basis and only few natural fre~
quency deteminations were made, mainly for
the purpose of avoiding the performance of
later tests at frequencies close to the reso-
nance range of the vibrating system.

CASE OF COMPRESSOR FOUNDATION RESONANCE
TROUBLE AT A PUMPING STATION,

The following snalysis of a so-far un-
published case may serve to illustrate the
factors which affect the resonance of a full-
scale machine foundation.

A pumping station was recently erected
on a deep river deposit of silt and clay. No
s0il tests appear to have been made at the
site, but the characteristics of this type of
deposit in the general vicinity are approxim-
ately as follows, In the sasme boring the lig-
uid limit "wy" may vary from 30% vo 110%; the
plastic limi%' "wp" from 16% to 24%; the natur-
al water content” "w" from 30% to 70%; the lig-
uidity index = 100 (w - wy)/(w; - W) from 30%

to 90%; the unconfined compressive strength
from 0,40 T/sq, £t. to 1,10 T/sq., ft., with




an average strain at failure of 6%. This clay
is not sensitive to remolding, the average
value of the sensitivity ratio "S" being equal
to 3 end sometimes dropping below unity.

The water level was less than a foot be-
low the surface of the ground. Frictional
timber piles of some 60 f£t, length were em-
ployed, approximately two-fifths of them being
batter piles, The vertical piles were embedded
to a depth of 8 inches in the concrete of the
foundation blocks and were not otherwlise con-
nected to them, The batter piles were provided
with light metal clips bolted by a single bolt
to the head of the pile. The concrete founda-
tion blocks of the individual compressor units
did not have any structural connection to each
other,

Excessive vibration was found to take
place after the pumping station began operat-
ing, Every indication pointed towards reson-
ance phenomena of the compressor - foundation-
80il system at the operating speeds of 300 r,
p.m, The building and soil around the station
shook violently, especially when the individu-
al compressors happened to synchronize, Pipe
connections were frequently damaged as a re-
sult,

This condition was remedied by the sta-
tion engineers who provided a drainage system
around it and by continuous pumping lowered
the ground water table to approximately the
elevation of the pile heads. Excessive vibra-
tions were then reported to have stopped.
Since this measure by removing buoysncy in-
creased the effective weight of the foundation
only by some 7%, the value of its natural fre-
quency was well defined.

COMPARATIVE ANALYSIS OF ALL AVAILABLE DATA BY
THE "REDUCED NATURAIL FREQUENCY" METHOD,

An attempt to analyse by conventional
methods the resonance case 0f the pumping sta-
tion Just described led to the realization
that the problem as handled so far is an in-
determinate one and that this eircumstance
probaebly accounts for some of the discrepan-
cies in the conclusions arrived at by previous
investigators.

A different approach to the problem ap-
peared therefore advisable. After a few trials,
the following procedure was developed., Formula
(2) can be modified to read:

o= Vi o Vo Q
or: 1, W\_,)
u p— nr
v )
where: p = Wy/A = average unit pressure on the
ground
tpy = "reduced natural frequency"

or the natural frequency at
en average unit pressure on
the ground equal to unity,
in this case to one ton/sq.
ft.

Fig, 1 shows the recorded "wp" values
plotted against size of foundation area, Pre-
sented are only tests concerning which com-
plete information is avallable., Frequencies
recorded due to vertical exciting forces are
marked by circles; crosses indicate horizont-
al exciting forces, Combined forces are demign-
ated by a combination of both signs.

The Princeton value was obtained during
tests with a 3 in, dlemeter plunger in a 15
in, diameter and 18 in. deep container filled
with sand,

T™wo values are indicated for the pumping
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station, The one marked (1) is obtained if
each compressor foundation is considered as
acting separately; the one marked (2) is ob-
tained if the endire station area is consider-
ed. Value (1) is believed to be the more logic-
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al one.

The seven California buildings are the
only rectangular buildings reported in Ref., 3
which were founded on sand and which had a
height not exceeding their smallest dimension
in plan,

Fig, 2 shows the corresponding unit pres-
sures on the ground,

Fig, 3> gives the values of the reduced
natural frequencies "w,," computed from Fig, 1
and Fig, 2 according to formula (4). High
values of vibratory forces, as in the case of
the Princeton test data, can be included in
the value of the unit pressure "p".

It can be seen that a definite pattern
emerges, The most probable lines connecting
values obtained on the same type of soil are
shown in thick full lines, but a greater num-
ber of later observations may change them to
the extent estimated by the thinner dash-dot-
ted line since some scattering of results,
similar to the one recorded in California, is
to be expected.

The pattern shown by Fig. 3 may be ex-
plained as follows., For a given type of soil
the value of the dynamic modulus of soil re-
action "k'™ in the formulas (3) and (4) changes
with the size of the area. The ratio W/ Wy
either remaine constant for areas of tﬁe same
shape or varies only slightly.

