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Synopsis

The paper reviews the present state of the science of foundations, its prin-
cipal shortcomings, and the possibilities for its improvement.

The principal shortcomings were found to be: First, the practice of select-
ing the admissible soil pressure regardless of the area covered by the individual
foundations and irrespective of the maximum differential settlement that the
superstructure can stand without injury; second, the practice of computing
the bearing capacity of the piles by the Engineering News formula regardless
of the character of the soil; and, third, the practice of considering the bear
ing power of the individual piles as a sufficient guaranty that the bearing
capacity of the entire foundation will be adequate.

In his discussion of these topics the writer tries to explain the reasons
for the inconsistencies that are often experienced in attempts to interpret
the results of loading tests for designing purposes. Concerning the pile-

g driving formulas the writer presents physical arguments why, for certain
soils, no pile-driving formula can possibly furnish reliable information con-
cerning the bearing capacity of the tested pile. For those soils for which the
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THE SCIENCE OF FOUNDATIONS 271
pile-driving formulas can be use d to advantage, the Engineering News formula is
found to furnish values which are by far too small, provided a drop-hammer
is used and the penetration per blow amounts to less than § in.

Progress in the field of foundation engineering is handicapped essentially
by the absence of reliable information concerning previous construction expe-
rience. Again, the lack of reliable information is due to inadequate deserip-
tion of the soils and to an interpretation of the observed facts which, in many
cases, is inconsistent with the laws of physics and mechanics. The first step
toward improving conditions should comsist in establishing an adequate soil
classification

Thus far, related efforts have f: because they represented attempts
to classify the soils according to properties that have no bearing at all, or no

well-defined bearing, on the behavior of the soil under load.

The writer presents a list of those soil properties that determine the char-
acter, the amount, and the speed of the settlements. He shows how the
knowledge of these properties can be utilized for establishing a soil classifica-
T.i-vn ‘-llf’ni f-:r its purpose .-.n'l -hri!-ﬂ}' nif«‘!l-‘-‘"" the -ll?ﬁ-'u‘l'r';v‘- ;u-—'fw_‘ial(‘d \\‘ilh
such an, attempt

The problems of foundation engineering are as inseparably associated
with the problems of structural engineering, as is the shadow with the light, -
because one cannot conceive of a structure without a foundation. Therefore,
they are among the most vital

Errect oF Tyee oF BuiLDiNg oN ADMISSIBLE SETTLEMENT

Suppose it is desired to construct a reinforced concrete building on a
lot selected and bought by the future owner. After inspecting the ground
in the light of previous experience, it is decided to dispense with piles and
put the building on individual spread footings. The mental operation lead-
ing to this decision is experienced almost daily, and is familiar te every
engineer. This apparently simple decision may be analyzed by common sense.
By spreading the weight of the building over the base of sufficiently large
footings, the pressure can be reduced to a certain value, ¢, per unit of area.
Under the influence of the pressure, g, the footings will settle through a dis-
tance, 8. Perfectly uniform settlement will not hurt the building. How-
ever, because of the variations in the distribution of the live load, the pressure
may vary between ¢ and 0.8 ¢ (to name an arbitrary figure) which corresponds
to a difference in settlement between S and 0.8 8. In addition, it may be
that the compressibility of the ground varies to such an extent, that the settle-
ment produced by a load, ¢, may range between S and 0.5 8 (which, again,
1s an arbitrarily selected figure, the actual value depending on circumstances).
Hence, a difference, amounting to as much as § — 0.5 X 08 8§ = 08 8 = H,
may be expected between the settlement of the individual footings. In the
formula,

H=8—05 X088 =008 =88.....c00000004.(2)
the factor, n, represents the numerical effect of both the variations in live load
and the variations in the compressibility of the soil. The value, H, will rule
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all further considerations. If the building is statically determinate a valge
of several inches for H would be permissible. On the other hand, if it is
statically indeterminate, the allowable intensity of the secondary stresses must
be selected first. Consider, for example, that an increase of 159 in certain
maximum bending moments would be admissible. Then, the maximum value,
H, for the difference in settlements is at once determined. It may range
between 0.1 in. and 1.0 or 2.0 in., according to the character of the building, the
distance between the columns, and the cross-section of the beams. Henee,
the decision to admit an increase of 159 in the dangerous stresses, would
require selecting the soil pressure, ¢, anywhere between limits as far apart
as 1 and 10 or 20, according to the character of the building. Selecting the
value, g, on the other hand, irrespective of the structural characteristics of
the building, would mean either ultra-conservative wastefulness or danger,
according to the circumstances. Since this is done in most of the cases dealt
with in actual practice, one cannot help feeling the necessity of a thorough
reform. Every foundation design ought to be started by roughly computing
the maximum admissible value of H.

RevatTion BETWEEN SETTLEMENT, Siz oF LoADED AREA,
AND DeEPTH oF FouNDATION

The second inconsistency that confronts the foundation engineer daily,
concerns the relation between the settlement, &, and the diameter of the
loaded area. In selecting the admissible unit soil pressure, should the width
and the length of the loaded area be taken into consideration! Consider, as an
example, that some one makes a bending test on a 10-in. by 10-ft. T-beam,
freely supported at both ends, and finds that the beam breaks under the influ-
ence of a concentrated load of P-tons. He publishes the results of his test,
and as a consequence, in future practice, the designers would consider &
load of } P as a safe load for the beam, irrespective of she span and mode of
support. In the light of present knowledge, such procedure would be consid-
ered simply absurd. However, in the field of foundation engineering it eor
responds precisely to what is actually done. The safety of the building de

pends on H (= 0.8 S) not exceeding a definite value. The value of S depends

as essentially on the diameter of the loaded area and on the depth of the
foundation as the load causing the rupture of the I-beam depends on the
gpan. Nevertheless, all tables of admissible soil pressures, given in textbooks
and building codes, contain the values without any indication as to what
areas and to what depths of foundation they apply. They can well be com-
pared with tables containing the loads under which XI-beams of different
cross-sections broke down, without mentioning the distance between supports.

The rather indifferent attitude of practising foundation engineers toward
the important influence of these two items—the dimensions of the loaded
area and the depth of foundation—is essentially due to the apparent incon-
sistencies of related experiences which seem to contradict each other, to such
au extent that an attempt to digest them appears to be hopeless. However,
by ansalyzing them and correlating them with present theoretical knowledge,
one finds that they already represent a fund of most useful information, and
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THE BCIENCE OF FOUNDATIONS &l

that the apparent contradictions do not exist. The following facts may serve
to illustrate these statements.

[n 1918, the Foundation Committee of the Austrian Society of Engineers
and Architects, in Vienna, made a series of loading tests for the purpose of
investigating the influence of the shape and size of the loaded area on the
amount of settlement in a typical cohesive Vienna soil (a variety of loess).*
The tests were performed on the bottom of a trench, 10 ft. deep and 5.75 ft

wide, protected by a roof. The loaded soil consisted, according to a state-

ment issued by the investigators, of 279, of sand with grains larger than
Ly e 24 2 1 Y e no — { Q¢ £ o - .
0.2 mm., 319 of sand with grains less than 0.2 mm., and 429 of very fine-

grained constituents. The water content was said to range between 11.2 and

13.2 per cent. When moulded into cubes and , the soil developed a cube
strength of about 35 tons per sq. ft T'he tests included load settlement, time
settlement, and rebound observations on square and on round plates with

areas of 0.053, 0.110, 0.672, 2.700, and 6.100 84q. ft. Fig. 1 shows some of the

}'t".‘-n!’..‘ U]lTu]lH_"]. .r}iv:_‘" i]".(.".'*.}'_'lt ?ht’_' ‘-t.“.‘T]'\.'Iln'n’.*- of !.-‘:.'IH_*- ‘-\,-'il dif arent -.j:.;iij'r

eters under loads of 2 and of 4 tons per sq. ft., and the rebound of the soil
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produced by removing a load of 10 toms per sq. ft. (Computed from the
rebound, corresponding to the removal of smaller loads.) Fig. 1 plainly
demonstrates that the settlement produced by a given load per unit of area
increases almost in direct proportion with the diameter of the loaded area, or,
in algebraic terms,

S=¢)Xd>X qg(moreorless)............(2)
N - According (o a manuscript, “Der Wiener Liss und seine sulissige Belastung.” by Dr
!”‘-t Emperger, received In May, 1926 According to Dr. Emperger's letter of March 18
1026. an extract of this paper has been published Iun Dde Rawtechnik, Berlin, Le Gewmie Civil,

Parls, and Gewappend Beton, Amsterdam
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wherein, ¢ is a constant of the soil. The shape of the upper set of curves is
obviously due to the fact that the load-settlement curve for each one of the
individual plates is, in itself, more or less parabolic.

A few vears ago, A. T. Goldbeck, Assoc. M. Am. Soc. C. E., carried en
some research work for the U. 8. Bureau of Public Roads, on artificial mix-
tures of sand and clay for the purpose of investigating the relation between
the area of a bearing block and the settlement produced by a given unit load®
I'he area of the bearing blocks ranged from a few square inches to 9 sq. ft. The
results of the tests made on plastic mixtures were of the type shown in Fig. &
They indicate, as do the Austrian tests, that for cohesive soils the penetration
produced by a given unit load increases in direct proportion with the diameter

s 2 1 2.
i1 the loaded area.

.!fA.|

&
o

£ :

Settlement in Iinches

(e 18 LS FE i3 0 13

Diameter in Foet
N SETTLEMENT AND DIAMETER OF LOADED AREA AT EqQUuar Uwmr
o 10 A. T. GoLonecx, Assoc. M. Ax. SBoc. C

In 1923, Mr. A. B. Bijlst published the results of similar tests performed
on a sand deposit. These tests, however, cannot be taken into consideration,
because the published data are confined to the results of rebound observations.

These experimental results lead to the conclusion that the settlement pro-
duced by a given load per unit of area increases approximately in direct
proportion with the diameter of the loaded area (Equation (2)), provided
the load, g, is not carried beyond the straight line section of the load-settle-
ment diagram.

This agrees with a considerable number of actual observations. Yet there
seem to be quite striking exceptions to this rule. A loading test was made by
the Chicago Union Terminal Company, in Chicago, IlL, on two full-sized cais-
sons, resting on the surface of a layer of hardpan, approximately 60 ft. below
the surface of the ground.; The diameters of the bearing area were 4.3 ft. and
8.5 ft., respectively, and the settlements produced by a load of 10 tons per
8q. ft. amounted to § in. and § in., respectively. Hence, although the larger
diameter was equal to only twice the smaller, the settlement of the larger
pier was five times greater than that of the smaller one. According to Equs-

* “Researches on the Btructural Design of Highways by the United States Bureau of
Publie Roads,” Tronsactions, Am. Boe. C. E., Vol. 85 (19256), p. 264

t Le Génie Civil, May 26, 1923, p. 490 Abstract of a report by M. Wolterbeck o
the Ministire des Travaux Publics dea Pays Bas, 1922
$ Journal, Western Soc. of Engre., February, 1824
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THRE BCIENCE OF FOUNDATIONS 275

tion (2), it should not have been more than twice as large. This fact seems
to indicate that the formula represents an optimistic statement.

On the other hand, experience shows that, under certain circumstances,
the settlement of the larger area may be very much smaller than the value
obtained by the formula. Numerous loading tests made on the plane surface
of a natural bed of well-compacted sand, have shown that the settlement of
a gingle bearing plate, with an area of 1 sq. ft., loaded with 3 toms, is never
less than about § in. Hence, according to Equation (2), a foundation 20 ft.
square, resting on & firm sand deposit, should settle 234 in. under a load of
3 tons per sq. ft. Every engineer who has had experience with foundations
on firm sand can testify that the settlement will be very much less, certainly
not exceeding § in. In 1922, the Society’s Special Committee on Bearing
Value of Soils for Foundations, etc., published the results of loading tests
performed on a building lot in San Francisco, Calif.* A stratum of soft,
clean, or sticky sand, with occasional layers of sand clay and yellow clay was
encountered. It was tested at eight different points. Under a load of 4 800
Ib. per sq. ft., the settlement of the bearing plate ranged between 0.04
and 0.17 in., averaging 0.10 in. For the past few years the lot has been
occupied by a 22-story building, placed on a raft foundation, 218 by 152 ft.,

exerting a pressure of 4 800 lb. per sq. ft. (dead load only)t on the soil. Ae-.

cording to Equation (2), the settlement of the building should amount to
152 > 0.10 in. = 15.2 in. H. J. Brunnier, M. Am. Soec. C. E., Designing Engi-
neer of the building, has found{ that the total settlement to date amounts
to approximately 2 in. During the first year, the settlement was quite rapid,
but the rate has been less each succeeding year 5

teviewing the facts, the following statement is clear: First, two inde-
pendent sets of experiments have been quoted concerning the relation between
the size of the loaded area and the settlement. Both sets have led to praeti-
cally the same result, expressed by the simple Equation (2). Then, the results
of these experiments have been compared with those of two observations made
on & large scale. In one of these cases (Chicago Union Terminal tests), the
settlement of the larger area was 2.5 times more than the computed value:
while in the other case (San Francisco office building), the actual settlement
was about one-eighth of what should have been expected. Suppose a foun-
dation company sincerely tries to obtain some reliable basis for drawing
conclusions from the results of its loading tests. The engineers of the firm
make their observations year by year, accumulate the data in their files, and,
finally, when they try to correlate the data, they face grotesque contradictions
of the type quoted. They cannot be blamed if they give it up in disgust,
loading tests, observations, and all. However, if they would examine the data
i the light of applied mechanics, they would first realize the following
facts, which the writer publishedg in 1925:

* Proceedings, Am. Soc. C. E, March, 1922, Papers and Discussions, p. 52?._Pllu: i'll.

t “Cootinuous Mat Foundation for 22-Story Bullding.” Engincering News-Record, July,
1922, pp. 73 et seq.

! By letter of December 4, 1925, to Maj. W. A. Danlelson
| “Erdbaumechanik.,” by Charles Terzagh!, M. Am. Soc. C. E., Franz Deuticke, Wien,

1928
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276 THE SCIENCE OF FOUNDATIONS

(a) The relation between the diameter of the loaded area and the settle-
ment produced by a given unit load depends essentially on the cohesion
(actual shearing strength) of the soil. For soils with great cohesion the
settlement produced by a given unit load increases in direct proportion with
the diameter of the loaded area. On the other hand, for perfectly cohesion-
gss goils, the size of the area has very little effect.

(b) With increasing depth of foundation, the settlement produced by a
given unit load decreases. However, the ratio between the settlement, S, for a
foundation depth of 0, and the corresponding settlement, S, for a depth, £, does

¢

not depend on the value of { alone, but on the ratio, : between the depth of

i

foundation and the diameter of the loaded area. Thus, if a foundation 5 ft
deep was found to reduce the settlement of a footing, 5 ft. square, by 50%
of §_, the effect of a footing 10 ft. square, and 5 ft. deep, in reducing settle-

ment, will be very much less. In order that the potential settlement, 8, of a

footing 10 ft. square, and 0 ft. deep, may be reduced 509, the depth
would have to be increased to 10 ft., thus making the ratio, .-f“r both cases
equa
(ey Th ffect of the ratio ; . on the settlement is the less, the greater the
n {
cohesion For perfectly cohesionless materials, a ratio of ; = 1 (depth of
.
on = diameter of loaded area) almost tripi(-s the bt‘i‘ll’iﬂg cnpacity

and reduces the settlements to one-third of what they would be if the footing
rested on the surface of the ground.

Knowing nothing more about soil mechanics than these three simple rules,
the foundation engineer would at once discover that there are no contradie-
tions in the data hereinbefore quoted. The experiments of the Austrian Com-
mittee and of Mr. Goldbeck were made on very cohesive soils. Hence, in
strict agreement with theory, they showed that the settlement increases in
direct proportion with the diameter of the loaded area. The Chicago tests
were made on a cohesive soil, but the ratio between the depth of foundation
and the diameter of the loaded area was twice as great for the larger area
as for the smaller one. That fully accounts for the difference between the com-
puted and the actual value of the settlement of the larger area. On the other
hand, the soil of San Francisco belongs to the class of very slightly cohesive
soils and, according to Rule (a), which is supported by experience, the size
of the area should have comparatively little effect on the settlement.

Thus, if it combines actual observation with proper soil investigation and
with a thorough consideration of the mechanical aspects of its problems, the
same firm that gave up the attempt of systematic study in disgust, could grad-

ally build up an experience covering the whole range of its activities and
acquire a fairly reliable basis for the interpretation of the results of loading
tests. However, under the present system of interpretation, loading tests
are practically good for nothing
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THE SCIENCE OF FOUNDATIONS 277

DistriBuTioN oF Soi. Reactions Over Rigin, LoapEp Strass

The preceding discussion deals exclusively with the potential settlement
of structures without gquestioning the stresses that may develop within the
foundation. As a matter of fact, when referred to individual spread footings,
these questions are of minor importance. However, the situation changes
when it becomes necessary to connect the footings with each other, replacing
the group of footings by a continuous mat. In order to keep the costs of
such a mat within reasonable limits, the stresses must be computed as closely
as possible. It is first necessary, however, to know the forces acting on the
at, and this is where difficulties arise. Suppose the mat is rectangular,

and the dead load of the structure is distributed in such a manner that the
resultant force passes through the center of gravity of the mat. Under such
conditions, it is generally assumed, that the soil pressures are uniformly dis-
tributed over the entire area. However, according to the measurements carried
out by M. L. Enger, M. Am. Sce. C. E., the distribution of the soil reactions
over the base of a rigid slab is by no means uniform.* The pressures are
equal to zero at the edge of the slab and greatest at the center, the pressure
curve having a parabolic shape. In order to show the effect of the difference
between uniform and parabolic stress distribution, the diagram, Fig. 8, has
been plotted, showing the bending moments in a mat, loaded by four walls, -
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and supported by & homogeneous soil. For a parabolic stress distribution the
maximum bending moments will be about 1009, greater than they are for

& uniform reaction. Thus far, all sttempts to deal theoretically with the
problem of stress distribution bave failed, and there is little hope for success
within the near future. The data obtained by Professor Enger are confined

-

: The Distributlon of Pressure by Granular Material,” Faginsering, Vol 101, 19168
» 170
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78 THE SCIENCE OF FOUNDATIONS

strictly to perfectly cohesionless materials; hence, the information they furnish
is not yet conclusive. Considering the importance of the possible error involved
in assuming uniform stress distribution, the need of a more exhaustive exper-
imental investigation of this phase of the foundation problem becomes obvious.

Errect oF DEGREE oF PERMEABILITY AND OF TIME ON SETTLEMENTS

Another interesting aspect of the foundation problem concerns the changes
that will take place in the soil under pressure. Since every soil, without
exception, is compressible, the pressure tends to produce a decrease in volume
If the voids of the soil are filled with air, the volume change can take place
at once, becanse the excess air can readily escape toward the surface. On the
other hand, if the voids are completely filled with water, which is usually
the case with very fine-grained and very compressible soils (silts, mud, clay),
& decrease in volume obviously involves a considerable decrease in the water
content, and the compression cannot possibly proceed with a greater speed
than the corresponding speed of squeezing out the excess water. The less
lpermeable the soil, the more slowly the water escapes, and, as a consequence,
the more slowly the volume of the compressed soil decreases. Hence, the

/settlement of the foundation will not occur at once. There will be a lag,

depending on the degree of permeability of the soil.

The physical side of this gradual consolidation process has been thor-
oughly investigated, both theoretically and experimentally. According to
theory, the consolidation of silts and coarse-grained muds should be accom-
plished within a couple of years, while, for typieal clays, it may be a couple
of hundred years before the excess water has completely drained out. For
each one of these examples, there are records accessible showing that the con-
clusions are correct. The rapid and thorough consolidation of silts under
pressure is shown by the results of many test borings carried out by the
Swedish Railroad Commission for the purpose of investigating the soil con-
ditions under railroad dams.* From the physical tests performed with the
drill samples, it was learned that the fills have produced a thorough, local
consolidation of the soft strata supporting the surcharge. The consolidation
was associated with considerable local subsidence. Fig. 4 shows a cross
sectiont of such a partly consolidated system. In contrast to this, the extreme
slowness of consolidation of typical clays is illustrated by the following obser-
vation. In 1915, a building of the Massachusetts Institute of Technology
was erected on & 80-ft. layer of sand, silt, and fill, resting on a soft clay de-
posit. The pressure exerted by the building on the clay amounts to approxi-
mately 1500 lb. per sq. ft. In 1926, a test boring was made next to the
heatiest section of the building. Physical examination of the drill samples
disclosed the fact that the consolidation of the clay deposit had hardly started.
A similar observation was published in 1923 by Thaddeus Merriman, M. Am.
Soe. C. E., concerning the behavior of a mass of puddled elay forming part

® Statens Jirnvigars Geotekniska Kommission, 1914-22, Stockholm, May, 1922,
1 Copled from Statens Jirnvigars Geoteknliska Kommlission, 1914-22
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of an embankment on the Ashokan Reservoir, Catskill Water Supply.* The
gurface of the puddled clay deposit, confined between the core-wall and the
up-stream slope of the core ditch, earries the weight of an embankment 85 ft.
high. Nevertheless, nine years after the construction of the embankment, a
test boring diselosed the fact that the clay core was practically in its original
condition.

The study of these and similar facts has led to the recognition of two
essentially different types of settlements

(a) Those due mostly to lateral flow, with very little, or no, consol
dation; and,

b) Those due to consolidation and lateral flow combined
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In order to explain the characteristics of these two types of settlements,
assume that two vertical reference lines, a b (Fig. 5), had been established
in the ground, prior to the construction of the building, Under the influence
of the weight of the building the soil tends to spread laterally, and the vertical
lines, a b, become Curves a ¢ b. The area included between the lines, a b, and
the curves, a b ¢, is obviously equal to the area, a a a, a,, through which the
building settles on account of lateral soil displacement. If, on account of a
low permeability of the ground, the consolidation of the soil due to increased
pressures, proceeds very slowly, the area, a a a, a,, represents practically the
entire vertical displacement that the building will undergo, at least for one
generation. The speed of the settlement will be governed exclusively by the
laws of viscous flow in plastic materials, and if the flow is successfully stopped
by driving deep sheet-piling, or by similar measures, the settlement of the
building will be practically stopped. Those are the characteristics of Type (a)
settlements

On the other hand, if the material is permeable enough to release its excess
water within a couple of years, the settlement of the building will consist of

® Discussion of the paper entitied “Design of Earth Dams.,” by Joel D. Justin, M. Am.
Boc. C. E.. Trunsactions, Am. Soc. C. E.. Vol. LXXXVII (1824) p. 109
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two different parts, namely, the settlement through a space, a a a, a,, due %o
lateral bulging; and a settlement through an additional space, a, a, a, a,, due
to compression of the soil beneath the loaded area. In this case the speed
of the settlement will be governed by two essentially different laws: (1)
Viscous flow in plastic materials; and (2) hydrodynamic stress compensation;
which the writer formulated several years ago.* By artificially preventing
the lateral flow of the material, one could somewhat reduce the settlements
of the building, but one could not possibly prevent them. Those are the
characteristics of Type (b) settlements.
|
Settlement Due to
e Latera! Bulging L ——

PP SRR RN
L=
[§

4
At o )
’ b /

Settlement Due to

4 y
: - L | /
L mpress«on f
b 1
i i
e F 3
k oA
% 4
; {
i
18 1
U '
Fic. 5 —THE Two PRINCIFAL SOURCER OF SETTLEMENT

The investigation of physical factors that determine the relation between
time, consolidation, and deformation (lateral bulging and lateral flow), has
reached a point where it is already possible to predict whether the settlements
of a building will be of Type (a) or Type (b). In certain cases it is possible
to estimate in advance the speed of the settlement. The knowledge of these
factors is particularly useful in all cases where the engineer faces the prob-
lem of reducing or stopping the settlement of an existing building.

Bearive Caracity oF Inpivipuar Pives

At the beginning of this paper it was assumed, that the engineer trusted
with the design of a building, decided to erect it on spread footings. Let it
now be assumed that his decision was premature. Suppose that test borings
made after the first inspection of the building lot revealed the fact that the
golid top layer of soil rested on a deposit of soft silt of such a thickness that
there was no chance to carry the foundations down to solid ground. Then
the engineer decided to put the foundations on piles. In order to find out
how many piles he needed, he was obliged to drive a couple of test piles and
determine the amount of load one individual pile could stand (unless he had
previously tested some piles driven into similar deposits). To follow the
traditional procedure, one must observe the average penmetration of the pile
under the last ten blows; compute the bearing capacity of the pile by the
Engineering News formula; and divide the total weight of the building by
the bearing capacity of the individual pile. This practice rests on two as
sumnptions: (1) That the bearing capacity of a pile can be computed from

~orie der Hydrodynamischen Spannungserschelnungen und ibhr erdbautechnisches
Wt Proceedings, International Congress for Applled Mechanics, Delft, Hol-
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the effect of the blow; and (2) that the bearing capacity of the complete foun-
dation is equal to the sum of the bearing capacities of the individual piles.
To examine Assumption (1), let,

R = weight of the hammer

G = weight of the pile.

L = length of the pile.

F = area of the cross-section of the pile.

E = modulus of elasticity of the pile material

h = distance the hammer drops

s = penetration produced by one blow

m = coefficient of elasticity of the impact; m = 0 for perfectly non-
elastic impact; and m = 1 for perfectly elastic impaet.

(4 = resistance against penetration of the pile, under impaect.

Q = ultimate bearing capacity of the pile under static load

C = empirical constant depending on the nature of the pile and the

Q, L

resistance against penetration =

2FE

The theory of semi-elastic impact leads to the following equation:

* __ 4+  2RhR +n* G L A
Q. : E { 5 =+ \ 8 . e J"_l' (3)
The value, m, is usually assumed equal to 0.5 (semi-elastic impact). For
m = 0, the equation becomes Redtenbacher’s formula, which is quite exten-
gsively used in Europe.* On the other hand, if perfect elastic impact is as-
sumed, m = 1, Equation (3) becomes,
Rh= Qs i (‘;'f i = Q, (s + ]_ ‘:« i‘) ............ (4)
or,
.- R A ¢
Q, = 1 Q, L A RAN S5 e R ik rbab e ke
2 F E
If the fact that the term, L 9 L. depending on both the nature of the pile
aS PR '

and the resistance against penetration, is disregarded, and if this variable term
is replaced by an empirical constant, (', independent of all these factors,
R h

which is none other than the well-known E'ngineering News formula.

From a mechaniecal point of view, the assumptions on which these formulas
are based, are sound, and there is not much doubt about their giving a fairly
accurate conception of the resistance one has to overcome while driving the
pile by a succession of impacts. Therefore, if experience shows that in cer-
tain cases the values furnished by the pile-driving formulas have practiecally

* “Formeln und Versuche (iber die Tragfihigkeit eingerammter Pfihle,” by Ph. Krapf!
Lelpzig, 1906,
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nothing in common with those determined by loading tests, being either far
too small or far too large, the cause cannot be a defect in the formulas, but
must be due to the fact that in these particular instances the forces, Qg
resisting the penetration of the pile under impact, are fundamentally different
from the forces, Q, which resist the penetration of the pile under static load.

This is precisely the situation a theoretical study of the pile-driving phe-
nomenon has disclosed. ‘It is known that the bearing capacity of piles depends
on two different factors, namely, the frictional resistance acting slong the
sides of the piles, and the point resistance, or the resistance of the soil
against being compressed and displaced by the pile. If these two resistances
were dependent only on the character of the ground and on nothing else
there could be no question about the resistance, Q4 against driving the pile,
and the bearing capacity, Q, of the pile, being identical. However, it is easy
to prove that either one of them may be very different according to whether the
pile is slowly forced down or driven by impact.

If a friction test is made on a layer of sand, by loading it and then meas-
uring its resistance against shear, it is found that the shearing resistance
of the loaded layer, immediately after the application of the load, is practi-
cally the same as it is three days later. If, however, precisely the same test
is performed with a layer of clay immersed in water, it is found that imme-
diately after application of the load the friotional resistance is very small,
g0 small indeed that one has the impression that the material is lubricated.
The full frictional resistance does not develop for a couple of days. If a
laterally confined mass of sand is compressed, the speed with which the com-
pression is performed has very little influence on the amount of work required
to compress the material. On the other hand, the amount of work required
for rapidly reducing the volume of 1 cu. ft. of laterally confined clay by 2
cu. in. may be 100 times ss great as the amount of work required for pro-
ducing the same volume change slowly. The physical causes of these phe-
nomena are clearly understood. The writer has called them the hydrodynamie
stress phenomena. They inevitably develop as a result of rapid application
of loads or pressures on water-soaked materials with a low degree of perme-
ability.* The theory has been repeatedly checked by experiment.

Applied to the mechanics of pile-driving, kmowledge of the hydrodynamie
stress phenomena has led to classifying soils in two main types. In certain
materials (particularly in sand, gravel, and permeable artificial fills), the
resistances acting while the pile is being driven, are practically identical
with those acting on the pile under static load. Under such conditions the
pile-driving formulas can be expected to furnish results of sufficient accuracy.

In other materials (very fine-grained silts, soft clays, ete.), the frietion
acting on the pile during the driving (hydrodynamic pile friction) is very
much less than that which develops after a couple of days’ rest (static pile
friction), while the resistance of the point of the pile under impact (dynamie
point resistance) is very much greater than its resistance under static load
(static point resistance). Due to these facts the total resistance against pene-
tration of the pile into such materials is:

¢ “Erdbsumechanik.” by Charles Tersaghl, Wien, 1925,
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(1) Dynamic resistance (resistance, Q, against penetration under im-
pact), which is the sum of a very small frictional resistance (dynamic pile
friction) and a very considerable point resistance (dynamic point resistance).

(2) Static resistance (ultimate bearing capacity, ¢, under static load),
which is the sum of a full frictional resistance (static pile friction) and a
very small point resistance (static point resistance).

Since the pile-driving formulas furnish the value, Q4 there is no assur-
ance whatsoever that for this class of materials the value, Q, may be of the
same order of magnitude. The value, {4, may, by chance, be equal to Q, the
deficiency in static friction being compensated by an excess in point resist-
ance: but this condition is by no means necessary. It could as well be very
much greater or very much less, depending on the material. The following
snalogy demonstrates the error committed when applying the pile-driving
formulas to resistance against the penetration of piles in this second class
of materials. Suppose that a body slides on a rail under water. In order

‘to produce a slow forward movement of this body, the only resistance there

is to overcome is the static friction between the body and the rail, the resist-
ance of the water being negligiblee On the other hand, in order to keep
the body sliding rapidly along the rail, the only resistance that counts is the
resistance of the water, which, in this case, may be very considerable, while
the frictional rgsistance along the rail will practically be eliminated because
of a film of water trapped between the rail and the sliding body. Applica-
tion of a pile-driving formula to materials of the second class is no more logical
than an attempt to identify the static resistance of the sliding body against
being set in motion with its dynamic resistance acting while moving rapidly
through a viscous medium.

The best way to distinguish whether a material belongs to the first or to
the second class is that of comparing the penetration per blow immediately
before and after a period of rest of at least 24 hours. If these two penetrations
are identical, one can be quite sure that the material belongs in the first class,
and that the pile-driving formulas can be expected to furnish fairly reliable
results,. However, for this case, experience seems to show that the formulas
based on the theory of impact (Equation (3)), furnish far better results than
the Engineering News formula.

In 1925, the writer investigated the bearing capacity of an artificial fill,
consisting of residual soil (stomes, sand, and earth mixed), at Pasha Liman,
on the Asiatic shore of the Bosphorus. When an attempt to make test bor-
ings with a normal outfit failed, several test piles were driven, one of which
was loaded to the limit of its bearing capacity. The pile-driver was of the
drop-hammer type with a weight of 0.575 metric tons. Fig. 6 (a) shows the
results of the loading test; Fig. 6(b) shows the resistance against penetra-
tion under impact computed by the Engineering News farmula (dotted lines)
(Equation (6)) and by the theory of semi-elastic impact (thin full drawn line)
(Equation (8)). The two sets of values are not very different, because the
penetrations were rather important (ranging between 1.0 and 1.4 in.), al-
though the values obtained by the impact theory are nearer the ultimate
bearing capacity determined by the loading tests.
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However, with ‘decreasing values of the penetration produced by the last
blows, the error involved in the Engineering News formula rapidly increages
A rather striking example ean be quoted from pile-driving in Germany. As

result of many years of experience, the foundation enginecers of Berlin,
Germany, have developed the following empirical rule for the sandy soil of
that city: For a pile that penetrates less than 0.4 in. under the impaet of
a 1-ton hammer, dropping from an elevation of 3.3 ft., the safe bearing
capacity ranges between 20 and 25 tons. If the Engineering News formula
is applied to this case, the ultimate bearing capacity is found to be 28.2 tons,
orrezponding to an allowable load of § > 28.2 tons = 4.7-tons! For the ult-
mate bearing capacity of the same pile, Redtenbacher’s formula® furnishes

value ranging between 52.8 to 63.6 tons, which is very close to the actusl
ultimate bearing capacity of these piles. On the other hand, by driving a 90-fi.
wooden pile to refusal with a 5 000-lb. steam hammer (2.8-ft. drop), the safe
bearing value of the pile, according to the Engineering News formula, should
he egqual to 127 tomns. This is even more than the ultimate bearing capaecity
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(92 tons) computed by Redtenbacher’s formula. Thus, within the range of
small penetrations, the defects of the Engineering News formula become strik-
ingly apparent.

In connection with the pile tests performed in Pasha Liman, penetrations
under the influence of a series of blows were observed, the hammer dropping
from an elevation of 6.57 ft. (2 blows), 1.64 ft. (2 blows), 3.30 ft. (2 blows),
6.57 ft. (4 blows), and 9.83 ft. (4 blows). Fig. 7 shows the results of the obser-
vations. The points that correspond to a drop of the hammer of 657 ft.
(200 em.), 1.64 ft. (50 em.), and 3.30 ft. (100 em.), are located on a straight
line. According to the theory of pile-driving by impact, this fact indicates that
the resistance of the ground remained unchanged during the driving period.

* “Formeln und Versuche (be ile Tragfihigkeit eingerammter Ptibhle.” by Ph. Krapl
Lelpzig, 1908
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Hence, for this period, a correct pile-driving formula ought to furnish identical
values, irrespective of the height from which the hammer was dropped. Table 1
shows the values obtained by the Engineering News formula and the theory
of semi-elastic impact, respectively. It demonstrates that for penetrations of
less than 1 in., the Engineering News formula furnishes values that are by far

too small, the error rapidly increasing with decreasing depth of penetration
The obvious reason for this deficiency of the Engineering News formula
-Gy K

is that the variable item ( Equation (5)), forthcoming as a result of

2 FE

the theory of impact, has been replaced by a constant, (

All these facts and data refer to typical materials of the first class, that
is, to materials for which the pile-driving f ) A1 ¢ ted to furnish
fairly reliable values I'his conclusion was reached by observing, among
other things, that the ;-‘-r;e-'ra‘f-..:a pre fuced by impact of a given 1nlensily
vas practica the same before and after a period of rest,
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On the other hand, if the penetrations produced by a given impact before
and after a period of rest are very different, the material belongs in the second
class, and the values furnished by apy pile-driving formula may be either
équal to, very much larger than, or very much smaller than, the static bear
ing capacity of the pile

Notice the physical processes associated with driving a pile into a material
of the second class. Every blow of the hammer squeezes a certain quan-
tity of water out of the soil beneath the point of the pile. The water escapes
toward the surface through the space between the pile and the ground, and
forms a film acting as a lubricant, just as any liquid does if trapped between
two surfaces. Due to the presence of this film, the friction acting along the

5ul'f-.-j|'g- ._’f Til'.‘ IJ'.']I_. 18 Very Iull;'}:l E-‘“-, whereas '-I!" :'--rt'r_l rl_"l‘d.tl'!:l'l to squeeze
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the water rapidly out of the soil beneath the point of the pile is greater than
that required to compress the same soil slowly. During a period of rest, the
film of water is gradually absorbed by the soil and the full static pile friction
develops. When pile-driving is resumed, one has to overcome both the statie
friction and the dynamie point resistance. However, during the same period
of rest the annular space, serving as an outlet for the water squeezed out of
the soil by impact, has closed. Hence, in certain kinds of soils, the dynamie
point resistance acting after a period of rest may be much more than such
resistance acting before the rest.

