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tion of carried structure and 2. that this
settlement should be possibly uniform under all
structure. The requirements must obviously be
more rigorous in cat~e for instance of a stiff
reinforced concrete structure than when appli
ed to more flexible steel construction.
These requirements as to the point first
can be treated and fulfilled by examination of
soil layers and as to the point two by check
ing a pile when loading it.
When a pile is submitted to test loading
and the results of this test are plotted as a
load-settlement curve, fig. 1 , there are gener
ally observed three parts of this curve: first
part Ob shows good proportional dependence be
tween settlement and load, - if the pile is
resting in good strata, the settlements are
here of quite little size; adjoining further
part be goes much steeper, - if some propor
tionality still there existB it is of little
practical value by reason of increased rate of
settling and its short interval; finally in the
third part cd of the curve the pile is rapidly
sinking.
When a pile is well placed in ground the
settlements within the limits of interval Ob
have a value of some millimeters. The differ
ences in settling with increase of load or
caused by little changes in steepness of the
line Ob for different piles are practically in
significant. Therefore we can agree that within
the whole space Ob of loading the pile can be
properly used among the neighbour piles and we
can assume the load P0 - 0,67 Pi or evon P0 «
0,75 Pi as the maximum safe bearing capacity of
pile, thus leaving a safety reserve of 0,33 Pi
or 0,25 Pi»
Any rigorous requirement that by testing
the settlement of a pile should not exceed 6
or 7 mm under the maximum load, if this value
of settlement is taken and fixed so at random
causes in many cases much of trouble, espec
ially when the compression of the shaft alone
of pile arises to 2 or 3 mm and the remaining
4 mm are surpassed by one or more mm. As we
have seen it does not any matter from the tech
nical standpoint, if all piles should settle
by some millimeters less or more, but it is
most important that they settle likewise one
to another, and this requirement is guaranteed
when the loads are not allowed to get out of
limits Ob of the curve.
The advantages of cone-shaped piles wide
ly introduced as Raymond-plles are well known.
In this country a new type of these piles is
commonly used. It consists, fig. 2, of a cone-
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shaped lower part 2 m long tapered somewhat
more than the Raymond standard-pile and of cylindric higher shaft, both formed as a sheetsteel 3hell. The part mn is precast and after
hardening of concrete is driven in the ground
by a steam-hammer striking on an oak or steel
mandrel resting inside of the shell upon the
surface m-m. After the pile is driven into ©x>d
bearing strata, the mandrel is taken away and
the «bole shell is filled with concrete after
the steel reinforcement is put into.
The shape of a pile as described above
joins the advantages of a tapered form with a
guarantee that the pile will always reach the
deeper ground layers of good resistance with
out being hanged as a wedge in the upper weak
er strata and forming thus a floating founda
tion.
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SUMMARY.
The paper briefly reviews the main model pile tests performed elsewhere
and compares them to the tests performed in 1941 by John E. Krome, a Princeton
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University student.
The Princeton 1941 teats utilized electric resistivity SB-4 strain gages
to determine the proportions of the total load carried by the pile point, by
pile skin friction and by the pile footing. The 1:20 model scale metal pile
was driven into dry sand. The driving record is used to compare the bearing
capacity of the pile as computed from Engineering News formulas and as actual
ly determined from static loading of the single pile. The pull-out resistance
of the pile is compared to its total skin friction measured during static load
ing.
Diagrams are presented with similar comparisons based on the results of
tests performed at Princeton in 1944 and 1945 for the Bureau of Yards & D<,cks,
Navy Department, Washington, D. C., with 1/8 model scale tapered timber piles
driven through a submerged sand layer into plastic silty clay.
Points requiring clarification and conclusions of importance for further
studies are presented.
B. O U T U N E OF PRECEDING TESTS PERFORMED ELSBWHEHE.
Results of model tests with metal piles
were published by R. Mueller of the Degebo in
1939 1). The 80 cm (32 in.) long piles were
driven into dry sand. They were so constructed
that the load could be applied separately but
not simultaneously to the pile point or to the
pile shell, or to the entire pile as a whole.
A different type of model pile study was
performed by M.K. Khalifa at Columbia Univers
ity and published in 1940 2). Sectional tim
ber piles were employed to determine the dis
tribution of frictional forces along the length
of the pile. The sand was packed around the
piles, since the latter could not be driven.
Pressure cells of the bellows type connected
each pile section and caused the model pile to
be somewhat more compressible than a pile com
posed of one section.
In 1937 E.I. Davis and H.E. Webster per
formed tests with a model pile at the Massa
chusetts Institute of Technology. The results
were published in 1940 4). The model steel
pile was similar to the one used by Mueller 1),
except that one proving ring measured the to
tal load applied and was operated simultan
eously with a second proving ring which meas
ured the fraction of the load carried by the
pile point. The pile was not driven, but jack
ed into the dry sand to the required depth.

