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SYNOP818

The paper reviews the present sta te of the ecleace of foundationa. it. prin'
cipal ehortoomings, and the po88ibilitiea for ita improvement.

The principal shortcomings were found to be: Firat, the practice of eeleet­
ing the edmleeible eoll pressure regardleu of the area covered by the individual
foundatioD.l and irrespective of the maximum differential settlement that the
su perst ructu re can stand without injury ; eecoud, the practice of computing
the bearing capacity of the pilei by the Engimmng N 'VI' formula regardl_
of the character of the lOil; and, third. the practice of CODllIidering the bear­
ing power of the individual pUee at • sufficien t. guaranty that the bea.riDJ
eapaciv of the entire foundation will be adequat4

In hi. dieeueeion of theee topiea the writer tries to uplain the rtlllllOtlI

for the iuconsietenciee that are often experienced in attempt. to interpret
the res ul ts of loading testa for designing purp<Mlelt. Concerning the pile­
d rin ng formulu the write r presenta phrsica.l argumenta .~. for certain
M>ila, no pile-dri:ring formula caD. poesibl1 furnish reliable information eon­
oerning the bearing ca pacity of the te8ted pile. For thoee M>W for which the

• Prwntlld at Ole meet1ac of til. 8lMlClurai Dt1't.toa. N.. Yor k. N . Yo. J..... I"J' JO.
1121.

t Prot... .......u.. he.. Xa.. I... Tad&. C..bri.... iii...

pi!
r.
it

b'
rio....
It

d

"•
•
k
I

•

,
I,



pi~rivi~ fOmlUl1LII can be wed to advan tage, the g""inHri.., N.",. formula i.
found to fu milOh ..luee which are by far too smell, provided • drop-hammer
isused and the penetretiou per blo.. amountl to 1~ than i in.

p~ in the field of foundation engineering ill handicapped eMl'ntialb
b1 the ebeence of reli able information concerning pre'rio~ coDlltruction~
rieooe. Apia. the lack of reliable informatioo i. due to inadequate de.erip­
tiou of the lIOil. and to an interpretation of the obeereed facta which. in mau:;r
e-, is incoollistent with the la.. of pbJaice and mechanica. The fint . tep
......rd lmproTing conditiona lIhould conalllt in ••hJi. hiDg an .adequa1o ~iI

d"6catiOD.
ThUi far, rela ted d orla hu e failed, because they repieM:Dted atwmptl

to eta-if1 the lOi1l according to propertiea tha t han DO bNring at all. or DO

nlI-defined bearing, 0 0 the beharior of the ~il under 1000d.
The writer preeeot, a li.t of those IOU peopertiee that determilMl the char-­

ICter, the &IDOnnt, and the speed of th e MulemenLl. He abo.. bo.. the
knowledge of theee properties CIJl be utilized for eatabli.hing a lOil cl..ifica­
tion suited for its purpose and brief!,. di"Cl1fl11ell1 tbe di fficulti. &MOciated with
u~h an aUrmpt.

The vroblellilO of foundation engineeri DB are .. inaeparab17 auoci.ated
with the problems of structural engi neering. &II ie th e shadow with the lia'ht. •
beeaU&8 one cannot conceive of a structure without a foundation. Therefore,
the,- are amOD& the tn08t vital.

E ,rECT 0 ' T ypE or B t.:ILDL'i Q 0 3 ADIiI188IBLa SETTUIiIJ.lfT

Suppoee it is desired W coeatruct a rei nfo rced ooncrete buiJdiD& on a
lot eelected and bought by the fu ture owner. After inepect iD&' the cround
in the light of previous experience, it ia decided to dispense with pH. and
put the building on individual Ipread footinp. The mental operatioD leed­
ing to this decision ie exper ienced almoet dai17. and is familiar to eveq
engineer, Th is apparent17 simple decision ma,r be ana1.Jzed by common sense.
By .preading the weight of the building over the beee of luftlcientb- large
footings, the preeeure can be reduced to a certain ....lee, q, per unit of area.
Under the influence ofthe RreeeUfe, q, the footinp will settle throU8"h a dis ­
tance, 8. Perfectly uniform .etdemeut will not burt th e buildiDg. How­
erer, beceuse of the variatione in the diatributiOD of the live toed. the preMU"
Dll1 V&:i7 between q and 0.8 q ( to name aD.arbitr&:i7 fipre) which COrTe8ponda
to a di8'erence in llettleownt between 8 and 0.8 B. In addition. it I:D&1 be
that the oompreeaibilit;r of the ground Tari. to IUch an extent. that the eet.0.
ID!Dt produced by a Iced, 'I I ID8J' rsnge between S and 0.6 S (which, apia.
iliaD arbi trari17 selected figure, th e actual value depending on ci rcu m-tanc.).
Hence, a di8'erenee. amounting to .. much .. S - 0.5 X 0.8 8 _ 0.88 - H,
IDa.J be expected between the &eottlement of the individual footinp. In the
formula,

U - B - 0.0 X 0.8 S - 0.6 S - .S. .. .. •• . . •. •. ••(1)

the factor, " . tepre.enu the numerical d'ect of both the variations in li.... lo.d
&ad the ..riationa in the ClOmp~i1it1 of the lOiL The'Valne, B, will ruI.
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.11 further considerations, If the build ing ia ataticall,y det erminate anI.
of eeversl inchm ' for H would be permiasible. On the othe r hand, if it it
gtaticalJ..y indete rminate, the allowable iDteIUlity of the 8000ndary , tr.eea mua
be selected 6rsL Ocneldee, for example, that an increese of 15% in eer1.&iJa
wuimum bending momenta would be admiuible. Then" the muimum nlue,
H . for the difference in IIeUlementl i, at once determined. It m&1 ru.ee
between 0.1 iu. and 1.0 or 2.0 in., according to the character of the bui lding, the
dittanoe between the columna. and the croee-tleCuon of the beama. llenee,
the decis ion to admit an increese of 16~ in the dangeroua atreuee, "'ouId
requ ire aelecting the ecil preeeure, q. an,ywhere between limitl ... fu aput
.. 1 and 10 or 20, acoording to the character of the building. Se lecting the
value, q, on the oWer hand, irtellpeetive of the atructural characteriatic. of
the building, would mean either ultra-oonae"ative wastefulnesa or danger,
acco rding to the circumstances. Since wia is done in moet of the cueI dealt
"'ith in aetual practice. one cannot help feeli ng lhe Dece&lit,y of a thorouata
ref...fm. EveQ' foundation design ought to be at.arWd b1 roughl, oomputiDc
LLc muimum adrniaeibJe velce of 1I.

R CUTIO!'> BnwEU Srn'LI:"cNT, SLU or Lo..wm A.au..
J.SD DEI'T" or FOUNDJ.noS

The second iaconsletencr that confron ts the foundatioD engineer daiIJ',
conceme We rela ti on between the seulemem, :S, and the diameter of the
loaded area. In selecting the edmiseible unit 80iI press ure, &bould the widti
and the length of the loaded area be taken into ccneideretion t Conaider, .. an
example, that BODle one makee a bending teat on a l O-in. b, lo-fL I -beam,
fr eel1 supported at both ends, and find, lhat the beam brealu under the in.8 u.·
coca of a concentrated 1000d of 1~·totl8. lie publiahes the reeulta of his tMl,

and as a consequence, in future practice, the deeigu era would consider a
load of I P 88 a safe load for the beam, ieeeepeetive of the span and mode of
support, In the light of present knowledge, such proced ure would be coneid­
ered simpl1 absurd. However, in the field of foundat ion engineering it eor­
responde precisely to what i, actuall, done._Tbe_.Mf~t1_of the buildi~ d...
pend s on 11 <..- O~ S) not esceeding a defini te nlue._ The value of 8 depe~
as essentially on the diameter of the loaded area and on the depth of. the
foundation ae the load ceueina the ru pture of the I -beem depeude on the
lipan. Nevertheless, all tablet of edmieelble eoil pre-uree, given in te.stboob
and building codes, contain the valuea without an..v indication as to what
UreAl and to what depths of foundation the, appl,.. The1 een well be ecm­
pa red with tables containing the loads under which I ·beaml of different
croee-eeetione broke down, without mentioning the dietence between IUPPOrU.

The rather indifff'nmt a ttitude of practising foundation engineen toward
the important influence of tbeee two itenu--the dimensioDJ of the loaded
area and the depth of foundation-ia eMenti an,. due to the apparent ineou­
!OJ ten ciee of rela ted experiences which eeem to eontrediet each other. to IUd!
ai.t. extent that an attempt to digest them appean to be bopeleee, However,
hy anab-zina them and oorrelatinK them wil.h preeeot theoretical koowJedce,
one fiDda that the1 alread,r represent a fund of moat useful information. aDd
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prcdaeed by remanng a load of 10 tons per sq. fL (Computed from the
rtbound, oorreapond ing to the remont of Imaller loalb.) Fig. 1 plainb'
demolUtrltea that the settlement produced b1 a given load per unit of area
mereuea almost in direct proportion with the di ameter of the loaded are.. or,
iD algebraic terms.

u u u u U LoI
gy....._ I.. 'Nt

.... 1.-R.l-lno"B~ SftTUIfan' "'''D OU...,.. or~ u rc. Vu...... lAM.
AT l:Qu"," Olin~ A C'COUIMO TO Dll. J'luTI IbIPDO .

that the apl..rent contradictions do not exilt. The following facu may tene
SO illustrate these atatement&.