TABLE 1.—CoxpanisoN oF THE Bearixg Varve or Pues.

Urrinate Branixo CaPaciTY,
i Towe, BY :

Drop of hammer Penetration

Remarks.

in feet in inches i
Engincerning News Semi-alast ic

formuia. impact theory
6.57 1.100 1.0 - | |} Should
1.64 ). E86 9.3 2.5 be
s 50 0,580 4.2 s \ equal
6.57 1.160 .0 30.8
9.3 1.8%0 0.7 85.2

The following figures may serve to illustrate an extreme case of this type
The soil consisted of a succession of layers of soft loam, some of them mixed
with vegetable fibers (peat). The penetration observations, the loading tests,
and the pulling tests were made, in 1804, by Mr. Ph. Krapf in connection
with the construction of a bridge across the Rhine Valley Canal in Austria*
The dynamie pile-driving resistance has been computed from the penetration
data by the theory of semi-elastic impact (m = 0.5) (see Equation (8)). The
pile was 8.4 m. long; lower diameter, 28.6 c¢m.; upper diameter, 33.3 cm.;
and weight of the hammer, 765 kg. (drop-hammer). The data concerning
this pile were, as follows: Ultimate bearing capacity (loading test), 174
tons; skin friction (pulling test), 14.4 tons; static point resistance, 17.2 —
144 tons = 2.8 tons; dynamie pile-driving resistance, computed from pene-
tration after continuous driving, 20.0 tons; and dynamiec pile-driving resist-
ance, computed from penetration after a period of rest of 30 days, 80.0 tons.

In this ease, by mere chance, the pile-driving formula applied to the effect
of the hammer for continuous driving furnished a value close to the actusl
bearing capacity; while the value derived from the penetration after a period
of rest was by far too great. In other cases, the second value is found to
be closer to the actual bearing eapacity. This may be learned from the cus-
tomary practice of introducing into the Engineering News formula the values
obtained after a period of rest.

Based on what is known about the physics of the penetration of a pile in
the second class of material, the aforementioned data can be interpreted.

* “Formein und Versuche fiber die Tragfihigkeit eingerammter Pfihle,” by Ph. Krapl,
Leipsig, 1906.
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While continuously driving the pile into the ground, the skin friction is prac-
tically eliminated. Hence, the dynamic pile-driving resistance is practically
equal to the dynamic point resistance; or, before the period of rest, the
dynamic point resistance is 20.0 tons, as compared with 2.8 tons static point
resistance.

After a 30-day period of rest, the hammer had to overcome the full static
friction (17.2 tons) plus the dynamic point resistance (62.8 tons); or a total
of 80 tons

Fig. 8 represents this interpretation graphically. The shaded areas cor-
respond to the pile friction acting during the pile-driving process (a); under
impaet after a period of rest (b); and under static load (¢)

This and simi

ar examples show that the application of any pile-driving
formula to the bearing capacity of piles driven into the second class of mate
rials is a gamble, trusting that the deficiency in skin friction associated with
the driving of the pile may, by chance, be compensated by the corresponding
excess in point resistance.
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Fio. 8 DYNAMIC AND STATIC RESISTANCE OF Two TYPICAL PrLEs ACAINST PENETRATION

Considering these facts it seems to be futile to attempt any further im-
provements in the field of pile-driving formulas. For materials of the first
class, the pile-driving formulas were good enough even fifty years ago; while
for materials of the second class, no reliable pile-driving formulas are pos-
sible at all, because the resistance against penetration of the piles under impact
mto such materials has physically nothing more in common with the static
bearing capacity than has the statie friction between solids (following the law
of Coulomb) with the viscous resistance of liquids against rapid deformation
(following the law of Newton). In the future, the penetration curve of piles,
end particularly the difference between the rate of penmetration before and
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after a period of rest, may give more reliable information about the charactes
of a ground of the second class than a test boring, but it never will give any
reliable information about the bearing capacity of the piles.

[herefore, future investigations in the field of bearing capacity of piles
should be directed toward studying the effect of the shape, thickness, and
length on the bearing capacity of piles driven into different kinds of soils.
In this conneetion attention should be called to the exhaustive investigations
by the engineers of the Whangpoo Conservancy Board, in Shanghai, China
The tests included more than forty complete driving, loading, and pulling
tests in soils the nature of which was previously investigated by test borings.
The soil consisted principally of clay and silt, apparently belonging to the
socond class of materials. The tests furnished valuable information con-
cerning the effect of the shape and length of the piles on the ultimate bearing

acit) Characteristically enough, the published reports do not contain
any information on the penetration observations, for the reason that “the
pplication of general pile-driving formulas to the local conditions has re-
sulted in great errors™.*
Bearixg Caracity or A Pine Fouxpartiox

From the preceding considerations it may be seen that Assumption (1)

which present methods of planning pile foundations are based, may or
may not be admissible, according to the character of the material. This sit-
uation is not serious becsuse, if it becomes necessary to exclude Assump-
tion (1) (that the bearing capacity can be computed from the effect of the
' , the required data can be obtained by making a loading test.

Far more important is the second assumption, (2), concerning the rels-
tion between the behavior of the individual pile and the pile foundation as
a whole. When discussing this assumption, it is best to distinguish between
three different eases: (1) The piles transfer the weight of a building to bed-
rock or to another stratum, the bearing eapacity of which is equal to or greater
than the load acting per unit of the cross-sectional area of the pile; (2) the
piles transfer the weight of the building through a very compressible top
layer to a less compressible one; and (3), the piles are driven for a certain
depth into a deep deposit, the consistency of which does not appreciably in-
crease with the depth.

Case (1) hardly needs any discussion. In Case (2) there are two different
possibilities; either the feebly resistant top layer can or cannot be solidified
by pile-driving. For instance, the average water content of the soft clay
deposits in Boston, Mass., ranges between 30 and 4095, corresponding to a
volume of voids ranging between 45 and 529, filled with water. If piles are
driven into a deposit of this kind, the surface of the clay rises between them
through a height of several inches, which indicates that the volume of voids
of the material remains practically unchanged. Pile-driving produces mnot
' of the deposit, but it even seems to cause the material

last conclusion has been drawn from the observation

5 H. T. Series 1, No. T. Various reports to the Engl-
Shanghal., 1921 ; report to the Engineer-in-Chief o8
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that the compressive strength of an undisturbed sample of clay is always con-
giderably greater than that of the same sample, with the same water content,
after the sample has been moulded by external pressure. In striking contrast
to this behavior of the deposits of blue clay stands the behavior of other very
fine-grained deposits. Quite recently, when piles were driven into a deposit
of exceedingly fine-grained saturated quicksand, the surface of the deposit
subsided between the piles through a distance of almost 1 ft. Judging from
previous experience, the original volume of voids of the material was cer-
tainly not greater than 459, corresponding to the volume of voids of a clay
with a water content of 30 per cent. Nevertheless, based upon the subsi-
dence of the surface of the deposit, the pile-driving must have reduced the
volume of voids by several per cent., which, in turn, involves a considerable
increase in the bearing power and a decrease of the compressibility of the
deposit

In these two cases, the piles must serve two very different purposes if they
are to be utilized to full advantage. In the first case, they should transfer
the load to the more resistant sub-stratum, thus diverting the pressure from the
upper to the lower stratum (Fig. 9 (a)). In order to serve this purpose,
the bearing capacity of the sectiom, be, of the pile below the bottom of the
upper layer must be great emough to support the load without any appre-
ciable settlement. Since the result of a loading test performed on an indi-
vidual pile includes both the bearing capacity of this section of the pile and
the skin friction acting along the section, a b, this result may be misleading.
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FiG. 9.—P1LE FOUNDATION ON A TWO-LAYER SYSTEM

Fig. 9 (b) represents the same combination of strata as Fig. 9 (a), with
the only difference that the top layer is apt to be solidified (artificial fl1,
quicksand, etec.). In this case it may be more economical to use the piles
merely for the purpose of increasing the bearing capacity of the top layer
by pile-driving, letting the piles extend to the bottom of the top layer only.
Here, again, the result of a loading test performed on an individual pile,
prior to driving the others, wounld fail, by far, to furnish any reliable infor-
mation concerning thé number of piles required. What is needed is to learn

about the effect of driving on the demsity of the surrounding soil. Deposits
that can be conmsolidated by pile-driving belong almost exclusively to those
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classes of material for which the pile-driving formulas are valid. The proper
procedure would be to start with piles far apart and to drive intermediate
piles until the bearing capacity, computed from the penetration, indicates
the resistance of a well-consolidated ground.

In the third case (piles driven into the upper part of a very deep deposit
with a fairly uniform consistency), the value of the piles may or may not
be problematical, depending on the ratio between the width of the foundation
and the length of the piles. Suppose that the pressure diagrams, Fig. 10 (a)
and Fig. 10 (), have been plotted. The left-hand sections of these diagrams
show the distribution of soil pressures beneath two raft foundations with dif-
ferent widths, computed approximately by Boussinesq’s theory. The right-hand
sections of the same diagrams show the change in the stress distribution due
to the presence of 20-ft. piles in the ground, computed by the same theory.
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If the length of the piles is at least equal to the width of the base, their
effect is obviously very beneficial (Fig. 10 (a)). The piles reduce the
intensity of the maximum pressure acting on the ground, and, in addition,
they shift the zone of maximum stress from the surface to the level where
their lower ends are located. Since the effect of the depth of founds-
tion on the bearing capacity of the ground depends, as previously noted,
not on the depth, ¢, but on the ratio between the depth of foundation and ils
width, the effect of transferring the pressure to a deeper level, in the case of
Fig. 10 (a), may be quite important. On the other hand, if the width of the
foundation is considerably greater than the length of the piles (Fig. 10 (3)):
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the pressure-reducing effect of the piles is very small and the ratio between the
depth of foundation and the width of the structure is also very much smaller
than in the case of Fig. 10 (a). Hence, the beneficial effect of the piles may
be negligible and the money invested in them may represent an unwarranted
expenditure. The reason piles are so generously used beneath raft foundations,
in spite of the facts represented in Fig. 10, is that many engineers confound
the bearing capacity of the individual piles with the bearing capacity of a
score of them. Yet one can hardly eonceive of a more obvious fallacy. The
individual pile spreads the load over a wide area, thus reducing the specific
soil pressure to a negligible item, while beneath a wide pile foundation, the soil
pressure is just as great as it is under a simple raft foundation of equal
width. In structural engineering such a procedure would correspond to con-
sidering that, since a bridge has stood the load of a single car without meas-
urable deflection, it will stand the load of 200 cars, acting simultaneously.

Some years ago a company intended to construct a power house with a
raft foundation supported by 500 reinforced concrete piles, 25 ft. long, because
a similar building resting without piles on the same mud deposit had suffered a
subsidence of more than 12 in. A loading test performed on an individual pile
showed that a weight of 4 tons did not produce a measurable sinking of the
pile. As a consequence, it was believed that, if a load of not more than 2 tons
were assigned to each pile, no settlements would occur. After the mud deposit
was investigated, the company was advised to sell the piles and construect a
gimple raft foundation, because conditions were similar to those shown in
Fig. 10(b). However, as some of the piles were already driven, it was decided
to drive all of them. Fig. 11(a) shows the settlements of the corners (I, IV,
VII, X), of the new building (a) supported by piles and Fig. 11(b) the
simultaneous settlements of the corners (A, B, E, F) of the adjoining building
(b), supported by a simple raft foundation and exerting on the ground prae-
tically the same pressure per unit of area as the building (Fig. 11(a)).

By keeping the load, acting on the individual pile, less than the “safe load”,
it is merely transferred to the level of the pile points. No assurance whatever
is obtained as to how the ground below the pile points will behave, and
in cases of piles of the type shown in Fig. 10(b), the ground may behave as
if they were non-existent.

Hence, in all cases where the piles do not act strictly as columns, the
knowledge of the “safe load” of the individual piles only represents a minor
part of the information required for predicting the behavior of the foundation
a8 & whole. The essential part of the problem consists of studying the effect
of the load on the ground located around the piles and beneath the points.
Yet building codes are satisfied with specifying the load per pile, disregard-
ing the true cause of future complications.

Erreor or Freezine oN FouNpaTioNs
During recent years valusble contributions have been made to current
knowledge of the effect of frost in the soil and on the structures supported by

it. Most important among them are the investigations of Professor Stephen
Taber,* of the University of South Carolina, concerning the cspacn.]r of

. 'Tha Gmwth of Crystals Under External Preul.ln American Jourual o, Sm-ot,
4th Series, Vol. 41, pp. 532-556; “Pressure Phenomens Accompanying the Growth of
Crystals.’ Proctﬂl(nyl National Academy of Sciences, Vol. 3, No. 4, pp. 2078302
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freezing veins of water to absorb additional water out of the surrounding
clay soil, or through the clay soil from the ground-water, and to develop from
thin seams into layers with a considerable thickness. The space required for
the growth is produced by the pressure of erystallization, forcing the soil out
of the way.
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In connection with foundation engineering, the importance of frost action
essentially resides in the capacity of the freezing ground to lift foundations
bodily several inches above their original position. This is apt to camse
differential heaving associated with secondary stresses in the superstructure
Quite a number of such cases have been brought to the attention of the profes-
sion and many more have been undoubtedly observed.*

* “Freesing Ground Acts Like Hydraulic Jack: Heaving and Settling Back of Pilers of
Rallroad Bridge Over City Street, Lead to Interesting Deduction,” by H. J. Gllkey, Enginesr-
ing News-Record, Vol. 79 (1917), pp. 360-381 ; “Some Observations on Effect of Frost In
Ralsing Welght,” by L. B. Wyckolf. Engineering News-Record, Vol. 80 (March 28, 1918), pp
827-628; “Water Expansion in Ground Cause of Heaving In Winter,” by C. D. Norten.
Engineering News-Record, Vol. 80 (May 30. 19818), p. 1058 ; "“Actian of Frost in Heavisg
Concrete Plers,” by L. DeB. McCready, Engineering News-Record, Vol. 91 (August 3,
1923). p. 360
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However, thus far, apparently no attempt has been made to go beyond the
observed phenomena and to analyze the conditions required for producing the
lifting effect. The following conclusions represent the results of a preliminary
survey of these conditions.

The freezing starts at the surface of the ground and gradually proceeds
toward the interior. At the same time the soil freezes to the pier, the adhesion
being practically equal to the shearing strength of the frozen soil. Suppose
that at some intermediate state, freezing has proceeded from the surface,
S-8 (Fig. 12), to the level, aa, the frozen soil being cemented to the pier along
the faces, a, s, and a, s,. If the freezing process continues still farther,
causing the freezing and the expansion of the soil located within the space,
gabb, there are then three possibilities

(a) The ground beneath the freezing layer is feebly compressible, and the
adhesion between the faces, a,s,,4,5, and the soil may be greater than
the weight of the pier. In this case the pier should be lifted bodily, as freezing
proceeds, leaving an empty space beneath it.

(b) The ground is compressible, but the adhesion along the faces, a, s, and
g, 8,, is greater than the weight of the pier. In this case, with the pier as a
reaction, the freezing soil will exert a downward pressure causing a small,
but permanent, consolidation of the ground within the spaces, C-C.

Every frost season will add some additional consolidation, until, after
several seasons, the soil located within C-C will be so compact, that finally
a frost will succeed in lifting the pier, the consolidated material, C-C, acting
as a reaction.

(¢) The ground is feebly compressible, but the weight of the pier is greater
than the adhesion. In this case the expansion of the soil, a a b b, will cause
& slow upward creep of the soil, s s a a, along the outside of the pier, asso-
ciated with an upward lift equal to the adhesion. The result should be a
fatigue effect, similar to repeated application and removal of a live load,
causing slight additional settlements of the pier.

From these remarks it may be learned that the lifting action of the
expanding ground should depend on several factors, namely, the--ecompres-
sihility of the unfrozen foundation soil, the compressive strength of the frozen
soll, the -depth of freezing, and, finally, on the ratio. between the weight of
the pier and the total adbesion.betwees the pier and- the-frozem ground. As
experiences increase, other factors may have to be added to this list. Con-
sidering the scarcity of available information, any observations made in this
fild may increase the engineer’s capacity for predicting the effect of freezing
on proposed foundations.

Soi. CrassiFicaTion Basep oN Erastio Constants oF SoiLs

The preceding parts of this paper have brought out the following zact:«:
(1) The settlement produced by a given unit load may increasse either in
direct proportion with the diameter of the loaded ares, or at a very much
smaller rate, depending on the character of the soil; (2) the settlement of a

building may be due to volume change combined with lateral flow, or to
lateral flow alone, depending on the character of the soil; (8) the pile-driving
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formulas may furnish fairly reliable or utterly inconsistent results, depending
on the character of the soil; and (4) the driving of piles into a soft top layer
may cause a softening of the soil associated with a rise of the surface, or
consolidation associated with subsidence, depending on the character of the -
soil.

The fundamental requirement for bringing the manifold foundation ex-
perience into a rational working system consists of establishing a system for
the classification of soils based essentially on those characteristics that are of
engineering importance.

Thus far, attempts to classify soils (including the revised soil classification®
scheme of the Special Committee on the Bearing Value of Soils for Founds-
tions, ete., of the Society) have been based essentially on such properties of
soils as: (a) mineral composition; (b) volume of voids; (¢) grain composition
(result of mechanical analysis); (d) water content; and (e) percentage of
colloidal material present in the soil. A study of these factors, covering a
period of several years, has disclosed that:

(a) The mineral composition of very fine-grained soils cannot be deter-
mined except by elaborate optical or chemical methods, the cost of which is
forbidding. Even if it were possible to make such a determination; the benefit
would be doubtful.

(b) The volume of voids is so complicated a function of the shape and
uniformity of the grains that it is impossible to correlate it with any definite
properties of the soil, even if both the uniformity and the effective size of
the material are known.

In 1926, the writer investigated the permeability of two sets of samples;
one coming from a deposit of modified glacial drift near Westfield, Mass., and
the other from a glacial lake deposit near Springfield, Mass. The effective
gize of both materials ranged between 0.01 mm. and more than 1 mm. In
order to simplify the laboratory work, an effort was made to determine for
each set the relation that exists between the uniformity coefficient (according
to the well known definition of Allen Hazen, M. Am. Soe. C. E.) and the
volume of voids. Fig. 18 shows the results of this investigation. Although
there was a slight difference only between the shape of the grains and the
mica content of the various samples, the relation between the volume of voids
and the uniformity coeficient was found to be very erratic. To quote an
example: At a voids’ ratio of 0.8 (volume of voids of 45%), Seil No. 7, from
Westfield, is as compact as it could possibly be and, if loaded, it would have
a considerable bearing capacity. At the same voids ratio of 0.8 (volume of
voids of 459), Soil No. 34, from the same locality, would be very compres-
sible, although its uniformity coefficient is practically equal to that of Soil
No. T.

fc) A mechanical analysis, according to the revised size grades of the
Society’s Special Committee on the Bearing Value of Soils for Foundations,
etc., involves more than two weeks of work per sample, and the costs are forbid-
ding. Nevertheless, the writer performed more than one hundred complete

* Proceedings, Am. Boe. C. E., February, 1921, Papers and Discussions, p. 17,
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mechanical analyses of soils of all types (super-centrifuge treatment excluded).
As a result it was found that two soils with utterly different physical charae-
teristics may have almost identical mass diagrams.

(d) The water content, too, seemed to be a very unreliable guide in
judging the characteristics of soils. For example, it was found that some
clays with a water content of 409, are considerably stiffér than others with
one of 25 per cent

(¢) During the last few years, increasing attemtion has been paid to the
colloids present in the fine-grained (cohesive) soils, and it has been hoped
to solve the problem of soil classification by finding some simple means of
determining this percentage. These hopes apparently were based on the
idea that the “soil colloid” is a specific and well-defined substance with very
unusual properties, and that the knowledge of the percentage of eolloids present
in the soil should be sufficient to judge itz character. The International
Soil Congress (June 1927, Washington, D. C.), developed some new and
rather convincing evidence that there is no definite soil ecolloid. The term,
“solloid”, does not indicate a substance, but a state, and there are almost as
many different colloids as there are non-colloidal materials. Almost every
mineral can be transformed into the colloidal state, merely by grinding it fine
enough. The soil colloids represent a mixture of different colloids, that means,
of different materials in a very finely divided state; and the properties of these
mixtures may differ from each other as widely as the properties of the soils.*
Mr. M. M. McCool, of Michigan, observed a remarkable difference in color
and tenacity between soil colloids that sccumulated at the base and those
that formed the top of the sediment in the tubes of the super-centrifuge,
although both colloids came from the same soil. Some soils with 209, of
colloids were found to be far more tenacious than others with 40 to 709, on
account of a difference in the character of the colloids which they contained.
These few examples may be sufficient to demonstrate that the quantity of
colloids present in the soil is far from determining its character. In order
to learn something about the soil, it would also be necessary to determine
the type of the colloids that it contains and their state of adsorptive satura-
tion. This, however, would require intricate chemical investigations which,
for practical purposes, cannot be considered.

Hence, if all the data, ((a) to (e)), were known for two given soils, it would
still be impossible to determine their gimilarity or differences. The difficulty
is obviously in the fact, that none of the data, ((a) to (e)), has any direct
bearing on the facts that interest the foundation engineer. The properties
that determine the behavior of the soil in the foundation pit directly are not
the uniformity, nor the mineralogical composition, nor the water content.
They are:

(1) The volume change produced by an increase of the pressure acting
on the soil ; because part of the settlement of a building may be due to a com-
pression of the soil. If two similar buildings are erected on equally com-
pressible soils, they will ultimately settle the same amount.

* “The First International Soll Congress and Its Message to the Highway Eagineer,” by
C. Terzaghl, Public Roads, Vol. 8, No. 6, pp. B9-84.

Vnlde Astio
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(2) The permeability of the soil; because the less the permeability of the
soil the more time it takes until the excess water drains out after the con-
gtruction of a foundation.

(8) The cohesion or the shearing resistance of the soil under zero load:
because the cohesion determines the relation between settlement and diameter
of the loaded area at equal unit pressures.*

The determination of these three soil properties is enough for practical
purposes. The question concerning the causes of these properties—whether
or not they are determined by colloid constituents, effective size, or mineral-
ogical composition—belong in the laboratory.

Hence, when approaching the problem of soil classification, the writer
first attempted to study each one of the practically important properties, ((1)

to (3)), individually, to find out within what limits they could possibly vary.
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A careful study disclosed the surprising fact that the compressibility of
wils may vary between limits as far apart as the compressibility of concrete and
rubber. To demonstrate this fact the diagrams of Fig. 14 have been plotted.
The full drawn curves show the volume changes of soils, ranging between
Mississippi gumbo (most compressible soil) and clean, round-grained sand
(least compressible), produced by first raising the pressure from zero to 3 tons

“u’"F"dl-luu.-—--hnnit.' by Charles Terzaghl, M. Am. Soc. C. E., Frans Deuticke, W!.i:
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per sfy. ft. (3 kg. per sq. cm.), and then gradually reducing the pressure
to zero. At the outset the water content of each one of the samples was equal
to the water content of the material after slow sedimentation in quiet waler
(Atterberg’e lower liquid limit). From Fig. 14 it may be learned that the
compressibility of the sand amounts to only a small fraction of the compressi-
bility of the Mississippi gumbo. Even a year ago (1925) the cause of the
tremendous difference in the compressibility of different soils was not yet
quite clear to the writer. Suspecting that it might be due to the greater or
smaller abundance of scale-like particles in the soil, he induced Glennon Gilbay,
Jun. Am. Soe. C. E., of the Massachusetts Institute of Technology, to investi-
gate the elastic properties of differently proportioned mixtures of sand and mics,
both with a grain size of 0.5 mm.* The results of these investigations certainly
were striking. By properly selecting the mica content of the sand, it was
possible to imitate practically all the properties associated with the com-
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pressibility of the soils, rebound and elastic after effects included. In Fig. 14
the dotted lines represent the effect of raising the pressure to 3 kg. per sq. em.
and then reducing it to zero on those sand-mica mixtures that bear the closest
resemblance to the soils the compression curves of which are shown in solid
lines below. The soil curves are lower in the diagram than the sand-mica
curves merely because of a difference in uniformity of the two materisls
In order to make these facts clearer, the diagrams, Fig. 15, have been pre-
pared. The upper row of numbers shows the space occupied by a standard
quantity of 200 grammes of sand-mica mixtures with a mica content of 0%,
59, 109, 209, and 4095, respectively. The lower row shows the space occu-
pied after compression produced by a standard pressure of 1 ton per sq. ft.
Thus, it becomes evident that one of the most important properties of the
soils—compressibility—has nothing to do with the effective size, the umi-

* Proceedings, Am. Soc. C. E., February, 1928, Papers and Discussions, p. 555.
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formity, or the colloid content. It is merely the mechanical effect of a
greater or smaller abundance of scale-like particles.

The property next in importance concerns the permeability of soils. The
first tests that the writer made for determining the permeability of very fine-
grained materials, such as clays, lasted several months.®* However, a method
has been devised, based on the theory of hydrodynamic stresses, hy which
the coefficient of permeability can be determined from not more than one
dozen readings. By using the same sample that serves for investigating the
compressibility, the determination can be made in 24 hours.t The test is
made by first raising the pressure which acts on the sample by 100 per cent.
The less permeable the material, the longer will be the time during which
the excess water is squeezed out. The gradual loss of water betrays itself
by a gradual settlement. By observing the settlement in specified time inter-
vals covering a period of 24 hours, a curve of settlement against time may
be obtained, a8 shown near the upper edge of Fig. 14. The less permeable the
material, the flatter the curve will be. The equation of the curve is known.
It contains only one variable quantity, the coefficient of permeability. There-
fore, it is merely a matter of arithmetic to compute this coefficient from the
curves. The coefficient of permeability is the second item that has to emter
into a system of soil classification. It determines the speed with which the soil
will settle and whether or not the settlement of a building resting on very com-
pressible soil will be associated with an appreciable volume change. If the
coefficient is high, the total volume change due to the weight of the building
may be accomplished within a few years. On the other hand, if this coefficient
is very low, no appreciable volume change may occur within one or two genera-
tions, and the settlements will be due almost exclusively to lateral flow of the
loaded soil.

The third item of practical importance concerns the cohesion of the mate-
riel. In order to determine the cohesion, methods have been devised for
obtaining drill samples with their original water content in an undisturbed
condition. By measuring the cube strength of these materials, the cohesion
can be determined with a sufficient degree of accuracy. The results of the
tests are plotted in a consistency diagram of the type of Fig. 4, or Fig. 16.
By using this method of investigation it was found that there are clay deposits
that are still in an undrained condition, which means that their consolidation
under the influence of their own weight is still proceeding. As examples
may be mentioned certain mud deposits along the shores of the Golden Horn
in Constantinople; parts of the blue clay deposit which underlies Boston and
Cambridge, Mass.; and a clay deposit in Detroit, Mich. There is no doubt
that many others of a similar kind exist. The surface of such deposits would
gradually subside even if no buildings were erected cn them, and the com-
struction of buildings accelerates the process, involving considerable settle-
ments regardless of the type of foundation

* “Die physikallschen Grundiagen des Technisch-geclogischen Gutachtens,” by Charles
Terzaghl, M. Am. Soc. C. E., Zeitachrift des Oesterreichischen Ingenieur- and Architektsn
Versios, September, 1921

t “Die Berechnung der Durchilssigkeltszifer der Tone aus dem Verlauf der hydro-
:!;miuhan Spannungserscheinungen,” Sitzber. der Akad. der Wiss. ln Wien, Math. Natur.,
Ila, 1928,
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The first two items, compressibility and permeability, determine the type
of soil with a greater precision than the comcrete term, “1 : 2 : 4", deseribes
the property of artificial stones. A third item, cohesion (shearing resistance)
for clays, and density for sands and quicksands, determines the state in which
the soil occurs. The methods for measuring the density (firmness) of sandy
materials have not yet been developed, but there seems to be no insurmount-
able obstacle to the solution of the problems involved.
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With these three items as a basis, a soil classification could be devised
which would serve to bring soils into as rational a system as that which
covers artificial construction materials, because soils with equal compressi-
bility, equal permeability, and occurring in the same state, will behave, under
load, in an identical manner, regardless of what the ultimate causes of their
properties may be.

However, in practice, there are two serious difficulties associated with any
attempt to classify soils according to the method proposed in the preceding
discussion. The first is the difficulty of obtaining undisturbed samples of
certain soils. According to the results obtained by Swedish investigators, dis-
turbing a soil without changing its volume of voids and its water content may
cause the cohesion (consistency) of the soil to be reduced by an amount rang-
ing between 75 and 969} of its original value. Hence, the conclusions derived
from testing the consistency of a drill sample may be very misleading unless
one has succeeded in securing the sample in an undisturbed state.

The second difficulty is due to the fact that the character of the natural
ground varies to a greater or less extent from foot to foot, in a horizontal and
in a vertical direction, the variations depending on how the soil deposit was
formed. In order to get an accurate conception of the average character of
the soil, a considerable number of samples ought to be tested. The tests
required for determining the constants mentioned in the preceding discussion
are too expensive, in time and money, to be performed on every indi-
vidual sample. Hence, efforts are made to work out certain simple routine
tests, the results of which would furnish the approximate information desired
at a reasonable amount of time and labor.

CoxorLusions

Considering the present state of knowledge in the field of soil mechanics,
the prospects concerning the future of foupdation engineering as an applied
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gcience are decidedly encouraging, the principal obstacles against progress
in this field having been removed. The elastie properties of the most trouble-
some soils, clays included, are now at least as thoroughly known as those of
concrete or steel. The methods of soil classification and soil idemtification
have reached a point where it can be clearly seen what is needed for
identifying soil materials. The relations between the size of the loaded area,
depth of foundation, character of the soil, and intensity of the load are well
analyzed, at least in principle, and the physics of the time effects are clearly
understood. Yet, stress must be laid on the faet that the knowledge thus
obtained merely serves as a means for uprooting certain persistent prejudices

(for instance, concerning the value of pile-driving formulas, or the interpre-

tation of the results of loading tests) and establishing a more accurate inter-
pretation of actual construction experience. The bulk of the work—the sys-
tematic accumulation of empirieal dste—remains to be done

Foundation problems, throughout, are of such character that a strietly
theoretical mathematical treatment will always be impossible. The only way
to handle them efficiently consists in finding out, first, what has happened
on preceding jobs of a similar character; next, the kind of soil on which the
operations were performed; and, finally, why the operations have led to certain
results. By systematically accumulating such knowledge, the empirical data
being well

defined by the results of adequate soil investigations, foundation
engineering could be developed into a semi-empirical science, comparable in
its character to certain branches of medicine. For the first time a large-
scale effort of this kind was made by the Swedish Geotechnical Committee,
in its epochal investigation of Swedish landslides, 1914-22.* In connection
with its work, the Committee has tested a vast number of soil samples, ex-
tracted from more than 10 000 drill holes, at different depths below the sur-
face. On account of the time (five years) that has elapsed since the Com-
mittee finished its work, some of the experimental methods have been super-
seded. Nevertheless, the work of the Committee could serve as a noteworthy
example for the way in which a similar enterprise should be organized in the
field of plain foundation engineering.

At present (1927), the data derived from previous experience in foundation
enginecering are of as little value as were those derived from Swedish landslide
experiences prior to the work of the Geotechnical Committee. The informa-
tion concerning =oil character is inadequate, and the interpretation of the
observed facts is very often arbitrary and inconsistent with the laws of
physics and mechanics. Hence, the first requirement for improving condi-
tions consists in standardizing the methods of soil classification, and, the
second, in consistently applying present knowledge of soil mechanics to obser-
vations in the field.

¢ Statens JArnvigars Ceotekniska Kommisalon, 1914-22, Stockholm, May, 1922




GOW ON THE BCIENCE OF FOUNDATIONS
DISOCUSSION

Cusrres R. Gow,* M. Aum. Soc, C. E—~The theories advanced in explana-
tion of the behavior of soils under various conditions of use open up many
new and interesting avenues of approach in the solution of foundation prob-
lems involving the predetermining of soil behavior under specific applications
of loads. Undoubtedly, from the standpoint of definite and accepted stand-
ards of practice, the general status of foundation engineering is at present in
the most unsatisfactory condition of any branch of the science with which
engineers are called upon to deal

There is no recognized authoritative source of information available to
the foundation engineer by means of which he may act with the reasomable
assurance that the requirements of his problem will be properly and efficiently
met. Reliance must be had, in general, on observed experience with regard
to previous construction undertakings in the same locality, and where such
histories are lacking the designer must often proceed on a basis of uncertain
assumptions, which may or may not ultimately prove to have been justified.

Heretofore, soils have usually been classified according to their visible
physical properties, and engineers have acted on the supposition that these
easily recognized characteristics furnished them with a sufficiently satisfactory
guide by which to differentiate between soils and idemntify those possessing
similar properties and behaviors.

The results now made available to the profession as a consequence of the
author’s research investigations throw much new light on the subject. The
conclusions thus far would indicate that the essential factors affecting the
behavior of soils under pressure are rather more obscure and complex in their
nature than has hitherto been generally assumed.

Obviously, such factors as voids ratio, permeability, compressibility, and
elasticity, cannot be determined by any superficial examination of soil samples.
Intricate and somewhat elaborate laboratory experiments are necessary for
securing this information. Yet, assuming the validity of the author’s reason-
ing, these elements must be known before it is possible to prediet, with any
degree of accuracy, the capacity of a given soil to support a specified load.

The most encouraging feature of this paper is the evidence that the sub-
ject of soil mechanics is at last being studied in a scientific manner and that,
as a consequence, there are now some positive experimental data which serve
to explain many well recognized but heretofore little understood phenomena.

It is known, for example, that sands of similar appearance as to shape and
size of grain may behave quite differently under equal conditions of loading.
Likewise, certain clays appear to be highly compressible, whereas, other soils
of identical appearance will sustain considerable loads without appreciable
consolidation. Again, the driving of piles into a given soil may result in a
pronounced upheaval at the surface level, while another apparently identical
set of conditions produces little or no such action.

It is not suggested that the author’s analysis presents a practical method
of forecasting these variations in soil behavior; but it indicates the direc-

* Pres., The Gow Co., Inc., Boston, Mass.
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tion of inquiry that should be followed in order to discover a satisfactory
answer for apparent inconsistencies

It is true that a determination of the essential factors that would make
soil identification positive would probably involve more elaborate and expen-
sive procedure than the ordinary engineer could be expected to command.
Nevertheless, once the correctness of the author’s theories have been estab-
lished by a sufficient number of laboratory experiments on soils of known
hehavior, it should be possible, by means of further research, to calibrate these
results against more simple rule-of-thumb tests that could be applied in the
field. If a satisfactory method cam be developed for accomplishing this
result, engineers will have made the greatest single step in foundation engi-
neering that has so far been taken.

The author's analysis of the relation between settlement and foundation
area is extremely interesting and more or less in agreement with accepted
beliefs; yet it probably will be unwise to assume too readily that such settle-
ments can be reduced to common formulas until at least there has been more
practical corroboration of the theory by actual experience.