es filled with gravel. A dial gage, L, records
settlements to one thousandth of an inch.
Fig. lb shows the details of the steel
pile head. The load, W, is transmitted from
the lever arms and jack (not shown) to plate,
A, and through the steel cylinder, B, to the
footing, F. The wedge ring, E, moves along the
nipple, D, threaded into the footing. The load
portion to be carried by the pile is trans
mitted through the wedge rings, E and C, into
the thin (about 1/32 in.) dynamometer strips,
S, - (where its resultant strain is measured
by the SR-4 gages, G,) - and thence into the
block, K, where it is finally carried to the
pile. When making a test upon the pile alone,
the wedge ring, E, may be moved down along the
nipple until the footing is a distance above
the sand sufficient not to interfere with the
settlement of the pile. This latter type of
test was also used for purposes of re-cali
bration of the dynamometers, S.

C. THE FIRST GROUP OF MODEL PILE TESTS PER
FORMED BY J.E. KROME IN 1941 AT PRINCETON.
The purpose of these tests was two-fold.
First, it was desired to check the performance
of the SR-4 electric resistivity strain gages
which had just appeared on the market. Dr. K.
Terzaghl had informally drawn G.P. Tschebotarioff's attention to their considerable po
tentialities some time before this. Strains
of a millionth of an inch per inch could be
measured, thus permitting the construction of
very rigid load measuring units. Since model
similarity of deformations is a pre-requisite
for reliable model studies in the field of Ap
plied Soil Mechanics, the SR-4 strain gages,
if found to operate successfully, would open
new vistas for such studies.
The second objective of the tests was to
try out on a single pile a type of simple SR-4
dynamometer connection between the model pile
and the footing which, if found satisfactory,
could be applied to pile clusters and permit
model studies of the load distribution between
individual piles in various groupings.
Fig. 1 illustrates the test set-up. Fig.
la gives the general layout. Load weights are
placed on two hangers, H. Thebe hangers are
suspended from a double cantilever system with
a crossbar. I, transmitting the load to the
jack, J. Both the hangers and the pile foot
ing cage are counterweighted by means -of box

FIG.1
The load-settlement records of two series
of tests - No. 2 and No. 3 - with this equip
ment are plotted on Fig. 2. Separate tests were
performed with the footing alone (Curve F) and
with the pile alone (Curve P). The algebraic
sum of the loads carried separately at the same
settlement by the pile and by the footing is
shown by the curve, P + F. A third test was
made with the pile and footing acting together
(Curve C). The measured component of the load
carried by the pile is shown by curve Pj. The
component, F<j, of the load carried by the foot
ing is computed from F^ - C - P 4 .
The driving record of the 1.25 in. by 1.25
in. square pile is given for both t.ests in each
series. The bearing capacity of the single pile
is computed by two different types of "Engin
eering News" dynamic formulas from the driving
records and is shown on the load settlement
diagrams. The resistance of a single pile to
pulling-out is also indicated. The pile weigh
ed 6.4 lbs. and the drop hammer 3.2 lbs. The
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D. THE SECOND GBOUP OP MODEL PILE TESTS PER
FORMED BY J.E. gROME IN 1941 AT PRINCETON.