In una, the Foundation Committee of the Austrian Sociel7 of Engineers
and Arehitectl, in Vienna, made a aerie. of lOAding tett.l for the purpoee of
lDnlItigating the induenee of the ahape and ai&e of the loaded area on the
amount of Mulemeol in a typical eoheeive Vienna ecil (a y.nett of JoeM).­
The teetI were performed on the bottom of • treech, 10 It. deep a~d 5.';5 ft.
wide. protected b1 • roof. The loeded eoil eoeeieted, according to • state­
meat Ieeued b1 th e ineeetigatcrs, of 27% of d nd with graiD.5 la rger th an
0.2 mm., 31110 of I&Dd with gnins Ieee tha n 0.2 mm., and 42% of Ter;r fine­
tyainoo ecnsri tuenta, The water content .... eaid to range between 11.2 and
13.2 per cent. When moulded into cubes and dr ied. the eoil developed a cube
Itrength of about 35 tons per sq. ft. The teete; incl uded load sett lement, ti me
lettlement. and rebound ob8erTationa on flQ uare aDd OD round plates with
areu of 0.053, 0.110, 0.672, 2.700, and 8.100 eq. ft. Fig. 1 thowl lOme of the
raul~ obtained. ThQ hlc1ude the l!ettle~t8 of pi llel with d ifferent diam­
eters under loads of 2 and of " tons per IIQ. ft., and the ftbound of the toil
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wheeeia, c i•• constaut of the toil. The .hape of the upper aet of ellrv_ ia
obviously due to the fact that the load-eenlement euree for each ODe of the
indi ...idual plates le, in itaelf. more or I. , panbolie.

A few yean ago, A. T. Goldbeck. Auoc. Y . Am. Soc. C. E.. carried oa
some eeeeeeeh week for the U. "Bureau of Public Roada. on artificial mi.1"
lura of ..nd and cla.;r for the purpoee of in ve.tigating the relation bet__
the area of • bear ing block and the toettlement produced by • given unit 10M.­
The &rea of the bearing blocks ranged from a few equare inehea to g 1lQ. ft. The
lWUlt.• of the le8t1 made on plastic mixture. were of the tTpe .bown in F is. S­
The, indicate, as do the Awtril.n testa, tha t for cohesive lOila the penetratiol
produced by a civen unit load increases in direct proportion with the diameter
of th e loaded area.
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In 1923, :Mr. A. B. Bijb t published the retluha of similar teats performed
on a sand deposit. Theee teete, however, cannot be taken into consideratiou,
because the published data are eon6.ned to the results of rebound ob8enationa.

These experimental results lead to the coucluelon that the settlement pro­
duced by • given load per uni t of area Inereesee approximately in direct
proportion with the diameter of the loaded area (Eq uation (2», provided
the load, q. is not carried beyond the st raight line section of the load-settle­
meat diagram.

This agrees with • considerable number of actual obeerverione. Yet there
seem to be quite striking exeeptionJ to thi s rule. A loading telt made by
the Chicago Union Terminal Company, in Chicago, Il l ., on two fu U ieed eait-
sons, reeting on the eurfece of a layer of hard pan, apProDmateb' 60 {t. below
the surface of the ground.* The diameten of the bearing area were 4.3 ft. and
8.5 ft., respectively, and the settlementa produced by • load of 10 tona P"
IQ. ft. amounted to , in. and i in.. respectiveb'. Hence, al though th e larger
diameter ... equal to onb twice the I maUer, the settlemen t of the 1arI'er
pier ..u five timee greater than that of the amaller one. According to Equa-
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rioa (2), it Mould Dot bue been more than twlee .. large. Thia faet IeftDI

to iedieete lbat the fonnul. n:PUl8CAti aD optimi.tio .latemen\.
On the other hand. experience ,bo". that. under certain cireumltancel"

the tettlement of the larger area IUJ' be vert much amaller thaD the value
obtained by the formula. N'umerous loading testa made on the pie. wrface
of • natural bed of well-eompeeted und. ha" Bhown that the eettlement of
• Jingle bearing plate, with an area of 1 IQ. it., loaded with 8 toni, it DeTer

,. than about I in. Hence, according to Equation (9) •• foundation 20 iL
••re, reeting on 1& firm land deposit, Ihould .ttle !l In. under a load of
I tons per IQ. it. Every engineer who b.. had experience with foundations
on firm aand can teetiE,- that the tettlement will be .el7 much 1.... oertaiDb"
DOt u:Ol"Cliing' j in. In 1922, the SocietTl Special Committee on Bearing
V.lue of Soils for Found,tiona, eee, published the ...wts of Joedinc tau
performed on • building lot in San Franci.oo, Calif.- A I trli tum of .aft.
dean. or Itick;y aan.d. with ooeaaional laJelS of und eJ.., and yellow e1a:J' ...
eeeceateeed. It wu u.ted at eight difl'erent point&. Under a load of "800
lb. per IIQ. ft.. the eettlement of the bearing plate ranged between 0.04
IDd 0.1'1 in.• aTerasing 0.10 in. For the put few yea... the lot hu been
ooeupied by • 22'etory building. placed on • raft foundat ion. 218 b, 152 ft.•
uerting a preesure of 4: 800 lb. per IQ. ft. (dead toed onq)t on the eoil. Ae- .
eording to Equation (2) , the eettJement 01 the building mould amount to
152 X 0.10 in. - 15.2 in. H. J . BlOnnier.Y. Am. Soc. C. E.• Deeigning Engi. .- .Deer of the building, hu foundt th.t the total eettlement to d.te amounts
to approximately 2 in. During the first year, the eettlemeat wu quite npid,
but the rate h.. been leM each eucoeeding year.

neTiewiog the f.ct&, the fonowing etetemeat iI clear : Fint, two inde­
pendent tete of experimeate have been quoted concerning the relation between
the eiUt of the loaded area end the settlement. Both eetI baTe led to preeti­
call, the eame result, expressed b, the eimple Equation (2). Then, the results
of theee uperimenta h....e been compared with thoee of two obeer....tions made
on a large ecele. In one of these eases (Chicago Union Terminal testa), the
tettlement of the larger area was 2.5 times more than the computed ...alue ;'
while in the other cue (San Franeleec office building). the aetualeettlement
..... about one-eill'hth of what ahould haTe been upected. Suppoee a foun­
dation compaDJ' eineere!y tries to obtain some reliable basie for drawing
oonelusiona from the resulta of ita loading teet&. The engi.neen of the firm
make their OOee"atione year by ,.ear••ccumulate the data in their fils. and•
hally• wbea they ir1 to correlate the data. th"1 f.ce grotelque contradictioDA
of the ~ quoted. Thet cannot be blamed if the1 ,in it up in ditguet,
loading teeta, OOee".tiona, and all. However, if thq would uamine the data
iD. the light of applied mec:hanic:a, the,. would firet eeeliee the following
latta. which the writer publiahedl in 1m:
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(a) The relation between the diameter of th e loaded area and the settle­
ment produced by • .,,,en uni t load depend. euentialb on the oobeaiOll
(aetual Bhearing strength) of the soil. For lIOn, with grpat cohesion the
settlement produced b1 • given unit load increueB in direct proportion with
the diameter of the loaded area. On the other hand, for perfectlJ eobeeioa,
1ee1 ecil.. the slee of the area hu Tel7 little eft'eeL

(b) With increuiQlt depth of foundation. the eeu lemen t produced b1 •
~Yen unit load decreeeee. However, the ratio between the .ettlernent, S.. for •
foundation depth of 0, and the cor.wpondi ng settlement, S. for a depth, t doea

I
1I0t d+'l~lld on th e value of 'alOllt', but on the ratio. • between th e depth of

, j

foundation and the diameter of the loaded area. Th us, if • foundation 5 f'"
deep wu found to reduce the settlement of • footing, 5 iL equare, by ~
of 8.. the effect of • footing 10 IL 8tJu.~••nd 5 ft. deep, in reducing liettle­
meet, will be very much lee. In order thet the potential settlement, 8 .. of •
footin« 10 ft. square, eed 0 ft. deep, rna,. be reduced 50"'. the deptIl,
" 'ould line to be int'rea~ed to lO ft.• thull mak ing the ratio, d' for both CUM

equal.

foundation ... diameter of loaded area) .1m<Wlt triples the bearing capaci\1
and reduces the eettlemcnte to one-third of what th e,. would be if the footinc
rested on the surface of the ground.

Knowing noth ing more about soil mechenice than these three . imple rut..
the foundation engineer would at once di sco ver that there are no eont redie­
ttons in the data hereinbefore quoted. The espeeimente of the Austrian Com­
mittee and of Yr. Goldbeck were made on very cohesive ecile. Hence, in
lltrict agreement with theory, the,. showed that th e settlement iuereeeee in
direct proportion with the diameter of tbe loaded area. The Chicago tall
were made on a cohesive llOil, but the ratio between the depth of foundation
and the diameter of the loaded area was twice at great for the larger aru
811 for the smaller one. That full,. accou nta for the difference between the earn­
nuted and tbe actuel value of the eettleml'nt of the 1afl{6r area. On the other
hand, the eoll of San Francisco belongs to the clau of verr sligh tl,. oohfllin
eoils and, according to Rule (II), which is supported b,. experience, the tile
of the area should have comparativelr little efl'ect on the eettlement.