The author’s observations respecting the application of the customary pile-
driving formulas are probably justified by the facts, since there are few
engineers, having occasion to drive piles under varying conditions, who have
not been impressed by the variation between actusl and computed capacities.
Fortunately, the so-called Engineering News formula has usually given
results that are at least on the safe side, and until engineers become more
enlightened respecting the factors that produce the observed departures from
theory, they will probably do well to stick to that formula as the most
dependable guide available

The author does well to emphasize once again the fallacy of relying too
strongly on the results of individual pile tests-in determining the average
pile load of the cluster. His analysis of the distribution of soil stresses, as
well as his explanation of the variation between dynamie and static resistance,
is especially interesting and enlighteming.

Of unusual significance is the author’s presentation of the compression
and rebound curves (Fig. 14) developed by laboratory experiments on varying
types of soil, particularly the comparison presented by similar experiments
made on synthetic clays produced by mixing different percentages of pow-
dered mica with fine sand. To those who have been seeking an explanation
of the characteristie behavior of clays, as compared with sands, this presenta-
tion is especially interesting.

On the whole, it may be said that the author has, by means of this paper,
added another important contribution to the clarification of the engineer’s
understanding respecting many of the most troublesome features of founda-
tion engineering

E. P. Goooricn,®* M. Au. Soc. C. E.—About 1900, the speaker abandoned
the use of the Engineering News formula. A demonstration of its ineffective-
ness was had in connection with some work that was being supervised by a

*Cons. Engr., New York, N. Y
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certain governmental group. Certain requirements were laid down as to
the supporting power of the piles, and the Engineering News formula was to be
used. Those responsible were asked if they would be satisfied with a certain
weight of hammer, dropping a certain number of feet. They said they would.
The spegker then told them to apply the formula and they found that the
result was a negative quantity.

Some data with reference to one of the questions that Professor Terzaghi
has propounded, that is, a test of the distribution of stress under a square foun-
dation under which the soil was rather cohesive, are as follows: Some years
ago the speaker took a timber platform 4 ft. square, penetrated it by plungers
located along a diameter and a diagonal and found that the diagonal stresses
were larger than the diametrical ones. In other words, the corners of the
square foundation supported more in proportion than any other part, either
the center or the sides.

Vicror A. Experssey,* Assoc. M. Au. Soc. C. E. (by letter).—The pro-
fession should feel indebted to Professor Terzaghi for the clear line he draws
between soils to which the Engineering News formula is applicable, and those
to which it is not. Among field engineers directly in charge of pile-driving,
there are a great number who regard this formula as applicable, without modi-
fication or question, to every circumstance. There is an equal number who
—perhaps more logically—refuse to believe in any formula whatsoever, and
who regulate their pile-driving by guess, by the penetration they can force a
contractor to attempt, or by the approach of five o’clock. Every practical
engineer finds, sooner or later, that there is a great difference in the reliabil-
ity of formulas in different soils, but there are not many who have any very
clear idea as to general distinctions.

[t seems very true that the most that can be hoped in regard to the science
of foundations is that it become a reasonably reliable empirical system. One
is especially impressed with this after such an experience as the writer had
on one structure. Certain piles came to refusal in sand at a penetration which
he eonsidered unsatisfactory. A jet not being available at the time, he acted
on & highly irrational “hunch” and suggested that the piles be left over night
and an attempt be made to drive them next day. When this was done, the
piles continued to drive with surprising ease, application of the Engineering
News formula showing that as they stood they had lost 4095 of their theoreti-
cal bearing power in a few hours. The excavation in which they were being
driven was at the time 25 ft. below sea level, and 27 ft. below permanent water
line, so that there could have been no question of a change in the texture of
material due to subterranean water flows. There was evidently a decompres-
gion of some kind, but the occurrence is still a mystery to the writer, which
he would like very much to have definitely explained. According to Professor
Terzaghi’s thesis, this might cccur in some soils, but not in sand. The writer
has heard a rumor of a similar occurrance on the Gila River in Arizona.

He has had occasion also to test the driving in. adjacent and uniform ma-
terial under three different hammers, 8 Union No. 2, double-acting, and Vul-

¢ Coastr. Engr. of Bridges, Southern Section, State DMv. of Highways, Loa Angeles, Calif
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can Nos. 1 and 2, single-acting. The theoretical bearing power for piles of
uniform size at uniform penetration with these three hammers was practieally
the same; the result was a good test for consistency of the formula as applied
to various types of hammers.

Georoe Paaswenr,®* M. Aw. Soc. C. E. (by letter).—The paper, being
gynoptical in character, the author, naturally, omitted many vital points
which bear on foundation practice as well as on the type of laboratory and
field tests which supplied the data for the theory developed. The paper
must be a great disappointment to engineers who look for a simple set of
rule-of-thumb notes to embrace all foundation practice. It is no mean
sccomplishment of the suthor that he has demonstrated the fact that founda-
tion design and construction is as exacting in analysis and as worthy of
study as the design of the structures resting on these foundations.

The essential difference between superstructure and sub-surface design
is that one may fit the materials to the design of the former; one must fit the
design to the materials of the latter. The engineer cannot fit a foundation to
a rigid set of formulas. The material must be studied in the site and the
foundation must be fitted exactly to it. A code set of bearing values is
more than worthless; it is dangerous. The author has illustrated this point
very well. Settlement in a foundation has been viewed as an unfortunate
and usually unavoidable concomitant of foundation construction; yet such
settlement is as inevitable as the deflections and distortions of the supported
structure. Provision must be made for them. That makes it necessary to
formulate means to determine foundation distortions. The author has briefly
indicated how such studies may be made.

The study of soils has indicated that two broad types exist: (1) Those
jn which the usual stresses of elastic solids are found, modified, of course, by
proper elastic coefficients; and (2), those in which hydro-mechanical stresses
are set up. Both types can be uniquely identified by sample tests for com-
position and loading, but neither can be safely described by grain size or mois-
ture contents alone. The author’s striking experiment on sand and mica mix-
tures has demonstrated fully the futility of mere sieve analysis as a basis of soil
classification. He has put to rest also the colloid theory as the basis of
cherent action in soils.

In his paper entitled “Transmission of Pressure Through Solids and Soils
and the Related Engineering Phenomena,”t the writer attempted an analysis
of stress distribution through soils and found that certain characteristic
failure surfaces existed, similar in type to those found in elastic solids. Tt
was also demonstrated that a uniform distribution of pressure under a load was
2 fiction of design. Numerous experiments preceding and following the
paper have amply demonstrated the truth of this statement.

The huge subway construction program of Greater New York is unques-
tionably the world’s best laboratory for the study and illustration of all types of
foundation problems and the writer hopes to see, in the course of the mext
few years, the crystallization of a definite soil mechanics and the complete
sbandonment of bearing value codification as a foundation formulation.

—_—

®* Engr.. Corson Comstr. Corporation, Brooklyn, N
f Tronsactions, Am. Soc. C. E., Vol. LXXXV (1922), p. 1583
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The author well points out that, given a complete soil identification, thereis
sufficient mathematical and physical science available to complete the prac
tical investigation, of the foundation. It remains to codify soil identification.

The use of piles has been a blind foundation expedient, save where such
piles were driven to absolute refusal. The anticipated capacity of a pile
whether determined by formuls or by actual field test has been of o indetermi-
nate a character that most foundation failures may be laid to miscaleulated
pile-bearing values. It has been frequently emphasized by the writer that mo
adequate pile theory could be formulated until a rational soil mechanics had
been developed, for the author has well demonstrated the faet that there is no
separate theory for piles and for soil behavior. The development of the
pile for underpinning buildings has evolved a better understanding of seil
behavior than any other single phenomenon in engineering foundation practice.
It is not & question of bearing capacity alone, but of actual load settlement
behavior which determines the ultimate safety of the foundation underpinned.
The study of the loaded soil and its distortions under the pile toe brought
out the reasons for progressive settlement even if a pile had already been
tested for a safe load, and there was evolved the ingenious “pre-test” pile, a
scientific application of soil mechanics.

The writer is heartily in favor of the abandonment of the Engineering
News formula for piles, and the adoption of one similar in mature to that
suggested by the author, although he would prefer to disregard pile formules
entirely and make a separate study for each foundation type. That would
eliminate the dangerous conditions resulting from group application to single
pile tests or formulas.

There remains the extremely interesting subject of temporary earthwork
supports, such as sheeting and bracing. In this work modern soil mechanies,
has been given ample demonstration of its validity. The failure of earth banks
is not a simple application of the Rankine or Coulomb special soil-type theory,
but is one that can be easily formulated by a study of the elastic properties of
the soil. The absolute limits of ground movement are predictable, and that
gives a rational method for determining the maximum pressures that may
be induced in the sheeting and timbering. This, of course, leads to a far
safer and more economical layout of such bracing; but, on the other hand, it
requires more study and more design than is usually given to such structures
The use of large excavating machinery, which requires large clearances
because of working room, calls for a very careful investigation of load dis
tribution through wales and braces. It must be borne in mind that a move

ment in the sheeting that permits movement of the earth behind it, also per
mits the grain re-arrangement of the soil and consequent incsease in pressures
as is well illustrated by the famous “dilatancy” experiment of Osborne
Reynolds.

C. C. Winaams,* M. Ax. Soc. C. E. (by letter)—The principles of soil
mechanics presented in this paper should serve as a rational basis for correlat-
ing observed facts concerning foundation tests and behavior, and should thus
contributé to making the design of foundations more scientific.

* Dean, Coll. of Eng., Univ. of lowa, lowa City, lowa
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That the supporting capacity of soil is not, in general, directly propor-
tional to the area of the foundation, has long been recognized, but the true
relationship is not even yet entirely understood. In experiments on alluvial
goil made in 1851-52 at New Orleans, La.,* in which areas varying from 0.25
8. in. to 676 sq. in. were used, the penetration under a constant unit load
increased practically with the area. Observations made in Francet on alluvial
soil indicated similar results. From these and other data, the late Randell
Hunt, M. Am. Soc. 0. E., drew the conclusion: “Large areas of soft soil will
pot support as much weight per unit of surface as more limited areas of the
same s0il.” Reflection on the manner of distribution of a local load through
an indefinitely extensive solid or semi-solid, would indicate such to be the case.

The relation between the plastic and the elastic deformations of soil should
first be recalled. The former is due to displacement of soil particles, whereas
the latter is due to the resilient deformation of the particles, without slipping,
relative to each other. Contrary to the behavior of steel, the plastic flow pre-
cedes the elastic, the latter constituting a small proportion of the total com-
pression. Fig. 17, taken from a test made under the writer's direction by
Mr. H. T. Heald, a graduate student, illustrates this relationship for loam and
for sand. The experiment consisted of applying and releasing a load which
was increased with each application and never entirely removed, the compres-
sion and the recovery being recorded at each application.
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If a load is applied over an area, 4, at the surface, the inter-reactions of
wil particles along the perimeter of this area are such as to spread the load
laterally by virtue of shear over an ever-increasing area of bearing planes at

* Van Nostrand's Magasime, Vol. 27
| Annales des Ponta et Chaussdes, 1864
1 Proceedings, Assoc, Eng. Soc., 1888
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successive depths. The rate of this spread depends on the characteristies of
the soil, being greatest for coarse fragmental materials, less for granular, and
least for silt. Moreover, the spread is only approximately linear and the sur-
face of uniform pressure is curved rather than plane, but the variation from
the conception indicated in Fig. 18 is not sufficient to affect seriously the con-
clusions based thereon. Although the rate of spread is dependent on the soil
characteristics, the depth of soil affected, and hence the total spread, depends
on the depression of the soil under the load. This deformation increases until
the spread distributes the load over an area sufficient to bring the intensity
within the elastie resistance of the soil. When a homogeneous soil is assumed,
an expression for the total deformation may be obtained as follows:
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Let W be the load applied; A, the total depth of soil compressed; y, the
depth to any plane considered; r, the tangent of the angle of spread; and 0,
the modulus of compressibility. The distribution of pressure on any hon-
zontal plane may be assumed equivalent to a uniform intensity over a width
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of b + ry. Then, for a square surface with side, b, the deformation of an
elementary horizontal prism bounded by the sides of the frustum of the

Wdy -
pyramid is : -, and the total deformation in & depth, A, is
CO + rv)
W dy _ W h £y
et / : . which when integrated gives . . This
cJ, o + ryf CH* 4+ brh

sxpression shows that the deformation varies inversely with the perimeter,

0, A8 well as “’i‘.h 'ht ATCA b2

If w is the pressure intensity at the surface and p the intensity that the soil
will_sustain elastically without deformation (at a given depression), then,

0 1w . »
wb® = p (b + r k), whence h = ( N 1\, neglecting the weight of
” /
; ; e 1 .
the soil itself If, as for sand under certain conditions, r = X and A = 2, the
2 W
deformation would be 13 == In this case the denominator contains simply
¢ = J}

the sum of the bearing area and the perimeter multiplied by a strip } ft. wide

Thus, an elementary analysis indieates that the supporting capacity of
soil depends on two factors: (1) The bearing area; and (2) the perimeter of
the bearing surface. However, on account of the variableness of soils, it 1s
impossible to assign values that will be universally applicable to these factors.
The relationship may be stated as a formula for convenience,

W=Ap+ Lf

in which, W = load; A = area of application; p = supporting capacity per
square foot of soil in compression for a given deformation; L = length of the
perimeter ; and f the supporting capacity in shear (friction and cohesion) per
foot around the perimeter. This expression might be otherwise conceived as

L h r\
(,-1 - = )p_ since p is in reality the intensity of pressure that the soil will

-

sustain within its elastic limit. However, although this form may clarify
the conception, the previous form is more convenient.

I'ABLE 2—Surrorting FacTORS

Total superim
1 c f ( ! J -
Sand Clay p.inpoundsper | 7 inpoundsper | (U4 EPCUIRTE
e 3 . square foot
( 1 110 400 1 T0
1 i 120 =0 1 )
L3 1 BOOD 180 1140

These supporting factors, p and f, vary with the character of the soil (min-
eral and granulometric composition, compactness, water content, ete.), and
with the depth to which the load penetrates the soil. The two terms are inde-
terminate, their relative values depending on which represents the more rigid
eglement in the total support. For the more rigid soils, the direct compressive
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resistance becomes the greater, for any considerable compression. Thus, the
tests made by A. T. Goldbeck, Assoc. M. Am. Soc. C. E., quoted by the author,
give, approximately, the results shown in Table 2 for 0.1-in. penetration and
for the various mixes of sand and clay.

At 0.05-in. penetration and less, the marginal shear, in these experiments,
carried nearly all the load. Inasmuch as Mr. Goldbeck worked with small
compressions, these facts explain the apparent importance of the diameter,
(VA4)

Tests (see Fig. 19) made on a uniform clay soil containing 79 sand in
undisturbed condition, using bearing areas of 1.0, 2.25, and 4.0 sq. ft., showed
for 0.3-in. depression, p = 3500 and f = 1500. For depressions of less than
0.1 in.,, the perimeter factor carried nearly all the load. In still another test

3 -
clay soil, p = 3 400 and 7 = 2 300 for a settlement of — in. While the

Austrian experiments quoted by the author are rather fragmentary, the corre-
spending values at 1.0-in. settlement are approximately, p = 2 800, and f = 700.

Of these two elements, p varies almost directly with the settlement in sand
and dry clay soils, while, on the other hand, f remains fairly constant, varying,
if at all, with some low power of the depth of settlement, in some cases about
as the fourth root.

If these elements were determined, the bearing capacity of a larger area
could be predicted from a test on a small area. Thus, based on the test on
79, sand soil mentioned previously, using the data from the 0.3-in. penetra-
tion, p = 3600 and f = 1500, a footing 8 ft. square might be expected to
sustain (with 0.5-in. penetration),

o | b
3600 X X 64 4 1500 41 ¥ 32 = 432 000 1b,
g 3 N3

wd

or, approximately 5400 lb. per sq. ft. of superimposed load. The broken-line
curves of Fig. 19 show calculated bearings assuming p to vary as the depth,
and f as the fourth root.

The correlation between calculated and observed data is high within the
ultimate bearing capacity of the soil. The writer has applied this theory to
the other test data available, with similar results.

The most reliable practical basis for comparing the supporting capacity
of two areas on the same soil, therefore, is the factor, A -+ K X L, in which,

|
K is a soil coefficient. If, as for a certain sand, K is T then a 36-sq. fi.
: _ 36 + 6 _
foundation can be expected (o sustain on this soil, i T or 21 times the test

load on a post 1 ft. square with the same settlement, instead of 36 times as
much according to the usual assumption, or instead of 6 times as much, which
would be the case if the supporting capacity varied with the diameter for &
given penetration.

While for small settlements and for small test areas, observed data, such
as those of Mr. Goldbeck’s experiments, indicate settlement, under a constant
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unit loading, to vary with the diameter of the bearing area, the writer believes
that a general conclusion to this effect is unwarranted, even for soils having
great cohesion. In the tests on the 79 sand-clay soil mentioned, the relations
between loads and settlement were as given in Table 3.

TABLE 3.—Reration Berween Loap aNp SETTLEMENT.

SETTLIMENT UsDER DIFFERENT AREAS, IN INCEES

Load, in pounds per : -
square fool

1 sq Mt 28 aq. N 4.00 8g. ft

3000 ) On2 0.042 0.118
4 000 054 0.052 0.155
5 Ot {1771 0.158 0.2
6 000 0.110 0.208 0.985
7 00 0.8 0.28% 0.3
B O 0.935 0 888

These results, like those quoted by the author, indicate that, for amall settle-
ment and small areas, the movement is approximately proportional to the
diameter, but that, for larger loadings and larger areas, this relationship tends
to disappear. This latter indication is further supported by the fact that, in
the test on clay, the settlement under actual load of 5500 1b. per sq. ft. on
68 sq. ft. was only about 1.5 times that under the same unit load on the test
post covering 4 sq. ft., instead of 4 times as great as would have been the case
if the settlement had been in proportion to the diameter.

In the seventeen-story office building of the Michigan Central Railway
Company at Detroit, Mich., settlement under a bearing post, 2 ft. square (not
back-filled) was 0.02 ft. for 5 000 1b. per sq. ft., but under the mat foundation
of the building loaded to 4000 lb. per sq. ft. there was no appreciable settle-
ment.* Indeed, numerous instances might be cited where an actual load on
large footings amounts to one-half or even a larger fraction of a test load on a
small area, and yet the settlement is not noticeably greater than that with
the test load.

Where care is exercised to load the soil around the test footing, the dis-
crepancy between the settlement under test and actual load on the structure
is reduced. Unfortunately, too few correlated observations have been made
on the settlement of the completed structure, and that of the test load at
gimilar intensities of pressure. It is the writer’s opinion, however, based on
the rather meager data available, both theoretical and observational, that, for
areas of practical size, the settlement does not vary greatly for comparable
sized footings carrying a uniform intensity of pressure on the same soil.

If, as seems to be the case from this discussion, the bearing capacity varies
with both the area and the perimeter of the footing, then, for larger founda-
tions, the bearing for comstant settlement varies nearly with the area. For
instance, with two footings on sand, as previously assumed, one 10 ft. square

" E

gineering News, Seplember 3, and October 1, 1914.
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and one 20 ft. square, the respective bearing capacities would be about as
l[u.} 4+ 10
400 + 20

based on the diameter relationship

1:3.8, instead of 1:4 when based on the area directly, or 1:2 if

While both theoretical analyses and experimental observations show, as the
author states, that the bearing intensity is not uniform under a pier, it is the
writer’s opinion that the error in the moment calculated for a continuous beam
or mat, on the assumption of uniform distribution, is not as serious as that
shown in Fig. 8. The author neglects the fact that such a foundation beam
or slab deflects upward, and that this deflection is generally sufficient to
relieve the pressure at the mid-span, and, therefore, operates to effect more
nearly a uniform distribution, by increasing the intensity of pressure at the
(downward) supports of the slab. This deflection upward operates to decrease
the pressure at mid-span, because of the fact that the soil is only slightly
elastic and does not follow the deflected member, the loading of the beam
differing therein from a gravity or constant-pressure load. For spans of 16
to 20 ft., or more, which the writer has had occasion to investigate, this
ppward deflection of the beam is sufficient to nullify greatly the error in
moment on the assumption of uniform distribution

Two other phases of the science of foundations, both suggested by the
author, enter into foundation design to an important degree. These are:
First, the relative effect on settlement of a constant dead load and of a tran-
gitory conjectural live load to which foundations are subjected: and, second,
the prediction of foundation behavior in order to calculate the effect of settle-
ment on the superstructure. One has but to visit the basements of almost
any of the older structures in Chicago, Ill., and cities similarly situated, to
witness the effects of lack of knowledge on this subject. Eccentric live loads,
due to wind and other elements, are usually unavoidable, and a prediction as to
the behavior of the foundation under such conditions and the consequent
effect on the superstructure is necessary in order to prevent distortion, if not
failure, of the structure. To secure uniform minimum settlement under a
structure may be desirable, just as rock foundations may be desirable; but,
since such foundations are not always obtainable, the problem then resolves
itself into designing the structure for actual foundatian conditions. Therefore,
studies of soil behavior should include more detailed information than the
usual observations accompanying test loading

Hernerr CuaTLEY,* EsQ. (by letter).—Whether or not some of the finer
points of Professor Terzaghi’s hypotheses will stand prolonged investiga-
tion is a matter for the future to decide, but no one can question that
his masterly exposition of the manner in which the flow of water through
fine-grained soils is related to their bearing capacity has thrown a brilliant
light on what had previously been a most misunderstood subject.

The conditions in Shanghai, China, are those of a saturated soft alluvium
of indefinite depth, and the major conclusions drawn by Professor Terzaghi
28 to the behavior of surface loads and piling under such conditions are of

the greatest interest and value to engineers there. Through the initiative

* Acting Engr.-in-Chf., Whangpoo Conservancy Board, Shanghal, China
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of A. V. H. von Heidenstam, M. Am. Soc. 0. E,, pile tests on rather a large
scale have been made for some years in Shanghai by the staff of the
Whangpoo Conservancy Board. Professor Terzaghi has been good enough to
speak very appreciatively of these tests. Broadly speaking, they have con-
firmed his views as to piling in soft soils.

The slowness with which fine alluvium expels its contained water is well
shown in Shanghai by the behavior of hydraulic fills formed by the pumping
up of dredge spoil. Where these fills are above the ground-water level they do
become dry, but below the top 2 or 8 ft. some years may elapse before the
deeper material becomes fully consolidated. This is true in spite of the fact
that the hydraulic filling process tends to remove an appreciable part of the
colloid content.

As to the use of piling formulas, the cogency of the reasoning as to the
variation of the hydro-dynamic resistance with the duration of the applied
force is complete. The new “derivation” of the Engineering News formula
is most interesting and calls attention to the fact that the assumed constancy
of the second term in the demominator of that formula is even more arbitrary
than is generally supposed.

In the work on the internal friction of granular masses the author has
seen fit. to adopt the writer's conclusion® as to the importance of single
molecular bonds in uniting particles the weight of which is of the same order
as those bonds. The writer has since gone much further into the guestion,
and these studies fully sustain his earlier conclusions as to the magnitude and
importance of these forces in granular masses.

In regard to the classification of soils the new data as to the effect of
mica are most important. There is one point to which attention might very
well be directed and that is the possibilities of change of grain size by the
permanent aggregation of particles. Putting it very crudely, one might
imagine that, under certain circumstances, a fine clay could gradually be
transformed into a loam by the adhesion of the particles.

Engineers would be very glad if the author would give some practical
rnles for the design of sheet-piling, which acts as a retaining wall.

J. Auperr Horumes,t M. Ax. Soc. C. E—Although this paper relates partie-
ularly to foundations, it has, together with the author’s previous investiga-
tions, a bearing on another engineering activity, the investigation, design,
and construction of earth dams.

While earth dams of moderate height, built 2000 years ago and more,
are still impounding water and have continued to do so for the greater part
of their existence, it is only within the memory of most of the older engineers
and within the lifetime of many of the younger ones, that modern engineering
thought has been directed toward the problems involved. Omne of these prob-
lems, and the principal one, is the selection and proper placing of materials
in a structure. Theory and experience have demonstrated that pressures,
tending to disruption, exist in the materials being placed in an earthen dam.

® “On Cobesion”, Philosophical Magasine, Vol. XL, August, 1920, and “Silt”, Ninules
! Proceedings, lnst. C, E., Vol. CCXII, p. 400

! Hydr. Engr., Pearse, Greeley & Hansen, Chicago, 11
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To control this tendency a thorough knowledge of the medium used is as
essential as in other engineering works. In investigating and studying the
character of materials, permeability or ability to resist the flow of water
through them, must be determined.

Several factors enter into the phenomena of flow through soils, as actual
gize of grain, relative sizes of grain, compactness, and colloidal content. A
measure of relative size is indicated by the umniformity coefficient, which
means a range of sizes such as will produce a dense mass resulting in small
passageways and low percentage of voids. In their natural condition (and it
is in this condition that use is made of them), soils have a tremendous range
in the size of particles. Writers on the subject of colloids have maintained
until quite recently that soils contain not more than 29 of material in a
colloidal state. To account for the capacity of soils to absorb dyes and gases,
it was assumed that they contained absorptive minerals known as zeolites.
Upon investigation no zeolite minerals could be identified in soils. Instead
it was found that soils contain from 6 to 709 of colloidal material, in which
lies their entire absorptive ability. The inorganic colloidal material in soils
is chiefly made up of the products of chemical weathering and decomposition
of soil-forming minerals, together with organic matter and perhaps some soil
minerals of colloidal size.

An average diameter of 1 micron is arbitrarily fixed by the U. 8. Depart-
ment of Agriculture as the upper limit of colloidal size. At and below this
dimension the particles cease to be affected by gravity and are subject to
Brownian movement when in suspension in a liquid. Also, at the dividing
line of 1 micron between colloidal and non-colloidal particles, microscopical
control is good, while, with less diameter, points of emanating light might
be mistaken for the particle itself. In solution, those particles that diffuse
slowly and, after being deposited, are evaporated and separate into a shapeless
jelly, are of one class or group. Those that diffuse rapidly and, under the
same process, crystallize, are of a second group. Because of their resemblance
to glue the substances of the first group are called colloids, from the Greek
word, “Kolla”, and for the same reason the second group is called erystalloid.
Colloidal material occurs in soils in the gel condition.

Professor W. D. Bancroft, of Cornell University, states that colloidal
chemistry is the chemistry of every-day life. It certainly touches engineering
frequently and at many points: Pavements; water supply: sewage disposal;
foundations; concrete and water-proofing of concrete; earth dams; and agri-
culture,

The U. 8. Department of Agriculture, in its Bureau of Soils* and
Bureau of Roads, at Washington, has been investigating the subject of col-
loids for some time, as has the Society’s Special Committee on the Bearing
Value of Soils for Foundations, etc. The Department of Agriculture is
interested in the subject because it bears on the fertility of soils. The reten-
tion of moisture and the chemical action of fertilizers are dependent on the
quantity and character of colloidal matter present in soils. The colloidal
condition of soils enters very materially into the problem of dam eonstruetion.

® Bulieting 1182, 1198, 1311, 1462, U. B, Depl. of Agriculture
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One of the recent accomplishments of the U. S. Department of Agriculture
in its Bureau of Soils was to determine the chemical composition of forty-five
samples of soils and subsoils, collected from widely distributed points in the
United States and representing many types. Peats and mucks were not
included. The colloidal material was extracted from these samples and the
chemical composition of both soils and colloids determined. It was found
that soils and extracted colloids alike contained the following simple chemiecal
compounds and elements, but in varying quantities:

BRI S as e e nnsans ...51 0, L T it S ey Na O
Titaniom .............T10, Phosphoric acid. ........ P.O,
C T R S () il NS e S L
Ferric oxide........... Fe O, CBIORING o o cosaessanscssan Cl
Manganese ............ Mn O WL icabenisnisiseassiighh
P e S R | Y NWHPOROE - .icsarsisusnoncl¥
Magnesia .............Mg0O Organic matter......

PR S enserprerinsaiiig

Carbon dioxide, C O,, was obtained from three soil samples and one sample
of colloid.

Silica is the principal constituent of soils, and it was found that the
colloidal matter is composed mainly of silica, alumina, iron oxide, and com-
bined water, the percentage varying in the samples as follows:

in Solls In Extracied Colloids.
Silica ..ocvvenssaina. D132 to 93.66 31.84 to 55.44
BIARNIAR  vasnin s sicni'a 2.57 to 22.92 16.42 to 38.28
Iron oxide............ 0.93 to 13.82 466 to 16.67
P R T P e e 3.33 to 16.56

The colloids in the soils ranged from 6.2 to 57.8 per cent.

The colloidal material differs chemically from the larger soil particles,
but separate and distinct compounds were not identified. The colloidal mix-
tures are very intimate and are without tendency to break up into known
compounds. Table 4 illustrates the differences in composition of colloidal
matter and whole soil and the coarser particles of soil.

TABLE 4.—Averace ComposiTioNs oF SoiLs, CoLvromns, AND CoARSER
MiveraLs CoMPARED AS PERCENTAGES,

8i0s. | Algls. | FesOs. | Ca0. | Mgo. | Ks0. | Nag0 "°§:";"
Colloldal matter from 45 | .
samples g $.54 W84 1041 1.4 1.72 1.43 0.88 .9
Coarser mineral particies from I |
88 of the 45 samples 5.2 8.0 1.9 0.5 6.5 1.5 0.9 0.8

Mineral particles io fine sands
and silt of a different series of
28 solls -

-3

L 7.8 1.8 2.0 1 19 0.9 04

The nature of soil colloids is destroyed by heat. Two samples, one of
colloidal or ultra-clay, the other of clay soil, made into a number of test
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pellets, were subjected to carefully controlled heat. At desired temperatures
a part was removed and the temperature was stepped up on the remainder
As the pellets were removed from the furnace, ammonia absorption deter-
minations were made, with the following results:
Colloid Sample:
Temperature, in degrees
centigrade ........... 110 285 374 559 754 1130
Cubic centimeter of N H,
absorbed per cubic centi-
meter of colloid....... 11031008 B0.0 741 575 22
Soil Sample:
Temperature, in degrees
centigrade ...... 110 190 2¢
Cubic centimeter of N H,
absorbed per cubic cen-
timeter of soil eaes 27T 253 248 197 149 136 T4 1.4

The colloids were progressively destroyed, and under the high temper
atures quite completely destroyed.

Extracting the colloids from a soil to determine the amount of colloidal
material is a long and laborious process. A more rapid method, checked by
the extraction process, is the use of dyes, gases, and water vapor.

It was found that practically all the colloids in a soil are associated with
the finer particles, and very few or nome with the coarser parts. Certain
ratios were found between component parts of the colloids which gave a
correlation. This correlation, associated with rainfall, temperature, and
color, has been presented as an index of the soils for agricultural purposes.

The speaker studied the data presented by the experiments with the object
of finding a relation that might be used in the selection of soils for dam
building,. The most satisfactory is that existing betwecu the colloidal con-
tent and loss by ignition. The process of incinerating samples of soil to
determine their “organic” content is not a new idea, but a knowledge of the
colloidal content, carefully determined, of a series of soil samples that have
been incinerated, is new.

The relation between colloidal content and ignition loss is shown in Fig.
20, which indicates the determinations from thirty-five samples. The diagram
is offered as a means of determining approximately the amount of colloidal
material in soils proposed to be used in dam construction. The incineration
of a soil can be accurately and quickly done. The extraction of colloidal mate-
rial from the thirty-five soil samples was almost complete. It may be seen by
the diagram that practically all the samples range between 2 to 89 ignition
loss and 5 Lo 369 colloidal eontent

The process of sluicing earth by the semi-hydraulic or the hydraulic
method, would probably separate less than one-half the amount of colloid

that is removed from a soil by laboratory methods; that is, an ignition loss
of 5% would not mean that 259 of the colloids could be separated by sluic-
ing, although approximately that amount is in the soil. All of it would be
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sluiced, with the finer particles, into the core where, by its gel-like condition
and by swelling, it would fill the voids between the particles. It is-as unde
sirable to have too little colloidal material in a dam as too much. Both these
extremes should be avoided by the selection of a material containing the
right amount of colloids. The colloidal content of core material being placed
in & dam may be ascertained by incineration with the assurance that the
result is reasonably correct.
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Fio. 20.—~REevLAaTION Berwamn lowrmrioN Loss AnD CoLrorpaL CONTENT or Somwns.
No permeability tests were made by the U. 8. Department of Agriculture
- on the soils investigated for colloidal content and chemical composition
The speaker has compiled data, from various sources, on the relation between
ignition loss and permeability. These data are given in Table 5, in Columns
(5) and (8) of which it may be seen that the percentage of ignition loss
increases in reasonable regular order as the permeability rate decreases.
Having this knowledge and having determined the colloidal content of
a soil as indieated by Fig. 20, or by a more precise method, a solution of the
problem of selecting & proper material for an earth dam is made more pos
sible. Effective size and the uniformity coefficient of a fine-grained soil have
no relation to its permeability rate, although a soil having & high uniformity
coefficient insures small void spaces and low rates of flow.
A gramme of colloid, containing particles having an average diameter of
91 millimicrons, has a surface area of particles amounting to 24.2 sq. m. Be

B O == a2 =0
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caunse of this enormous area the surface forces developed are sufficient to make
the colloid a stronger binding agent than Portland cement. This is true only
when the material is dry. The experiment cited was not carried beyond a
109, content of the binding agent, although it was sufficient to show that
ecolloidal material is the principal binding agent of soils, giving them cohesive-
ness according to the moisture content.

TABLE 5.—Dara Suowing THE Reramion Berweeny tHE Corromar CoNTeENT
(Ioxtrion Loss), axp Maximum Rate or Seerace Turoven Soms.

Effective il Ignition
Ni Materia size.® In I ""‘;'_rm’: A hoss, Hl_]:tm?m
millimeters SR percaniage L.
' ] 3) ‘ L} (6)
la |Very fine sand 0.00 514 00D
b Very fine sand. . . 0.00 88T 000
| Very fine sand 0. 023 24 1.88 375 000
3 Very fine sand 0.02 8.0 1.54 54 100
4 Upland soil : 0,054 5.1 4.57 2% B0
5 Subsoil . 3.8 11 0
s Fine soll, sandy. roots ). 028 2.4 4.58 1 20
Ta |Top-soil and subsoil : 3.87 15 300
8 Sandy soll 091 2.9 s.w 15 000
1] Fine sand. . 4.12 i1 700
10 Top-anil, roots In 5.74 10 BOD
1n |Top-soll, roots out 4.80 10 000
1 Top-soil and subsoil 3.687 B 600
1% Gravelly subsoil. . F 30 8 300
13 Fine sandy soll 0,04 59 8.7 8 580
14 Subsoll and sand. B.48 5 200
15 Top soll and subsoil. 5.0 1 200
16 Top-soil and subsoil T.00 1 500

* “Effective size” s the size of grain in materials than which one-tenth of the sample
Is finer and nine-tenths coarser. The filner one-tenth controls the seepage rate

t “Uniformity coefficlent” Is the relation, expressed as a ratio, between the grain slze
which has 80% of the sample fner than itself and that which has 109 finer than |tself.

$ “Maximum rate” is the quantity of water, In gallons per acre per day, that will
seep through a matlerial, with the loss of head equal to the depth of the material

In a homogeneous structure, either compacted in layers or consolidated
by irrigation, the function of water is to soften the colloids in the dry, hard
soil, breaking it up and permitting its particles to re-arrange themselves in
a more compact form and by the continued presence of water, in order to
keep the colloidal material expanded in the voids of the soil. Colloids have
capacities for swelling of from 40 to 1509, and a water-holding capacity of
50 to 140 per cent.

Investigation of the permeability rate, combined with a determination of
colloidal content and ignition loss, is very much needed. In making a mechan-
ical analysis to determine the uniformity coefficient the “clay” fraction,
diameter 0.005 to 0 mm., roughly checks the colloidal content.

The speaker offers the foregoing for consideration and suggests a line

of research in soils, physical and chemical as well as mechanical, that will
supplement the data given.