FIG.2

The tests were then extended to a compos
ite steel pile of a type similar to the one
used by R. Mueller (See Section "B"). It was
30 in. long and 14- in. in diameter. The load
fraction carried by the pile point was measur
ed simultaneously with the fraction carried by
the pile shell by means of an arrangement sim
ilar to the one shown on Pig. lb. However, two
mutually perpendicular pairs of SR-4 dynamome
ter strips were used instead of one pair. One
pair transmitted the load to the inner shaft
connected to the pile point; the other pair
loaded the outer steel tube which formed the
pile shell.
The load settlement records of two series
of tests, - No. 5 and No. 7, - with this device
are plotted on Fig. 3. The tests were perform
ed and the results are presented in a manner
similar to the one described in Section C for
the preceding group of tests. The following
additional notations are used: Pf designates
the load component carried by friction against
the outer shell of the pile when the pile was
tested alone, Pf^ has the same significance for
the test when pile and footing were tested to
gether, Pp designates the load component car
ried by the pile point when the pile was test
ed alone and P-^ has the same significance but
with pile and rooting tested together. Pile
driving records together with the resistance
of a single pile to pulling out are given.
The same sand was used, as in the preced
ing group of tests. The pile weighed 12.9 lbs.
and the drop hammer 9.1 lbs. The height of fall
was 5 in.
E. THE THIRD GROUP OF MODEL PILE TESTS PER
FORMED IN 1944/45 FOR THE BUREAU OF YARDS
& DOCKS AT PRINCETON.
The results of a group of tests on model
timber piles are shown on Pig. 4. These tests
were part of a model investigation of the re
sistance of pile dolphins to horizontal forces
performed by the Princeton Soil Mechanics La
boratory for the Bureau of Yards &. Docks. This
investigation is not included in the subject
of this paper. The results of the vertical
driving and loading tests are however given on
Pig. 4 for purposes of comparison with earlier
similar tests at Princeton described under Sec
tions C. and D.

FIG. 3
height of fall was 5 in.
Clean washed, so-called "bar" sand was used
in all the tests, 100% of which was smaller
than 2 mm size, 70% was smaller than 0.6 mm
size, 30% was smaller than 0.5 mm size, 10%
was smaller than 0.4 mm size and, none was small
er than 0.1 mm size.
The results of this first group of tests
were reported in 3) by J.E. Krome.

FIG.4
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The 2" butt diameter pile weighed 3.1 lbs.
and the 1 5/8" butt diameter pile weighed 2.1
lbs. The hummer weighed 14 lbs. and was drop
ped from a height of 6 inches.
The piles were first driven through 13 in.
of submerged loose clean sand of the same gran
ular composition as described under Seotion
"C". Its relative density was approx. 25%.They
then penetrated another 1 7 " into soft, plastic
red colored silty clay, having a liquid limit
of 31 %, a plastic limit of 24% and a plasticity
index of 7%. The natural water content was ap
prox. 28% and the unconf ined compressive strength
approx. 280 lbs./sq. ft.
P. DISCUSSION OP THE BESULTS OBTAINED.
The Krome tests were interrupted late in
1941 because of the war. Nevertheless the ex
perience gained through them permitted the
successful application of SR-4 electric resist
ivity strain gages to other larger scale prob
lems of more immediate practical importance 5)
and 6).
An examination of Pig. 2, 3, and 4 shows
that the static bearing capacity of individual
piles tested under otherwise similar conditions
closely followed their relative resistance to
driving. Ho such relationship could be obtain
ed by attempted local density determinations,
which showed a considerable and Inconsistent
scattering of results.
The attempt was then made to check the
Engineering News Formula which reads:
12 x It x H
p > ------ ----- ; where:
S + C
P « Ultimate static pile bearing capacity in
pounds.
%■* Weight of hammer in pounds.
H » Height of drop in feet.
S - Average penetration in inches per blow for
last few blows.
C » A coefficient, equal to 1.0 for drop ham
mers.
This formula gave absurdly low values, as
compared to the values actually observed dur
ing the static load tests with dry sand. The
use of the so-called "Modified Engineering
News" formula with C » 1 and r gave
similarly low values (li - weight of pile) for
dry sand. These values are marked "ENr" on the
diagrams. (Figs. 2 and 3). More reasonable but
still somewhat low results were obtained by
n
setting C - — where "n" is the model scale
factor. These values are marked "ENrn" on the
diagrams. However, for plastic clay (Fig. 4)
both the "ENr" and the "ENrn" formulas gave
values two to three times higher than the ob
served ones.
Reasonable agreement (within 10$) was ob
tained between observed and computed values by
applying a method developed in 7). according
to which the bearing capacity of a pile is
equal to the soil cohesion times the surface
of a cylinder of a diameter equal to that of
the pile at the clay surface. The cohesion in
this case was taken as one half the value of
the unconfined compressive strength.
The pull-out tests in sand (Fig. 2 and 3)
gave values equal to 25% of the frictional com
ponent of maximum load carried by pile during
static loading and equal to approx. 14% of the
maximum total static pile load. This latter
figure compares with approx. 10% of the total
load obtained by R. Mueller 1). In clay,(Pig.
4) despite the tapered shape of the piles, the
pull-out resistance was equal to approx. 35%
of maximum total static pile load.