Thus, if it combines actual cbeereetlon with proper ecil inftltigation and
with a thorough consideration of the mechanical upeeta of its problems, the
lame firm that (rave up the attempt of ""tematie . tnd,- in disgust. could end­
uall.1 build up an experience covering the whole range of ita actiTititl8 and
acquire a fairly reliable bui, for the interpretatio n of the reeuha of JQeldiDa
testa. However, under the present .,stem of interp~lation, 1Qe1ding teItI
are praetiealb good for noth iq .
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ell'w·t of the ratio, J' on th~ setuement ill tilt> It> • the l:;'ff'a te r th.,

For pt'rfeetl)· ccheeioulees mattoriah., • ra tio of d = I (depth of
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The precediq diecueelon deal, ueluah'eb with the potenti.l 1et11e~Dt

of ItruetUIft without Questioning the ,t"'-MelJ tbat may deeelop within the
(ouDdation. M. matter of fact. when referred to indiTidual lIPread footings,
theM qUEiltionl are of minor importance. Hcweeee, the ailn.tion changM
..be'D it beeomee neeell",",. to connect the footinga with eacb other, replacing
the ITOUP of footingt by • continuous mat. In order to keep the tXl8ta of
web • mat within reL"OnabJe limits. the streeeee must be computed u c10eeb
II poeaible. It. ia fint n~a".. boweeee, to know the fcecee aetiUlr on the
DlIt, and tbi. i...here difficuhiee arise, Suppoee the rnat ia rectangular,
and the dead load of the atrueture it distributed in lucb • manner that the
f'elUltanl force pu8e8 through the eeetee of grarit, of the mat. Under Reb
eceditioas, it i, gener.ll,. U8Umed. that the ecil preMUrtlI are uniform1,' dia­
Iributed o.er the entire area. H owe. er, acoording to the meuuremeota earried
out by Y. L. Enger, M. Am. Soe. C. E.. the distribution of the sell reactions
o",r the bue of a rigid alab ia by DO 1DMD8 uniform.· The preMUne are
equ.l to eem at the edge of the alab and greatetlt at the center, the pnMure
eo"" haring a parabolic IIh.pe. In ceder to ebo.... the effect of the difference
between uniform and parabolic Itreaa distribution, the diagram, Fig. 8, haa
been plotted, showing the bending menDenta in • mat, loaded b1 four ••u., .

,11,_ _

_+11.'_.-
Iii. 1.-BIJrDI_o MOllunrn .. RsCT.t..lfOVU,a Pancn.1' IbenJ SLU roa (I) VtI'U'C*M .....

til) P.....Mn.lC Dln1ld1tnOJI or n . lion. a .....MtO• •

and wpported by • hofnOt';eDooUS sell , For. parabolic It"-'- diatribution the
muimum ~ding momenta will be ebout 100% greater than the,- are' for
• Duiform rMction. Thull far, .U I.ttemptl to deal theoretical.,. with the
problem of .t~ diltributiou haft failed, and there it little hope for IUClClIf*

wit"iu the Dear future. The data obtained b,. P1'oI.-.,r Enger are confiDed

THB 8CIBNCB OP POUND4TlON8

DI

.1

••
•

•

..

•
•
b

lOT...
iJe

..
II

...
'e.
D­

i.
i•
•Ie

on..
m-

nd
I>t
01­
nd..
ole



stric tly to perfectb' coheeicaleee material. ; hence, th e information th"1 furniQ
it Dot Jet ooncluaiTe. Considering the importance of the poIIible errol' inTOlnd
in -..uming uniform lue. distribution. the need of . more uhauatiTe upa.
imental inTeitigation of this phue of the foundatiOD problem becomel obrioaa.
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In order to e.s:plain the cherecterietlce of these two tJ'peI of eenlemente,
Ulume tha t two vertical reference lines, G b U'iW. 5). bad been established
in the ground, prior to the OOD9truCtiOQ of the building. Under the inftuence
of the weight of the building the soil tends to spread lateralb, and the vertical
tinee, G b. become Curves a c b. The area included between the lines. a b, and
the eureee, G b c, i. obrious1, equal to the area., " a 4 1 (11' throu&h which the
building settles on account of lateral eoH diepleeemeut, U. on account of a
low permeabilit1 of the ground, the eonecl iderioa of the ~il due to lnereeeed
pl"Mlure8, proceeds Te~ .lowly, the area., (I (I (11 4 1, repreeenta practiealb' the
entire eeeticel displacement that the building will undergo, at Jeut for one
,mention. The speed of the tettlement will be BOTer'Ded uelUliTeb' b,. the
lan of Ti8COUi flow in plastic materiala, and if the flow ill aUOO!ll8fulb . topped
br dririn& deep aheet·piJing, or b,. similar mea.tU11lI, the I8ttlement of the
building will be pnctiealb ltopped. ThOle are the eharaeteristie- of T1P8 (4)
lettlementa.

On the other hand, if the material ill permeable enough to release ita e.xoeM

-aler within a couple of ,.ean, the I8ttleme:nt of the buildiDc win cotW.t of

FIG. 4 --CO. ..n-CT r&~ or Boa. Dmacn.T UWDa .... 0 o. TIIII Ima 01' THII 8"... .U8111-c...oD. 11_ _ •

of an (' lIIh.nkn~lI t on the AMok.o Reeereoie, C.~kill Water Supply.· The
AlrUee of the puddled cl.,. deposit, confined between the oore-wall and the
ut»tream slope of the core di teh, cam. the weight of an embaDkmeot 8S ft.
hip. N~ertheleu. niae 1ean after the construction of the embankment, a
e.t ootiDI' dieeloeed the fact that the eJ.,- core ... pnctical1, in ill original
CODditioD.

The . tueb of th_ and aimilar facta h.. led to the reeopitiOD of two
....tial~ dill""'" In* of oettJ........ :

(II) ThOM! due tDOft1J' to latenl flow, with yeq little, or DO. ecaeoli ­
dati on ; aod.

(6) Thoee due to COD!lOlidatiOD and lateral 80. combined.
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Tile investigation of ph,.TIIical factors t hat determine the rela tion between
time, coneolidetlcn, and deforma tion (lateral bulging and lateral 80w), hu
reached a point where it is already possible to pred ict whether the eettlemeate
of. building will be of Type (a) or TYI.e ( b). In certain ceeee it is poeIible
to estimate in advance the speed of the settlement. The knowledge of theee
factors is particularly useful in al1 ceeee where the engineer Jecee the prob­
lem of reducing or IltoppiDA' the settlement of an ex illting building.

B u JUN'o C APACITY OF b'DU'l[) lOAL PILES

At the beginning of th is paper it W&8 eeeumed, that the engineer trusted
with th e design of a build ing, decided to erect it en spread footings. Let it
DOW be assumed tbat his decision WIl8 premature . SUPJlO&6 tbat test boriD.gl
made after th e first inspeetien of the building lot revealed the fact that the
solid top layer of soil rested on a deposit of 80ft silt of eucb a thickneea that
there wu no chance to CIJrry the foundations down to eclld ground. Then
the engineer decided to put the foundations on piles. In order to find out
how mallJ' piles he needed. he wu obliged to driee a couple of teet piles and
determine the amount of load one indiridual pile could stand (unleee he bad
previousl;r tested BOrne piles deieeu into timilar depoeitl) . To 10110w the
traditional procedure, one must observe the averagtl penetration of the pile
under the lut ten blows; compute the bearing eapacil1' of the pile b;r the
Engi".mng },9..,. formula; and diride the total weight of the building bl
the bearing capaeit;r of the individual pile. This practice reate on two ...
8umptiona: (1) That the beari ng eapaci t,. of • pile can _~ ~~puted f~

·~·DI. neone de, HydrodTII&IDlw paallll ~.I..1I1l&" !lDd Itar .nI_.tKla.~

.............1Met. M ~.,.. I llt U l (AD' rOl' Appl'" Mllellenln, Deoltt. Mel-
laDd. 1'2" .

280 THE sell-SCI: 0,," FOTJJliDATJOSR

----



~~ ~) ••. . . •.• •• • . (4)

or,
Rh

~ = I~T······ ·· ·· ·· ··· ··········(~11 + _
2 F E

281THE selSNOK 01' YOUNDATION8

F [ 2n h u + nt
l U Lj .Q' =i E - , ± ll'+ - E - R+ O- F · · ·· ···· · ·· · (:-J )

The value, m, is usuall,. eeeu med equal to 0.5 (semi-elastic impact). For
m = 0, the equation becomes Itedtenbecher's formula, which is quite exten­
sively used in Eu rope," On the other hand, if perfect eleetlc impact is as­
Burned, fn = I, Equation (3) becomes,

lQ I L ( 1
R It = Q, " + '2 -;.- -E - Q, "+ -2

1 Q L
If the fact that th e t erm , '2 -; E' depend lug' on both ti lt' na ture of the pile

and the resistance agaiJUlt penetration, i8 dis rega rded, and if thia variable term
ill replaced by an empirical conetent, C. independent of all these factors,

IIh
Q. = • + 0 (6)

which is none other than the well-known E"gi,,~mng Ntw, formula.
From a mecbenieel point of view, the eeeumprione on which these formulu

are based, are.eound, and there is Dot much doubt about their giving a fairb'
accurate conception of the reeieta nce one hes to overcome whil e dri'ting th e
pile by a eucceeeioa of impacts, Th erefore, if experience shows that in cer­
lain cues the values furnitihed by the pile-driving formulu have practicany

the effect of the blow; and (2) that the bearing capaci ty of the complete foun ­
dation 18 equal to the sum of the bearing capacitieot of the individual pilee.
To examine Assu mption (1). let,

R .... weight of the hammer.
G - weight of the pile.
L _ length of the pile.
J" = area of the croee-eeeticn of the pile.
R _ modulus of elasticity of the pile material.
h = distance the ha mmer drops.
• _ penet ration produced by ODe blow.