Jacos Fewp,* Assoc. M. Am. Soo. C. E. (by letter).—In 1727, Couplet
published his monumental work on soil pressures, giving a “complete theoret-
ieal analysis of soil physics,” and, now, 200 years later, Professor Terzaghi

* Cons. Engr.. New York. N. Y.
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writes that the science of foundations is of the present and future. From
this it must be assumed, that the science of foundations has no past, and there
is no possibility of criticizing that statement if the rigid definition of 5
science is insisted upon. 8till, it is difficult to slight such announcements as
appear in the Annales of the French Academy of Sciences (January 23, 1783)
to the effect that the problem of determining the lateral earth pressure was
susceptible of a rigorous solution for any special case by the application of
the theory outlined on that date by Chauvelot.

The design of foundations has never been based on a true science of
foundations, and, to disagree with the author, it is not even now (in 1028)
based on any scientific principles. There are, in common use, certain methods
on which various types of foundation design are based. Such methods are
adaptations of principles of mechanies, taken either from statics or pneu-
matics, with or without correction factors.

It cannot be expected that the old, although not accurate, methods of design
should be discarded in favor of principles from a “science of foundations” when
such science does not exist in the common knowledge of the day. As the
author states, there is insufficient data available from which even empirical
rules may be deduced, and so little is known of the materials which are
encountered (soils and rocks) that no skeleton or shelving of general data
and hypothesis can be formed as a basis for the accumulation of missing
information. Until such a framework can be formed, no one can announce
even the birth of a science of foundations.

The present methods for the design of foundations are open to many more
criticisms than are enumerated by the author. However, these methods have
been used for the preparation of plans for many foundations which, for the
large percentage of cases, have been successful. Note that this statement
uses the expression “preparation of plans” and not “design”. The success
of a plan is measured by the result obtained in supporting a superstructure
without apparent or measurable danger. The economy of a foundation plan
i8 quite another matter.

It is quite difficult to clear away all this accumulation of precedent and
“axperience” and suddenly substitute a new “science of foundations.” OCer
tainly, it is not a one-man job and mno one-man’s work can be expected to
supply all the necessary frame upon which such a science can be built, The
profession should be very thankful to the author for his numerous reports
of the past few years, all pointing to the desired goal. It is high time that
the Society has produced some constructive results in providing a basis for the
development of this much needed science

The greater part of the work in the subject of soils during the last three
centuries has been in the development of the art of foundation construction
rather than in the preparation of data for the scientific development of
foundation design. The method of shoring or underpinning a structure is
far more advanced than the design of the foundation which may be placed
under such structure. The chief drawback to the lack of scientific develop-
ment has been the absence of any authoritative nomenclature or definite stand-
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ardization of terms. The tendency has beem to copy expressions from the
mechanics of solids, although it has been many years since soil mechanics
was separated from hydrodynamics and from the staties of solids. Some
writers have gone far in the opposite direction, coining new expressions which,
often after translation, are erude and misinterpreted or entirely incompre
hensible to the reader.

The relation between the size and carrying capacity of & loaded area ean
pever be rigidly fixed by any usable expression. The author deals only with
the individual case, corresporiding to the case of a single pile, and has omitted
entirely the discussion of the effect of loaded areas in close proximity on
each other. Even in the individual case, the author has omitted a wvery
important factor, namely, the shape of the loaded area. In the bearing of a
solid against a solid, within the elastic limits, the usual assumption that the
shape of the loaded area has no effect, probably brings in no appreciable
error. The study of loaded plates of various shapes leads one to doubt the
sccuracy of the assumption. In a perfeetly elastic material, with no eohesion
snd no surface tension, the shape of a loaded area can have no effect. How-
ever, in a substance like a clay, there is a resistance to settlement under
loads (bearing power, so-called), which is a function of the area and also
a function of the perimeter. The latter term is now being disregarded. Some
of the author’s conclusions should be modified to suit this perimetral resist-
ance. Two circular areas of diameters in the ratio 1:2, loaded equally per
unit area, have equal resultant resistances as a function of the area, but the
smaller has twice the length of edge per unit area. The smaller area will
settle the least,

An equally important problem is the determination of the effect of one
loaded area upon adjacent areas. The complexity of such a usual problem
88 the design of spread footings for the columns of a frame building with its
interior and exterior footings as well as square and non-square loaded areas,
is appalling when one thinks of the speed with which plans for such footings
are being prepared daily. Many instances are known where unequal settle-
ment is very evident. Unfortunately, few such cases are on record.

8till another disregarded factor is the amount and nature of cover (back-
fill) above the bearing area of a footing. In a few isolated ideal cases,
theoretical methods seem to point to the true values of the side frictional
support of piers or caissons, based on the formulas of Coulomb and others,
centuries old.*

Edge resistance and side-frictional resistance tend to equalize the distribu-
tion of resulting ecarrying capacity per unit base area. The true state of
affairs is much closer to the uniform than to the parabolic distribution of
the soil reaction. The diagrams in Fig. 3 are an indirect proof of the last
statement ; for, if the parabolic distribution results in bending moments in
continuous footings of more than twice the ealculated moment (based on a
wiform distribution), it is inconceivable why at least one-half such footings
built have not failed. The “factor of safety” of a structure, based on good

* Engineering News-RBecord, Veol. B8, 1922, p. 1052
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concrete and a reduced load-summation design and built with concrete “not
quite as good as specified”, is certainly in the meighborhood of twe.

The writer would like to bring up a problem which has interested him
in connection with a recent arbitration in which he was involved. If ome of
two exactly similar six-story buildings is removed, and replaced by a taller
building with footings placed at exactly the same depth as had previously
existed, but with greater load intensity, should there be expected a settlement
of the adjacent building, which has not been disturbed! Is such a design
proper, or should some means be devised to prevent the old building from
settling, even if the new footings are not built to any level lower than the
sub-grade of the adjoining building? The problem has also some interesting
legal aspects. The writer might mention his argument that, even if the new
footings are built no lower than the sub-grade of the old ones, their necessary
settlement on receiving load will cause them to take a position sufficiently
lower to cause a “sympathetic” settlement of the adjoining footings.

The subject of piles for foundation purposes is very ably treated by the
author. The objection to the use of the recognized pile-driving formula
is a special case of the general objection made by the Belgian scientist,
Boussinesqg, that all soil pressure designs are fundamentally problems in
statics and the experimental work on which such designs are based, is
dynamic in method.

As to the basis for a soil classification, the writer* is still of the opinion
that:

“s ® # the classification of soils and other granular materials shonld be

along the lines of strain characteristics rather than those of stress, namely,
elastic strain, plasticity, and fluidity, for these phenomensa are evident and
measurable, and embrace within them the results of all the stresses which
may act. Generally speaking, the elasticity factor will take care of the solid,

the fluidity of the fluid, and the plasticity of the eolloid properties of the

material being classified.”

W. S. Houser,t Assoc. M. Aum. Soc. 0. E. (by letter).—Without doubt, it
is a source of satisfaction to many to see a revival of interest in the problem
of the bearing value of soils, A number of men, including the author, have
devoted a great deal of time and effort to a better understanding of foundation
problems from the standpoint of soil conditions

During 1927, the writer, acting for the Board of Wayne County Read
Commissioners at Detroit, Mich., has been engaged in conducting a most
extensive series of tests to determine the bearing value of soils. The work has
been done in the field, under conditions governing actual construetion, and, at
the same time, every effort has been made to keep the accuraey of the data com-
parable to what-might be obtained with a similar set-up in the laboratory.

More than fifty tests have been made on different sizes and shapes of bear-
ing areas, some tests on piles, and some on combinations of bearing plates and
piles. Measurements of lateral pressure and a study of the general phenomena
of the transmission of pressure in soils constitute an important part of the

* Tronsociions, Am. Sec. C. B., Vol. LXXXVI (1923), p. 1587

Instr, in Clv. Eng.. Univ. of Michigan. Ann Arbor. Mich
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investigation. The laboratory work is being conducted by the Civil Engineer-
ing Depurtment of the University of Michigan. Through the courtesy of the
Michigan State Highway Department, the facilities of the State Highway
Laboratory have beem made available for this work. With the field results
of this investigation at hand a few comments on the principles of soil action
gs outlined by Professor Terzaghi may be of interest.

The most consistent results of all the tests made by the writer indicate
that there are two factors of strength by virtue of which cohesive soils, such as
clay, are capable of supporting loads. One of these factors is the shearing
resistance on the perimeter of the bearing area; the other is the resistance
of the soil to compression, due to a condition of strain set up in the soil around
the bearing area. This last phenomenon has been called a pressure bulb.

During the progress of a test it is noticeable that the first failure taking
place is failure in shear along the perimeter of the bearing area. In the latter
part of the test there is a noticeable upheaval of soil surrounding the bearing
srea which indicates that a condition of strain exists. That this upheaval
cannot be classified merely as flow of soil from beneath the bearing plate is
shown by the fact that for some time after the upheaval is first noted the
bearing plate continues to support the increased load applied with relatively
small settlements, This action continues with increased loads up to a rather
definite point of failure, at which point the soil flows from beneath the bearing
plate with apparently no restraint. This marks the point at which the pressure
bulb fails.
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Fio. 21.—CompanisoN oF DIFFERENT SHAPED PLATES OF SAME AREA, 4 Squins Famr.

The load deflection diagrams obtained by the different tests bear out these
general observations. Fig. 21 shows a set of typical load deflection diagrams,
m this case for three different bearing plates, each with an area of 4 sq. ft.
As shown, one plate was round, one square, and the third rectangular, with
& ratio of width to length of 1 to 7. The round plate has a perimeter-area

e .
ratio, 1 of 1.78; the square plate, of 2.0; and the rectangular plate, of 3.04.

£

The material is stiff yellow clay and the size of the test pit is the same as the
bearing plate, 4 sq. ft.
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It is significant that, in the first part of the tests, the range of lm
capacity in which shear failure about the perimeter is taking place, the rela-
tion between the bearing capacity of the several plates is similar to the relation

between the values of z for the different plates. The bearing capacities are -
not in exaet proportion to x because, even in their lower ranges, the pressure
bulb is beginning to have some effect as a factor of strength.
In the latter part of the test, in the range of bearing capacities where the
pressure bulb is a controlling factor, there is a complete reversal of bearing

; I
capacity relations. The plates with the largest 1 values have the smallest

bearing eapacities. The important consideration in upper range of capacities
is the effectiveness with which the different shaped plates adjust themselves
to the pressure bulb. The strained eondition in the soil, giving rise to the phe-
nomenon of the pressure bulb, tends to become eircular. Thus, the round pllu

the best shape to take advantage of this factor of strength, the square
plate is not quite so good, and the rectangular plate is the least effective of all

Fig. 22 shows the load deflection diagrams obtained by testing areas of 1, 3,
4, and 9 sq. ft. in the same shape of plate. As in Fig. 21, the material is
yellow clay and the pit is the same shape and size as the bearing plate in each

=
case. The decreased capacity of the larger plates with smaller values of — is

the first impression gained from a study of these diagrams. Again, it is sig-
nificant that the variation in bearing capacity is not in direct proportion to
the perimeter-area ratios of the different plates. In general, it has been found
that the larger the bearing area with its smaller perimeter-area ratio, the

greater the discrepancy shown between the ratio and the bearing capacity.

On the first studies of the data obtained, it was thought that the perimeter:
area ratio was the only variable affecting the bearing capacity. This is the
’ ]

natural result of testing small bearing areas for which i is large and the
¥s

variation in the ratios of the different plates is great. When the largest ares
tested was 9 sq. ft., the discrepancy between the bearing capacity and the
corresponding perimeter-area ratio was not large. It is only when the prine
ciple is applied to the much larger areas used in practice that the fallacy of
this assumption becomes apparent.

However, for the purpose of discussion, it may be profitable to start with
this assumption, which is admitted to be false, and develop the principle as
applied to the action of soils and see where it leads. It is assumed that the
bearing capacity of two spread foundations of different sizes is proportional
to their perimeter-area ratios, the settlement being constant in both cases.

Let p be the bearing capacity, P, the perimeter, and 4, the area of the
footings considered. Then, for a constant settlement in the two footings, and
wecording to the assumption,

Py P, _ P,
Ps A, A,
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If the bearing areas considered are round : P, D, ; Py =xD,; A,
xD? x DS _ . : : =
- *«and A, 4‘ Substituting these values in Equation (7) and
n:m[i.lf_\ihlf
- -—e D, (8)
Py D.
If the bearing areas aresquare: P, = 4 D, : P, = 4 D,; A, I»*: and
A. = D, Again, substituting in Equation (7) and simplifying
P; Dy
f‘- (%)
P2
.
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Fio. 223 CoMPARIBON OF ROUND PLATES WITH DIFFERENT AREAS

Thus, it would seem that bearing capacity varies inversely as the diameter ™
in round plates, and inversely as the lateral dimension in the square plates,
when the settlement is constant. If the bearing capacity or unit pressure
were kept constant, the settlement would vary directly as the lateral dimen-

sion, bl‘.“'i;’ of course greater for the .i.lfof'J' }H-.-lﬂ'rlx ATEAS, This conclusion,
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based on an assumption which is believed to be false, corresponds exaetly to
the theory as stated by Professor Terzaghi. As has been shown, this mistaken
theory is the natural result of insufficient data on small sizes of test areas
Aside from the consideration that the theory is based on a false assump-
tion, there seems to be additional objection to the use of such data as have
been obtained, in terms of settlement for different sizes of foundations. To
state the theory in terms of bearing capacity for a given settlement seems to
be more direct and better adapted to application to practical problems than
to leave it in terms of settlement for a given unit pressure. In addition, if
>
the variation in bearing capacity were expressed in terms of i'inatead of

being further reduced to terms of lateral dimension, the theory would be
more readily applicable to all shapes of footings. In the case of a rectangular
footing, one is immediately confronted with the question of which lateral
dimension should be used in reducing bearing capacity for different sized
footings. If left in terms of the perimeter-area ratio, the rectangular foot-
ings, or any other shape, present no serious difficulty in dealing with the
reduction of bearing capacity

The primary object of this discussion is to point out that the theory which
states that bearing capacity varies inversely as the lateral dimension of the
footing, settlement being constant, or the theory which states that settlement
varies directly as the lateral dimension, unit pressure being constant, is sim-
ilar to the theory that the perimeter-area ratio is the only factor governing
bearing capacity. Such a principle takes into consideration only one factor
of strength, which is shear on the perimeter, and neglects the strength of the
soil in compression which, in most cases, is the most important factor.

The fallacy of this theory of soil action becomes apparent when applied
to large spread foundations, such as the case of the building in San Fran-
cisco, Calif., cited by Professor Terzaghi. The data from tests for bearing
capacity showed an average settlement of 0.10 in. for a unit pressure of 4 800
Ib. per 8q. ft. These tests were evidently made on a test area of 1 sq, ft. The
building was placed on a mat foundation, 218 by 252 ft., designed to carry the
dead load of the building at a unit pressure of 4 800 lb. per sq. ft., which was
considered allowable.

Applying the proposition that settlement varies directly as the lateral
dimension, unit pressure being constant, the settlement should amount to
252 % 0.10 = 25.2 in., or 218 3 0.10 = 21.8 in., depending on which lateral
dimension is considered. The obvious absurdity of these results is excused
on the basis that the soil is only slightly cohesive. The test data are quite
representative of what might be obtained in a cohesive soil, and to expect &
settlement under such conditions comparable to the results obtained from the
equations given, would be no less absurd, even if the soil were of the most
cohesive type.

To analyze the test data obtained in the example under consideration in
terms of bearing capacity instead of settlement leads to an interesting result.
Suppose that it was decided to set 0.10 in. as the limiting settlement, and it
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was desired to find the bearing capacity of a mat foundation, 218 by 252 ft.,
which would not exceed this limiting settlement. It is assumed that the tests

were made on a round plate (1 sq. ft.) with i equal to 3.55. The perimeter-
area ratio of the mat foundation is,

0.017

Let p be the bearing capacity of the large foundation. Using the direet ratio

of bearing capacities to perimeter-area ratios:
p n.m7
§ 500 3.008

and,

0.017 wx 4 800
p = - a9.U Ib. llt_'r Lt | ft.

In other words, according to the principle, the mat foundation would not
support its own weight at a settlement of 0.10 in.

Another method of analyzing the problem presents itself. Suppose that
it is considered desirable to increase the width of the mat foundation by 1 ft.,
the dimensions would then be 219 by 252 ft. The area has been increased
by 252 sq. ft. and the perimeter has been increased by 2 ft. In such a case
it would be difficult to convince any engineer that the only additional carry-
ing capacity gained by adding 252 sq. ft. to the area was the shearing strength
on an additional 2 ft. of perimeter. Yet that is exactly what the principles
under discussion mean, inasmuch as z is the only factor involved in their
applieation.

In spread foundations of practical sizes, the perimeter-area ratio is always
small and in such cases to neglect the shearing strength on the perimeter
would not lead to serious error. The other factor of strength is the compres-
sive strength of the soil, or the resistance of the pressure bulb to deformation.
The total carrying capacity of a foundation due to this second factor of
strength is directly proportional to the area. This would seem to indicate
that the much eriticized practice of using the same’ bearing capacity for all
sizes of footings was, after all, fundamentally sound. This statement could
be defended as having considerable merit, inasmuch as it involves less depar-
ture from sound principles than the proposition that bearing capacity varies
inversely as the lateral dimension.

The greatest criticism that could be made of existing practice in founda-
tions is that the selected allowable bearing capacity is in most cases based
on a guess, governed by experiences in previous foundations, and not on the
most reliable information. It seems fair to make the statement that, at

present, the only reliable method of determining bearing eapacity is by aetual
test,

Inssmuch as it is not feasible to test areas as large as the practical foot-
ing, the tests on smaller areas seem to be the only solution. The small areas
involve a large perimeter-area ratio and the shearing strength on the perimeter
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is a very considerable factor of strength. It thus becomes necessary in redue-
ing the bearing capsacity to practical sizes, to consider this factor, but not to
the exclusion of the other and more important factor of strength due to the
resistance of the soil to compression.

The equation for bearing capacity that the writer has found most useful ia
interpreting test data, and which fits the test data most satisfactorily, includes
both factors of strength.

Let p bearing capacity, in pounds per square foot.
m ghear on the perimeter, in pounds per linear foot.
n resistance of the soil to compression, in pounds per square foot.
o perimeter of bearing area, in feet.
A = area of footing, in square feet.
W total allowable load on the footing.

”'.. _])J—_)“?n - .l n

P m

‘l'a = A

3
Let the perimeter-area ratio, =% then,

p=mz -+

A study of the form of Equation (11) reveals that it is a linear funection
involving two variables, namely, bearing capacity and perimeter-area ratio.
If the bearing capacity for a certain type of soil is determined by test for
two bearing areas having different perimeter-area ratios, it is possible to solve
the two resulting equations for the constants, m and n. Having thus deter-
mined the shearing strength on the perimeter and the compressive strength
of the soil for which the tests were made, the bearing-capacity equation (Equa-
tion (11)) can be used to determine the allowable unit pressure for larger
footings such that the limiting settlement will not be exceeded.

In Fig. 23 bearing capacity has been plotted against perimeter-area ratio
and the corresponding equations for these curves are noted in Table 6, Curves
1, 2, 8, and 4 are bearing capacities for a 1-in. deflection, which was taken as
the allowable settlement. Curves 5 to 10 are for the bearing-capacity limit,
which is defined as that unit pressure beyond which progressive settlement
takes place. It is the unit pressure beyond which the material acts as a
viscous fluid, and the consolidation of the material is not sufficient to permit
a condition of equilibrium to be attained with a comparatively small amount
of settlement.

These equations and curves have been determined by series of tests on the
three different types of soil indicated as yellow clay, stiff yellow clay, and
blue elay. This classification is merely used as identification and is not if-
tended to have any other connection with the physical characteristics of the
material. These characteristics are given by Figs. 21 and 22,

There are a few points worthy of emphasis in connection with this set of
bearing-capacity equations and curves (Fig. 23):
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: (1) As the size of the footing is increased and z approaches zero the bear-
) ing capacity approaches, not zero, but a constant value which is the com-
. pressive strength of the soil, and is indicated as the intercept on the load axis.
(2) For a type of soil which has a high degree of fluidity and low echesive
0 strength the bearing capacity is more nearly constant for all sizes, indicating
8 that z is the least important factor in the bearing capacity.
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be (3) In practical sizes of footings, having perimeter-area ratios between
0 and 1, the shape of the footing, whether round or square, is not so important.
of This is consistent with the idea that the loss in bearing eapacity (as controlled

by the pressure bulb), due to the sharp corners, is a smaller part of the total
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bearing capacity in large footings. In the smaller areas used in the tests, the
loss due to sharp corners is large in proportion to the total area of the plates.

(4) In a type of soil, such as the blue clay, having a high degree of fluidity,
the pressure bulb is a controlling factor throughout, and the difference in
bearing capacity, due to the shape of the plate, is practically constant. This
is clearly shown by the fact that Curves 9 and 10 (Fig. 23) are almost par-
u}‘(:].

TABLE 6.—Bearmng Caracity EqQuaTioNs.
Cuarve N¢ Material Rhape of plate

Basgp ox 1-Ixce Derizcrio

Yellow clay HRound
Yellow clay Square
St yellow clay Round
Suif? yellow clay Square

nann
‘ Tevwvw

Baszo o Bramixa Caraciry Limry

Yeillow clay Round 2T x
Yellow clay Square $850x -
Stiff yellow clay Round. 3 500 x
BLIfY yeliow clay Bquare £ 000 r
Biue clay Round 50 x
Blue ciay Square 490 r +

Wlununn
wuuwvwue

In conclusion, it may be stated that the results used in this discussion
represent only one comprehensive investigation. It is felt that many such
investigations must be carried out before the theories presented may be
referred to as principles or laws of soil action. It could hardly be said that
anybody understands thoroughly the principles of soil action. “The bulk of
the work, the systematic accumulation of empirical data, remains to be done”;
and, after that, some of the theories of soil action may become principles and
others will be discarded.

Fraxg S. Bameey,* Assoc. M. Au. Soc. C. E. (by letter).—It is a very
disagreeable experience for an engineer to find after a structure has been
erected on & site which he has inspected and given tacit approval, that serious
settlement has developed.

The writer remembers one well-educated, intelligent, and able engineer who
attained considerable distinction in his special field, who had such an experi-
ence with a settling tank designed for the treatment of industrial wastes. A
part of the tank settled and eracked and the representative of the company
for which it was constructed, made such caustic criticism of the engineer
that he, in turn, was filled with resentment and anger. This engineer died at a
comparatively early age and a promising career was cut short,

Another well and favorably known engineer who reached still greater dis-
tinetion, had a similar experience on a larger scale when a comsiderable por-

* Syructural Designer, New England Power Comsir. Co., Boston, Masa




CONDRON ON THE BCIENCE OF FOUNDATIONS 331

tion of the sewage treatment plant which he had designed also settled enough
to require much expenditure for repairs. This engineer died before his prime,
and in both these cases the disappointment and chagrin caused by the imper-
fection of their finished work may have beem contributory causes to their
unfortunately early deaths

Both these engineers may have given and probably did give what they
believed to be a sufficiently thorough study to the foundation problems involved
in the cases cited, but something went wrong, and while it is gemerally un-
profitable to attempt conjecture on what might have been, it is nevertheless
patural for one who knew both these men to think that if studies similar to
those recorded in the author's paper had been available soon enough, perhaps
still greater precautions would have been taken and no troublesome settle-
ment would have occurred.

The writer is impressed by the statement of such a proficient mathe-
matician as the author is known to be, that,

“Foundation problems, throughout, are of such character that a strictly
theoretical mathematical treatment will always be impossible. The only way
to handle them efficiently consists in finding out, first, what has happened on
preceding jobs of a similar character; next, the kind of soil on which the
operations were performed; and, finally, why the operations have led to cer-
tain results.”

The writer knows engineers who have been responsible for the design of
many structures which have been erected and have stood without appreciable
settlement. Such favorable results may be in part due to good fortune, but
another reason seems to be that it is the habit of these engineers to make a
most careful study of the characteristics of the earth on which a given struc-
ture is to be built.

Although it cannot be expected that all foundations will be so perfectly
designed in the future that no settlements of consequence will oceur, it is
certain that Professor Terzaghi has acquired much new information that can
be applied to improvement in foundation practice.

T. L. Coxprox,* M. Am. Soc. C. E. (by letter).—The writer contributes
to the data on this subject, the results of recent soil tests which may prove
belpful to others in deciding what loading may safely be used on a similar
soil.

In 1927 the writer’s firm was called into consultation regarding the
foundations for a building then under construction. This building is located
in Chicago, Ill., about two miles from the center of the “Loop District”.
The contract cost of the structure was about $750 000 and the ground area,
about 13000 sq. ft. The building had been designed with “spread foot-
ings”, resting on clay, from 20 to 30 ft. below street grade, or from 8 to
18 ft. below Chicago City Datum (Lake level). At the time the consultants
were called in, the gencral excavation was nearly completed down to Eleva-
tion — 6.0, or 20 ft. below street grade, and five of the footings, or about
2% of the foundations, were in place. Some question had arisen as to the
bearing power of the soil and two soil tests had been made by the Contragtor

ons. Structural Engr. (Condron & Post), Chicago, TIL
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under the direction of the Architect. The results of these two soil tests
caused great concern to all. For ecach test, a load of 4000 Ib. was placed on
an area of 1 sq. ft. The settlement under the first test was reported as
84 in. in 30 min., and for the second test, 2% in. in 45 hours. The second
test was reported as being made in accordance with the recommendations of
the Society’s Special Committee on the Bearing Value of Soils for Foun-
dations. The results of these two tests as reported to the writer are shown
in Fig. 24(a), as well as the result of a third test which is deseribed later.

In view of the very unfavorable showing of these two tests, it was pro-
posed to remove the five spread footings that were in place and substitute for
all foundations, concrete cylinders extending down to hardpan, at an esti-
mated extra expense of $53 000 to £60 000
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It seemed surprising that the clay, which was fairly stiff and difficult %
excavate, offered no better support than was shown by the two tests reported,
since they had presumably beem made on undisturbed clay at the depth of
the proposed footings. However, as the situation was apparently so serious
apd the expense for the proposed change so large in proportion to the total
cost of the project, the writer proceeded to investigate the condition of other
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buildings of similar height and character in the immediate vicinity. The
proposed building was intended for non-commercial use and was to be only
gix stories high, except for a tower to enclose tanks. Several buildings were
found near-by resting on spread footings designed for a soil pressure of 4 000
Ib. per sq. ft. and none of these buildings showed any evidence of unequal
settlement although they were from 10 to 15 years old. The footings for the
proposed building were to be loaded to not more than 3000 Ib. per sq. ft.
Consequently, the consultants recommended that a further soil test be made
before arriving at a decision.

In making this test it was felt that, so far as possible, the conditions
should be as nearly identical as possible with those for the designed foot-
ings. Consequently, a location was selected (see Fig. 24 (¢)), where a test
footing 6 ft. square could be built and left in place without interfering with
any part of the general foundation work. An excavation was made from
Elevation — 6.0 to Elevation — 13.0, a depth of 7 ft. The upper 4 ft. of
this dxcavation was sheeted and braced and the lower 8 ft. carefully cut to
size and filled with 1 : 2.5 : 3.5 concrete (Fig. 24(b)). The lower end of a 14-in.
steel pipe, 20 ft. long, to which a gauge was to be attached for readings, was
embedded in the concrete block. When the concrete had hardened, a timber
grillage was built on which was placed a timber platform to receive the test
load of pig iron. Bench-marks were established on one of the footings in
place and on near-by buildings and light poles. The arrangement of this
test and its location with reference to two footings then in place and to pro-
posed footings, is clearly shown in Fig. 24(b) and Fig. 24(c). On this diagram
is also shown to scale the result of a typical boring which disclosed “blue
clay” increasing in stiffness down to Elevation — 52.0, where clay mixed
with gravel was found.

Careful level readings were taken on this test footing as the test load
was applied, as shown on Fig. 24(d), the initial reading being taken when
the load of the concrete and platform was 23 970 1b., or 670 lb. per sq. ft.
on the soil. On the third day the total load, including the pig iron, was 165 910
Ib., or 4 608 1b. per sq. ft. on the soil. At that time the settlement recorded
was one-thirty-second more than § in. After the test load had been in place
12 days, the total settlement was measured as one-thirty-second more than
t in. and no further settlement could be measured during the next 7 days.
The test load was then removed and a rebound of * in. was recorded. It is
interesting to compare the results of this test with the resulta of the first
two tests, as shown in Fig. 24(a).

In the writer's opinion this test warrants the conclusion that 8 000 Ib.
per sq. ft. would be an entirely safe load on this soil. The client was so
advised and work was resumed on the building. The full weight of the build-
ing has now (1928) been on the foundations for a month or two and mo
measurable settlement has been reported during the period of construction.

Lazarvs Wmite,* M. Aw. Soo. C. E. (by letter).—In the Nineties, when
the writer was an undergraduate student, he was thoroughly imbued with

the classical methods of computing earth pressures, bearing values of soil,

* Prea., Spencer, White & Prentis, Inc., New York, N. ¥
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distribution of pressures, and pile-driving formula commonly taught—Rankine,
Baker, Cain, and Wellington—and, after his graduation, he set about to
apply them. Fortunately, he was also imbued with the scientific philosophy
of Tyndall and Huxley—to accept no theories or formulas unless borne out
by experiment. Huxley stated that one clear experiment not accounted for
by the accepted theory might forever upset that theory.

The writer’s first foundation experience, involving much wood pile-driving,
had a disastrous effect on his faith in the Engineering News formula. No
single experiment conformed to it and to “hit the target” of an observed result,
was like shooting at a distant pin with a blunderbuss. Later, during subway
construction, he observed that contractors completely and successfully ignored
Rankine and Cain in timbering work, and “got away with it" in so many
instances that by no scientific philosophy could their theories be justified,
Agein, his faith in Baker's “Masonry” was upset by the observation that
uniform loading did not produce uniform settlement. Hence, with practieally
all the classical notions upset, the writer decided to observe foundation phe-
nomena for himself and to accumulate data bearing on a new science of
foundations.
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In 1914, during extensive underpinning operations along William Street,
in New York City, many steel cylinders, 14 in. in diameter, were driven by
hand hydraulic jacking into ground composed of varying mixtures of sand
and clay. This afforded an opportunity to measure accurately the pressures
applied. During the work the elastic properties of earth were observed, espe-
cially the rebound after releasing the load, and these were plotted by the
engineers of the Public Service Commission of New York.*®* In 1915, Mr
J. A. Moyer and Professor Fehr, at Pennsylvania State College, published
the results of testst in the distribution of soil pressures measured at various

* Enpineering News, Vol 85, No. 27 P lEﬁe-i Fig. 2A. T
t Engineering Record, Vol. 71, No. 11, March 13, 1015, p. 330
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depths and various eccentricities in relation to the applied loads. (See Fig.
95) Using these observations as a basis, John F. Greathead, Assoc. M. Am.
Soe. 0. E., Section Engineer in the days of the William Street Subway,
plotted lines of equal vertical pressure beneath a 13}-in., circular plate,* dis-
closing in & manner which can be readily grasped the general distribution of
pressure beneath a footing. This he called the “bulb of pressure”; so far as
is known, it was the first time such a diagram was published. (See Fig. 26.)
Due to the manner in which the experiments were made—the pressure being
recorded on an area equal to the area originating it—Fig. 26 does not show
the variations in pressure immediately beneath the footing.

M. L. Enger, M. Am. Soc. C. E.,, published another bulb of pressure and,
because of the use of smaller recording areas, was able to show variations in
pressure immediately below the footings. (See Fig. 27.) In general form his
liagram is similar to that of Mr. Greathead, but it is more accurate.}
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At the same time Professor Enger discovered the great variations in inten-

sities of pressure under footings of different areas, as compared with average
(d1.96

unit loads. His formula for such variations is p = 91 y in which, p is the

h196
ratio (percentage of average unit load) at the depth, h, immediately below
the center of the footing, and d is the diameter of the footing. This is of great
interest, because if it is assumed that the soil has elastic properties and that
8 stress-strain relation exists (the applied loads giving the stress and the
settlements, the strain or compression), the bearing value of large footings
cannot be directly proportional to their areas.

Later, the Joint Committee on Stresses in Railroad Track of the Society
and the American Railway Engineering Association in its report,$ showed
the stresses in ballast below railroad ties as ascertained by an elaborate

* Engineering News-Record, December 30, 1937, Fig. 3, p. 1037,
t Engineering Record, Vol. 73, No. 4, January 22, 19146, p. 106
1 Tronsactions, Am. Soc. C. E., Veol. LXXXIII (1919-20), p. 1540
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apparatus. Of special interest was a pressure capsule by which intensities of
pressure at various points through a mass of ballast could be determined
simultaneously. This report is a mine of information for the foundation
engineer, especially the full demonstration of the elasticity of the soil beneath
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railway track. A new “bulb of pressure” was published and—even more
It was found to be

interesting—the effect of one footing on its neighbor.

the same as superimposing one “bulb of pressure” upon another or, rather,
overlapping one with another and plotting their combined effect. (See

Fig. 28.)
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In 1925, A. T. Goldbeck, Assoc. M. Am. Soc. C. E., published® a curve
indicating that the bearing values of footings or loads for equal settlement

* Traapactions, Am. Soc. C. E., Vol. 88 (1925)
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were not proportional to areas, but to diameters. Mr. Goldbeck invented a
pneumatic pressure gauge, with electrical contacts,* which gave very accurate
results. For bearing blocks of 0.871 to 8.38 sq. ft., the device checked the
Enger formula quite closely.

In the writer's experience, buildings on compressible soil do not settle
uniformly, but in parabolic or catenary curves; the center of the building
gettles much more than the perimeter. This is particularly marked in the
City of Mexico where numerous structures show the characteristic curve in
their courses. The reason for this should be apparent from data given herein.
Since buildings exert pressure on huge areas, the intensity of pressure at the
center is very great, and they cause a corresponding compression of the ground,
g0 that the building finally assumes a dished shape. (See Fig. 29.) The
fallacy of the old assumption that structures, uniformly loaded, settle uni-
formly, is thus graphically shown. Fig. 30 shows the settlement of a building
with the entire area around it. The original level of the building was the same
as the sidewalk. The total settlement was approximately 6 ft

The Society’s Special Committee on Bearing Value of Soils for Founda-
tions, ete., has performed its work painstakingly, but in a field very difficult and
rather barren of results; that is, soil classifications and nomenclature to define
soils. An infinite number of definiticns can be made and yet one may be
“left in the dark”. Professor Terzaghi has taken foundation engineers “out
of the woods” as far as nomenclature is concerned, and, by establishing a few
simple physical classifications, it now seems possible to evaluate soils in terms
of bearing power.

In describing the characteristics of clay and its behavior in the presence
of water due to viscosity and surface tension, he performed a valuable service.
Recently, in Detroit, Mich., while excavating in clay and tapping wet areas
under pressure, subsidence of surrounding buildings was observed which con-
formed to the principle laid down by Professor Terzaghi. A wet clay layer,
in which water was supplied from seamy bed-rock below, when tapped at a
depth of about 100 ft., yielded a considerable quantity of water. Simultane
ously with the pumping of this water, settlements of neighboring buildings,
several hundred feet away, were noted. Through the underlying rock the water
beneath the subsiding area was partly drained—thus causing shrinkage in
the wet clay layer above, which was equivalent to superimposing a load suffi-
cient to squeeze the same volume of water out of the clay.

Another effect, noted at Detroit and Albany, N. Y., was that the wrecking
or removal of buildings was followed by slight settlement of neighboring
structures, where the region was underlaid by a stratum of wet clay.