The effect of damping is slight and is
included in other characteristics of a given
type of soil. Second and even third harmonics
are of course possible but seem to lie out-
side of the normal operstional renge of most
machines,

The effect of piles connected to the
foundation in the conventional manner (Fig.4)
appears to be slight. A rigid tensile connec-
tion might teke the mass of soil shown hatch-
ed on Fig, 5 participate directly in the vi-
brations of the foundation to the extent that
ite weight could be included in the value of
the unit pressure "p" in formula (4). This
point end its economic aspects, hdwever, re-
quire experimental verification,

CONCLUSIONS.
1) Past attempts to determine from a few early
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experiments of limited range the numerical
values of the individual soil coefficients
which influence the natural frequency of ma-
chine foundations have led different research-
ers to conclusions which are at variance with
each other and which, in some cases, are con-
tradicted by later observations,
2) The cause of these contradictions lies in
the impossibility of determining from any
number of observations on one s0il the numer-
ical value of either one of the relevant soil
coefficients - as the dynamic modulus of soil
reaction, -~ without making some arbitrary as-
sumptions concerning the value of the other,
e.g., the average vibrating mass of the soil;
~ or vice-versa., Therefore, no greater success
is to be expected from a continuation of this
method of approach in the future,
3) Encouraging results have been obteined by

means of the "reduced natural frequency
“Bn'" method presented in this paper. The
diagrams of "w,." values computed from the
smaller number Of so far available records on
the matter appear to outline some definite re-
lationships which may be used as a preliminary
guide for design purposes.
4) Further experiments and observetions aslong

the same lines are needed to develop the
method, to disclose possible limitations and
to thereby permit its more precise use,
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ABSTRACT,

The development of aerial photography and the extensive coverage that has been accomplished
in recent years has stimulated the use of airphotos to facilitate engineering planning and con-
struction., The basis of this phase of development has been the identification of features that
bear a relationship to the texture of the soil pattern although they include such elements as
land form, drainage, soil color, erosion, and vegetative cover. Land form identification does
much toward establishing general conditiohs of soil depth and texture, while surface drainage
indicates relative permeability. Gullies assume various shapes and thereby reveal not only cer-
tain properties of the surface material but the existence of clay-pan developments or unrelated
materials occurring below the surface. Soil color is related to texture and ground water condi-
tions, and vegetation is a variable depending upon climate and local influences.

Assembled evidence shows that most soils can be distinguished by characteristic patterns
regardless of their geographic distribution. Photographs illustrate the patterns, and test data

are presented to permit the evaluation of interpretation.

INTRODUCTIOR.

Basically, airphoto snalysis depends upon
a well-versed acquaintance with ground featu-
res and soil characterisitics. The aerial pic-
tures provide a means of meking a deliberate
and a detailed study of an area and an evalu-
ation of the land forms by an enlarged pers-
pective. Theoretically, the same things that
can be studied in the airphotos can be examin-
ed on the ground; time and limited information
prevent this, The optimum condition is repre-
sented by a judicious ground investigation
guided by a photo-analysis. In most instances,
to see a ground feature in its entirety is to
understand its origin, its composition, and
its influence on the surrounding terrein. When
standing on the ground, men is so dwarfed in
size even by features of micro-relief that
their outline and overall character is obscure
or hidden,

The land forms mentioned are, in general,
the land forms of geomorphology. The broad
end general claessification of land forms is
not sufficiently specific for the detailed
treatment of engineering projects; therefore,
when the geologists stops with third order
land forms (valleys, ridges, basins, etc.)this
work requires identification of sub-forms or
land forms of fourth snd fifth order. This
condition may be likened to two convour maps
of the same area; one map with 100 foot con-
tour intervals may present a picture of the
area suitable for general use but the details

important to engineers are shown only on the
map having a five-foot contour intervel,

The land forms considered in this work
desal with the individusal materials. Where
"plateau" may indicate one of several sedi-
mentary rocks, engineers must deal specifical-
ly with limestone, or sandstone, or shale,
or with combinations of these. Each is a rock
differing from all others in physical and oft-
en chemical properties. Because of these dif-
ferences, they weather differently to assume
characteristic forms related to their indiv-
idual properties.,

Pedologists (soil scientists) have shown
the relationship between the weathered soil
profile (solum and the underlying parent ma-
terial). In nearly all cases, the identificat-
ion of the land form establishes the type of
parent material and, therefore, the properties
of the weathered soil material. In the devel-
opment of this work it is necessary to work
out the details of a particular land form and
then to obtain a sufficient number of soil
samples of the various types, within the land
form, for the results to be statistically
significant.

If we consider that the land form estab-
lishes the general (or exact, depending upon
the origin) nature of the material, then, it
has served much as the sliding adjustment in a
camera serves to bring the object into approxim-
ate focus. It remains for the pedologic prin-
ciples to serve as a micro-adjustment to bring