'" _ coefficient of elasticity 01 the im pact : rr& :0= 0 for perfectly non-
elastic impact: and m _ 1 for perfectly olutio impact.

Q. = resistance against penetration of the pile, under impact.
Q = ult imate bearing capaci t.,,. of the pile under static load.
o _ empirical coce tant depending on the na tu re of th e pil e and the

reelstance agai nst pene tration = 2(J; .~

The theory of ecmi-elestic impact leads to the following equation:
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nothing in common with thoee determined by loading tests, being either far
too aman or far too large. the eeuse cannot be .. deffICt in the fotmutu, bat
must be due to the fact that in these particular iMta noee the forcee. Q.
reeiating the penetration of the pile under impact. are fundamentally different
from th e Icreee, Q. which resilt the penetration of the pile under atatia lo.d.

This i. preciaet;,. the situation a theoretical .tud,. of the pile-dririDg phe­
nomenon h.. d iscl osed. 'It is known that the bearing capacity of pn. depeQ
on two different facton, namely. the3riction ,1 ,.,.jahnce. acting aJ~--.ibe

.idee of the piles" and the poi ll' ....i.t. ncoe.. 0 1' the reeiatancfLof_the .aoil
a,pinu being compreued and displaced br the pile. If theee two l'eIi8tanea
were dependent ani,. on the character of the ground and on nothing else
there could be DO question about the reBiitance. Q.. against dr iving the pile,
and the bearing eapacitJ'. Q. of the pile. being identical. Hcweser, it i. MIIJ
to proTe that either ODe of tbem ma;r be vert differen t accordi ng to whether the
pile is ,1011'17 foreed down or drieen by impact.

U a friction teet is made on a I~ of eeed, by loading it and then DMlM­

uring ita resistance against shear, i t is found that th e sheari ng resistance
of the loaded la,rer, immediately after the application of the 1000d, i, praeti·
ea1b' the same as it i, three d8,1l later. U, hcweeee, precisely the lame u.t
is performed with a layer of clay immersed in water, it i. found that iJnme..
diateb' after application of the load the friotional eeeletence ia .eQ' small,
80 ,man indeed that one has the impreuion that the mate ri al ia lubricated.
The full f ri ctional resistance does not develop for a couple of da,ra. U a
laterall1 confined meee of nod ia ccmpreeeed, the epeed with which the com­
preuion is performed has veQ' little influence on the llIDOuot of work required
to compreee the material. 00 the other hand, the a mount of work required
for rapidly reducing the volume of 1 cu. ft. of laterally confined cl.,. by t
cu. in. m.,. be t OO ti mes as great as the amo unt of work required for pro­
ducing the same volume change slowly. T he physical causes of theee pbe­
nomena are clearly understood. The writer bas called them the hydrodinamic

/ etreee phenomena. They inevitably develop 88 a result of rapid -appl ication
of loads or pressures on wetee-eceked materials with a low d~ of peeee­
abili ty .- The theory has been Tefleatedly checked by experiment.

Applied to the mechanics of pil e-d riV ng, kn owledge of the h,.drodynamic
.tre88 phenomena bas led to cla.saifying BOils in two main types,. In certain
materials (particularly in sand, gravel, and permeable artificial fills). the
eeeieteucee acting while the pile is being driven , are practically identieal
with those acting on the pile under ltatie load. Under eueh condition. the
pile-dri'ring formulas can be expected to furnish results of sddent aceurae:J'.

In other materials (very fine-t:rainoo liltI, 10ft cl.,... ete.) , the fricUoa
acting on the pile during the driring (hy drodynamic pile friction) ia 1'eJ1
much leu than that which develope after a couple of dap' rest (stau a pile•
friction). while the resistance of the point of the pile under impact (dyn.amie
point reeiatance) ia very much greater than ita reeietsnce under . ta tic load
(static point resistance). Due to theee facti the tot.l resistance agaillllt pene­

tration of the pile into web materials u:

282 TR W 8 ('lWN n o r POUNtUTlON8
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(1) Dynamic rt'lllietaDce (reeietence, Q4. agUn.\ puotntion under im·
1*&). which i. the aUlD of • vel'1 ,mall frictional reliltance (~a pile
friction) and a .ery eoeeidereble point reeiataDce (d.Tnamic point rsiUaDee).

(2) Static l'tI8ilt.ance (ultimate bearing capecit7. Q. under ltatiC 1oe.d)•
• hich it &he lum of • fuU frictional reeiltance (Italic pile friction) and •
YC1 IID&11 point ...iatan08 (datie point reaistanee).

Since the pile-driring formulu fum.i.eh the nlue, Q.. \hore is DO ..ur­
eaee .bateoeTer th.t for thi, class of material, the mne. Q. may be of the
ume order of magnitude. The value, Q. may. by chance, be equal to Q. the
deScienq- in Italic friction being eompenseted by an Uce8I in pliDt reai.tt­
IJlC8j but thil condition is by no meanI neeeeeaf1. It could .. well be TV1
much peater or Tef7 much less" depending on the material The follo'lfiD,g
analoc demonstrates the error committed when appl7ing the pile-driTing
formal.. to reaistance against the penetration of pil.. in thit eeccnd el..
of m.teri.... Suppoee tha' • bodJ' elide. on • rail under ••tee. In order

"to produce. alow forward DlOTement of this bolb. the onl1 n!llIistance there
ill to ctereome is the Itatie friction between the bocb' and the rail, the resiat­
eeee of the water being negligible. On the other hand, in order to keep
the bodt sliding rapidl1 along the rail, the o~ reai.tanOl that oounu q the
reeietance of the water. which, in this cue, m~ be TefJ oonaiderabJe, while
the frictional rtlsiatanee along the rail will practically be eliminated beceuee
of a film of water trapped between the rail and the sliding boeb'. Applica­
tion of a pile-dr1Tingformula to material. of the MOOnd elue i, no more locical
than an attempt to identif.r the .tatic reeiatanoe of the sliding bocb' against
being eet in motion with ita drnemle reei,tanee acting while rooring rapidly
through a viseoua medium.

The best WB3 to di.tinguish whether a material belongs to the fint or to
the second cleee i, that of comparing the penetration per blow immediateb ./
before and after a period of rest of at least 2-& houn. If these two penetrations
are identical, one can be quite sure that the material belongl in the first eleee,
and that the pile-driTing formulae can be expected to furniah fairl: reliable
f'QIUlta. However, for this ease, experience seems to abow that the formulas
hued on the tbOOf.J of impact (Equation (3», furniah far better re8ulta than
the Engineering N elt'. formula.

1D 1925, the writer investigated the bearing capacit.r of an artificial fill,
cowting of residual BOil (.tones, aand, and earth mixed), at Pasha Limall,
OD the Asiatic shore of the Boephorns, When an attempt to make test bet­
inp .ith a normal outfit failed, lIeTersl test pllee were dri'feD, ODe of which
... loeded to the limit of its bearinc capacitJ. The pile-driver ... of the
drop-hammer t.Jpe with a weight of 0.515 metric tone, Fig. e (II) abOW'l the
,.ultt of the 10000ing test; Fig. 8(b) ahow. the r1!IIiatan08 againat penetra­
tiOD under impact computed b.r the E"fIifMmn.g Nt"'. formula (dotted lines)
(Equatio. (6» and by lb. lbOOl'1 of eemi-elaati. impoct (thin full <Ira.... liDo)
(Equation (3». The two .ets of valuee are noi ...ft7 different, beeeuee the
pebetntiOD. were rather important (ranging between 1.0 and 1.... iD.), al.
though the ...alue. obtained b.r the impact theofJ are Dearer the Dltimate
barina capacit)' determined b.r the 10edinc tsta.
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(92 tone) computed by Redtecbecher'e formula. Thu•• within the range of
small penetrations. the defect. of the ERf1 in~~ring .YtlL" formula become . trik­
ing1, apparent.

In connection with the pile teste perfo rmed in P eeha Limen, penetrations
under the influence of a seeiee of blow. were obeereed, the hammer droppiJ&'
from an ele tion of 6.57 fl. (2 blows) . UU ft. (2 blows), 3.30 ft. (2 bloes),
6.57 ft. (4 blc ) , and 9.83 fL (4 blo..). F ig. 7 . bow. the results of the obeer-
ntioDL The pointe that correspond to a drop of the bammer of 6.57 ft.
(200 em.), I .M ft. (60 em.), and 3.30 fl . (100 em.), are located on a straiah\
line. Aooording to the tbMry of pile-driYi ng by impact , Ihi.fact indicatel tMt
the reeidance of the ground remained unchanged during the dri nng period.

• ··ro....l . UN V.nlleM ...." .1. Trac"lIl lll:lIleU . .......all.te" pt......M bJ '"'-- Kruol
l..-lpa ll:. 1toe.