It has been long observed that buildings on compressible soil do not settle
uniformly as to time, but rapidly at first and then more and more slowly.
This has been vaguely ascribed to the fact that water is squeezed from the
saturated soil below; but by means of the “thermodynamic parallel”, Pro-
fessor Terzaghi has been able to evaluate this phenomenon and to plot a
theoretical time-settlement curve of great value. This also has a geological
application to alluvial deposits, and indicates that thousands of years may

* Proceedings, Am. Boc. for Testing Materials, Vol. XVI, p. 309, 1918
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elapse before an alluvial deposit is comsolidated. In this connection the
geology of a stratum is of great significance in locating valuable structures.
Nearly all old geological strata are fully consolidated and, therefore, have
great bearing capacities, whereas recent alluvial deposits bordering streams
old ponds, or lake beds are dangerous. The latter are not fully consolidated,
and their excess of water beyond that which is normal for the old strata is
not yet squeezed out. Although the deposit may seem stable, an additional load
will cause a flow of water and a subsidence or settlement. In some situations
a trained geologist may be a better guide than the engineer, even if the latter
has had much experience with foundations, and none in theoretical geology.
To illustrate how a structure settles, the information given in Figs. 31
and 32 is very interesting. Fig. 31 is the plan of a building on which settle-
ments were observed between 1920 and 1924. Fig. 32 (a) to Fig. 82 (g), inclu-
give, illustrates the catenary curves of walls resting on compressible soil. The

various curves show that the time settlements are rapid at first and then
become slower.
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The materials beneath the building were thoroughly explored. All test
holes (see Fig. 32 (b)) were drilled 7 ft. south of the face of the south
wall (4-B) and about 1 ft. inside the curb line. At Bench-Mark 20 (Fig. &
(b)), & pipe was pushed to about 37 ft. Light driving sent it down to 41.7 ft
At this point the penetration was about § in. per blow until, at a depth of
47.2 ft., the last twenty blows sent the pipe down % in. and the driving was
stopped.

At Bench-Mark 24 (Fig. 32 (b)), a pipe was pushed to 33.7 ft. before it
was necessary to strike a blow. Then, for each successive increment of twenty
blows, the penetration was as follows:
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The author has dealt the Engineering News formula “some staggering
blows”. Would that it had been “knocked out” completely. It was originated
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by Wellington, who really intended it to be applied only to uniform materials
like sand, with the drop-hammer then used. He introduced constants to give
it a reasonable value. Theoretically, it has a factor of safety of 6, that is,
2 wooden pile which, by the Engineering News formula, gives a working value
of 15 tons, has an ultimate value of 90 toms, which is absurd for a small
wooden pile

To cover the use of steam hammers, then coming into use, Wellington
arbitrarily changed his denominator, § -+ 1, to 8§ + 0.1, giving no good reason
except that the more rapid blow of the steam hammer ought to give that muech
better results. As a matter of fact, there is much variation in the rapidity
with which steam-hammer blows are struck. The Vulcan hammer is nearly
as slow as the drop-hammer and the double-acting hammer is much faster.

The Engineering News formula, now incorporated in many building codes,
has done a great deal of harm, because its official character has misled owners
and engineers as to its reliability. The writer has encountered cases where
pile foundations, conscientiously driven to the Engineering News formula,
have failed. He has repestedly checked results obtained by using the formula,
testing the driven piles with hydraulic apparatus, and has found the formulas
decidedly inaccurate. The use of the Engineering News formula has checked
progress. Because of its official adoption, engineers have often computed pile
values by it and have not made tests which they would otherwise have made
In this conneetion it should be noted that the result of a loading test on
a single pile should not be conclusive as to a group. Each pile of a rather
closely spaced group will, on individual test, have a much higher value than
the total of the group divided by the number of piles. This is becauss of
overlapping of the areas supporting each pile—a similar effect which causes
gemall areas to have larger bearing values in proportion than large areas.

The attempt to find a pile formula of general application is as futile as
the search for the “philosopher’'s stone”. In this respect foundation engineers
are worse off than they were before the invention of pile formulas when they
relied on tests of piles driven under similar conditions to establish values.
The only safe tests are those on a sufficiently large group to eliminate over-
lapping effects. Such tests will demonstrate the wastefulness of spacing of
piles closely when not driven to rock, or an equivalent bearing.

Professor Terzaghi states that piles are often driven in areas where they
add nothing to the bearing value of the soil and sometimes even detract from
it and that the utmost value that can be developed in such locations is that
of an intelligently designed spread footing. The writer has even seen cases
where driving piles in wet clay has had a negative value—because of the
vibrations set up.

The author has discussed the very important question of the relative
bearing values of small and large spread footings and has thrown a great desl
of light upon it, although there is much need of further investigation along
these lines. That the bearing values of large footings are not in proportion
to their areas as compared to small footings is to the writer, sufficiently
proved. He has encountered many cases where settlements of large footings
were much more than those for smaller ones. In a case where a high building
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was founded on a soft coral roek, the smaller footing settled about } in. and
the larger, 6 in., although in this ease the larger footings were designed with
lighter unit loads than the smaller ones. Similar results were observed in
boildings underlaid by peat, soft silt, ete

In designing spread footings the old and easy assumption for the designer

(that all that is necessary is to assume a working unit load—so many tons

to the square foot—and then to divide this into the column loads to get the
areas of spread footings) has led, and will continue to lead, to failures. The
heavier the loads the more conspicuous the failures. Account must be taken
of the shape of the footings, their relative sizes, their spacing, whether or
not they are too close together to work independently, the proportion of dead
and live load, ete. On this point the writer begs to differ with Professor
Terzaghi as to the value of loading tests. If intelligently made, they have
greal value

Foundation engineers do not have all the data they could wish—not by
any means; but they do have enough to avoid pitfalls into which they have
fallen in the past and to produce designs far more intelligent than those here
tofore considered good practice. Engineers may even decide not to build high
buildings on certain areas with soils not adapted to carry heavy loads, and
there are many such areas within the limits of large cities

The author is rather pessimistic as to the value of soil tests as an aid to
the proper designing of foundations. The writer, however, believes that soil
tests, intelligently made and plotted, are of great value. The complete settle-
ment curve should be obtained. The ideal apparatus for this is the hydraulie
jack, with which reliable data for & complete curve can be rapidly obtained.
This is illustrated in Fig. 83. It is much superior to the method® advo-
cated by the Society’s Special Committee on Bearing Value of Soils for Foun-
dations, etc. By testing bearing areas of different sizes, a valuable relation
may be found for use in designing spread footings. In the case of the building
on coral rock, previously mentioned, bearing areas of 1 and 2 sq. ft. were
tested, using pig iron for the loads. These tests, plotted as settlement curves,
plainly revealed that the bearing value varied with the diameters of the foot-
ings, the area of 2 sq. ft. having only 1.4 times the value of that of 1 sq. ft.
Had the designers been cognizant of this relation, the impractieability of
any spread footing for this building would have been evident.

The results shown in the paper in connection with sand-mica mixtures
are most interesting, but undue importance may be given to the shape of the
grains, Is not the compressibility of the mixture high because the mica
powder itself is very light and has a high percentage of voids? Its mixture
with sand increases the percentage of voids very much. Any mixture with
a large voids-ratio, or, in other words, with a low specific gravity, is bound
to be compressible and unstable. The writer has observed natural sand
deposits, apparently highly micaceous, which are dense and of good bearing
value, although it may be that actual measurement would show the percentage
of mica to be small

® Procecdinga, Am. Soc. C. E., March, 1823, Papers and Discussions, p. 527
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The writer does not wish to disparage the use of sand-mica mixtures to
simulate earthy materials with various voids-ratios, but wishes to express am
opinion that the compressibility of soils is due more to lack of consolidation
or to abnormally low specific gravity for the material rather than to the
presence of mica or flat grains, although that is a factor in compressibility.

Load-Tons per Square Foot

i L . | ol
- libCiahg regmnd__
M howry g

Settlement - Inches

. Maerial-Sand
wnid Graval

2-151 Beams

p——x

2125127
2" lang
— e

&) ELEVATION BHOWING METHOD OF CONDUCTING TEST
Fia. 83

In the paper the three properties that determine the behavior of the soil
in the foundation pit are given as: First, the volume change produced by
an increase of pressure acting on the soil, ete.; second, the permeability of
the soil, ete.; and third, the cohesion or shearing resistance of the soil.

The writer would like to add a fourth, which may perhaps be a combination
of the first two, but which is nevertheless important and easily ascertained;
ihat is, the density of the soil or rock in relation to an old and well consoli-
dated soil of similar nature. For instance, if the material is sand, determine
its weight as compared to & sand of an old and well consolidated geological
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period, and if it is clay, find a similar relation. A very wet, compressible
clay will necessarily be lighter because of its water content tham a dry
well consolidated clay of an old period; silt will be very light when compared
to & consolidated earth, and, similarly, a coral rock will be very light com-
pared to an old limestone. This relation is not hard to find, because old earths
and rocks have a surprizsingly uniform specific gravity

The author draws a very sharp distinetion between cohesive and cohesion-
lesa soils. That there are great differences in eohesiveness between different
soils is not open to question, but in the writer's experience there is quite a
residue of cohesion in all soils. Even clean sand such as that suitable for
concrete will break in the bank with a curved fracture and stand vertical for
s certain height. The writer is inclined to doubt the great effect of depth on
settlement, unless the added excavation reveals a decided improvement of
the ground. For instance, Professor Terzaghi states that, for a footing in

perfectly cohesionless material, a depth of .‘.f — 1 reduced settlements to ounly
one-third of what they would be if the footing rested on the surface of the
ground.

Engineers are greatly indebted to the author for his discussion of the dis-
tribution of soil reaction over rigid loaded slabs, He has shown clearly
(for the first time to the writer’s knowledge) the difference between the result
88 ordinarily computed with the common theory of uniform pressures and
that of the much more correct theory of Professor Enger. A great difference
is shown, the more correct theory yielding greater bending moments. This
may explain why, in Detroit, a concrete mat supporting a large office building
on clay is reported to show numerous cracks indicating failure. Single spread
footings, such as the ordinary case of an individual footing for each column,
the loads being concentrated under the center of application, will yield smaller
bending moments than under the theory of uniform loading.

The writer feels with Professor Terzaghi that the future of foundation
engineering as an applied science is decidedly encouraging and also that
engineers are merely on the threshold of this science. The principle obstacles
to progress having been removed, that is, various century-old assumptions
that do not conform to Nature, the engineer can now go shead

Much can be added to the present knowledge of foundations by applying
the methods originated by Professor Enger and Mr. Goldbeck for determining
s0il pressure. By placing pressure capsules in the soil beneath actual footings
the distribution of stress can be determined so that it is possible to compute
correctly the bending moments in footings. The relation of depth of footing
to settlements and that of areas of footings to settlements, can also be deter-
mined, if not by this method then by direct loading tests on footings of differ-
ent sizes and at different depths. By the use of hydraulic apparatus it is
possible to obtain a wide range of tests in a limited time. By this method

the effect of various shapes of footings on bearing capacities and settlements
may also be found, and by testing groups of piles singly and in combination,
the investigator can determine overlapping effects, etc., the proper spacing of
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piles for the best results, and the relation between the bearing capacities of
a single pile and a group.

In the past engineers were content to state that a building settled very
little, but accurate levels recorded, with comparatively little cost, would
yield valuable and surprising data. In the future, various representative
buildings should be chosem for the purpose of making accurate observations
as to settlement. Professor Terzaghi is correct; foundation problems are of
such a character that strictly theoretical mathematical treatment will always
be impossible, but by systematically accumulating field data it will be pes-
sible to approach this ideal much more closely.

The writer hopes that the problem of soil classification will soon be solved
along the lines suggested in the paper. He feels that the Engineering Pro-
fession is much indebted to Professor Terzaghi, first of all for uprooting
certain persistent prejudices and then for leading engineers forward in new
directions toward “the promised land” of a real science of foundations.

R. D. N. Simuam,® Assoc. M. Ax. Soc. C. E. (by letter).—The writer
desires to limit his observations on this interesting paper to the most important
guestion of settlement of soils and its relation to the area of bearing and
intensity of loading. It is a fallacy to generalize from experimental results
without thoroughly understanding the premises on which, and the objects for
which, the experiments are conducted. There are limitations to experimental
researches that require corresponding limitations to be made in the laws

deduced from them.

In the first place, any results that have been determined by individual
experiments under limited considerations and very often in a slipshod manner,
that is, without any attempt to follow a general or comprehensive plan and
co-ordinated line or method of experimentation, cannot be complete evidence
on which to establish any general or fundamental law of science. The writer
has learned from experience that any attempts to deduce, from an unco-
ordinated set of experiments, some sort of a general formula or law that
would explain the entire phenomena of soil behavior, has invariably raised
serions complications. Therefore, experiments can afford no relief to the
present imperfect state of the science of foundations unless they are based on:
(1) Constructive lines of thought; (2) a thorough realization of the assumed
conditions: (3) a careful diagnosis of every factor that influences the behavior
of a soil; and (4) a thorough co-ordination of all the information gained.
“Knowledge comes, but wisdom lingers.”

There is always a tendency to take some plausible results of experi-
ments and immediately deduce laws of relationship between certain factors
involved and then apply them to every single condition that occurs thereafier.
Whenever inconsistencies are discovered, all kinds of sophistical arguments
are made to explain matters, either by suggesting that the variations are execép
tional, that they are unexpected, or are due to defective experiments, or other
causes, but all the time insisting that the law, once derived by some mathema-

®* Town Planning Asst., Madras, India
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tical manipulations of a set of convenient results, must apply to all sets of
conditions

In an ideal soil, uniform in every respect, it is possible to state that
seitlement is proportional to intensity of loading in some way and to the
grea in some other way. With regard to the area, the shape of the bearing
surface has an influence on settlement: that is, the settlement of a foundation
with the same load and bearing area would be different for dissimilar shapes
of the bearing surface. Thus, in a simple way, the relationship between settle-
ment of soil, s; load intensity, w: bearing area, 4; and the ratio of mean
width to mean length of bearing section (or some other relation that would
truly represent the effect of variation in shape and the comsequent variation
of volume of depth of soil affected), r, may be given in the general form:

" AY

k,

.(12)
In this equation, k is a constant that expresses the characteristics of the soil.
If this may be taken as truly representing a law of behavior for given
wils, then it would be easy to direct some experiments along definite lines
and to arrive at the range between which the values of z, y, and & vary. How-
gver, in the determination of the value of k, the investigator would probably
ot into difficulties. The writer thinks that it is impossible to secure identical
behavior of soils throughout the processes of varying load, area of bearing, and
shape. Any settlement may be the result of several different reactions within
the soil. There may be (1) a subsidence due to closer re-arrangement of
materials of soil during a particular stage; (2) settlement due to plastic or
flattening effect at some other stage, or combined with the former; (3) sinking
due to escape or lateral flow of water or escape of other loose materials in the
composition of soil; (4) shrinking due to compressibility of soil materials;
and (5), under extraordinary circumstances, reduction caused by the crushing
of the granules or disintegration of soil materials. Equation (12) may perhaps
be modified further to cover these factors also,
w® AY .. 4
s_—k W : 'tl)

3 3 i
In Equation (13), k may represent a value for soil under standard condi-
tions, or a certain condition of soil behavior when settlement is a minimum.
¢ €y €y C,, ete, may represent the reductions necessary in the values of k
to allow for subsidence, settlement, shrinking, reduction, ete.
Any soil that is confined before loading to the limit of the natural angle
of repose, z 0 A (Fig. 84), when loaded, slowly or rapidly adjusts itself in

different angles until it attains the limiting angle of compactness of soil
materials as indicated by the position, OB, in Fig. 34. Beyond this, a
loading will cause the soil to flatten to the limiting position of plasticity,
("C. During this period, there may not have been any change in the

volume of soil, but merely a bulging outward. Then sinking of soil occurs
by the escape of water or loose material within the soil, until the limiting
angle of permeability or soil eseape, z O D, is reached. Further loading
creates pure compression of the soil materials, and the soil shrinks to the
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limit of compressibility, E' E. Beyond this stage the soil sinks by the crush-
ing of the granular shape. Thus, the actual curves of settlement versus load,
based on experimental results, would seem to illustrate, not one uniform law
throughout, but different laws at different stages. Knowing exactly what is
taking place within the soil itself, it should be possible to determine these
laws independently through carefully planned experiments, and then, by an
easy mathematical computation, a combined or general law of relationship
might be deduced

In another way, assuming that the total settlement of the soil is the com-
bined effect of these factors, it may be found convenient to express the rels-
tion for determining the settlement in a somewhat better form, thus:
= AW 51 e, Lok e e A'S ';!

+ +
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in which the quantities, E . ete., represent the settlement due to the

8

individual effects of each of the factors mentioned.
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There are two more considerations which, instead of increasing the settle-
ment, would reduce it. The side soil protection and frictional resistance
offered by the marginal soil should modify the settlement directly below the
foundation, and then Equations (13) and (14) will be further generalized
to the following forms:

C

* AY ¥ = P

and,
=l AV 5 2 A2 o ooV, Lot e w AV e
k, AR P A, g
In Equations (15) and (16), V and P represent, respectively, the effective
volume of soil contributing to the side protection of the compressed soil and
the perimeter of the bearing section; while m, n, C, and D are constants.
These do not necessarily comprise all conceivable factors affecting soil
behavior. There is no doubt a difference in the behavior of soil under desd
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and live load and slowly or rapidly applied load. Eccentricity of loading and
character and nature of distribution of thrusts on soil have also to be con-
sidered In fact, it is necessary to know the law connected with each
individual factor that influences the soil, and then only can any comprehensive
law or laws, which would correctly represent the soil behavior, be attempted.
Any such attempt at the present state of knowledge on this subject +ill
naturally be abortive However, for practical purposes, it may perhaps by
sufficient to know what volume of soil will be affected by any load over any
bearing area and deduce, with reference to it, some simple relation for the
settlement of soil of any specific composition under different loads.

The volume of soil that is directly affected by load is as shown in Fig, 35.
This concept does not take into consideration the soil that receives any
indirect or virtual effects of load. It limits the volume to that portion lying
constrained laterally within the vertical planes bounding the bearing area.
The bottom would be defined by & horizontal plane (0Oz, Fig. 85) passing
through the highest point of intersection of the plane (0OA, Fig. 35) of
shearing or cohesion and the vertical plane, Oy. The direct settlement of
the soil may be considered the result of (1) a closer re-arrangement of soil
material; (2) actual compressibility; and (8) reduction due to permeability
of this volume of so0il or a large proportion of it. Any relation so determined
will be useful in a practical way in studying comparative settlements or com-
parative bearing values of soil.

With these assumptions the relation between settlement and volume for
any specific composition of soil may be simply written,

w? (¢ V)Y

5 (17)

in which, ¥V is the volume defined in connection with Fig. 35, and p, ¢, ¢,
and k are constants. In Fig. 35, let A = the area of the bearing surface: r,
the mean or limiting width of soil that restricts the depth, d, of soil affected
directly by the load; and a, the angle between the plane of shear or cohesion
and a horizontal plane through 0. Then,

l' = _l r tan a«... Bhia asn nalhs tasdbstnipes {lﬁ)

Substituting this value of ¥V in Equation (17),

P

(c Artan a)¥

For any specific soil ¢, tan a, and & will be constant, so that settlement in
such case would be represented by the relation,
w? A9 4

(20
o (=U)

in which, C is a general constant for the characteristics of the specific soil.

As an example, select two kinds of soils to be compared for bearing
values. Assume that s, p, ¢, 4, r, and ¢ remain the same in both cases;
¥, and w, are the supported loads; a, and a, the shearing angles; and
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k, and k., constants for the soil in each ease. Then,

M tan a

w, - l (lan :r

1

Equation (21) explains in a simple way the values found by A. T. Gold-
beck, Assoc. M. Am. Soe. C. E., with various mixtures of sand and clay*

Fraxg A. Mamstox, ¥ M. Aw. Soo. 0. E. (by letter). —Considerable
progress has been made by Professor Terzaghi in determining adequate and
practical methods of classifying soils. For several years, the writer's firm
has been carrying on laboratory and field studies on soils with the assistance
of and by means of apparatus devised by the author.

In doing such work, there is a real benefit derived from the actual handling
of the soil samples. It is not enough to have a trained laboratory man perform
certain tests, but, in addition, some work should be done by the engineer
responsible for the final decisions in order to acquire the “feel” of the various
soils and to observe closely their characteristics as evidenced by varying
behavior under test. While the external appearance of a soil sample should be
studied, it may be most deceiving as to the actual characteristics and cannot
be depended upon solely as a means of grouping soils.

As time goes on, methods and apparatus will be further simplified
and their use will be more widespread. The great difficulty at present in
the practical use of these improved methods of soil analysis is in the interpre-
tation of the results. Only the gradual accumulation of data will provide the
means for accurately translating laboratory results into terms of large-scale
field experience. In prevaring papers such as this, Professor Terzaghi is
rendering the profession a real service by arousing the interest of many inves-
tigators. If, as a result of these discussions and investigations, soil studies
can be conducted according to standardized methods, records will be made
that can be compared and used as a basis for judgment by engineers generally.
A tremendous amount of data has been published regarding experiences with
foundation conditions, but the lack of a suitable classification for th indi-
vidual soils has made many of these data of little value.

An illustration can be cited showing the slowness of consolidation of the
core material in a certain hydraulic-fill dam, with some data as to the char-
acter of the material according to these new lines of classification. All the
material for this dam was obtained from a borrow-pit in shale located on &
steep hillside which was covered with a layer of disintegrated material 3 to 4 ft.
thick. This layer was the principal source of the core material.

Ten samples of the core material were taken at intérvals from the top to
a depth of 15 ft., at two points (Holes Nos. 1 and 2, Table 7), on the center
line of the dam. These holes were 12 ft. and 150 ft., respectively, from the
point of overflow of water from the pool during construction

Samples of core material from the upper parts of the holes were obtained
by Tu-&nng do\tn a 3-in. plpe and wnhdrnwmg it hiled with material. This

* Transactions, A:.. ::u- C.E \o .‘43 (1825), p .:‘."
t Cons. Engr. (Metcalf & Eddy), Boston, Masa
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method was continued until a depth was reached at which the core material
was so soft that it would not remain in the pipe. Below this point, the holes
were excavated by means of an earth anger which worked with fair success,
except that some soft material slid off the auger as it was pulled up. The
gampling tubes, 1 in. in diameter and 12 in. long, were used with some
difficulty, due to the soft condition of the material which did not always fill
the entire length of the tube.

When a ball of the core material was squeezed in the hand, it was found to
be so plastic that it flowed out between the fingers. In one test hole, the
material at a depth of 12 ft. contained so much water that, after standing
over-night, the hole was found to be filled with water to the level of that in the
reservoir. Table 7 gives the results of some of the tests of the core material.

There was little difference in the character of the samples from the two
holes. The moisture in the samples as taken from Hole No. 1 varied from 19.3
to 42.49, and averaged 88.69, of the weight of dry solids. The samples from
Hole No. 2 varied in moisture content from 26.4 to 48.2 and averaged 35.5
per cent. The moisture content did not vary uniformly from the top to the
bottom of the holes. The average volume of voids in the samples from Holes
Nos. 1 and 2 was 48.6 and 48.09, respectively, computed on the volume of the
wet material as sampled. The specific gravity of the dry core material was
2.748.

A comparison of the liquid limit given in Column (5), Table 7, with the
moisture content given in Column (11) (both being expressed in the same
terms), shows that about one-half the samples contained more moisture when
taken out than at the lower ligquid limit
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A compression test was made on Sample 712 of this core material for the
purpose of determining the compressibility and permeability of the material
(see Fig. 36 and Table 7).




TABLE 7.—ResvrLts oF TESTS OF CORE MATERIAL FROM AN HYDRAULIC-FILL DAM.

; - , 4 Moisture
| Lowzr Lixirs I8 PEROENTAGE, Voips BATIO AT LiMITS conte::ll. of
Depth below : sampile as
S8ample No. | Em-facr. T”s.z- Hole Specific | | removed, in
in feet No gravity. | percentage
Liquid.* Plastic.* Difference. Liguid Plastic. Difference. | of weight of
dry solids,

(s) | (7) (8) ) (10) (n1)

0.981 . 0.289
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(Old dry sample).... .a
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+ The voids ratio Is the ratio of the volume of voids to the volume of solids,
t Determined snd used io computations relating to this sample,

§ Assumed and used in computations relating to these samples.
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The dry material was made into a paste and placed in the cylindrical
container of the compression apparatus in such a manner as to exclude air
and completely fill the space. The paste was approximately at the liquid limit.
Pressure was then applied at 0.39 kg. per sq. em. Observations were made, by
means of Ames dials, of the decrease in thickness of the specimen at frequent
time intervals until there was no further conmsolidation. The load was then
increased immediately to 0.74 kg. per sq. cm. and similar observations of thick-
ness were made. Similarly, the test was repeated for loads of 1.44 and 2.96 kg.
per 8g. cm

When consolidation had been completed, the load was reduced by the same
increments by which it had been increased, allowing sufficient time for the
gample to expand or rebound to a comstant volume between changes in load.
The moisture content of the sample was determined before and after testing.
Other values used in the analysis were: Specific gravity, 2.748; plastic limit,
259 (¢ = 0.693) ; liquid limit, 35.7 (e = 0.982) ; diameter of the sample, 7.00
em.: and reduced thickness, 0.705 em. In Fig. 36 (b), Curve I is the con-
golidation curve when the pressure was increased from 0.74 to 1.44 kg. per
5. em., and Curve II is the comsolidation curve when the pressure was
increased from 1.44 to 2.96 kg. per 8q. cm.

Point A (Fig. 36 (a)) represents the voids ratio at the beginning of the
test; Points B, C, D, and E represent the voids ratios of the completely
consolidated specimen under the loads of 0.39, 0.74, 1.44, and 2.96 kg. per
8. em. Points F and (G represent the voids ratios when the specimen had
rebounded after removing loads of 1.52 and 0.70 kg. per sq. cm., respectively.
These observations indicate that the material consolidates almost as slowly as
a highly eolloidal clay.

The coefficients of consolidation, compressibility, and permeability were
computed (see Table 8), together with similar figures for a fat plastic clay
and a fine sand having an effective size of 0.1 mm.

I'ABLE 8.—Cogrrioients or CoxsoLmaTioN, COMPRESSIBILITY, AND
PERMEABILITY

Corrricizsts oF

C'ompress

Consolidation ibility. 1| Permeability.
Fat Plastio Clay :
pressure . 179 X 100 4 x 10 | 7.8 X% 10-7
l:;MPMN yid% 2.08 X108 | 2.5 X 104 i 8.0 x 10~7
pressure up to E. per om $.10 X 10— 1.1 X W4 X 10-—-7
e N Y per aq. I 28]
l-u'pru-um T e 278 X 10—e 1.00 % W04 4.7 % 10—7
ldiumpru.un : 1T x W-e 0.74 X 104 8.7 X 107
mumupmzhig ;\erq cm 58T X 100 0.8 x 10-4 2.3 X 107
ﬂ- Effective Size = 0.1 mm.
Low preasure . i : 171 000 x 10—8 0.5 X 10—+ A5 300 x 101
lulmmpm-u 578 000 X 10-* 0.%8 X 10—+ 88 800 X 10-7
ﬂuhpn-un-upwzntg per sq. cm 500 000 x 10— 0.18 x 10—+ 80 000 X 10—7

It will be seen that the coefficients of consolidation and permeability for
the core material are similar to those of the fat plastic clay and vary greatly
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from those of the fine sand. The greater the coefficient of consolidation, the
more rapidly consolidation will take place. For the core material, the rate of
consolidation is exceedingly slow. The indications are that the core in the
dam built with this material to a depth of 15 ft. at least, is in about the same
state of consolidation as it was when the dam was built, eight years before the
samples were taken.

The influence of grain size on the variation in lower plastic and liquid
limits and the difference between these limits is illustrated by data given'in
Table 9. These data were obtained by separating into its respective portions
(according to grain size) a sample from the borrow-pit from which the eore
material was obtained. This material is a bluish or greenish shale which
breaks into bulky pieces.

TABLE 9.—Lower Liquip aAxp Prastic Livits or T SevErar FricTioxs or
Frxg Mareriar rroM Borrow-Pir.

[
Proportion of

| |
Rize, in millimetars lotal weight Liquid Mmit Plastic Lmit, Difference
percentage. | .I
| |
s it — | 1
Composite sample. ... 100 3.0 .7 | A3
0.1 - 0/08... 5.3 2.9 2.5 | 0
0. — 0.008 2.9 s|e 8.8 1.4
0.008 — 0.008. 173 R 9.8 ne
Less than 0.008 B4 08.8 3.1 0.7

For material between 0.1 and 0.02 mm. in size, the liquid and plastic limits
should be practically identical. The discrepancy shown in Table 9 is due to the
difficulty in determining accurately the plastic limit in such material. The
effective size of the fine material was 0.00075 mm., and the uniformity
coefficient was 20.6. The coarsest fraction, 0.1 — 0.02 mm., had relatively low
liguid and plastic limits and the difference between them should have been
practically zero. The very fine material (less than 0.002 mm.) had high liquid
and plastic limits and there was a wide difference between them.

An examination of the borrow-pit material before construction by the
methods indicated would have made it possible to forecast the behavior of the
material.

Artaur M. Saaw,* M. Au. Soc. C. E. (by letter).—This paper is quite
unique in that it discusses clay and other soils in the same terms as have
been used in the discussion of other materials of construction. While many
experimental data have been compiled concerning the bearing power of soils,
it ordinarily has not occurred to the engineer dealing with these widely used
materials to investigate such properties as tensile strength, elasticity; and
especially strength in shear, although the author shows that all these prop-
erties are of vital importance in at least some types of soils. The writer was
particularly interested in the discussion of the relation of area to the sup-
porting power of soils, having noticed the apparent inconsistent behavior of
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* Cons. Engr., New Orleans, La
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weak soils under loads of uniform weight per square foot, but varying mate-
riglly in area covered.

The following discussion will be limited to muck soils, overlying soft elay,
the type of soils ecommonly found in the “prairie” areas of the lower delta
of the Mississippi River.

A number of years ago, it became necessary to place a fuel-oil tank con-
yenient to a pumping plant on a reclamation project near New Orleans, La
The soil, of the type desecribed, had been drained only partly and under a test
load (placed on a 3 by 3-ft. platform) appeared to be safe for a load of
spproximately 500 Ib. per sq. ft. A spread foundation was designed to limit
the load to 400 Ib. per sq. ft., but before the tank was quite three-quarters full,
it began to settle unevenly and to an undesirable degree. Hasty shoring
brought the tank to a vertical position, an occasional re-adjustment of the
shores being necessary to keep it plumb. After about six months of sub-
drainage, and compacting by the superimposed load, the soil was capable of
supporting the full load of 400 lb. without material additional settlement.
The total settlement was 2.5 ft.

On a similar reclamation project, experiments were made with the freshly
drained muck soil to determine loads which might be used in the construction
of light buildings for housing employees. A limit of 250 1b. was adopted and
results indicated that this was about correct. General settlement was expected
because of the drainage and shrinkage of the muck, but this was fairly
uniform and did not cause any serious complications except in connection with
one or two buildings which were provided with brick flues. These were car-
ried on short posts (old pile-heads) which rested on a thin local stratum of
sand only about 5 ft. below the surface. The considerable separation of grade
of the living-room floor and the fireplace has resulted in a novel architectural
effect. The Superintendent (who has been in charge since the work was started
in 1917) advised that he now (1928) is using a load of 500 lb. per sq. ft.
for small footings, but for large footings, he has found it necessary to adopt
a considerably lower load limit.

In the construction of levees on similar foundations, the expedient of driv-
ing sheet-piles to prevent lateral movement or “bulging” of the muck has been
adopted in local practice although it has been found that this is necessary only
In extreme cases, Just as good results usually can be secured, and at much
less cost, by constructing the levee in multiple layers and by adopting a design
that will tend to increase the resistance of the soil to horizontal stresses.
Fig. 37 illustrates the section and the method which the writer has used suc-
cessfully in the construction of levees on exceptionally soft muck lands. The
levee section was controlled by the limit of reach of available dredging equip-
ment, as it is seldom practicable to secure a dredge in this section with a reach
from the side of the hull in excess of 60 ft. By the use of longer boom dredges,
such as were advocated by the writer a number of years ago,* a material
increase in height of levees in such soils should be possible. A special type of
dredge, which has been in use in California for many years, is well adapted

2 * “The Selection and Operation of Dredges”, Enginecering Record, December 14, 18, and
0, 1916
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to levee building in soft soils or under other conditions requiring an excep-
tionally long reach. Following are the principal dimensions of this dredge:
Width of hull, 70 ft.; length of hull, 140 ft.; maximum reach from side of hull,
180 ft.; and nominal capacity of bucket, 6 cu. yd.

Repeated experiments have shown that both the spread base and the eon-
struction of levees in multiple operations have a beneficial effect in inereasing
the stability of muck and soft clay soils. With regard to the spread base, the
gradually increasing weight, from toe of levee toward the crown, apparently
compresses the mueck in the zones subjected to only partial loading and ren-
ders it more resistant to lateral movement. The gradual application of the
load in multiple layers permits the excess water to be expelled from the sub-
soils and increases their supporting power.

In the lands referred to, there is a great variation in the weight of mate
rials entering into levees, due to different proportions of muck top-soil and
clay subsoil. There also is a wide range in weight of the muck soils, some
containing a considerably larger proportion of silt than others. As would be
expected, the muck soils dry out rapidly after being placed in embankments,
above water level, but the “sharkey” clay gives off its water content very
slowly. Excavations into clay levees more than two years old have shown a
“gummy” condition at points 5 ft. above soil-water level.
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Fia. 37 CONBTRUCTION OF A LEVER 3y MULTIPLE OPERATIONS,

While concentrated loads, such as those of embankments, may result in
failure of the lower strata by a horizontal movement, fills over large areas
may be constructed to a considerable height on muck soils with no danger of
settlement beyond that caused by the squeezing out of some of the water. The
writer has had occasion to make many hydraulic fills over soft muck lands,
the added material frequently being clay or sand, but he has never experienced
difficulty from excessive subsidence in such cases, provided the fills extended
to hard ground or were tapered off gradually at the edges, thus securing the
gradual loading mentioned in the foregoing as being desirable for levee com
struction in similar soils.