FIG.5
Fig. 5b shows the variation of load dis
tribution between pile point and pile shell.
The frictional component decreases in relative
importance with increasing load. A consider
able difference was observed between individu
al test results, all of which however fell
within the range of the Degebo 1) and of M.I.
T. 4) observations. Fig. 5a shows that with
increasing load the footing takes on a relat
ively greater proportion of it.
It appears however possible that there may
be imperfect similarity between model and pro
totype in this respect and that pile points
especially may take on relatively greater load
fractions with increasing depth beneath the
soil surface.
G. CONCLUSIONS.
1) The SB-4 strain gage measuring techniques
were successfully applied to tests on single
model piles. It should be possible to apply the
same techniques to the simultaneous measure
ment of the load fractions carried by the pile
footing, by the pile point and by sections of
the pile shell of several model piles in vari
ous combinations of pile clusters.
2) Pile driving records provide a better yard
stick for the comparison of overall soil
density and soil resistance than direct dens
ity determinations, especially for granular
soils. However, a pile driving formula which
gives a low value for dry sand gives too high
a value for plastic clay. Hence the use of such
formulas requires considerable caution.
3) The bearing capacity of a pile driven into
a cohesive soil can be closely estimated
from the value of the cohesion as established
in the laboratory.
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4) In non-cohesive soils model pull-out tests
gave values of pile skin friction that were
approx. 4 of the skin friction developed by
loading.
5) There is no reason to doubt the model simil
arity of tests involving the study of load
distribution between pile shell and pile point.
However some additional studies are needed to
permit quantitative evaluation of load distri
bution between prototype piles and pile foot
ings and of pull-out tests on the strength of
results obtained on models.
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SUMMARY.
A settlement analysis of two large buildings is reported. They were erect
ed on the same deep deposit of plastic varved clay. Both buildings had approx.
25 ft. deep excavations for basements. The first Building ("A") had short piles
driven beneath its mat foundation to approx. 1/3 of the remaining depth of the
clay deposit. The second building ("BP) had no piles.
The results of laboratory soil tests performed in 1946 at the Princeion
Soil Mechanics Laboratory on samples from an adjoining site are reported. The
clay was found to be very sensitive to remolding. Nevertheless the compressibil
ity coefficients computed from the observed settlements of both buildings were
found to differ only slightly from each other. Their values are compared to the
values of compressibility coefficients obtained from undisturbed and from re
molded samples by different laboratory testing procedures.
A hypothesis is advanced which assumes that the driving of piles may pro
duce very little disturbance beneath the points of the piles as compared to an
exdessively deep excavation.
Thi6 hypothesis was qualitatively checked by a 1/100 model scale tridimen
sional model study performed with gelatine at Princeton by the junior author for
his Master's thesis. The simulated excavation produced approx. ten times great
er gelatine displacement beneath and around it than did the driving of the pil
es. Indications were obtained that a modified sequence of driving could decrease
the disturbance still further.
An investigation of a new site,as carried
out in 1946 by the senior author for Spencer,
White & Prentis, Inc., Engineers, New York
City provided an opportunity to compare the

results of modern methods of sampling and of
laboratory soil testing with the observed performance of two large buildings.
These two buildings had been erected some