2R4

H owever, with "deereuing .....JuH of th e penetretion produced by the lat
blows, the error involved in the EngiMm"fI N'NJ~ formula rapidl,. inereua
A rather fltriking example can be quoted {rom pile-d riv ing in German,.. AI
a result of man,v years of experience, the foundation f'ogi nrers of Berlia,
Germany, haTe developed the following empi rical ru le for the g od,. lOll .
that cit, : For a pile that penetratell leu than 0.• in. under tbe iUt,*, <i
• f-ton hammer. dropping from en elevation of 3.3 It., the ..Ie bearinc
eapacit;J ranges between 20 and 25 to ns, If the E"9i M e,;"11 N~. formula
ia applied to this case, the ultimate bearing capacit,. i. found to be 28.2 &oDI.
corresponding to an allowable load of i X 28..2 tona - ".7·tont l For the ulti­
mate bearing capacity of the ume pile, lted tenbacber'a fonnul.· furnillMt
• value ranging between 52.8 to 63.6 tone, which is vef7 elcee to the actual
ultimate bearing cap.cit! of theee piles. On the other hand. b,. dri't'ing • »O-ft.
...rooden pile to refusal with a 6 OOQ-Ib.•team ha mmer (2.8-ft. drop). the -.&
beauing nlue of the pile. according to the Engineerin g NetlJ. fonnula. Ibou1d
I.. equal to 121 tona. This ia even more than th e ul ti ma te bearing eal*itr..
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On the other hand, if the penetrationa prod uced by a given impact before
Ind after a period of rest Ire vefJ different, the material beloDgl in the second
el.... and the ....luee furn ished by IUl1 pile-driring formula ma,y be either
equal to, vef1 much larger th an, or vef1 much ImaUer than, the . ta tic beer­
illl ca~it.::r of the pile.

Notice the phr. ical p~ UlIOCiated with dri.i ng a pile into a materi al
of the eeeoad c.... Eve,.,. blow of the hammer eqU<'eZel • certain quan­
titJ- of water out of the toil beneath th e point of the pile. The water Meape8

toward the surface throu~ the .pace between the pile and the grou nd. and
furms a film actine as • lubricant, jUlt u an::r liquid doel if trapped between
two lurfaee&. Due to the presence of thi. film, the friction acting along the
aurfaee of the pile ia T8fJ much lese, wb8reu the force requ ired to IqUeeEe

,,,,,
/',,

l
I
& -1---- hh-== b-- - -1
!

- ,-- - --,,--""?""--;--,---,

Hence, for this period•• correct pile-driTing formula ought to (urni.h identical
,..] ues. i rtft\('Il'ttiTe of the heigh t f rom wbieh the hammer ... dropped. Table 1
.oow. the ,..lueI obtai ned b1 the Engin uring A-etD, formula and the theol'1
of semi-elastic impact, reepecri ...eb. It deinoilitrate. that for prnf"tratiOIll of
te. thaD 1 in., the EflgiMmag }teo... formula furni.be. value. that are bl' far
too small, the error rapidly intte8aing with dccft&lling depth of penetratioo.

The obnoUl reuou for this deficiellC)' of the E""in#eri"" .s••• formula
. 1 Q L

I. that tbe nriable It~m .:! Fg ' ( Eq ua tion (.5» , torthcomiuJ( U • "".ult of

the IbM..,. of impect, bas been replaced b1 • eoD.ltan~ C.
All tbeee facti; and data refer to typical material. of the fint el..... that

i .. to mater ial. (or which the pile-driving formula can be expected 10 furuieh
f.irl1 reliable eeluee. This eca clueion w reeebcd L,. ooaerving, among
other th inp, that the penetration produced L,. impact of a ginn intetuit.r
.... pract icaU,. the lame before and after a jeeicd of reeL
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The foUuwing figures m&J' eerse to iUustrate an extreme ease of t.h.iI tJpe.

The BOil consisted of a eueceesion of l.,.en of 10ft loam, eome of them mind
with vegetable fibers (peat). The penetration obeervatlona, the loading t.eBtI,

and the pulling testa were made. in 19Oi, by l b. Ph. Krapf in connectice
with the construction of a bridge aerosa the Rhine Valley Canal in AustriL·
The dynamic pile-driving resistance bee been computed from the penetration
data by the theory of eemi-elestic impact (m - 0.6) (see Equation (8». The
pile was 8.4 m. long; lower diameter. 23.6 cm. ; upper diameter, 33.3 em;
and weight of the hammer. 765 kg. (drop-hammer). The data concerniDr
this pile were, as follows: Ult imate beari~ capac ity (loading test ). 113
tons; skin friction (pulling test). 14.4 tona; statio point resistance. 17.2 ­
14...4 tona .,. 2.8 tona; dynamic pile-dri'fing reautance, compu ted from pene­
tration after continuous driving, 20.0 tonA; and dynamic pile-driring re&ilt·
ance, computed from penetration after a period of rest of 30 da,ra, 80.0 tons.

In this ease, by mere chance, the pile-driving formuta applied. to the efteet
of the hammer for eontiauoue driving furniahed a value eloee to the actu.tl
bearing eapacity; while the value derived from the penetration after a period
of reet .... by far too great. In other cuee. the eeeced value is fOUDd \0

be closer to the actual bearing capacity. Tbia ID4,1 be learned from the CUt'

tomary practice of introducing into the EngiMmng };• .,. formula the valu_
obtained after • period of reet.

Baaed on what is known about the pbye,ics of the penetration of a pile iD
the second cl.. of material. the aforementioned data can be interpreted.

• ".--..18 004 V.noc'" ..... 41. T~.... l.... t ....n llllllt. .. PtIUl~ N 10,. ~. ltf"&ll.
lA_I&. 110&.

the •·..ter rapidl.r out of Lbe eoll beneath tbe poiot of the pile i. greater t.hu
that required to eompreee the pme ecil ala.b'. During .. period of reei. tbt
film of water is gradual'" ebeorbed by the eoil and the fu ll ltatiC pile friclio.
dendopL When pile-drilina i. re8umed, one bu to oyercome both the ..tie
friction and the cl7namie poiot n-i.tance. Hoe eeer, during the ume period.
of ~ the &DDul.r space. ..ernng u an outlet for the water equeesed out ..
the 80il by impact, hu eloeed. Hence, in certain kind, of eoil.. the d.rnamic
point reIIistanoe aeting after .. period of relt tna:1 be mucb more than ilia
raistauce acting before the telt..
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While oontinuOUIly driring ~e pile into the wround, the akin friction i, prac­
tical'" eliminated. Helice. the d)"1l&D1ic pil.driTing rea laDoe i. pnetieally
equal to the ~&lDic point reai.atanoe; OJ', before the period of rst., the
lbumie point nllIiIltance it 20.0 tona, AI oompared with j.8 tone IUllie point
,.dtanee.

After • 3O-c.lq period of rat. the b.mmn had to oYel"COme th e fu ll l tatiC
friction (17.i tonal plus the cbnamic point ftIIiItanoe (02.8 tom); OJ' • total
of 80 toOL

Fig. 8 "'fIl'f*!DtI this interpretation enphiea1J;,.. The .bade.:! area eor­
*PODd to the pile friction acting durin« the pile-dririnc pl"llCMl .(0); under
impaet after • period of reet (b); and under Italic 1<*1 (e) .

Tbit and similar eumple1 abow that the appHcation of ~ pile-driTing
(ormul, to the be&ring Clpaci t,J of pilei driYeD in to the eeeced el.. of mate­
riat. i•• gamble, tru ting that the defieienq in Hin friction UIOci.ted with
the driring of the pile may, by eheece, be compensated b7 the cotrerpODdi~

uee- in poin t ~atance.

-------~~-._--__r-----,____,

Considering the. fae ta it eeems to be futile to attempt any further im­
proYementl in the field of pile-dri'fing formulu. For materi.l. of the first
cia-. the pile-d.rinng formulu were good enough eYeD &1t1 JeaN ago ; while
for IDateriah of the eeeond clUB, DO reliable pite-drinng formulu are poe ­
lillie at ell, because th e resistance againBt penetration of the pile. under impact
iIl\o w eb materiala b.. phyaieall1 nothing more in oommon with th e static
'-riD« eapeei ty than b.. the static friction between .ulids (following the law
of Coulomb) with tbe rillCOUS ftl8ilttanoe of liqu idt agailllt rapid defonnation
(foUowina the I. " of Newton) . In the future, th e penetration cune of piles•
&ltd .-,rtieularJr the difference between the rate of ~etratioD before and
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after a period of rest. ma..J gi't'e more reliable info rmation . bout the eh.rad.w
of • K1'Ound of the eeeond dUll than a u.t boring, bu t it DeTer win gi\'1l IJl1

reliable information about the beariD&' eapaeit1 of the pil es.
Th erefore, future investigatioftt in the field of beari DR ctIpacit1 of pilei

should be directed to ward t tud,ing the effect of the Qape. thiekn.-. aDd
If'Dgth on the bearing ca~citJ' of pile. dri"en into different kinds of lOi1a.
I n this conneetion attention . hould be caned to the uhau.d"e in1'Mtiptioat
by the engi neers of the Whangpoo Con.ee"aDC1 Board, in Shanghai.. China.
The t eMta included more than fort1 oomplete dri ring. loading, and pulliDc
tests in eoils the nature of which . u prniousI,. inystipted by telt borinp.
The 11011 consist ed pr incipaJ1:r of fll., and silt, apparentI," belonging to the
second el.. of materiele, The teste fumi hed nluable informatioD COD­
cerni ng the effoct of the ..hape and length of the pil. on the ultimate bearilll
capacit,. Charaetem tiea1l1 enough. the publh.hed reports do Dot oontaia
an,.v information on the lJ(>t1etntion oMe"ations. for the t'NAOD that "the
spplicetion of general pile-dri ving formul.. to the local conditions h.. ,...
hulled in grea t errors", •