Most engineers who have had experience in the comstruction of railrosd
embankments across river bottoms have known of localities where embank-
ments 6 to 10 ft. in height could be built without complications, but where a
fill of 15 or 20 ft. in height would subside (sometimes suddenly). This sub-
sidence usually would be accompanied by an upheaval of the natural surface,
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90 to 50 ft. beyond the toe of the slope. Two such phenomena occurred dur-
ing the construction of the Illinois Central Railroad from Fort Dodge, Iowa,
i to Omaha, Nebr., in 1900, one at a point about ten miles north of Couneil
Bluffs, Iowa, and the other in the South Omaha cut-off line, near the bluffs
. in East Omaha. In the latter case service on the near-by tracks of the Mis-
souri Pacific Railroad was interrupted by the upheaval
1 D. P. Enysise,* M. Au. Soc. C. E. (by letter).—The author’s workst
. have opened & new era in the study of soils for engineering purposes. Inves-
g tigations of 10 or 15 years ago generally dealt only with sands, with no
Y consideration for physical properties. Owing to the studies of Professor
. Terzaghi, the search has penetrated into the interior of clays and sands,
e the physical properties of which are now being studied by the civil engineer.
i The present generation is witnessing the birth of a new science, which may
be called, “Engineering Soil Science”, or “Engineering Soil Theory”, and
2 which represents applied soil physics and soil mechanies. It is similar to
. agricultural soil science; but the latter, by considering principally the influ-
= ence of water and air on the soil, leaves unstudied the load factor, which
» is the most important for a civil engineer. Therefore, the establishment of
" & new science has been inevitable.
4 Slab Foundations.—In general, the writer agreea with the following state-
. ments made by the author:
, (1) For soils with great cohesion the settlement produced by a given load
increases in direct proportion with the diameter of the loaded area (Fig. 2).
(2) The distribution of the soil reactions over the base of a rigid slab
is not uniform. The pressures are equal to zero at the edge of the slab and
greatest at the center (Fig. 3)
(8) The settlement of a building is due to consolidation of the soil and to
the lateral flow (Fig. 5)
-~ However, there are some objections to each of these conclusions.
First—Attention is called to a paper by Dr. Ing. Koegler,t in which it is
stated that the settlement produced by a given load seems to increase directly
in proportion with the diameter of the loaded area only to a certain value
of this area, after which it becomes more or less constant, In the opinion of
in Dr. Koegler the elastic condition under a great slab does not permit lateral
1 flow, and the vertical settlement takes place as if the supporting soil were
of confined laterally. Naturally, the opinion of Dr. Koegler, which seems to be
be based on his experiments, must be verified.
Is, It also must be noted that his experiments were performed with sands,
ed that is, cohesionless soils. Therefore, the results cannot be generalized until
ed A greater number of experiments with different soils are made; but the
he example of the settlement of the Standard Oil Building in San Francisco,
n- Calif., leads the writer to believe in these theories. Under a load of 4800 Ib.
per sq. ft., the average settlement of the bearing plate was 0.10 in. The
ad ttlement of the building should be 152 )< 0.10 = 15.2 in.; but the actual set-
tk- tlement was only 2 in. If the soil were homogeneous, this fact must be con-
o —__T_PT\)! t;F_H_';;wa; E_ng .—!d;s:ow Superior Trcgnlcll Schuoi and gu_uuw Inst n,'_'frln!-
1b- Pportation Eng., Moscow, Unlon of the Socialistic Soviet Republics
e, t “Erdbaumechanik,” Vienna, 1925, and others

T "Die Belastung des Baugrundes” Der Bawingeniewr, October 27, 1927




358

EKRYNINE ON THE SCIENCE OF FOUNDATIONS

sidered as & proof of Dr. Koegler's statement, but phenomena considersd in
practice are not as simple and schematic as those studied in a laboratory.

In the example cited the soil was not homogeneous, the settlement of the
bearing plate ranging from 0.04 to 0.17 in. The difference is not very great,
but in any case there were hard and soft spots in the soil, 8o that the proces
of settlement was complicated by the presence of the hard spots which preb-
ably produced negative vertical forces acting on the slab. The writer thinks
that 'in the given case and in similar ones it would be better not to deal
with the average settlement of the bearing plate, but to elaborate a method
of slab design, taking into account the lack of uniformity in the soil.

In regard to the settlement of the caissons at the Chicago Union Ter-
minal, in Chicago, Ill.,, the writer is not in a position to give a definite
opinion on the subject inasmuch as he does not have the description of the
work at his disposal. Therefore, he does not know how, where, and when
the settlement of the caissons was measured. However, he believes that s
caisson cannot follow the law of proportionality of the settlement to the
diameter of the loaded area because of the friction against the soil

Let,

H = the height of the circular caisson, in feet (at the Chicago Union
Terminal, H = 60);
d = the diameter of the circular caisson, in feet:
f = the average frictional force, in pounds per square foot, of the
superficial area of the caisson; and,
g = the load, in pounds per square foot.
Then, the resultant vertical force, ¢/, would be not g, but:

FfH=xd r_lH

e e

x d*
]

Equation (22) is an approximate formula which shows that the resultant
vertical foree acting per unit of the loaded area increases with the increase of
the diameter of the caisson. Therefore, the settlement of a large caisson
gseems to be more considerable than that calculated by Equation (2) not
only because of the direct influence of the diameter, but also because of the
great resulting force acting on a unit of loaded ground area in comparison
with that acting on a smaller one.

Second.—If a slab that is considered uniformly loaded is placed on top
of the ground in an excavation, a reaction of the soil develops. Consider
only the vertical component of this reaction. The vertical reaction may be
confined directly beneath the loaded area (as shown in Fig. 3); or it miy
be effective beyond this area (see Fig. 38). In the latter case a coudition
must be satisfied, such that,

Pk 0 k.0 o D s canrins i srsan Il (23)

The case shown in Fig. 38 evidently corresponds to the upheaval produced
by the vertical component of the reaction. Since it is admitted that the
bulging is due to the lateral flow only (Fig. 5), it must be concluded that:
Q, = 0; Q.= 0. This being the case the derivative of the distribution curve,
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y=f (2), at the edge of the slab, which represents the ratio of an infinitely
small increase of the reaction force to the corresponding increase of the
shecissa beyond the edges, must be equal to zer

e kB, D sk sails antn « Hld v wuiE)
in which, 2b is the width of the slab (Fig. 39). As a matter of fact some

il investigations indicate that }"illm’lﬂll (24) must be satisfied.*
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As to the curve of pressure distribution. the writer's ‘PI"I‘I!"TI is that it
eannot have a parabolic shape for the following two reasons

(a) The ordinates of a parabola may be calculated accurately according
to the equation

Y U(l J} sassess is s asanEs NEsS (25)

in which, y, is the greatest ordinate in the center; z is the distance from
the center of the slab; and 2b is the width of the slab. The first derivative
of y in Equation (25) is:
‘:j _!j__h_‘ S es RblnE s it A . eose(20)
which is not equal to zero, when z = b
In order to satisfy the conditions in Equation (24), the shape of the
distribution curve may be modified slightly, for instance, so that:

J_.' m
: M »T
] Vo ( | 7 ) o id one . sses ann (=i)
For any value of m > 1, and for z = b, the derivative of this function is
E'qual o zero
d ] -y ¥ m—1
- (1 - ) PN e ..« (28)
d 2 b b

Fig. 40 represents two curves placed side by side for comparison. Equation
(25) expresses the left half and Equation (27) the right half. Equation (27)
recalls that of the error function, or, better, of the second curve of Pearson.t

(6) The area of the curve of pressure distribution, as drawn on the author’s
Fig. 3, represents the load on a strip of slab 1 ft. wide. If the average pressure
on the slab is p,, it may be written:

)
3 ] S a3 7D
_'v?JJ 9 M - Pyersssccssocccncnans |_'.||
* Koegler Uber die Vertellung des Bodendruckes unter Grilndungekdrper,” Der
Bemingeniewr, February 5, 1926,
I Philosophical Transactions, Reyal Soc. of London, SBeries A (1895), Vol. 186, Pt. I,

P 380 and 372; also, Fig. V. p. 365
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and, furthermore,

3
Py = 5 Pgrrevesssnrsanssenssanssasans (30)
Equation (30) signifies that the pressure at the center of the slab is always
30% greater than the average. In the writer’s opinion the ratio, &L.
r,

depends on the rigidity of the slab. In engineering practice there are no
infinitely rigid slabs, and, with a decrease in the rigidity of the slab, the ratio
Po .

+ Must Increase.
Py

The writer insists that in no case does the distribution law follow exaetly
Equation (27), which has been cited merely as an example.

Fia, 40

Third—The writer believes that the two parallel lines corresponding to
two principal sources of settlement (see Fig. 5) are not really parallel, and
that the settlement at the center of a slab is greater than at its edges. For
this belief he presents the following reasons: (1) In the middle of a
building, because of symmetry, there can be no lateral flow; hence, the
deflection in the middle of a slab depends only on the vertical component of
the pressure; (2) the vertical pressure at the edge being equal to zero, there
can be no settlement due to the vertical pressure; hence, the deflection at the
edge of a slab depends only on the lateral flow; (8) if the curve of deflection
due to vertical pressure (compression) be drawn, it will represent a curve
with ordinates decreasing from the center to zero at the edges:; on the con-
trary the ordinates of the curve of deflection due to lateral flow must
increase from zero at the center to a certain value at the edges; and (4) if
Koegler's theories are correct, the lateral flow does not increase from the
center toward the edges of the slab during the entire time, but stops when
z < b (see Fig. 39). Hence, the settlement at the center'of the slab seems
to be greater than at the edges. The settlement of small rigid disks, 8 or & ft.
in diameter, naturally cannot give any idea of the difference of settlement in
the center and on the perimeter of the slab.

Generally, a foundation slab is a statically indeterminate structure. The
distribution of soil reaction depends on the rigidity of the slab. Therefore,
bending moments and shearing forces vary with the change in its rigidity.
The distribution of so0il reactions is intimately bound to the deflection of the
slab, although Hooke’s law is not applicable to soils. Hence, the soil deflec-
tions, reaction distribution, and stresses in the slab are interrelated. This
idea is not mew. In 1914, Brugsch and Briske published a paper on the
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influence of the deflection of the foundation on the design of statically inde-
terminate structures.*

Entrapped or “Pinched” Air.—Professor Terzaghi greatly merits the
spproval of the Engineering Profession for demonstrating that elay and water
form an intimately connected system. Hence, the mechanics of clay, without
considering the influence of water, practically became absurd. The writer
desires to show that in some cases not only the water, but also the air, has a
considerable influence on the behavior of clay

The author states that “if the voids of the soil are filled with air, the
yolume change can take place at once, because the excess air can readily
escape toward the surface”. The writer thinks the air present in soil may
get in three different ways: (1) So that, in one way or another, it com-
municates to the surrounding atmosphere and assumes directly the temperature
and the pressure of the nearest particles of the atmosphere; (2) so that it
does not communicate to the atmosphere by means of air channels, but is
pressed against soil particles by the water in the soil; this is analogous to a
bubble in a spirit-level, and may be termed entrapped or “pinched” air; such
gir bubbles may often be microscopic in size; and (3) as adsorbed air which
sticks to the particles of soil.

The first of these conditions is the one recognized by Professor Terzaghi.
As to the second, which naturally must have great influence on the elastic
properties of soils, the writer is not sure of its presence in the deep layers
of the ancient natural clays. As to relatively modern deposits, however, and
especially the artificial fills, there is no doubt as to the presence of entrapped
gir. Therefore, an investigation of the effect of air and, if necessary, the
introduction of the element, “air”, into the system, “soil = water”, seems to be
of definite importance.t

The writer believes that a study of capillarity as applied to water in the
soil, leads to the conclusion that there is also a certain quantity of entrapped
air.t If the clay pores are not completely filled with water, there must be air
present. Furthermore, because clay pores represent excessively thin clefts,
it is very difficult to imagine that the air may easily escape from them. At
any rate, the influence of the entrapped air on the elastic properties of soils
should be investigated.

Pile Foundations.—It is interesting to consider the author’s views on pile
foundations in reference to the pile-driving formula of Professor Guersevanoff,
which is widely used in Russia.§ Professor Terzaghi’s notations are used
with the following additions:

r = rebound of the hammer after the blow; and
e = coefficient of the lost work, depending on the nature of the pile,
method of its driving, ete.

* Brugsch and Briske, “Einfluss der Nachgiebigkelt des Baugrundes auf die Berechnung
fusserlich statisch unbestimmter Bauwerke,” Befon und Edsen, 1914, pp. 15, 53, 85, and 188,

tD. P. Krynine, “On the Technical Rble of Alr in Boils” (in Russian), Transactions,
Inst. of Btructural Research, 1928,

tD P. Krynine, M. V. Ivanova, and T. A. Ovsiannikoff, “On the Capiliary Rise"
{la Russlan), Transactions, Inst. of Structural Research, 1828,

§ The Cement (Russian Magaszine), 19168 ; First issue, p. 2: Second lssue, p. 7T3. This
magazine is no longer published.
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The work done by the drop of a hammer consists of three parts: (1) Pile
penetration; (2) elastic deformation: and (3) lost work: for instance, increags
in temperature, ete. This may be expressed :

Rh=[A] 4+ [B] +[C]=@Q,8s + Rr4+ a Rh.......q8)

In his analysis, Guersevanoff ignores the term, R r, so that Equation (31)
becomes:

(1—a) Rh =
The coefficient, 1 — a = b, depends on the value of @, and the cross-section of
the pile, F; that is,
b = f {‘:lr:

By making various assumptions he comes to the conclusion that the shape
of the curve of Equation (31) is a hyperbolic one:

R+ w* (i 1 e

ey ¥ Q. seenesensnesnanensn (SE)

l+f”

The coeficient, n, depends both on the naturz of the pile and on the methed

. K
of its driving. For instance, for wooden piles without followers, n = 10 — !E;
cm
K g

cm-

for concrete piles with followers, n 0.5 Definitely, the formula, in kilo-

grams and centimeters, is:
F R402aG

_ T b .= R

This formula has somewhat the appearance of Equation (3), but Equa-
tion (35) neglects partly the length of the pile, and the modulus of elasticity
of the pile material enters implicitly into the value of n.

The author’s concept of hydrodynamic stresses induced in soils is truly
brilliant, but there is some question as to the squeezing of water out of soil
beneath the point of the pile. Suppose the pile is driven into clay contain-
ing 509, of voids which are completely filled with water. Then, the thickness
of the film of water around the pile must be, approximately (deformations of
the p”.} die.-sr(‘-gardrd) .

n - A
1 d
xdh R
in which, d is the diameter of the pile. In Fig. 41 the full line represents the
position of the pile before the blow, and the dotted line the position after the
blow. Thus, the film of water around a 10-in. pile would be 1} in. thick, which
seems to be too much. Therefore, the writer thinks that the vertical force
transmitted by the pile: (a) Compresses the soil, thereby causing the pile o
move downward and producing a certain lateral flow of hard parficles; and
(b) acts on the soil water just as in any case of clay loading.* In Fig. 43 the
part of the vertical force acting on the water is divided into two components:

®* Terzagh Erdbaumechanik.” Abschaitt 12, 20, and others

0.6
T =
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(1) The horizontal force, moving water away from the pile and thus eompress-
iug the entrn;u]n.‘d air; and \Z) the foree pum!]ul to the surface of the ]\‘l

The reaction against this component of force i what causes the film to form on
the surface of the pile. The posterior absorption of the film by the soil may
gecur, in the writer's opinion, only if there is air in the voids. The layers
of clay in Fig. 42 are assumed to be approximately horizontal.®
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Russian Contribution {o the Science of Foundalions.—The author deals
with the present status of the science of foundations as well as with its future.
Russian engineers have made some noteworthy contributions to the theory
of pile-driving.t They have also published some’ works dealing with the
determination of the depth, ¢, of the foundation. Through a paper by Pro-
fessor Kjiirdiimoff} three formulas, those of Paucker and Jankowsky, came
from Russia into European literature.§
Let,
t = the depth of the foundation;
H = the height of a sand prism, with base area and weight equal to
those of the building; and,
¢ = the angle of the internal friction
Then, Paucker’s formula is:

t Hzg'(m:-._ -, 1 SO

The first formula of Jankowsky is:

}J{f._p(y.'__ .I.) e ailbR s hrabsca D)

"D, P. Krynine Elementary Prool of Shale-Liken of Clay Particles.” Public Roads
Jinuary, 1928

! Jankowsky, “On the Resistance of Pile Foundations Journal, Ministry of Ways of
“mmunicalion, 1887 ; Guersevanoff, the previously cited paper, 1916 ; Dmohovaky, Papers
@ the Influence (a) of the geomelric skape of plies; and (b). of the eccentricities of loads,
Works of the Moscow Inst. of Transportation Eng., 1927. There are also other papers by
B¢ mame author and his textbook on “Engineering Foundetions,™ 1928,

1 Kjirdimolf, “Zur Frage des Widerstandes der Grilndungen auf nat@irlichen Bbden
Der Civilingenieur 1892

nl,‘!'hz- derivation of these formulas is to be found In Terzaghi's “Erdbaumechanik.” 1925,
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and his second formula is:

Belzetsky's formula® is:
(o= 3)

e cesacess ()

219 (4-'-- l:: )

Hitg (45°—-2)

He considers the effect of a horizontal force as well and admits that the soil
reactions follow the sine law.$ The same problem has been outlined by
Prokofieff.3

Miniaeff§ proposed the formula

(1 4n
(

in which,

and,

t rf( ad @ )
e 2

Equation (40) is based on the following hypotheses: (1) The distribution
of stresses in soils follows the same laws as in a solid; (2) “sets” in a dry
substance are not functions of forces; and (8) stresses in dry substance are
determined only by elastic deformation. The problem consists in determining
if, under a given set of forces, an elastic deformation of the soil takes place.
If not, a supplementary set of forces must be applied, namely, the weight of
the soil above the level of the bottom of the foundation.

Pouzyrewsky| considered a condition of the #o0il when all the deformations
are elastic only, and proposed the formula:

Ctyop+ @
H
Ctgeo+ o + 2

In his paper on the theory of dry substances, Nemilofff developed a
formula which, like the formula of Belzetsky, takes into account the width, b,
of the foundation. It is worthy of note that, in 1913, he proposed an apparatus

* Belzetaky, “Statica of Constructions,” 1914, p. 85 .

t Loc. cit., p. 83.

$ Prokofieff, “Theory of Constructions,” 1928, Vel. 11, p. 268,

. § Miniaeff “On the Distribution of Stresses In Dry Substances,” Tomsk, Siberia, 1915
p. 85

Pouzyrewsky, “"Foundations Design™ (In Russian), 1923 p. 38

f Nemiloff, “Contribution to the Theory of Dry Substances,” Journal, Miaistry of Wan
of Communications, 1913, Issue 9, pp. 126-148
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for determining the coefficient of internal friction® based on practically the
same idea as that for the apparatus used in 1917 by the Society’s Special
Committee to Codify Present Practice of the Bearing Power of Soils for
Foundations, etc.t

This fact shows that there is a need for a scientific center to look after
the technical literature in civil engineering the world over, in order to avoid the
duplication of work and to utilize the technical ideas of different nations.

(enerally, Russian civil engineers seem to like the soil and dry substances
theory, and there are many papers and discussions dedicated to this subject.
The writer calls attention to the works of Prilejaefff and Spalving.§ The
latter gives & new theory; he not only takes into account the equilibrium of a
soil prism as Paucker and others do, but he studies the stresses that develop
in the interior of this prism as well.

Since 1922, Russian engineers (principally highway engineers) have given
their attention to the necessity of studying the physical properties of soils.
The writer was the first in Russia who expressed in printed form the neces-
sity of co-operation between highway engineers and soil scientists.|] In 1923,
the Russian Highway Department and, later, its Highway Research Bureau,
began its activities along this line. When Professor Terzaghi's “Erdbaume-
chanik” appeared in 1925, it became clear that a new “slant” had been given
to this science

Soil Classification.—Engineering soil science has advanced considerably
in recent vears: but a definable system of soil classification had not appeared
until this paper was presented. The research engineer is in a difficult position
when receiving a sample of soil from a job. He may tell the builder as much
a8 he wishes about the internal friction of the soil, about its compressibility,
ita permeability, etec.; but the only question asked is, “How many pounds
pressure will this soil support{”

A laboratory cannot produce the answer to this question ecategorically.
The most practical solution of the problem seems to be to elaborate a com-
bination of simple laboratory experiments with a simple routine test in the

field.

8. P. Wing,Y Asscc. M. Am. Soo. C. E. (by letter).—The writer is con-
nected (1928), with the design of a dam that is to be located at what is known
as Site No. 7 at Bridge River in British Columbia. This work is at the lower
end of a 80-mile glaciated valley that is about }§ mile in width, with surround-
ing hills of granites and schists, The actual dam site is about 800 ft. in width
between granite outcrops. Borings showed that the rock on either side pitched

, _* Nemlloff, “Contribution to the Theory of Dry Substances,” Jowrnal, Ministry of Ways
O Communications, 1913, lssue 8, p. 140, Fig

! Proceedings, Am. Boc. C, E., August, 1917, Papers and Discussions, p. 1179; and
farther, Pig. 1, p. 1174
1» ! Prilejaelf, “Contribution (o the Theory of Pressure on Sustaining Walls n Russlan),
13
§ Spalving A New Theory of Dry Substances Water Tronsport (Russian magaszine)

February, 1027
D. P. Krynine American Methods of Earth-Road Building and Their Application In

Russia,” The Measenger of TecAnics and Economics (Russian magasine no longer published)
January, 1922
1 Eagr.. Constr. Dept., British Columbia Elec. Ry., Vancouver, B. ( Canada
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gharply downward, and drilling in the center was stopped when bed-rock was
not reached at a depth of 235 ft.

As borings showed a heavy bed of clay lying about 30 ft. below the sur-
face, numerous other test holes were sunk, and a clear conception of the under-
Iving beds was obtained. At the neck of the valley are beds of coarse talus
and gravel, perhaps 200 ft. deep as a maximum, resting on bed-rock. Over
Iying these strata is a continuous bed of glacial or post-glacial clay perhaps
10 ft. thick at the valley neck, but rapidly deepening to a thickness of 90 ft.
or more, up stream and forming an impervious blanket in contact with rock
on either side. Overlying this are recent deposits of silt and sand and gravel
from 20 to 30 ft. thick, forming the present valley floor.

Tests were made with a view to determining the bearing power and settle-
ment of both the clay and the overlying beds. The amount of settlement is
considered of great importance because the project calls for a rock-fill dam
with conerete facing and a water-tight apron extending up stream to a point
where cut-off can be made into deep clay. The design of this lining will
have to provide for any differential settlement.

The soil-pressure testing apparatus was similar to that recommended by
the Society’s Special Committee on the Bearing Value of Soils for Founds-
tions, ete.,* but was designed for a maximum load of 60 tons, so that loading
areas of 1, 2.5, and 4 sq. ft. could be used. In general, the apparatus proved
satisfactory, but in future tests an oil-jack would probably be substituted for
the screw-jack which was used as a fulecrum, because the force required to
move the latter in leveling induced extra settlement of the test post.

Test Pit No. 3—The first tests were made at Test Pit No. 3. Fig. 43
shows the log of the test hole at this location. The material was sand and
was composed of sharp angular fragments, largely quartz. Eight feet of the
top-soil was removed and the tests on different areas were made in the bot-
tom of the open pit on the undisturbed bed of sand. The mechanical analysis
of this sand was as follows:

Percentage
retained.

o

s ssdah
. 8.5
..15.8

. .42.5
..26.9

. 22

Total sample.....
Percentage of miea. .

This sand was saturated and the pit required sheet-piling and continuous
pumping to keep it unwatered. However, during tests the pit was allowed

* Proceedings, Am. Soc. C. E., March, 1922, Papers and Discussions, p. 529, Fig. 1.
t Percentage passing
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to fill with water. Figs. 43 and 44 give the results of the loading tests. An
attempt was made to measure the flow of the surrounding soil during the
loading of the 4-ft. square plate. Stakes were driven 18 in. into the ground
at a distance of 1 ft. from the loaded area. These did not show consistent
results. but at the end of the test they had risen an average of 0.015 ft. This

swttlement may have been due to the effect of unwatering
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Test Pit No. 2~Fig. 45 shows the test-hole log at Test Pit No. 2. A
pit, 5 by 7 by 13 ft. deep, was sunk, sheet-piled, and pumped dry to a depth
J ft. below the area being tested and the test was made on a 2-ft. square area
of undisturbed clay in place.

I'he material was clay and was stiff and difficult to spade, but under the
men’s feet it became plastic. Its characteristics follow

Weight of clay as sampled, in pounds per cubie foot........112

Percentage of water (in terms of weight of dry material

in 1 cu. ft.)... e L Nl
Percentage of lower limit of liguid state. . * .. 425
Percentage of lower limit of plastic state ............ cees SR
A change in moisture content from 37 to 209, causes shrinkage of 129

in original volume.
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The mechanical analysis by elutriation is as follows:
Pearcentage.
Particles, 0.075 to 0.050 L bt St o b o oo 6 N U i e D
0.050 to 0.025 e e s S b e s b banate eV N
0.025 to 0.010 S aR TN A G insas il
0.010 to 0.005 W Hae aatewbew thwts et wl LN
less than 0.055 A A b e e s e R

1ot | S R RN JPSC TR YT PN S L
Under the microscope it is estimated that at least 259 of the grains of
the last class are 0.002 mm., or less. The general character of the grains is
angular. Figs. 44 and 45 show load-deformation and time-settlement curves
Tests similar to those on the sand were made to determine any movement
of the surrounding soil, but little was detected even with the heavy settle-
ments obtained. The tests were carried to the point shown in an effort to

1

reach the ultimate load anticipated from the dam

Considering the tests on sand, it is interesting to note that the ultimate
loads per square foot agree with the author’s Equation (2), varying directly
with the diameter of the loaded area, the test loads being 15 000, 13 000, and
6 700 Ib. per =q. ft., and the corresponding computed loads on the basis of
the larger area being 15 000, 11 800, and 8 400 1b. per sq. ft. It is also to be
noted that the settlement is about the same for any given unit load. In this
test, since all bearing plates were on the surface at the bottom of an open pit,

the effect of any relationship of depth to diameter does not enter. It is inter
esting to note, however, that certain foreign specifications allow an increased
loading on a foundation below ground equal to the weight of the removed
material. This would appear to be a logical minimum regardless of the nature
of the soil.

The writer, lacking experience on tests of a similar nature, finds diffculty
in properly interpreting the test on elay. Compared with the tests on sand,
it might be said that failure took place at 500 lb. per sq. ft. After this point,
any increased load caused heavy settlements but, as the curves show, those
decreased with time, and practical equilibrium was established, even with as
heavy loads as 12 000 lb. per sq. ft. and total settlements of 2.3 ft., the settle-
ment in the last ten days at this load being only 0.01 ft. It is possible that
with this heavy settlement some extra bearing surface of the apparatus became
effective, but it is not thought that this was important. Release of the load
and its re-application caused some slight additional settlement, as shown by
the curve (Fig. 45). In the main it is thought that the increased support-
ing power of the clay was due to local consolidation under the bearing plate.
That similar results will cccur with a diameter of loaded area 100 times
greater, seems doubtful. As the author’s formulas are only applicable to
loads within what might be called the elastic limit, they give no guide as to
the future behavior of this material. Fortunately, in the present case, a diver-
gion dam of small proportions is to be built first, and it is intended to make
more loading tests on the exposed foundation and then to compare those
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msults with the actual settlements of the larger structure. It is thus hoped
to have adequate data when the ultimate structure is designed.

The paper has been a provocative one, and the writer hopes that in con-
tributing the results of his experiments, he will have helped in building up the
much needed data. It is also hoped that the author will indicate any omis-
sions in this description of the soil which would have made the data and
tests more helpful to other engineers dealing with like material.

M. L. Escen,* M. Au. Soc. C. E. (by letter).—The author has referred
to tests made at the University of Illinois prior to 1918 on the transmission
of pressure through sand. The results of tests made since that time, which
were reported in part in the discussion of “Transmission of Pressure Through
Solids and Soils and the Related Engineering Phenomena”,+ by George Paas-

well, M. Am. Soe. C. E, are thought to be of sufficient interest to be given
here in greater detail

TABLE 10.—Summary or Experimests Tto Derersineg Distrisution oF
Pressure v SaNp Bavvasrt Areaxcep 18 THE OrDER 1N
Wuict taE Tests Were Mane

Mixmwom ArrLiep Loap
Depth of Diameter of Reaction
ballast, in plates, in percentage of

inches inchen In pounds I:imluf-l:rl:!r applied load

To0 19.1
500 1.4
850 13.3
21 800 2.4
5 500 9.8
11 800 34.0
150 8 B
00
BOO
600
600
700
000
H00
00
T00
000
900
800
400
5 400

EEEERERRERE

@y

Bz DE®E

s
[N

S T Tl Ll P EEE
RSN

The experiments were made on & pile of loose bank sand having a diameter
at the base of 16 ft. At the greatest depth (88 in.) the sand pile had a top
diameter of 8 ft. When the experiments on a given depth had been com-
pleted, 8 in. of sand were removed from the top of the pile to obtain the
next dt-;a!h of sand over the t‘ap:-ll]t-.-'. The base of the sand ].ile had a diameter
of 16 ft. in all the tests, but the top diameter increased as the height of the
sand pile diminished. The load was applied to the sand through circular
plates, 13.5, 21, 30, and 36 in. in diameter, by a jack, and was determined

* Prol., Mechanics and Hydraulics, Univ. of lilinois, Urbana, Il
! Transoctions, Am, Soc. C. E., Vol. LXXXY (1922), p. 1563,
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by means of a calibrated steel spring. The arrangement of the apparatus
is shown in Fig. 46.

The vertical pressures transmitted through the sand were measured by
means of thirty-one pressure capsules placed in six radial lines in such a
manner that there was one capsule directly below the center of the circular
plate and three capsules on each cirele of 3, 6, 9, 12, 15, 18, 21, 24, 27, and
30-in. radius about the center. The pressure capsules were the same as those
used in the experiments reported in the Second Progress Report of the Special
Committee on Stresses in Railroad Track.* They were calibrated before and
after the experiments were made. The arrangement of the capsules is shown
in Fig. 47.

TABLE 11.—Verticar Uxir Pressures AT Varwovs Distaxces From Axis or
Arrrien Loap oN Circurar Prates, Expressep As PErRcENTAGES
oF THE Averace Arrriep Uxit Pressure

DisTawce raos AXis oF ArPLizD Loan,
Depth of Dismeter of v [xcums.
ballast piate. in
in inches | lnches
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Table 10 shows the order in which the experiments were made and the
maximum load applied in each test. The upward reaction computed from
the readings of the capsules, expressed in percentage of the applied load, is al®
<hown as a check on the accuracy of the measurements. It will be noted thet
the reactions are too small in the first three series of tests and too large in
some of the later experiments. The error in the reaction is due to the fact
that the average of readings at three points on each circle may not represent
accurately the actual average pressure. Furthermore, the pressure on a eap
sule may be different from that which would be developed at that point if there
were no capsule; that is, the pressure capsule itself has an effect on the intes-
sity of pressure which it is to measure.

* Fransoctions, Am. Sec. C. E., Vol. LXXXIII (1919-20), p. 1409,
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The order of the experiments is of importance in interpreting the results
because of the compacting action of the plates on the sand. This fact unfor-
tunately was not foreseen, and in the first eight series of experiments no
attempt was made to loosen the sand when the experiments on one size of plate
had been l"nllJll't.l.'I. il! the \X;lt"Tliill'Tl'..- ira.'{.!l.llil.lll}.: with Series Ja \.'I-Llla-.l 11),
the sand was loosened before beginning experiments with a plate of another

diameter

A condensed summary of the results of the experiments is given in Table 11.
The average intensity of pressure at various depths and distances from the
axis of the applied load is given in percentage of the average intemsity of
load applied by the circular plate. It will be noted that there are many incon-

sistencies

Py —

Diamatar Of Plate —inchas

A
-
ssure below Canter of

A0 MM

e 9 l? 0
loaded Area in Per Cant of appled Avernge Unit Preasure

F10. 48

A comparison of the pressures found directly below the center of the
loaded plates in these experiments with those found in the previous experi-
ments at the University of Illinois is shown in Fig. 48. The dotted lines rep-
resent the eguation,

1.5

Ji 1.95 .

P =901

which was deduced from the earlier experiments. The agreement is not good.
It was stated in the paper in which the equation was published® that, “the
equation represents roughly the results of the experiments, but it is not prob-
able that it has general application.” The difference in the results of the
two sets of experiments may be explained in part by the difference in proce-
dure in making the tests. In the experiments reported in 1918 a very high
intensity of pressure was applied. The plate was forced down several inches
to the level used when taking readings. As a result the sand was compacted
beneath the center of the plate and was loosened beneath the edge. Such a
condition may exist under heavily loaded footings on sand. These heavy
pressures were not used in the later experiments because of the fear that
many of the capsules would be broken. Tt is thought that the distribution of
pressure beneath circular footings used in practice will be betweeen the ex

* Engineering Record,

No. 4, Januvary 22, 1916, p. 106,
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tremes represented by the tests reported in 1916 and the tests represented by
Table 11.

The intensity of pressure at any point in the ballast beneath a footing is
not a definite percentage of the average intensity of the applied load, but i
different for different degrees of compactness of the ballast and for different
intensities of applied pressure. It is, therefore, not possible to draw “pres-
sure bulbs” which have general application. The high intensities in the
tests at the University of Illinois before 1918 are only to be found when the
plate is carrying nearly its ultimate load.

It was shown in the Second Progress Report of the Special Committes
on Stresses in Railroad Track® that the intensity of pressure at any point in
ballast beneath several loaded ties may be found by adding together the pres-
sures due to each tie. This was called the “Principle of Superposition”.$
Similarly, the pressure at any point in the ballast beneath a footing may be
considered to be due to the combined effects of the pressures applied to parts
of the foundation area. The pressures on these partial areas are not generally
paralle! to the applied load ; nor is the intensity of pressure the same at all
parts of the area of the footing. Near the edge of the footing the ballast
is less restrained and hence the wedging action in the granular mass causes
lateral flow. The effect of the flow is twofold: (a) The ballast is loosened
and, therefore, carries less pressure; and (b) the lateral flow develops a frie-
tional component causing the applied pressure to be inclined. The intensity
of pressure on a part of the foundation area becomes greater and the inclina-
tion of the applied pressures generally becomes less the nearer the part of
the area is to the axis of the applied load. The flow of the granular mass
away from the center of the plate is shown by heavy radial scratches on the
bottom of the circular cast-iron plates used in some of the experiments. In
the experiments made for the Special Committee on Stresses in Railroad
Track®, heavily loaded railroad ties on rock ballast were sometimes torn in
two by the frictional forces developed. The flow of the sand during a sud
den failure of the ballast beneath a loaded plate is strikingly shown by illustra-
tions given in that report.

The distribution of pressure in a granular mass is most easily compre
hended by a study of “lines of pressure”§ which are analogous to lines of
force in a magnetic field. If a load of, say, 100 Ib. is applied to a granular
mass, then on every horizontal plane below the loaded area there must be an
added pressure of 100 1b. If the distribution of the vertical pressure is known
on a number of horizontal planes at different depths, 100 diverging lines may
be drawn, each of which represents 1 lb. of pressure. In regions of high inten-
gity of pressure the lines are close to each other. If, for example, the pressure
is 30 Ib. on 1 sq. in. of one of the horizontal planes, then there will be 30
lines passing through that square inch. The lines spread as the distance down

* Fransactions, Am. Soc. C. E., Vol. LXXXIII (1919-20). p. 1409.
t Loe, oll., p. 1560

t Loc. oit.,, p. 1437, Fig. ®

§ Loe. cit., p. 1672.
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ward increases. By subdividing a footing into small areas on which the

direction and the intensity of pressure are nearly constant, a bundle of “lines
of pressure” may be drawn for each of the areas and, by the principle of
superposition, the intemsity of pressure on any square inch of a horizontal
plane may be found by counting the number of lines passing through that
square inch and multiplying the number thus found by the number of pounds
each line represents.

Lines of pressure for an 8-in. tie are illustrated in the Second Progress
Report of the Special Committee on Stresses in Railroad Track.®* The lines
cross, indicating a concentration of pressure at a depth of 6 in. below the
tie (found to be 1839 of the average pressure by experiment). Below a depth
of, say 6 in., the pressure in the ballast beneath the edge of the tie, and out-
ward, is mostly due @ the load applied by the opposite side of the tie. It
may be stated that the lines of pressure should probably be slightly curved,
although an empirical equation equivalent to straight “lines of pressure”
gave results in very good agreement with the results of experiments for depths
up to 24 in.}

The hypothesis of “lines of pressure” seems to have remained unnoticed,
bence it seems desirable to call attention to its value in helping to explain
the laws which govern the distribution of pressure through granular material.

The profession is greatly indebted to Professor Terzaghi for the new light
he has thrown on a very difficult subject. The classification of clays by their
“load-volume” relations, “permeability”, and “shearing resistance”, is an
important advance over previous attempts which based the classification on
color, grain size, water content, colloid content, ete.