B F.ARlSG CANoCl1\" 0' A PILE F OVSPATlOS

F rom the preceding consi dera tion it 10'" be IleeD that A.umpt ion (1)
on which preeem methode of planning pile foundationa are beeed, may or
may not be admissible, according to the character of the material. Th ill . it·
uat ion ill not serious because, if it becomes Deee88aJ'1 to exclude Aaeump­
tion (1) (tbat the bearing capaci ty can be computed fro m the effect of the
blow), the required data can be obta ined by making a loading teet,

Far more important ill the second 8118umption, (2) . concerni ng the rela·
t ion between the behavior of the individual pile and the pile foundation ..
a whole. When discussing this eeeumptiou, i t is beat to disti nguish between
three different C8..II,(!:8 : (1) The piles transfer the weight of a building to bed­
rod ;: or to another stra tum, the bE-aring capacit,- of which illo nqual to or greater
than the load acting per unit of the eroes-eectionel area of the pile ; (2) the
piles transfer the weight of tbe building through a vel1' eompreeeible top
layer to a less compreeaible one ; and (3) , the piles are driven for a certain
deptb in to B deep deposit, the consistency of which doe. not appreciably in­
crease witb the depth .

Calle (1 ) hardly needs any discu ssion. In Cue (2) there are two different
poeelbil itlee ; either the f('('bly rCl' iatAnt top layer can or can not be soli dl fied
by pile-driving. For instance, the average water content of the 110ft CI81

del)(Jllita in Boston, Y aM.• rangee between 30 and ~%. corTe8ponding to •
volu me of voids ranging between 45 and 62%. filled with water. If pilei are
driven into a deposit of thi8 kind. the 8urfaee of tbe cl.,.~ between them
through a heigh t of leveral inehee, which indicate- that the volume of TOid.
o( the materia l remaina practically unchanged. Pile-driving produces DOt
ulll,)" no consol idation of the deJlOl"i t. Lnt it ..ven fIef·ow to ceuee the material
to btloome IOfter. T hil> 1",..oIt eonclueiou has L6en drawn from the OOee"ation

• W.&Il.~ f"oa......... ae7 Boa"". A H . T . Sot r1.. I . !'i • . 7 . v.l"I_ I'lfItOna 10 I". E.r1·
'Mr-I.-C1lI.r .. , pee l.1 1. ....!pUo• • 8""....1. nZ1 ; '""PCtn ••••• J:aat_r-I.·CIl;W •
pl'- ....
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Fig. 9 (b) represents the same oombination of stnta as Fig. 9 (a). with
the onl". difference that the top IAJ'er it art to be tolidified (artifieial fill,
quieband, etc.). In this cue it may be more economical to 11M the pile.
mereI, for the purpoee of inereasing the be..rinlt eapae;t". of the top l.,.er
by piJe-drhing, letting the pilei extend to the bottom of the top layer onl,..
Here, again, the remit of a loading teat performed on an indiridual pile,
prior to dririnA' the others, would fail, b". f.r, to fUrDiah an,y reliable iufor­
mation oonccrning the number of pilei required. What i. needed i. to Jearn
,bout the eft'eet of driring on the det1llie,- of the nrrounding toil. Depo.ita
that taD. be coDlOlidated b". pile-driring beIonc almoH aelnaiTeb' to !hOM

iUt the eompreeeire etreo.eth of an undi.turbed u.mple of clQ' iI alW8J'l con­
aiderabb' creater than that of the ..me I&lDple, with the lame ...ter oonteDt,
after the umple has been moulded b,. external preMure. Ia ItOOng OOI1trut
to thit behlnor of the dep08ite of blue clay ,tand, the behuiol' of other "'ery
6D....,rained df'pOlitL Quite recen~. when pilei were driTen into. deposit
of u:Of'Iediogl,. fine-trrained saturated quieband, the Ianace of the deposit
wbBided between the pils through a diatanoe of almoet 1 ft. Judging from
pnmoul esperieece, the original Tolume of TOida of the material .u eer­
lai~ Dot grNter than 45". conaponding to the TOlume of ecide of • clay
with •••tee content of 30 per cent NeYerthele., hued upon the IIUb.i­
deDoe of the surface of the deposit, the piJe-driring mUlt baTe redaeed the
lOlume of TOida b,. eeTeral pet cent.. .hieh. in tum. Ineol... eonaidenble
iDereaee in the bearing power and • deereeee of the com~bili17 of the
dopoaiL

In these two eaMl80 the pits mu t llerTe two TerJ diife~t pul'Jl'Ol'N if th~
are to be utilized to fuU adnnt&ge. In the fint cue, thq should tranafer
the 1000d to the more resiatan& llulHtratum. thUi diTerting the preuure from the
upper to the lower stntum (Fig. 8 (eI» . In order to IlI!ne this pUrpole.

the bearing eapacie,- of the eeence, b c. of the pile below the bottom of the
upper layer must be great enough to support the load without ~ app~

eiable settlement, Since the reIlult of a loading test performed on an indi­
ridual pile includes both the bearing eapaeit". of thi. section of tbe pile and
the akin friction acting .long the eeeriea, 4 b. this relult may be mi8leading,
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If the length of the piles is at Ieeet equal to the width of the base. their
effect ia obrioual.1 veq beneficial (Fig. 10 (4». The pilee reduce the
inten8it7 of the muimum preeeure acting on the ground. and, in .dditiOll.
the,' ahilt the ecne of maximum atreM from the lurface to the level where
their lower eada are located. Since the effect of the depth of founda·
tion on the bearing C&pe;cilJ' of the ground depends. u prenou.sl.r noted.
no t ou the depth. t. but on the ratio between the depth of fo undation and ill
width, the effect of transfening the preeRre to • deeper level, in the cue .f
Fig. 10 (4). m&1 be quite importanL On the other hand, if the width of tIat
foundation iI considerabb greater th an the lencth of the pn. (Fig. 10 (i » .

el_ of material for whieh the pile-dri'rina' formulu IlJ1t ",d id. The P1'OI*
prooedure would be to .tart with pil. far apari and to drin intenDediabt
piles until the beariD& eapaciU. aomputed from the penetration, indie-tel
the~ce of • weIl~uolid&ted pound.

In the third cue (pilei driTeD. into the upper p&rt of • 't'!rQ' deep depOOt
w!th • fairly uniform conailtenq), the nIu. of the pilei mQ' Of Dla1 DOt
be problematieal. depending on the ratio be1:.eea. the width of the foundatioD
and the length of the pit.. Suppoee that the pnaure diqnma. Fig. 10 (a)
and. F ig. 10 ( lI). haTe been plotted. The left-baDd IMICUona of theee di.agraIm
abo... the d iatributiOD of ecil preuuree beneath two rah foundations with dif­
ferent widths, computed approximately by Bouaineeq'. tbeol7. The rigbt-lwad
aecliolll of the tame diaerams Iobow the ch.aDge ill the at,... diatributioD due
to the pre.enC8 of 2O--fL pilei in the lTOund, computed b1 the aame theol1.
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the p!"tlUUl'e"reducing effect of the pit.. i.I ftr7 NDA11 and the ratio between the
depth of foundation and the width of the Itruetun g abo 1'et'7 much amalla'
thaD in the cue of Fig. 10 ( /I). Heaee, the beneficial deet of the pit. may
be JM8Hgible and the moUe,' i UTaled in them IDa1 repre-nt. aD unwarranted
upenditure. The reuon pilei are 10 generoueb' ueedbeneath raft foundation&,
in lPite of tbe facta represented in Fic. 10, i. that~ encineen oonfouDd
the bearing alpIocit;y of the indiridual pilei with th. bearinc eapacit;r of •
lOON of them. Yet Due can~ eoeeeiee of • more obYiOUl fallaq. The
indiridu.t pile aprMdl the load oyer a wide area, thut redueU1tr the . peei6c
IOU p~re to • neeligible item. while beD..lh • wide pile foundation, the eon
~ ill just .. great as it ia tmder • limpl. raft foundatioD of equal
width. In .tructural eugiueenq lUeb • procedure would COlTMpond to COD­

aidering that, since. bridge hal etcod the lced of • sinal. ear without meu-­
unb1e deflection, it will ttaDd the lced of 200 ears. actiDg limultaDl!IOuab".