The use of remixed material for determining “load-volume” relation and
measuring “permeability” is open to the objection that the results do not
apply to the undisturbed material. For example, in tests made on clay beneath
the foundation of the new Materials Testing Laboratory at the University
of Illinois, it was found that the water content of the undisturbed material
was the same as that which corresponded to a pressure of more than 5 000 lb.
per 8q. ft. on the remixed material. The samples were taker. at depths of about
3 and 6 ft. below the original surface where the pressures were, therefore,
only a few hundred pounds per square foot. Both samples were taken below
the water-table at the time of sampling, and the lower one was below the
lowest water-table. Undisturbed clays probably have their flat, mica-like par-
ticles oriented in such' a way that the voids are less than in the remixed

material

Methods should be devised for obtaining undisturbed samples for all the
tests. This is very difficult even under the most favorable conditions and
seems almost impossible in the case of material at great depths.

In the Red River Valley in Minnesota, North Dakota, and Canada, there
is & widespread, deep bed of clay on which there have been many foundation
failures. It has been found that buildings near railroad tracks have settled
much more than similar buildings at a distance from the tracks, due to the

* T'ronsoctions, Am. Soc. C, E., Vol. LXXXIII (1819-20). p. 1577, Fig. 100
t Loc. cit., p. 1575, Table 19
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jarring action of heavily loaded trains increasing the instability of.the clay
INAss
Mr. Albert Jorgensen, who has conducted experiments in soil mechanics
under the direction of the writer, makes the interesting suggestion that the
distribution of pressure in clay beneath footings may be determined by experi-
ments on models. A rather wet mixture of a uniform clay is to be placed ina
large water-tight box with a thin layer of sand on the bottom and at the sides.
A model of the particular footing to be tested is then to be placed and loaded.
The surface of the clay is to be covered with water. The pressure on the
footing will eause the water in the clay to flow away from the parts having the
greatest intensity of pressure. When sufficient time has elapsed to reach the
brium condition, small samples are to be taken at various points in the
nass beneath the footing and their water contents d®ermined. From the
“load-water-content” curve of the particular clay the water contents so deter-
mined may be translated into the intensities of pressure in the clay at the
places from which the samples were taken. Measurements of the settlement of
the footing, or of its parts, could also be taken. It is recognized that the box
would have to be of large size to eliminate the effect of the boundaries on the
distribution of pressure

Avsert JorceEssEn.* Esg. (by letter).—This paper appeals to one who has
stundied it thoroughly because it shows that the author actually took some of
the soil and determined its mechanical properties. He found that there is a
great difference between the mechanical behavior of sands and elays and that
clays vary greatly among themselves.

The capillary pressure of the water in the multitudinous, very small inter-
sgtices in a clay is a factor of importance. It governs the volume occupied by
a given elay under given conditions and under a given intrinsic pressure. This
is one of the outstanding differences between sands and clays. The phrase,

“under given conditions”, is significant. The volume of a portion of clay at a

given pressure (assuming that water is present) depends on the history of the
clay

If a sample of clay, in a condition near its lower liquid limit, is compressed
by a certain pressure (p, lb. per sq. ft.,, for instance), it assumes a volume,
definite for that clay, for the given pressure and the conditions of the test
Under the same pressure (p,), but after having first been loaded to p, 1b. per
gq. ft., the same clay might occupy a different volume. For instance, if &
sample of the same clay is made to sustain a pressure equal to p,, but after
having sustained a larger pressure (p,), the volume will be smaller. Expressed
differently, the pressure-moisture tests show that the volume at a gived
pressure depends on whether that pressure has been reached after positive
ompression only or after the clay has become re-saturated in recovering from
a greater compression. The volume also depends on the intensity of the pres-
sure attained before re-saturation was commenced and the number of times
the elay has been compressed and re-saturated.

* lnstr., Dept. of Gen. Eng. Drawing, Univ. of Illinols. Urbana, [IL
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The pressures may be applied mechanically in a manner designed to
gimulate actual conditions in the field; or they may be applied by the capillary
pressure of the water which assumes enormous values if the sample is dried.
Partly drying a sample would affect the clay to a degree comparable to that
caused by a pressure which would produce the same change of volume.

Clay and mud beds, with the possible exception of recent delta and lacus-
trine deposits, have been subjected to unknown pressures and possibly may
have been partly dried and re-saturated several times

For these reasons a bed of clay below the level of ground-water is apt to be
found dryer than could be explained by the existent pressure. For instance,
the soil taken from beneath the location of a footing on the site of a certain
building was found to be dryer even than the average unit pressure of the build-
ing would cause it to become. This soil was several feet below the level of
ground-water. The pressure-moisture test, in this case at least, indicated that
the soil had been compressed either by weight or capillary pressure.

The question then arises, as to what is the value of load-moisture tests in
such cases, This would be answered if methods of sampling and technique
for making tests on the soil in its original condition were at hand, but such
methods do not seem to be forthecoming.

sture

Percentage of Mo

Fro. 49.

The next question which naturally arises is, “How may the tests be made

on disturbed samples which will give a fair measurement of the condition of
the undisturbed soil 1

The writer believes that a load-moisture test performed as follows, would
give results which would aid greatly in formulating practical judgments con-
cerning settlements due to change of volume of the soil. Wet some of the soil
to & condition near its lower liquid limit and compress it in a cylinder by means
of a piston. The soil should rest on a solid filter which will allow the water
to pass to and from the soil as the pressure is varied. Compress the soil to
such a point (Point ¢, Fig. 49) that when the pressure is reduced to b (that




380 TERZAGHI ON THE SCIENCE OF FOUNDATIONS

pressure imposed on the soil in place), the moisture content will equal that of
the soil in place (Point a). This would require nicety in testing and eould
probably be attained only after several trials. Then compress the soil to any
desired degree.

The writer believes that the curve, ¢ d, so obtained, would be accurate
enough as a basis for practical judgments. It might have more value if
obtained after several compressions and re-saturations.

In order to apply a pressure-moisture curve to aid in estimating settlement,
it is necessary to know the distribution and intensity of pressures which exist
under foundations. Tests by M. L. Enger, M. Am. Sce. C. E.,* and Mesars.
H. E. Goldbeck,t and J. A. Moyer,t indicate that the pressures are far from
uniform and may have values several times the average unit pressure.

Cuarces Terzacun,§ M. Ax. Soc. C. E. (by letter).—This paper has called
forth discussions from nineteen engineers in the United States, Russia, Indis,
and China, representing a wide range of experience. While demonstrating the
widespread interest in foundation problems, the discussion also disclosed the
fact that few readers have had an opportunity to consult the publication from
which the writer's Statement (a) was reproduced. For this reason, and on
account of the condensed form of the statement, there was a tendency to mis-
interpret its meaning.

It has been previously emphasized that “cohesion” and “internsal friction”
are by no means simple properties. They depend not only on the character
of the individual grains (shape, size, nature of their surface) but, to a variable
degree, on the density, the water content, the pressure exerted by the surface
tension of the water, and the hydrodynamic stresses which are associated with
changes in load conditions. For very fine-grained soils, if the water content
decreases due to evaporation, the cohesion increases rapidly. If friction tests
are made with such soils so that during the test the water content of the
specimen remains unaltered, results are obtained that are very different from
those furnished by tests made on identical specimens enclosed between per-
meable plates.

Under these conditions it is self-evident that the terms, “cohesion” and
“internal friction”, represent abstractions and the validity of any statement
which involves such abstractions necessarily depends on the validity of the
simplifying assumptions on which the statement is based. This is obviously
also true of the writer's Statements (a), (b), and (¢). These refer to two
different materials: (a) Those for which the bearing power depends
essentially on cohesion, internal friction representing a negligible item; and
(b) perfectly cohesionless materials. The validity of the statements is limited
by the following assumptions:

(1) The shapes of the loaded areas are geometrically similar.
(2) The term, “settlement”, refers strictly to the total downward move

ment measured after the structure has reached a state of complete
rest.

* Engineering Record, Vol. 73, p. 108,

t Proceedings, Am. Boc. for Testing Materipls, 1917.

t Engineering Record, May 30, 1914 and March 13, 1915.
§ Prof., Foundation Eng., Mass. Inst. Tech., Cambridge, Masa




TERZAGHI ON THE SCIENCE OF FOUNDATIONS 381

(8) The comparison between the settlement of loaded areas of different
size should be confined to those produced by unit loads which are
less than about one-half the ultimate bearing capacity for the
smallest area.

(4) Hooke’s law need not necessarily be accepted, but Poisson’s ratio is
assumed to be a constant.

Assumptions (1) to (4) apply to both Cases (a) and (b). The following
sdditional assumptions apply to Case (a):

(5) The mechanical properties of the loaded material (relation between
stress and strain and the compressive strength of the material)
are practically independent of time and of the depth below the
surface.

(8) At any point of the underground, failure occurs as soon as the dif-
ference between the greatest and the least principal stress exceeds
the compressive strength of the material.

For Case (b), Assumptions (5) and (6) should be replaced by the following:

(7) The mechanical properties of the material (coefficient of internal
friction) are practically independent of time and of the depth
below the surface.

(8) The loaded material is incompressible; that is, the settlement of the
load is merely due to the deformation, but not to the volume
change of the loaded material. This condition combined with
Assumption (4) leads to the following consequence: If all the
principal stresses acting on a prismatic element of the material
are increased by multiplying their intensity by equal amounts, the
element changes neither in shape nor in volume, irrespective of
the intensity of the stresses.

(9) At any point of the underground, failure occurs as soon as the ratio
between the greatest and the least principal stress exceeds a
definite limiting value. This condition represents the most
important distinguishing feature between Cases (a) and (B): it
also represents the fundamental assumption on which all earth
pressure theories of perfectly cohesionless materials since Coulomb
were based and may be considered almost strictly correct.

The subject content of Statement (a) is graphically illustrated in Fig. 50.
Curve (' represents the result of a loading test performed on an area (circular,
square, or rectangular) with a width of 1 ft., supported by either one of the two
ideal materials described by the writer. Curve C, shows the characteristic
results of a loading test performed on an area with & geometrically similar
shape, but with a width of 3 ft. supported by the first of the ideal materials;
Curve O, applies to the second. The term, “ultimate bearing ecapacity”,
refers to the pressures, p, and p’,, respectively, at which a very small increase
in load produces a very important increase in settlement. The settlements pro-
duced by equal unit loads acting on areas of various sizes will be termed the
“equivalent settlements” of those areas. Using these terms, the laws illustrated
by Fig. 50 would be:

(4) If the ultimate bearing capacity of the loaded ideal material is essen-
tislly due to cohesion, the results of the loading tests performed on areas with
a width, d, equal to 1 ft. and 8 ft., respectively, would be represented by Curves
Cand O, (Fig. 50). Under a load of p per unit of area, which is assumed to be
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much smaller than p,, the settlement, S, of the large area is approximately
three times that of the smaller area, 8; or, in other words, the equivalent settle-
ment increases with increasing values of d. On the other hand, at a unit load
of p,, a small increase of the load produces for both areas a very large in-
crease of the settlement, because both curves, ¢ and C, bend steeply down-
ward as soon as the load approaches p,. Therefore, it is correet to state that
the ultimate bearing capacity is independent of the size of the area.

Load “p™ per Unit of Area

r
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-SETTLEMENT CURVES FOR LOADED AREAS

(B) If the loaded ideal material is perfectly cohesionless, a similar pair of
loading tests would be as plotted in Curves C and C, (Fig. 50). For a load of
p per unit of area, the settlement, 8, is practically independent of the size of
the area, provided p is substantially smaller than p,. On the other hand, the
small area practically yields under a load of p, per unit of area, while the
larger area must be loaded with p’, = 3 p,, in order to produce ultimate failure.
Hence, it is claimed that the ultimate bearing capacity of the ideal, perfectly
cohesionless materials (Law B) increases with the width of the area.

There was some doubt in the minds of most of the discussors as to whether
Laws (A) and (B) were derived from theory or from experiments. To remove
this doubt, it should be stated that the coneclusions were obtained entirely by
theory which was based on Assumptions (1) to (9), inclusive. As a matter of
fact, if the validity of these assumptions is granted, Laws (4) and (B) need
no proof, because they represent a simple consequence of the laws of similitude.
Hence, any inconsistency between theory and practice must be ascribed to the
properties of the material being at variance with those of the assumed, ideal
materials.

If the properties of any soil conform reasopably well with the assumptions
of theory, the laws represented by Fig. 50 must be valid. However, a com-
parison between the ideal materials and the actual soils leads to the conclusion
that clean, cohesionless sands differ from the ideal cohesionless material inss-
much as they are not perfectly incompressible. If the intensity of all the
stresses acting within the loaded material increases at the same rate, compres-
sion of the underground takes place which, in turn, causes a certsin amount of
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gettlement in addition to that caused by distortion. Therefore, the empiriecal
curve ((’, in Fig. 50) would be somewhat steeper than the theoretical curve,
C,; also, the ultimate bearing capacity of the loaded material may be slightly
reduced for the same reason. However, since the compressibility of sands has
glready been thoroughly investigated, it is a- simple matter of estimating
roughly the discrepancies in every case that may come up in practice. For
dense sands, the discrepancy between theory and practice is very small, while
for loose sands it is apt to be important

By comparing the ideal eohesive material represented by Curves C and C,
(Fig. 50), with actual plastic uniform clays, the conclusion is reached that all
gssumptions are fairly accurate, except for a certain increase in the cohesion
of the clay cansed by progressive consolidation of the loaded material. Yet
this increase could not possibly account for the striking discrepancy between
the settlements which should be expected for elay foundations from the results
of loading tests and the actual behavior of buildings standing on such ma-
terials. Among the fundamental sssumptions of the theory, there is just one
which could possibly be made responsible for the apparent defect of the
theoretical results. Aeccording to Assumption (2), the term, “settlement”,
refers strictly to the total downward movement until the structure comes to
rest. In practice, the settlement observations on buildings are made, at best, a
few years after the buildings have been constructed, and when the settlement is
still taking place.

The time which has to pass until the settlement of a fair-sized building
resting on clay would approximately conform to Laws (A) and (B) obviously
depends on the period required for the excess water to drain out of the clay
beneath the building. This time, in turn, depends on the permeability of the
¢lay and can be estimated by the theories previously published by the writer.®
Suppose, for instance, that the settlement due to pure compression of the clay
beneath an area 1 ft. wide was, after 5 days, 0.5 in. According to theory, for
an area with a geometrically similar shape, 20 ft. wide, subjected to exactly the
same load per unit of area, it would take 5 > 20 = 100 days to settle through
the same distance of 0.5 in., provided the excess water could not escape execept
through the exposed surface of the clay, surrounding the loaded area; or, in
other words, provided the bases of the loaded footings were water-tight.
On the other hand, if the bases of the loaded footings were permeable, the
settlement of both the small and the large areas, after 10 days, would be
approximately identical. However, for the amall area, the settlement would
stop after it had reached during a period of several months a total of about
L5 in., while for the larger ope it would continue with decreasing speed until
after several generations it would reach an ultimate value of 1.5 % 20 = 30 in.

Thus, it seems highly probable that the apparent contradiction between
theory and practice for clay foundations is due not to a defeet of the theory,
but to the attempt to correlate the settlement of small loaded areas—measured
almost as the footing comes to rest—with that of full-sized buildings in which
the settlement has scarcely begun. As a matter of fact, in old cities with

* “Erdbaumechanik™, Wien, 1925,
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buildings resting on clay, or on very slightly permeable mud, such as parts of
London or Constantinople, for example, there is ample evidence of progressive
subsidence. The City of Chicago, Ill., too, despite its comparative youth, is
erowded with instructive examples. A section of Cambridge, Mass., has sub-
sided more than 2 ft. since 1880. If it were possible to compare the results of
a loading test on elay with the settlement which a raft foundation, resting on
the same clay, had undergone not 1 year but 200 years after the building was
constructed, the agreement with theory would be much more satisfactory.

These statements are corroborated by the fact that the examples presented
in the discussion as arguments against the validity of the writer's statement,
referred entirely to clay foundations, on which the settlements are retarded by
the enormous resistance of the material against the escape of the excess water.
No contradiction was found to exist between theory and practice for founda-
tions of friable limestone, muck soils, silt, and sand, and other fairly permeable
materials (see, for instance, the*discussions of Mr. White on limestone, Mr.
Shaw on muck soils, and Mr. Wing on sand and gravel).

The bearing capacity of most of the more permeable soils commonly found
in practice, for example, sands with traces of silt, or deposits of “muddy sands”,
is appreciably influenced by both cohesion and friction, the relative importanee
of cohesion depending on the composition and on the density of the material
For such soils, a loading test performed on an area 8 ft. wide should furnish s
curve somewhere within the shaded area in Fig. 50, its shape and position
depending on the degree to which cohesion participates in producing the bear
ing capacity.

Attention should also be called to the fact that Laws (A) and (B), or any
rules for the interpretation of load test results, are based implicitly on the
assumption that the soil is practically uniform and homogeneous to a depth at
least equal to 1.5 times the width of the raft foundation, the settlements of
which are to be predicted, or of the width of the area over which the footings
are distributed.* Since in practice this condition seldom exists, the field for
successful application of the load-test method for determining the admissible
bearing value of the soil is far more limited than most engineers seem fto
realize.

In his paper the writer quoted the rules illustrated by Fig. 50 (Laws (4) and
(B)), merely for the purpose of demonstrating that no real contradiction
exists between the different settlement observations quoted in the paper (Chi-
cago, San Francisco, or the test results of Goldbeck and of von Emperger), and
that the apparent contradiction between these test results disappear if they ar
“examined in the light of applied mechanics”. In all these cases, the prog-
erties of the loaded materials (hardpan in Chicago, succession of layers of clesa
or sticky sand in San Francisco), or the conditions under which the testa (by
Goldbeck and von Emperger) were made, warranted the application of these
principles (see Fig. 50). In contrast to this, no such application would be
justified for correlating the results of a small-scale loading test on clay with
the observations covering a period of a few months or years of the history

* According to Assumptions (5) and (7), p. 881, strict validity of the laws, requires un-
ity of soll conditions to a depth equal to infinity
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of the settlements of a raft foundation resting on the same clay. In brief, the
spplication of any rule to practical cases should be preceded by a careful
investigation in order to determine to what extent, if any, the practical con-

ditions agree with the fundamental sssumptions of the rule. Due to the wide
yariation in soil properties no rules can be established that are wvalid for all
soils.

The discussions deal essentially with two main topics—the Engineering
News formula and the interpretation of the results of loading tests.

Among those who discussed the Engineering News formula, only one had
anything to say in its favor. The others rejected it more or less emphatically,
snd without exception, on the basis of past experience. However, little atten-
tion was paid to what the writer considers by far the most important feature of
the situation, namely, that the most general pile-driving formula (Equation
(8)), is fundamentally rigorous, provided one grants the validity of the basic
sssumptions. The most important of these assumptions concerns the identity
of the static and the dynamic pile-driving resistance. The failure of the
formula to give satisfactory results for pile-driving through clay or saturated
silts is due merely to the fact that, in these cases, the conditions existing in
practice fail to conform with the theoretical assumptions

These remarks lead to the attitude of the discussors and of engineers in
general toward the writer’s statements as illustrated in Fig. 50. Some experi-
enced engineers have accepted these statements as not being in contradiction
with their own observations. Others, also, backed by broad personal experi-
ence, have rejected them. This fact should arouse the suspicion that conditions
are not simple enough so that solutions can be found in the shape of rough and
ready half empirical formulas. In a third group of discussions, attempts have
been made to disprove the statements by proposing formulas which are claimed
to agree better with practice.

These reminded the writer of the many discussions he has read about pile-
driving formulas in past years. The method of approaching the problem was
always the same. As often as a new formula appeared it was found invariably

that the results furnished by it did not agree with many of the observed facts;
therefore, it was argued that the formula must be modified. Nobody seemed
to suspect that its deficiency might be due to the nature of an assumption in
eommon to both the eriticized and the proposed formulas. Hence, the discus-
tion of the pile-driving formula revolved for half a century in a vicious circle.

None of the discussurs seemed to realize that the writer’s statements stand
& firmly “on their feet” as applied mechanics, provided the fundamental
tssumptions conform with the conditions existing in practice. The assump-
tions cover all the essential mechanical properties of the soils, except those
which depend on time as, for instance, the compression of a clay or of a very
fine saturated silt. In a similar manner, the assumptions on which Equation
(3) is based consider all the essential elements of pile-driving, except the fact
that, in many cases, the dynamic and static pile-driving resistance are not
dentical. Hence, it is justifiable to conclude that Laws ( {) and (B) must
be correct, except for cases in which the time factor partly or wholly upsets
their validity for the brief period covered by the observations
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Instead of presenting this simple, but very important argument, the mem:
bers of the third group of discussors merely tried to replace the laws, which
have a limited but known range of validity, by others which are neither justi-
fied by rigorous analysis nmor supported by a known range of validity. In
doing so, this group repeated the mistake made by discussors who tried %o
replace the classical pile-driving Formula (3) by other more objectionable
ones, instead of inguiring as to the fundamental cause of the observed dis
agreements.

These remarks also apply to discussors of the second group who attempted
to question the soundness of the writer’s statements solely on the ground of
past experience. After realizing the limitations of theory, these engineets
may ask: What then is the use for establishing rules at all! The answer fo
this question touches the most vital point of the science of foundations, and
it cannot possibly be over-emphasized.

Settlements, as encountered in practice, depend as a rule on a number of
circumstances, such as depth of foundation; presence of other structures m
the vicinity of the new building; the occurrence of alternate layers of slightly
permeable and markedly permesable strata; total thickness of the compressible
deposits; relative position of the weakest spots of the underground with refer-
ence to the base of the foundation; and many others. In brief, the settlement
of a structure is a function of so many variables that it would be hopeless'to
arrive even at crude and empirical conceptions of the causes of settlements
unless systematic efforts are made to evaluate the relative importance of each
one of the individual variables. This can be done merely by establishing a
theory, not of the complex materials encountered in practice, but of a set of
ideal materials with certain very simple properties, each one of which will
gerve as a means of studying one individual aspeet of the real soils.

By such systematic analysis only can engineers gradually gain a deeper
insight into the workings of actual soils. Since by necessity the very best
analysis of that type falls far short of taking into account all the conditions
that exist in practice, there always will be a certain gap between theory and
practice, which can be bridged merely by experience. Considering the exist
ence of this gap, the writer agrees heartily with Mr. Gow’s warning agsinsi
readily accepting common formulas for use in actual practice. The writer
even doubts whether formulas with a fairly general degree of validity could be
established at all. Theory in connection with foundation engineering should
be regarded merely as an essential supplement to experience, to be used a8
a tool for acquiring a deeper insight into the causes of observed foundation
defects and for evaluating the relative importance of the factors in existence

Without a more profound analysis of phenomena encountered in practice,
experience is doomed to remain the same accumulation of incoherent, meaning*
less facts which fill the space between the covers of many textbooks on founds
tion engineering. The time may come when a man with experience, but with
out a thorough theoretical training, will be considered almost as unfit o'be
trusted with a design of an important foundation as the theoretician who bss
had no'experience. In structural engineering, this time came nearly a oo
tury ago.
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The writer hesitates to accept Mr. Gow's advice concerning the Engineer-
ing News formula. If, as Mr. Gow states, it is a fallacy to rely too strongly om
the results of individual pile tests, the application of the Engineering News
formula seems to represent an even greater fallacy.

It is significant that Mr. Goodrich abandoned the formula long before the
griter had even heard about its existemce. The observations made by Mr.
Goodrich concerning the stress distribution over a square bearing plate should
be an incentive for similar investigations of raft foundations resting on clay
wils by means of Goldbeck pressure cells or similar devices.

The experience reported by Mr. Endersby reminds the writer of a similar
incident which occurred in Galveston, Tex. On the south side of the Island of
Galveston, to a depth of about 50 ft., the underground consists of very fine sand
mized with powdered shells. Because of the very dense structure of this sand,
it is considered impossible to drive piles to a depth of more than 15 or 20 ft.
without smashing the pile-head. According to Colonel Schley, Government
Engineer of Galveston, some piles driven with a steam hammer to refusal
settled afterward several inches under a static load of less than 15 tons. This
and the incident mentioned by Mr. Endersby are obviously decompression
phenomena which can also be reproduced in the laboratory. If a layer of sand
that is laterally confined is subjected to a rapidly applied pressure up to a
eertain value and then the pressure is kept comstant (possibly by a testing
machine), the counter-pressure of the sand against the piston first drops
rapidly and then slowly to less than one-half the original reaction. In con-
nection with this statement, it should be emphasized that there seem to be no
records of conspicuous decompression phenomena except for cases in which the
pile-driving was done with a steam hammer that could apply pressure very
mpidly. The intensity of the decompression phenomena may be considerably
mcreased by the presence of a layer or pocket of very loose sand a short
distance beneath the point of the pile. Since the number of known ¢onspicuous
decompression phenomena on piles is exceedingly small compared to the num-
ber of cases in which the piles behaved normally, such a possibility could at
least be considered.

Mr. Endersby’s statement that the result of the tests with three different
bammers was “a good test for consistency of the [ Engineering News] formula
88 applied to various types of hammers”, should be accepted with caution. The

satisfactory agreement between the results appears to be mere chance: other-

wise, it would always exist. To mention one example among several on record:
When driving the piles for the Mariotis Lake Bridge, in Egypt, three different
pile-drivers were used: A steam hammer (weight, R = 4400 Ib.; drop,
h = 328 ft.); a hand-operated drop hammer (R = 1320 Ib.; A = 6.56 ft.);
and a steam drop hammer (R = 4400 Ib.; h = 3.28 ft.). The points of all the

piles penetrated the same stratum of sand.®

The Engineering News formula
furnished for the safe bearing capacity of these piles the average values of
96800, 16 800, and 27 600 lb., respectively. If the Engineering News formula
would furnish consistent results for piles driven into the same stratum with

According to Mr. W. Btross, in Beton und Bisen, 1908, p. 113,
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different types of hammers, these three values would have been fairly identiesl
Mr. Endersby’s statements show how a formula can acquire a good reputation
by an act of Providence rather than by inherent merits. Since engineers very
geldom have a chance to watch different types of pile-drivers operating simul
taneously on a very homogeneous material, they are apt to base their opinions
on an inadequately small amount of actual evidence

Mr. Paaswell justly emphasizes the fact that the New York Subway 5
unquestionably the world’s best laboratory for the study and illustration of &l
types of foundation problems”. The same was true for the Panama Canal in
the field of stability of earth slopes. Unfortunately, very few results of lasting
value were derived from the Panama experiment because of lack of funds avail
able for purely scientific research. In New York, the unique opportunity for
systematic research seems by no means to have been utilized to full advantage
The New York Subway remains a beautiful laboratory without equipment and
without personnel. The profession should appreciate all the more the ideslism
of those few engineers engaged in subway construction who, by their gwn
initiative, seriously endeavor to broaden technical knowledge on this subjest
by systematiec experimentation.

Mr. Williams presents a theory based on three assumptions: (a) That
setilement is merely due to compression of the underground; (b) that the total
depth of soil compressed is limited by the depth at which the pressure intensity
(per unit of area) drops below a certain limiting value; and (c¢), that the
coefficient of compressibility, C, is independent of depth. Attention should be
called to the fact that Assumption (¢) could merely be considered approxi
mately valid for materials with strong cohesion; for cohesionless materials,
on conclusive, experimental evidence, it does not apply. Mr. Williams the
computes the settlement of square areas with different widths, b. From
Assumptions (@) to (¢), it is evident that h (Fig. 18), increases in simple
proportion with b. This fact is also expressed by Mr. Williams’ formuls,

h / 3 A
h = — (\j . - l). By introducing the value of h into the terms preceding

r by

this formula, the same results are obtained as those expressed by Curve C,, Fig 50.
However, instead of retaining h, Mr. Williams ceases to consider it as a fune
tion of the width, b, without attempting to justify his step, thus transforming
it into a constant. This operation leads to the formula, W = A p + L f, which
contradicts his theory. Since his final formula does not represent the result of
the theory, it could be accepted merely as an empirical equation and the writer
considers that the empirical evidence is too fragmentary to warrant such 8
step.

The example quoted by Mr. Williams (the office building of the Michigan
Central Railway Company in Detroit, Mich.) does not invalidate Curve €,
Fig. 50. To conform with the assumptions of theory, the underground should
be uniform to a depth equal to at least one and one-half times the width of the
building. In contrast to this, from his own experience, the writer can state thal
the clay deposit of Detroit is far from being homogeneous. It consists of &8
irregular succession of layers of soft and stiff clay.
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Furthermore, the observations quoted by Mr. Williams refer to a recently
eonstrueted building and settlements are not comparable as long as one of them
still continues. For a building resting on clay foundations, the settlement
twenty years after it was constructed is certainly not identical with that just
gfter the building was completed. It may be many times more important.
Thus, for instance, in Massachusetts, a short time after construction, the
gettlement of an important structure founded on plastic clay ranged between
01 and 1.1 in. One year later, the extreme settlements had increased to 0.6
and 2.8 in., respectively, and ten years later, they amounted to 1.0 in. and 7.6
in., respectively. In Chicago, conditions are not very much better.

Mr. Williams suggests reducing the discrepancy between the results of the
loading test and the actual settlement by loading the soil around the test
footing. To follow this procedure would mean an attempt to compensate for
the effect of the time factor, which is absent, by adding a load factor. The
importance of the time factor on the relation between settlements of amall
and large footings is exceedingly different even for the same clay, depending
on the water content. Hence, it seems rather difficult to establish a reliable rule
for computing the intensity of the compensating load which should be applied
around the footing, Instead of trying to reduce the discrepancy between test
results and the settlement of the proposed structure by introducing into his
arguments one more element of uncertainty, the writer takes it for granted
that this discrepancy (together with the possible effects of the lack of uniform-
ity of the underground) represents inevitable defects of the load test method.
Hence, when attempting to evaluate the probable settlement of a proposed
structure, he bases his judgment not only on test results and his knowledge
of soil physics, but also on past experience and on what the test borings show
about the nature of the deeper strata. Test results and physical knowledge
are used merely for establishing connection between past experience and the
new situation. In no case would he dare to rely solely on a test result.

Mr, Williams states that the writer neglected the effect of the deflection
of the foundation on the pressure distribution over the base of the foundation.
For foundations on well compacted sand, the pressure-relieving effect of the
deflections is very important indeed, but for soft soils, this is insignificant.
This fact has been known for more than forty years. Since most raft founda-
tions are supported by soft soils, designers do not often have an opportunity
to take advantage of the pressure-relieving effect of deflection. The question
concerning the distribution of pressures over the base of raft foundations is
#till in a controversial state, and the discussion by Mr. White of the same
topic seems to indicate that engineers are by no means unanimous in assuming
wiform pressure distribution to be safe.

Dr. Chatley calls attention to the slowness with which hydraulic fills,
consisting of fine alluvium, expel their excess water. During 1928, under
the writer's supervision, Glennon Gilboy, Jun. Am. Soe. C. E., made an
exhaustive study of the process of comsolidation of an hydraulic-fill dam.
For this purpose, a shaft was sunk through the core of the dam and undis-
turbed samples were secured at various depths below the crest. The results
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of these investigations represent an important contribution toward present
knowledge of the comsolidation process; they conform with Dr. Chatleys
observations and with the conclusions previously drawn by the writer from
theory.

Dr. Chatley’s conception of the part that the molecular bond plays in the
physics of granular masses is fundamentally sound, although it is still doubtfal
whether the molecules of two adjoining particles interact directly or whether
the interaction merely takes place between the molecules of the skins of
adsorped materials surrounding the particles.®* The possibility undoubtedly
exists that the degree of dispersion of a highly colloidal soil may gradually
change. To date, very little is known about this process. The writer &
inclined to believe that it is often associated with chemical changes and that
it plays a very important part in Nature.

The most promising methods for the design of sheet-piling seem to be thos
based on the assumption of a eircular sliding surface. These methods were
developed by K. E. Petterson, Sven Hultin, and W. Fellenius, in Sweden.$

In 1920 the writer was at least as enthusiastic about colloids and about the
possible benefits to be derived from colloidal chemistry for foundation and
earth-work engineering as Mr. Holmes is to-day. However, during the sue-
ceeding years of struggle with the complex material called soil, this enthusissm
has dwindled to practically nothing. Some of the reasons of the progressive
disappointment can be explained by means of Mr. Holmes’ own data. He
admits that “extracting the colloids from a soil to determine the amount of
colloidal material iz a long and laborious process”. Therefore, he proposes s
simplified method of his own. According to Fig. 20, an ignition loss of 3%
may mean anything between 69 and 299 of colloid content.

Furthermore, since the physical properties of soils with equal “colloid
content” are apt to be widely different, Fig. 20 is certainly not a very com
vincing argument. The following data from tests on a soil in Spanish Hondurss
may serve as an illustration. The soil had a clay content of 709 and, in il
natural state, a water content of 33 per cent. The coefficient of permeability of
this soil was found to be: (a) Undisturbed sample under primeval forest
with 839, of water, k = 2.6 cm. per min.; (b) the same soil dried, powdered,
and compacted, ¥ = 0.0024 cm. per min.; (¢) the same soil with the same
water content as in Case (a), but after completely destroying its original
structure by kneading, k¥ = 0.00000085 em. per min. In addition, by incress
ing the water content of Sample (c), from 209 to 409, the coefficient of
permeability was increased from 0.00000010 to 0.00000250.

Hence, even if a rapid and reliable method should be found for defer
mining the percentage of colloids, it may have but little practical value
The quality of a dam construction material depends essentially on its pe
meability, cohesion, and internal friction. No simple and universally valid
relation exists between the colloid percentage and any one of these important
physical properties. The situation becomes still more involved considering that

- iy
* “Mechanlcs of Adsorption and the Swelling of Gels,” by Charles Tersagh!, M. Am. Bt
C. E. Fourth National Colioid Symposium, 19286,
t “Erdstatische Aufgaben.” W. Fellenius, Berlla, 1927 : "Erddruck, Erdwiderstand abd
Tragfihigke!lt des Baugrundea,” H. Krey, Berlin, 1926.
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both the permeability and the cohesion of any soil may vary between extremely
wide limits, depending only on the history and not on the substance of the soil
deposit. Nothing except a refined chemical analysis could disclose the nature
of the admixtures. Finally, some of the most excellent dam construction
materials that the writer has ever encountered, which were splendidly fit for
eonstructing earth dams without a core-wall, -contained almost no colloids.

Considering these and many other facts, the writer cannot be blamed for
his skeptical attitude toward those who hope to derive important practical
benefits from colloidal research. He prefers to obtain data directly from the
results of appropriate experiments. Nevertheless, any advance in the field of
colloid chemistry is of outstanding interest to every one dealing with soils
and with earthwork engineering. This interest, however, is at present of a
purely scientific nature.

Mr. Feld thinks that the writer's effort to establish a more accurate inter-
pretation of actual construction experience is a desire to “suddenly sub-
stitute a new ‘science of foundations’” for precedent and experience. No
such intention ever entered the writer’s mind. The need is, not for a latent
state of war, but a more intimate co-operation between field and laboratory.
In establishing such co-operation, the absence of any AuthOFitalive nomenth-
ture certainly is a serious handicap; but it is by no means the principal
stumbling block. Far more detrimental is the widespread lack of training in
sbstract reasoning and the tendency to reject theory completely unless it leads,
overnight, to conclusive results.

The reason the writer neglected to deal with the effect of the shape of the
area on settlement is obvious. At the time when the paper was written, he
did not know anything about it. Even in the case of the bearing of solid
against solid within the elastic limits, the shape of the area has a very impor-
tant effect, but all efforts made to solve the problem theoretically thus far
bhave failed. However, since January, 1927, experiments have been conducted
at the Massachusetts Institute of Technology, for the purpose of getting at
least preliminary information on this controversial subject. The results
obtained are interesting enough. They suggest that the effect of the shape
of the area on both the equivalent settlement and on the ultimate bearing
capacity may be very different, depending on the degree of cohesion.