Some 1ean ago • compaD7 in tended to COIlItruet • power hOUM with •
raft foun dation .upported b 600 re inforced eceeeeee pit.. 25 ft. long. beeauee
• fimilar building reeUng without pile. OD the ame mud depoBit bad AfI'ered a
ublidenc:e of more than 12 in. A loadiDg telt perfo rmed On an indi'ridual pile

Ihowed that a weight of -4 tons did Dot produce a meuurable Iinkinc of the
pile. At a ecaeequeace, it was belieeed that, if a loed of not more than 2 toni

wen Uligued to each pile. no aeWementa would occur. After the mud depoait
wu iDy_ tigated. the com(*D7 wu adTUed. to MU the pilee and comttuct a
simple raft foundation, beceuee conditio~. were aimilar to thoee Ihown iD
F"1I'.IO(b) . Hoeeeer, as eome of the pil. were alread;r driTen. it w.. decided
to'drin all of them. Fig, ll (G) Iho.. the lettlementa of the corners (I, IV,
Vll, X), of the Dew building (G) IUpported by pilea and F ig. 11(&) the
aimultaneous lettlements of the oornen (A, B, B, F) of tile adjoining building
(b) , supported by a limple raft fOODdation and exerting on the ground prae­
tieal1,y the ..me preeeure per unit of area as the building (F'18. 11(4».

Bl keeping the load, acting on the indiridual pile, Jea than the "..fe load",
it i, mereq tranaferred to the level of the pile points. No Uluranee whatever"
i, obtained aa to how the ground below the pile pointe will behave. and
in euee of piles of the type . hOWD in Fig, 10(b), the ground may behave a.
if thq were"non-existent,

Henoe, in all CUM where the pilee do Dot act Itrietl1' ... column.. the
knowledge of the "safe load" of the indiTiduai pilee onJ.:r repreeeota a minor
part of the information required for predicting the beharior of the foundation
.. a whole. The fJ88ential part of the problem conn'ta of ItUdyiD&' the eJJeet
or the load on the ground located around the pilee and beneath the poiDt&.
Yet building codee are ..wned with tpeCifJing the load per pile. di'ft8ard­
ill&' the true eeuee of future complieationa.

Ernor or fuEz:lNO ON FOU1ro4nON.

During recent~ valuable contributioDl haTe been made to t'WTeDt
knnledp of the eft'ect of fl'Ol.t in the IOiI and on the ItruC't1lr'M IUpported b1
it. 1l0it important among them are the iDveatigatiODl of Profeaeor Stephen
Taber.- of the UnivemV of South CaroliDa, concerning the eapaeiv of

• ....".. OI"OWUl. ot CI'T't&la 0..... ~J'NJ .-..-,..," ~~ of-' ., .acw-,
.~ s.n.. Vol .1. pp. N3-6M : -~ ... h __••• ~""J'''' tIM G~ .,
~ .. ~f." . 1'1.t~ ~"" ,I lei_a.. Vel. I . N.. . 0 pt. ..,-aos.
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In connection with foundation engineeri ng, the importa nce of froet aetiOll
ee&entialb' res ides in the capacity of the fl'fleUDg ground to lift foundetlo••
bodily ee1'eru inches above their original poeitioD. Tb i. ia apt to e.tue

differential heaving essoeieted with IeCODdary IlII"flll8e8 in the su pers tructure.
Quite. number of euch easee have been brought to the attention of the prof..
sion and many more have been undoubted ly obeened.·

treetine •..eins of water to ab80rb additional water out Gf th e 8unonndiq
elay soil, or through the elaYlK>iI f ro m th e ~uDd-w.ter. and to develop from
thin leama into layers with. considerable tb ickneee, The space requ ired for
the growth is prcdueed by the JlreMure of et1l1ta11iution. fordng the toil Od
of the way.



However, th ue f.r. appa rentl1 DO attempt h.. been made to go brqond the
obNo"ed phenomena and to .nal~ the condition" required for producing the
lifting efecL The fonawing conclusioue repreeent the reBulti of • prelimioU'1
lU"q of tbeee oonditioDL

The freezing stam at the eurfece of the ground and graduaH.1 proceeds
to••rd the interio r. At th e &ame time tbe ecil freezel to the pier, the adheliOD

~nc practicall1 equal to the &hearing strength of the frozen lOil 8uppoM
that at lOme int ermediate etate. f1"eeling baa proceeded from the IUrlaoe.
S·S (Fig. 12), to the level, aGo the frozen ecil being cemented to the pier aloDl'
the faces. 4 1 '1 and 4 1 '1' If the freezing proee8ll oontinuel atilt farther.
e&llIing the ff"ee&ing and the expen.aion of the sell located with in the apace.
• • " II. there are then three lJOIIoSibiliti6ll :

(0) The ground beneath the f reea:iDg I..,.er i. feebll compl"elIlIibte, and the
adbt.iOD between the fAC6J. -1'1' GJ ' .. and the eoil DlaJ' be arreater than
the weigbt of the pier. I n this cue the pier ahould be lif ted bodilr. .. freezing
proceeds, leaving an empty IIJNlCe beneath iL

(0) The ground is compressible, but the .dheflion along the l aeee, ~ " and
'1'.. is greater than the weight of the pier . In thi. cue. with the pier u a
rNetioQ, the freezing lOB will exert a dOWDwu d preuure caulling • •mali.
but permanent. consolidation of the grou nd within the .paoee.. CoCo

Evel')' f l'Ollt 8eaIIOn will add lOme additional eoneclidetioa, unti~ after
Ie'l'eral lleUOn.. the eoil located within CoO will be 80 compact. that fiDa1l1
• froet will succeed in lifting the pier, tbe eoaeclide ted material. 0-0. actine
.. a reaction.

(c) The ground il fecl>Jy compreeeible, but the weight of the pier ia greater
than the edbeeion. In th is case the expansion of the soil, a II II b. will ceuee
• .10.... upward creep of the soil, a , II a, along the outside of the pier. U8O­

elated with an upward lift equal to the edheetcn. The reeult ahould be •
fatiru e effect, simila r to repea ted application and remo..1 of • lin load.
eauaing . light addi ti onal eenlemente of the pier.

From these rema rlta it Ill8J' be learned that the Iiftiol' action of the
a:pand ing ground should depend on eeveral Jectore, nameb. the--eompres­
aibili.tr oLtha u.nfrozeIlJoundation.aoiJ.J,ha.oomp....i1'8 ..1.rtm&th of tbelro&eD

aoll,...th. ..deptla. of freezing, end, finalb' on_.thl--Zalio....Let.wfl6rl lha.weia:ht of
the ~ ier aDd the total adh....ion .ba&. &.he. pW_.ud--ibe- fun:eu-aPO'lnd. A.
experiences increase, other facton may bue to be added to thi . li.t. Oon­
. idering the lICarcit,y of available information. &n7 obeerYationa made in th i.
6eld m.,. increase the engi neer'a capacity for predictine the effect of ftee£ing
w peopceed fouodationa.

Sou, Cu.!l8lnCATlOS B»;ED ON EU.8TJO CoN!JTA!liTi or Son..

. The preceding pam of this paper have 'brought out the followin&, lacta :
(1) The settlement produced by a given uoi t load mat increase ei ther in
direct proportion with the diameter of the loaded area. or at • Yeq much
amdler rete, depending 00 the character of the lOiI; (2) the le tt lement of •
~Qildin&, rna,. be due to volume change combined with lateral 80w, or to
lateral Sow alone. depending on the character of the lOiI; (8) the pile-dririoa
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mechanical analyses of &Oile of ell typee (euper-ce ntrifuge treatment excluded).
As • result it W&8 found that two eoU, with utterl,. different phyaical chane­
teristlce may h....e almost identical mus diavaJD.L

Cd) The water content, too, seemed to be • vef7 unreliable gu ide iJr,
judging the ebaraeteriatiCl of soils, For example. it ...... found that lOme

elqa with • water content of 40% are consider.bl, stiffer than othert with
one of 25 per cent.

ee) During the lut few ;rean. inereuing attention bas been paid to the
colloids present in the fin~ined (cobeeiee) ecile, and it baa been hoped
to IOI,.e the problem of m il e1all8ificatioD b1 finding some l!Iimple means of
determining this percen~. Tbeee hopes appuent!1 were based on the
idea tb.t the "soil colloid" i ll • specific an d well-defined substance with 't'e11
ueueuel properties. and that the knowledge of the pereentege of col1oidapft!lllleQt
in the eoll Mould be 8uficient to judge ita eberectee. The International
Soil Congrell8 (June 1m, Wu hington, D. C.), developed IlOme new and.
rather conrincing evidence that there i. no defini te toil colloid. The term.
"colloid", does not indicate a eubetenee, but a etete, and the re are almoet ..
maD1' different colloids as there are non-colloidal mate rials. AIID08t n a,
mineral can be transformoo into tbe colloidal etete, merel,. by grinding it &ne
enough. The toil colloids repre!!eDt a mixt ure of di fferent colloids, tha t meant,

of different materials in a veQ' finel,. dirided Btate; and the properties of tbeee
mirluretl may di ffer from each other u widel,. ill the propert iElB of the IOn..•
Yr. Y. }(. l lcCool, of :Michigan, observed a remarkable difference in color
and tenacity between to il colloids tha t accumulated at the bue and thcIe
that formed the top of the sediment in the tubes of the euper-centri fuge,
although both colloids came from the lIame lIOil. Some lOiI. with 20% ' of
colloids were found to be far more tenacious than othe rs with 40 to 70%, on
aooount of a di fference in the character of the colloids which the,. contained.
These few examples may be Bufficicnt to demonst rate tha t tbe quanti17 of
colloids present in the soil is fa r from determining ita character. In order
to learn something abou t the soil , i t would also be nece88aQ' to determine
the t,ype of the colloids that it contains and their ete te of ed eorptive sahl,.·
tion . Th is. however , would require intricate chemical investigations which,
for prac tical PUfIXl8C'!'t cannot be considered.