For example, assume two loaded areas, one with a circular shape, of which
the diameter is d, and the area, f; and the other one rectangular with the
width, d, and a length several times larger than d, so that the area is F. For
& material with dominating cohesion (Plasticine), the equivalent settlement
for f was found to be smaller than that for . On the other hand, the ultimate
bearing capacity for f was found to be considerably greater than that for F.
For perfectly cohesionless materials, the opposite relation was found to exist.
The tests were repeated several times, and the results were remarkably con-
sistent. Here, again, it seems a fact that the influence of the shape of the
trea may be very different, depending on whether the bearing capacity of the
material is essentially due to cohesion or to internal friction.

The “sympathetic” settlement of adjoining footings may have very differ-
€t causes. In the case illustrated by the writer's Fig. 11, a fence post
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located at & distance of about 800 ft. from Building (b), had settled seveml
inches. In this case, the eympathetic settlement was due to the presence of g
layer of sand beneath a bed of unconsolidated clay. Another type of um
pathetic settlement (settlement of the surface of the ground in the vicinily
of a concentrated load) has been treated theoretically by the late Professs
A. Foppl in “Vorlesungen iiber Technische Mechanik”, which also confaing
the results of the tests performed in order to check the theory.

Mr. Housel presents a series of very interesting and valuable test resalis
However, from these results, he feels justified in concluding that the statements
presented by the writer concerning the relation between the bearing capacity
and the diameter of round plates, is false, and that they lead to absurd results
A similar opinion is known to be held by many other engineers.® The writer,
therefore, may be justified in examining the arguments presented by Mn
Housel in somewhat greater detail.

At the outset of this closing discussion, the writer quoted the assumptions
on which Fig. 50 was based. It also was shown that Laws (4) and (B),
derived from these sssumptions, are as unquestionable as the laws of applied
mechanies, provided the assumptions agree with conditions existing in Nature
Therefore, if a discrepancy is found between theory and practice, it must be
due to some factor not taken care of by theory. In the case of foundations
resting on clay, an apparent discrepancy was found to be caused by the low
permeability of the material which retards the settlement of a large footing
much more than that of a small bearing-block. The advantages to be derived
from such knowledge are manifold.

The first lesson learned is the intimate relationship that exists betwes
the low permeability of the underground and the progressive settlement of the
buildings which it supports. Furthermore, it is important to understand
that a settlement of identical foundations on identical clays may be very
different, depending on whether or not the clay contains streaks or layers of
permeable sand through which part of the excess water of the clay may freely
drain. It is also important to prevent the mistake of applying to a fairly
permeable system of strata the experience previously obtained with foundations
on very slightly permeable materials, such as plastic, homogeneous clays. That
iz what the writer ealls a “scientific approach” to a soil problem: an attempt
to uncover the responsible factors by isolating the variables and systematically
determining their relative importance.

However, Mr. Housel selected another and apparently simpler method of
dealing with his subject. Instead of attempting to investigate whether or not
the statements quoted by the writer were consistent with the accepted laws
of mechanics, he introduced into his discussion rather vaguely defined concep
tions such as “shearing resistance” per unit per length of perimeter and “pres
sure bulb”. These conceptions certainly are convenient for a general descrip:
tion of the conditions which exist in the underground of a loaded area; but, if
it comes to rigorous analysis, they cease to exist. In applied mechanies, the
term, “shearing resistance”, refers exclusively to a unit of area, not to a unil

* Engineering News-Record, March 29, 1938, p. 630. ¥
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of length, and the pressure bulb is not referred to at all, except inasmuch as
it indicates vaguely what is rigorously expressed by the formulas of Hertz
and Boussinesq.

Considering these facts, it is very difficult to translate into terms of
spplied mechanics such statements as “the important consideration * * *
ig the effectiveness with which the different shaped plates adjust themselves to
the pressure bulb.”

Speaking of his test results, Mr. Housel admits that the results agree with
conditions as defined by Curves ¢ and C,, Fig. 50. Yet, he rejects them
because “* * * when the principle is applied to the much larger areas used
in practice that the fallacy of this assumption becomes apparent”. Then,
without preceding analysis, Mr. Housel supersedes the term he rejects by a
term of his own conception (Equation (11)), and simply claims that his term
represents a satisfactory solution, valid for all soils irrespective of their phys-
ical properties. Nowhere in his discussion does he hint at the possibility that
g difference in drainage conditions may have a far greater influence on settle-
ments than a difference in compressibility or in internal frietion.

Mr. Bailey touches the human side of foundation engineering by quoting
two casea of failure which occurred in spite of thorough preliminary work.
The question arises: Will it ever be possible to avoid entirely such tragic inci-
dents! The writer does not believe so. At the same time, from his personal
experience with foundation failures, he is convinced that more than 909 of
the accidents which occur nowadays could be avoided by proper application
of the results of soil research to the design of foundations. The others will
remain inevitable, very likely forever, on account of the fragmentary char-
scter of the information furnished by test borings. By transforming this frag-
mentary information into complete geological profiles, the engineer automat-
ically introduces into his forecast a persomal element and with it an element
of uncertainty. Thus, on construction work with which the writer was con-
nected, careful test borings were made and all of them indicated the presence
of a continuous bed of very stiff clay extending to a considerable depth below
the base of the proposed raft foundation. Immediately before the reinforce-
ment for the concrete slab was placed, water broke through the bottom of
the pit, carrying large quantities of very fine sand. Subsequent investigation
by supplementary boring showed that there was a narrow belt of quicksand
enclosed within the elay bed at a very shallow depth below the bottom of the
excavation pit and by mere chance the test borings missed it.

The risk caused by the fragmentary character of test-boring records will
tlways continue to exist. In connection with dam foundations this inevitable
risk is very much greater and very much more serious. The ultimate aim of
the science of foundations merely consists in reducing the present intolerably

wide margin between the factor of safety of the most and of the least solid
foundations.

Mr. Condron describes an instructive case of foundation experience in
tonnection with the Chicago blue clay. Aeccording to the test borings, the
stifness or the eohesion of this clay increased considerably with the depth.
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Since the cohesion of the clay varied with the depth, and since, in addition,
the clay represents a very slightly permeable material, Law (4) is not direstly
applicable to Mr. Condron’s case, and the interpretation of the test resully
represents a rather complicated problem of soil physics.

Mr. Condron’s method of handling the problem can be considered a typiesl
example of a very conscientious and conservative approach along the lines of
current practice. In order to determine wherein this practice may fall short
of what is desirable, engineers may ask the question: What arguments led
Mr. Condron to conclude that 8 000 Ib. per sq. ft. is a safe load for the seil
which he tested!

His most important argument undoubtedly was that the neighboring build-
ings, with foundations designed for a soil pressure of 4 000 lb. per sq. ft., showed
no evidence of unequal settlement. After Mr. Condron had verified this faet
he made a loading test, with the soil around the loaded area remaining in
place. From the favorable outcome of this test, plus the evidence furnished
by the neighboring buildings, he reached his conclusion.

If the procedure for determining the admissible soil pressure is so simple
then why does the engineer need any of the more refined soil studies! To
answer this rather vital question, suppose that an engineer has to construct
a duplicate of Mr. Condron’s building. Before preparing the plans for the
foundation, he makes exsctly the same test as Mr. Condron did, except to assume
that there are no neighboring buildings the behavior of which would inform him
about the guality of the underground. Furthermore, when making his test
borings, suppose that the engineer discovers that, to a depth of 10 ft. below
the base of the proposed footings, the underground is the same as that found
by Mr. Condron. Below that depth conditions differ in one of three possible
ways, as follows:

(a) Instead of homogeneous stiff blue clay, there is a homogeneous soft blue
clay.

(b) Instead of homogeneous stiff blue clay, there is a stiff blue clay whish
contains several layers of dense but very permeable, water-bearing sand.

(¢) Instead of homogeneous stiff blue clay, there is a “varved” clay, consist-
ing of a succession of almost impermeable and fairly permeable layers about
1 in. thick.

Since, at a depth of 10 ft. below its base, the soil pressure exerted by the
loaded 6-ft. square test footing is already negligible, the outcome of the load:
ing test will be almost exactly identical with that obtained by Mr. Condron
Yet, the major part of the pressure bulbs of the full-sized footings will be in
a material altogether different from those in the case cited by Mr. Condron
As a consequence, the ratio between the settlement of the test footing and of
the full-sized footings will also be altogether different.

In Case (a), the settlement due to lateral yield of the soft clay will b
much more important than it was when the deeper part of the stratum eos-
sisted of stiff material. In Case (b), the excess water in the clay benesth
the full-sized footings can freely drain into the sand out of the clay, whild
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through the homogeneous stiff clay beneath Mr. Condron’s building, it could
got percolate except very slowly. In Case (c), the clay can discharge its
excess water still more freely, and the settlements due to gradual consolida-
tion are apt to be very important although the material gives the impression
of being very stiff. Whenever, in practice, the writer emcounters “varved
clay”, he knows there is trouble ahead, and experience has invariably confirmed
his anticipation.

The engineer who pays little or no attention to the manifold character-
istics of soils would be apt to trust the outcome of the loading test, and would
consider Cases (a) to (¢) to be identical with the one described by Mr. Con-
dron. . Hence, he would also consider 3 000 Ib. per sq. ft. a safe load and to his
surprise the result of his decision would be an excessive settlement of the struc-
ture. The task of developing a “science of foundations” consists in preventing
such errors by painstaking analysis of the relative weight of each individual
factor which could possibly influence the behavior of the proposed structure.
Without such analysis, the profession would have always as many different
rules for the interpretation of the results of loading tests as there are engi-
neers who keep a record of their observations.

Mr. White's experience, derived mostly from construction work in New
York, covers some of the most difficult fields of foundation engineering and,
whenever he chooses to disagree with any of the writer's statements, the
writer always feels compelled to “think it over twice” before he replies. The
two points wherein Mr. White's opinions seem to differ from those of the
writer are the value of loading tests and the relation between the bearing
capacity and the density of soils.

The principal arguments against placing too much confidence in loading
tests were explained in general at the beginning of this closing discussion
and by means of an example in the writer's comment on Mr. Condron’s dis-
cussion. The writer uses loading tests merely as a means of investigating the
character of individual strata, but he never would dare to pass judgment on
the probable settlements of a full-sized structure without ecareful consideration,
not only of the results of the loading tests, but also of the influence of the char-
acteristics of those strata between the elevation of the base of the pressure
bulb of the test footing and that of the full-sized footing. The cases in which
the soil is of a perfectly uniform character to a depth at least equal to the
width of the building are very rare.

The relative density of a soil or of a rock is undoubtedly a factor of impor-
tance, but unfortunately the relation between the behavior of this soil and its
density are by no means simple enough to furnish reliable information on
the bearing capacity of the material. Thus, when experimenting with clays, the
writer had an opportunity to compare two blue clays from two different
localities. Ome of these clays, with a water content of 359% (volume of voids,
489%) was almost liquid, while the other with exactly the same water content
and the same volume of voids was found to be stiff and had a very appreciable

consistency. Similar although less conspicuous variations were found to exist
when experimenting with sands.
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This leads to a discussion of the effect of the shape of the grains. My
White is inclined to essume that the large voids ratio may have the same
effect on the mechanical properties of a sand as the mica content. As a mat-
ter of fact, the compressibility of the same sand increases rapidly with its yol-
ume of voids. There is, however, one fundamental difference between pure
sand and sand-mica mixtures which cannot be explained by Mr. Whites
assumption. This difference concerns the elasticity of the two materials aa
illustrated by the shape of the rebound curves. Thus, when experimenting
with very fine quartz dust, it was found that the compression curve of this
material was almost as steep as that of a sand-mica mixture, but the rebound
curve was almost as flat as that of an ordinary sand, while the rebound curyes
of the equivalent sand-mica mixture rose very sharply. Since the rebound
curves of the clays are as steep as those of sand-mica mixtures, the writer con-
cluded that the clays and silts owe their mechanical properties essentially to
the presence in the material of a high percentage of scale-like particles. At the
time when this statement was published, it was presented as a hypothesis
Since then, Professor Goldschmidt, in Oslo, Norway, has succeeded in measur-
ing the actual quantity of scale-like particles present in typical Norwegian
clays,* and the data which he obtained checked so well with those derived
from the sand-mica experiments performed at Massachusetts Institute of
Technology that there is little doubt about the hypothesis being fundamentally
sound.

From a practical point of view, the principal difference between very fine
sand and an equally fine sand-mica mixture is that the volume of voids in
the former is always very much smaller than that of the latter, provided both
were deposited by identical geological processes. Sand-mica mixtures with
macroscopic grains and with a high percentage of mica have not yet been
found in Nature. The so-called “micaceous sands” as a rule contain only &
very small fraction of mica by weight. The micaceous appearance is due to
the fact that a single sand grain weighs twenty or more times that of a mica
flake of equal size.

Mr. White is inclined to doubt the validity of the writer’s statements con-
cerning the effect of the depth of a foundation on the settlement for perfectly
cohesionless material. His doubts are unquestionably based on what he has
observed in actual practice where he has had almost no chance to study a
material conforming with the condition of perfect lack of cohesion.

Mr. White’s examples of the general character of the settlement of whole
buildings (Fig. 31) leave little doubt that the centers of the outside walls
settled more than the corners, but it is still an open question whether the
centers of these buildings settled more than their perimeters. In order to
insure uniform settlements, some engineers in Texas follow the practice of
keeping the soil pressures for the outer footings 12 to 209, less than those for
the inner footings, and their experience seems to confirm the soundness of
their practice. It should also be considered that the relation between the
amount of settlement of the center and of the perimeter of a building, at equal

. Abstract b;-{;hsriei Terzaghl, M. Am. Soc. C. E., in “Beonomic Geology,” 1828
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goil pressure per unit of area may be very different, depending on the degree
to which the cohesion of the underground dominates over internal friction.

The introductory remarks of Mr. Simham’s discussion describe exactly
what the writer has been “driving at” for many years. The writer also con-
cedes that no laws can be derived from uncorrelated sets of experiments; but,
st the same time, he seriously doubts whether any formula can be derived to
cover all the requirements of actual practice. In dealing with foundation
problems, the writer confines himself to what Mr. Simham calls “a careful
disgnosis of every factor that influences the behavior of a soil”, and in doing
g0 he has almost invariably found that he must be satisfied with finding out to
what extent his previous experience applies to new cases. All the rules which
be derived, and very likely all those which he will derive in the future, are
merely intended to be tools for use in this fundamentally important diagnosis.

Equations (12) to (21), inclusive, represent one possible approach among
many to a mathematical description of what engineers may observe. How-
ever, their value will depend on the degree to which Mr. Simham succeeds in
taking care of the time factor, which is the stumbling block in the path of
all similar attempts.

Mr. Marston describes an example for the application of soil physics to
the study of materials for hydraulie-fill dams. Since this investigation was
terminated, much progress has been made along similar lines by the work per-
formed in the writer’s laboratory. In pursuing this work, the thorough inves-
tigation of perfectly undisturbed materials extracted from the core of an
existing hydraulic-fill dam proved to be of inestimable assistance and threw
much light on the disputed problems. (See, also, the writer's comments on
Dr. Chatley’s discussion).

Mr. Shaw describes interesting experiences with New Orleans muck soils.
Since the internal friction of under-drained muck soils is extremely low, their
bearing capacity depends essentially on their cohesion. At the same time,
that they are fairly permeable is proved by the fact that it is possible to drain
them with open ditches. For soils of such a character the rule represented
by Curves ¢ and C,, Fig. 50, has at least approximate validity. This state-
ment agrees with Mr. Shaw’s experiences,

Furthermore, previously published theoretical investigations of the writer
have led to the following conclusions regarding the ultimate bearing capacity
of medium permeable and saturated silts and muck soils. Select on the sur-
face of such a soil two equal areas and load both of them at a different time
rate until failure occurs by an “out-and-up” flow of the loaded soil. The more
slowly the load is applied, the more chance the soil has to expel its excess water
during load application. Therefore, ultimate failure of the area which was
loaded very slowly will occur at a higher load per unit of area than that on
which the load was rapidly applied. This theoretical conclusion is substan-
tisted by the success of Mr. Shaw’s method of levee construction by successive
spplication of wide and thin layers. The compacting effect produced by
load application is illustrated by the writer's Fig. 4.

Mr. Shaw’s observations concerning the difference between the effect on
woft soils of concentrated and of distributed loads call attention to an impor-
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tant fact, closely related to the influence of the depth of foundation on ‘the
ultimate bearing capacity of the soil. Suppose the area, a-a (Fig. 51), is uni-
formly loaded, while on both sides of a-a, the load decreases from its value at
a toward zero. For this case, both theory and experience lead to the conely-
gion that the wider the srea over which the load spreads, the greater is the
load, p, p,, p,, etc., at which failure occurs

The effect of the flaring out of the load becomes still more conspicuous if
the thickness of the soft layer is very much less than the width of the base
of the fill (Fig. 52). In this case, the soft layer is “trapped” between the base of
the load and the surface of the stiff layer. If the fill has no tensile strength, the
limited depth of the soft layer and the friction along the top surface of the
firmer ground introduce factors of resistance absent in deposits of greater
depth; but if the fill has tensile strength, an arching effect, similar to that
which takes place in grain bins, still further reduces the tendency of the
soft material to flow. (See Fig. 52.) From his experiences with the con-
struction of fills on peat deposits in Michigan, Mr. V. R. Burton® concluded
that in placing a fill with a width ranging between 24 and 30 ft. on the
surface of a peat deposit, the character of the resulting subsidence was
very different, for varying thicknesses of the deposit. If the thickness
was less than about 20 ft., the fill merely produced a trough-like depression
in the peat deposit. On the other hand, if the thickness of the deposit exceeded
about 28 ft., the fills penetrated as far as the bottom of the deposit, thus com-
pletely displacing the peat beneath the center line of the fill. Examples of the

sudden subsidence of fills placed on soft muck soils can be found in the report
of the Swedish Geo-Technical Commission.t The observations made by the
Swedish engineers in connection with large-scale subsidence failures led them

to base their stability computations for such soils on the assumption of circular
sliding curves. l

F16. 51.—INCREASE IN BmARING CAPACITY 10, 062.-
or UnpEremoUND Dum T0 WIDENING
Frane or TRAPRZOIDAL LOAD

ARCHING Errscr WiTHIN A THIN,
Borr LAYER LOCATED BETWEEN BOoTTOM
or FILL AND Tor SURFACE OF
FirM GROUND.

Mr. Shaw’s experiences furnish instructive examples of the fact that the
results obtained by theory can be depended upon, provided the assumptions
conform reasonably well with the conditions existing in Nature.

It was a great pleasure to survey the valuable test results presented by Mr.
Wing. In regard to the loading tests the writer would consider the tests

* “Fill Settlements in Peat Marshes,” by V. R.‘Burton.‘Procudinga, leth Annual Meet-
ing, Highway Research Board, 1928, pp. 93-118,

{ Btatens Jaruvigars Geotekniska Comm., 1914-22. An English abstract and comments

on the report by Charles Terzagh! M. Am. Soc. C. E., are filed in the Carnegle Library,
Pittsburgh, Pa.
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finished as soon as the settlement becomes equal to about one-fifth the diameter
of the loaded area. Beyond this limit the process of settlement passes into
ane of penetration. When making the tests oil-jacks are always preferable to
screw-jacks.

The writer uses as a criterion for the bearing quality of sand deposits the
wttlement under a load of 500 lb. per sq. ft., provided the loaded ares is at
least equal to 1 sq. ft. Under such a unit load, a well-compacted sand deposit
does not settle more than about 0.001 ft. The loosest deposit that ever came
under the writer's observation settled under the same load through a distance
of $ in. From the character of the settlement curves for the sand (Fig. 44),
the writer suspects that the sand was loosened by the upward current of water,
gs the pit was being pumped dry. On account of this possibility, the writer
keeps the water out of a test pit by pumping, uncovers two opposite vertical
sides of the pit, and makes the loading test in a horizontal direction, by insert-
ing & hydraulic jack between two bearing plates, applied to the sides of the pit.
The bearing plates should have a clearance, all around the rim, equal to at
least twice the diameter of the plate. Experience has shown that the results
of such tests differ but little from those made on horizontal plates, and one is
sure that the loaded material is in an undisturbed state.

The results of mechanical analysis should preferably be presented in graph-
ieal form with the grain size plotted on a logarithmic scale* The limits of
consistency of the clay, quoted by Mr. Wing, remove any doubt concerning
the type of clay that he encountered. Experience has shown that, for natural
elay deposits, both the limits of consistency and the water content vary within
rather wide limits. Therefore, it is advisable to perform these tests for each
drill hole on several samples. Instead of determining the volume change asso-
cisted with a change of the moisture content, it is preferable to determine the
shrinkage limit (from dry weight and from the volume of the dried sample,
sssuming for the dried substance a specific gravity of 2.7).1

The settlement diagram (Fig. 45), for the clay indicates that the loaded
area was too big for the size of the test pit. The abnormal shape of the curve
seems essentially to be due to arching action within the clay, between the bear-
ing plate and the walls of the pit. Similar phenomena were observed by the
writer on a small scale, when loading clay specimens that were contained in a
rigid box. The clay beneath the bearing plate undoubtedly compacted, but
this fact alone does not account for the characteristics of the curve. The width
of the pit should be equal at least to five times the diameter of the loaded area.

Loading tests on both sands and clays should always be made at least in
duplicate on what appears to be the stiffest and the softest spot of the under-
ground. The writer selects these spots after having passed over the ground
with a sounding rod. The observations to be performed on the diversion dam
are most promising, particularly if the settlement observations extend over a
longer period and if, in addition, bench-marks are established on the unocecu-
pied ground at a distance equal to one-half the width of the structure.

“Phywical ,‘u.".'sn-:.-f- Between Sand and Clay,” by Charles Teraaghi, M. Am. Soc. C. E
Ewn News-Record, December 3, 1025, Fig. 2 :

resent Status of mha.ra!a Testing.” by C. A. Hogentogler, Charles Terzagh!, and
A M \'\ mfr.m,r Public Roads, March, 1928

'
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In his very thorough and able discussion, Professor Krynine quotes certain
statements made by Dr. Ing. Koegler concerning the relation between settle-
ment and size of area, and finds them to be at variance with those of the writer,
as far as soils with great cohesion are concerned. It should be emphasised
that Dr. Koegler derived his conclusions exclusively from tests performed with
cohesionless sand. For this reason they conform to Curves C and C,, Fig. 80,
For the same reason they certainly do not apply to soils in general, irrespective
of their physical characteristics, and Dr. Koegler's generalized statements
must be received with reserve until more convincing arguments are presented
for substantiating their validity.

Professor Krynine’s suggestion to consider, in the computation of a raft
foundation, the presence in the ground of hard and soft spots is theoretically
sound. However, in practice, it seems very difficult to follow the advice. First,
loading tests would be required, not only all over the area, but also at different
elevations below the ground surface. Furthermore, since engineers do not yet
koow the distribution of the soil reactions for perfectly homogeneous founds-
tions, and the importance of the effect of the soil characteristica on this pres-
sure distribution, there is little hope for successfully introducing further refine-
ments into computations.

['he doubts expressed regarding the writer’'s comment on the settlement of
the hardpan caissons at the Chicago Union Terminal, were apparently due
to the fact that Professor Krynine was not familiar with the details of the tests.
The frictional resistance acting over the surface of the caissons was determined
by undermining the caissons and loading them until they slipped. The unit
loads quoted by the writer obviously represented the top load minus the reliev-
ing effect of side friction

Another objection by Professor Krynine concerns the shape of the curve
which represents the distribution of the soil reactions over the base of a loaded
glab., When the writer stated that these curves have a parabolic shape, he
obviously meant an approximately parabolic one. At the rudimentary state of
present knowledge a more specific statement concerning this shape would be
premature. In addition, the difference between the right and left sides of Fig.
40 iz s0 slight compared with the importance of the errors associated with Pro-
fessor Krynine's theoretical assumptions that it seems reasonable to disregard
it. Very much more important is the question as to whether the parabolic law
may not lose its validity altogether if applied to very cohesive soils. For such
goils the pressure distribution is apt to be similar to that over the base of a
piston which acts on the plane surface of a homogeneous, elastic solid. The
writer doubts seriously whether this distribution has any resemblance at all
with either one of the distributions represented by Fig. 40.

Professor Krynine’s comments on Fig. 5 are fully justified. The writer
agrees that the two lines will be neither straight nor parallel. The reason he
failed to show their true shape in the diagram was simple enough. He does
not yet know this shape.

The writer became interested in the subject of “entrapped air” for the first
{ime when certain inconsistencies were found to exist between the results of
compression tests on clays that were dried before testing and on others that
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were used as they were taken from the drill hole. The inconsistencies were
caused by the fact that those samples which were prepared by mixing the dried
specimen with water contained an appreciable quantity of air, while the others
contained practically none. In order to determine the importance of the influ-
ence of the air on the test results, Mr. A. Casagrande performed some tests in
the writer’s laboratory. Fig. 53 shows a typical test result. Ome of the two
samples merely contained air and water. The other was prepared from dry
powder and, in addition, air was injected into the specimen by a drop counter
in such quantities that its voids ratio increased by almost 50 per cent.
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Fio. 53 ErrecT oF AR CONTENT ON ELAATIC PROPERTIRS OF CLAY

The most conspicuous effect of the air content was the difference in shape
of the time-compression curves of the samples. This is caused by the fact that
the compression of the air takes place almost instantaneously, similar to the
compression under pressure of the air bubble in a spirit-level, while the com-
pression of the clay occurs graduslly, according to the laws of consolidation
of compressible capillary systems. By this very reliable criterion, and by the
results of numerous air-content determinations, the writer has learned that
neither clays nor silts seem to contain in Nature a measurable amount of air,
provided they are beneath the zone of temporary desiceation. For this reason
the writer did not consider it necessary to mention the air factor in connection
with a paper on foundations. It plays an impértant part merely in connec-
tion with sub-grade studies for roads. The intermittent wetting of the sub-
grade of hard surface roads occurs almost entirely by capillary action, whereby
& considerable quantity of air remains in the soil

Some experiments on the air content of fine sands and dust, wetted by
capillary action, were condueted in 1926 by Mr. C. V. Arellano, under the
supervision of the writer.® The test results seemed to indicate that the air

.

Relation between Permeabllity of Sands and Caplllary Upward Movement of Waler.”
M C. V. Arellano, Master's Thesis, Mass. Inst. Tech., 1926.
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content decreases considerably with time. One of the samples tested was g
fine, reddish, micaceous dust; effective size, 0.028; uniformity coefficient, 8.8;
uw{'iiit' gravity of grains, 2.8674; voids ratio, 0.608; and coefficient of pes-
meability, 9.75 > 10-®* em. per sec. The resulis are shown in Table 12.

TABLE 12.—Averace Decree oF SaturaTioN of Fixe Dust WerreDd BY
Carinrary Rise.

Perceptage saturation, or the ratio
between total volume of water and
total volume of voids

Capillary rise Time elapsad since watar
in centimeters started to rise, io minates

Krynine seems to have misunderstood the explanation of the
lubrication of the circumference of piles driven into clay. The idea that the
blow of the hammer may force out of the soil a quantity of water fully equal
to the volume of the voids of the clay which was displaced by the pile, never
entered the writer’s mind.

If this was the case, pile-driving would produce a thorough compacting of
the clay, whereas the writer emphasized the fact that pile-driving leaves the
density of the clay deposits practically unaltered. The writer's conception of
the lubrication of the pile is as follows: In soft clays or silts in which the
permeability is considerably greater than in stiff clays, the blow produces a
slight compression of the material next to the point of the pile. The volume
of water pressed out of the material represents a small fraction only of the
volume displaced. Lubrication is caused by this small quantity escaping
between the soil and the surface of the pile. The absorption of the film dur-
ing the period between driving and re-driving is due to subsequent expansion
of the slightly compressed clay which surrounds the pile. This process of
absorption by no means requires (as Professor Krynine assumes) the presence
of entrapped air, because it also occurs in the laboratory under test conditions
which completely exclude the presence of air in the clay.

There is also another factor that is apt to cause a gradual increase of the
“gkin friction”. If certain clays and organic muds are moulded into cylindrical
shapes and tested at different times after moulding, one is apt to find that the
shearing strength increases considerably as the time interval becomes greater.
This increase seems to be due to the gradual development of a molecular bond
between the individual particles across the layers of absorbed material. If
piles are driven into such materials, the skin friction should also increase as
time goes on

Professor Krynine emphasizes the leaning of Russian engineers toward
the “dry substance theory”. On account of this leaning, Russian engineers
seem to be inclined to speak of the “bearing capacity of soils” in general with-
out due regard to their extremely manifold physical characteristics. This, at
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Jeast, is the impression the writer has obtained from some recent Russian
publications on this subject.®* More than a half century ago, a prominent
French engineer expressed his experiences with earth slides in a single sentence
which may be translated: “The fear of frost and of clay marks the beginning
of wisdom”. In a similar fashion the writer is inclined to summarize his
experiences in dealing with the bearing-capacity problem in the sentence:
“To recognize the full importance of the permeability factor marks the begin-
ping of wisdom in foundation engineering”. Since the permeability factor
represents by far the most obstinate stumbling block in the path of any attempt
to bridge the gap between small-scale tests with clays and actual foundation
practice, the writer cannot help regarding “dry theories” of soil behavior with
deep distrust. The history of pile formulas should serve as a solemn warning.

Professor Enger’s valuable contribution calls attention to the great diffi-
culty of measuring the stresses that act within the loaded earth. Judging
from the results of measurements made by the U. S. Bureau of Public Roads
the Goldbeck pressure cells do not seem to be any more reliable than the pres-
sure capsules used by investigators at the University of Illinois. It will be
interesting to learn about the properties of the pressure cells recently used by
Koegler in Germany.+

The formulas of Boussinesq for determining the pressure distribution in
the soil beneath loaded areas are at least approximately valid, provided the load
does not exceed a certain fraction of the ultimate bearing capacity of the
soil. For expressing the difference which exists between the theoretical and
the actual pressure distribution, Professor Enger's “linés of pressure” (Fig.
48), will render valuable service. The most important problem that remains
to be solved concerns the effect of the soil characteristics on the distribution
of the pressures over the base of the loaded area.

The objection of Professor Enger against the use of remixed material does
not seem to be quite justified. In the example which he cites, the compact-
ing of the clay was performed by the capillary pressure at a time when the
water-table was at a lower elevation. Once compacted, the clay takes up only
a small fraction of the quantity of water which it previously lost. The process
can be reproduced very easily in the laboratory by first compacting the clay
under external or capillary pressure (applying the pressure under water or
exposing the surface of the clay to the air) and then allowing it to expand
very slowly under water,

In Nature one even encounters layers of very stiff clay beneath the bottom
of lakes, between layers consisting of the same material in a very soft state.
The history of these “fossil crusts” is as follows:} At a period when the
surface of the older clay deposit was exposed to the air, the top layer of this
deposit partly dried out (compression due to capillary pressure). At a later
date, the surface of the older deposit was flooded, and a new soft clay deposit
was {ormed on top of it. Due to the very imperfect volume elasticity of the

* Brief abstract of chapter on “Bearing Capacity,” by Mr. N. Ivanoff, in Textbook on
Scfls and Top Solls, of the Russian Highway Research Bureau, Leningrad, 1926

I “Ueber Tragfihigkeit von Bandschittungen,” Boutechnik, 1827

1 Statens Jarnvigars Geotéknlska Comm., 1914-22, English abstract and comments
Charles Terzaghl, M. Am. Soc. C. E., filed in Carnegie Library, Pittaburgh, Pa
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clay, the former crust retained the greater part of its stiff consistency (see, for
instance, the re-saturation or swelling curves in Fig. 53).

Since the paper was published, much headway has been made in developing
methods for securing undisturbed samples of clay.* Tests are being planned
to investigate the relative importance of the disturbance caused by different
sampling tools. There seems also to be no difficulty in securing undisturbed
clay samples from depths as great as 100 ft.

The effect of vibrations on the settlement of structures resting on clay was
brought to the writer’s attention under rather peculiar circumstances. Load-
ing tests were made on & small scale on glacial elay, in his laboratory, and
very sensitive instruments were used for measuring the settlements. All the
settlement curves showed distinct breaks at points corresponding to 5:00 p. &
and 9:00 A. m., the 9:00 A. M. to 5:00 p. M. sections being considerably steeper
than the 5:00 p. u. to 9:00 a. M. sections. The cause of this phenomenon was
found to be that between 9:00 A. M. and 5:00 p. M. the different motors located
in the Massachusetts Institute of Technology Laboratories are operating, while
at 5:00 p. M., they are shut down

The tests suggested by Mr. Jorgensen will be particularly valuable if they
are made in triplicate, using identical bearing plates, resting on identical clay
water mixtures, so that one of the bearing plates consists of cast iron (imper-
meable), one of conerete (medium permeable), and one of concrete separated
from the clay by a sheet of filter paper and a thin layer of sand (permeable).
The diameter of the bearing plates should not be more than one-fifth that
of the container. The exposed surface of the clay should be covered with a
paraffined rubber sheet in order to prevent evaporation, and the settlements
should be measured with delicate instruments to detect the difference in the
speed of settlement of the three plates. During the tests, the load should
be kept constant, and should be equal to the pressure required to produce an
initial settlement of the cast-iron bearing plate equal to about 0.05 or 0.1
times its diameter. In each of the three cases the load should be applied in
equal increments and in equal time intervals. In order to obtain the maxi-
mum benefit from the tests, the base of the bearing plates should be equipped
with annular oil-pressure cells, for investigating the distribution of the soil
reaction over the case.

The procedure proposed by Mr. Jorgensen for load-moisture tests is practi-
cally identical with that of the writer. Since the shape of the re-compression
curves, ¢ d (Fig. 49), is only slightly influenced by the intensity of the pres
sure at which swelling was begun, no great care is necessary in performing
the test.

In conclusion, the writer wishes to express his gratitude to the discussors
for their valuable contributions. The gaps in the presentation of the subject
are still numerous. Yet, the arguments brought forth offered a unique oppor
tunity for expanding the paper on those points which were still in doubt in
the minds of the readers.

. 'Ra‘ituu-n Be-._;-_:\:-n‘ Pc_-n;_ub:_m_; Br_-h'm;ds and Capillary Upward Movement of Waler,”
by C. V. Arellano, Master's Thesls, Mass. Inst. Tech., Cambridge. Mass., 1928,
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The results of the discussion may be summarized, as follows:

1.—The Engineering News Formula received all the comment it deserves
and few engineers seem to be willing to defend it.

8.—The attitude of the different engineers toward the writer's theoretical
statements represented by Fig. 50 was far less unanimous, yet it leads to
very interesting conclusions because no obvious contradiction between theory
and practice was found to exist by those who reported experiences with fairly
permeable materials (Messrs. White, with friable limestone; Shaw, with
muck ; and \Ving, with sand and gravei). Without exception, all the [-xgmples
which were quoted as arguments against the validity of the writer's “rules”

referred to clays. The reason thereof is obvious. The compression of clay

under load proceeds very slowly. Large footings or raft foundations require

decades or even hundreds of years for complete settlement, while the observa-
tions on which the arguments were based covered, at the very best, a period
of a couple of years of the settlement records. In other words, the bill for
the excessive loading of a sand or silt foundation should be paid without
delay by the first generation, while that for treating the clay in a similar
manner should be charged against the second or third generation.

It is amazing to realize that the Engineering Profession is facing the
problem of progressive subsidence of clay foundations in almost every part
of the globe, and yet is still completely ignoring the time element when it
comes to approaching the settlement problem from the theoretical point of
view. If the discussion had not brought forth anything but striking illustra-
tions of this one fact, the labor involved could be considered as well invested.