Hence, if all the data, «a) to (e», were known for two ~ven soils, it would
et ill be impoeaible to determi ne their similari.,. or difFf"ren~. Th e diflicult1
is obvioutl,. in the fact. that none of the data, «0) to (e». hu aD1' direct
bearing on the facts that iutereet the foundation engi neer. The propcrtis
that determine the behavior of the ROil in the foundation pit dil'e("t1,.,. are DOt
the uuiformitz, nor the miner.logica) composition, nor the .ater content.
The,' are:

(1) The volume change produced b,.,. an iucreeee of the preuure actina
on the lOil; because part of the een lemem of a building may be due to a com­
preeeicn of the ecil. If two similar buildings are erected on equaU, com­
prMBible to ils, the, will ultimatelr lM'ule the gme amounL

• '"TM n ... 1.1.f1l.at...., 11061 e-.- ..• I,. 1lI_ •• I. 1M Hlp••,. &:-P_,N ..,.

C. Torac.l. ,..,,'" Roo4I , Vol . • • No.5, Pit- ,1-".
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A careful .t~ disclosed the l urpriaina bet. that the oomprtWlibilit,J of
IOi4 may 1'aQ' between limita &8 far apart u the oomprmeibility of eoD<:reteaDd
rv.bber. To demonstrate this faet the diqrama of Fie. 14, haTe been plotted..
The full drawn CUrTel . how the Tolume chancel of 8Oila. ranciD&' betWeeD
If. iMippi cumbo (moet eompreeeible k>iI) and clean, round·grained M.Dd
(.... compreuib1e). produeed b,. tim rai.ing the preMure from &ero to a toni

(j) The permeabili tl of the llOil; beeeuee the 1... the permeabili~ of the
toil tbe more time it takes until the eJ:eeM water dni.D!l out after the eon­
.true-tion of • foundation.

(3) The cohesion or the tohearing reeietenee of the to il under eero lOAd :
becaue the cobeeioa determines the relation between IeUlemen t and diameter
of the loaded area at equal unit prestnlre&.-

1M determ ination of theee three ecil propertiee i , enough for practical
purpoees. The question concerning the eaullfIII of theM! propert iM-wbether
or DOt the1 are determined by eolloid muslituenu. effective .iu, or mineral­
ocieaJ compoe;ition-beJong in the laboratory_
HeD~. "ben approaching the problem of lOil etauifieation, the writer

',..t attempted to studJ each one of the pracl ieal1, important properti-. (1)
10 (3», indiTidualb'. to find out within _hat limi tl thQ' could pl:*ibl,. 1'&1'1.
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per trI. It. (3 kg. per SQ. em.), and the n graduall,. reducin& the P1'tlllllrt
to eero. At the out.t the water content of eech ODe of the aampl. ... equl
to the ••tee content of the materi.1 .fter .I ow sedimentation in quiet wale'

(At terberg'1 lower liquid limit) . From F ig. If it tD&1 be Jeemed that tbe
oomprcuibilit1 of the eend amounla to onl, a aman frac tion of the comprelli.
bili~ of the Mi.illippi gumbo. En D . ,.ear lI&'O (192$) the C8UM1 of tlat
tremendous difference in the oompreuibility of different lOib wu not ,.
quite clear to the writer. Su.speetina- that it miaht be due to the crute or
amaller abundance of ecal~Ukeparticle. in the lOll, he induced GlellDOD Gilbv.
J un. Am. See. C. E., of the lI....chueetta Institute of TechnolOQI to inTIICi·
p Le the elastic propertin of differentlJ' proportioned m.ist~of aand and micI,
both .ith • grain size of 0.5 mm.- The resulta of thE*! in.,ettiptiona cer1aWJ
were .trikiDg. B1 proper~ Mlecting the mica eoateat of the eand, it ...
pouible to imitate pnctica117 all the propertim auoci.ted with the eoat-

pre&8ibilit.1 of the BOila. rebound and elastic after eBoote incl uded. In Fia'. H
the dotted linee repreeent the effect of raia ing Lbe preuure to 3 kg . per tq. em.
and then reducing it to zero on thOleaand·miea mizturee that bear the clOllllt
te!lemblance to the lOila the oompreuion cu"_ of which are abOWD in did
1m. below. The lOil eun'DI are lower in the diagram than the UDd·mica
cu~ merelt beeauae of a di1f'ere:nee in uniformit,' of the two materia1l.
In order to make theee faeta clearer. the di.acrama. Fig. 16, hi:", beea. ~
pared. The upper row of numbers aho", the space ceeupied by a standard
quantity of 100 gram"* of aand·mica mi.s:turee ..ith a mica content of 0".
5%. 1010. ~, and ~. z'Mpeet h ·eb'. The lower row abo.. the Ipaoe OOCQ­

pied after eompeeeeion produced b,. • standard preeeure of 1 ton per eq. It.
TbUl., i\ beoomee erident that one of the ma.t imponant propertiee of tM

sou.--oompreuibiliq-hu no thing to do with the eft'eetiTe .we. the ani·
• Proe<MtIw.,•• AID.. Soc. C. L FtolI""J7. 112" Pa.,.,. a" 06 .. p. 566.
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•

formil1. or the colloid content. It is mereb' the mechanical eft'eet: of a
.-tet or amaller .bund.Dee of ee:aI.Uke

The property nat in importance oonoerDa the permeabUil1 of .,n.. Th•
Snt teltl that the writer made for determining the permeability of Tf1r7 6D.
,rained materiala. web .. cla,p. luced teYeral month&.· Howner, a method
bI been deriaed. bued OD the theory of ~rodrnamio .t..... Ia which
the codicieut of permeabilil1 can be determined from not more than one
doleD ,.dinga. S, Uling the ..me I&!Dple that .en_ for inyeitiKatibg the
oompreMibilil1. the determination eaD be mad. in i4 boura.t The tell iI
JUde by fint rawng the IJI'MBUre which acta on the aample b1 100 per cent.
The 1~ peemeeble the material, the loager will be the time durioa which
the U:~ .ater U equeeeed out. The cnduaJ 1~ of .ater betrap it.eelf
by • rradualll8ttJemenL B1 obeerriDg the IettJement in epecifled time inter­
n1J oo1'ering a period of U hours. • cune of settl ement q-aimt time IDQ'

beobtained, All hOWD near the upper edge of Fig. It. The 1_ permeable the
material, thII Batter th. cur,.. will be. The equatiOIl of the cu,," i.I bowu..
It OODWnt onb' one ....ri.bl. quanti",. the eoefIicient of perme&bilit,y. 'There­
fore, it iI merel,. a matter of arithmetic to oompute thw ooetBcient &om the
C'U.l'Ta. The coefficient of pen:DN.biJit.;J i. the eeeond item that h.. to eater
into a 81etem of sell clueifieation. It determine. the speed with which the toil
will llettle and whether or Dot the eettlement of a buiJdiq rstiq on "uy eom­
preEble toil will be uaociated with an. appreciable .olume change. U the
ooemcient is bight the total "olome change due to the weight of the building
11111 be aecompliahed within a few 1earL On the other band, if thiI eoe5cient
• Yel71ow, DO appreciable 'Yolume change mq occur within ODeor two I('fmera·
bona, and the eettlementl will be due alm08t ezclulli,el, to lateral 80w of the
Iooded ecil.

The third item of practical importance coocuns the cohesion of the mate­
rial. In order to determine the cohesion, metboo. hue beea deeieed for
obtaining drill dmples with their original water OODtent in an undiaturbed
eeeditloe. D1 meuuring the cube etrenath of theae materiall, the cohesion
~D be determined with a eufficient degree of aceuraC7. The reeultl of the
teItI are plotted in a conaiatenq diagram of the t1Pe of Fi&. 4. or Fig. 16.
B1 usina thie method of mV88thtation it w.. found that there are clu depocitl
that are etill in an undrained condition. whieb me&nI that their oonaolidation
aDder the in8uenOl!l of their own weight ie still prooeedina'. AI eumples
IDIJ' be mentioned certain mud depoaita eleng the abOtel of the Golden Hom
in Constantinople; pertl of the blue 01..,. depotit which underlies Bo8ton and
Cambridge. lla-.; and a cI..,. deposit in Detroit. Yich. There i. no doubt
that ID&DJ' olben of a eimllar kind uiaL The lurface of web deposita would
rndualb lubside eTeD if no buildings were erected (. n them. and the eon­
Itruetion of buildiD4tl aceeJentee the proct'M, in'Yolrina coDliderable IN!lttle­
m.t" I'fC&rdlMl of the tfile of foundation.
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With theee three iteD1ll al • bes i... lOil e1ueifieatioD could be deeieed
which would lle'f'Ve to bring IOn. into as rational a 81lltem" as that which
OOTen artificial eoaetruction material., because to il. with equal eom pJ'Mli­
bili ts. equal permeability. and occurring in the ..me , ta te, will behaTe, under
loed, in an identical manner, I1'g8rdleu of what the ultimate causes of their
propertiee m.,. be.

H oweeee , in pract ice. there are two eerioue difticultielJ eeeccieted with any
attempt to elllMify BOils accord ing to the method proposed in the preceding
d ieeueeion . The first is the difficulty of obtaining undisturbed aamplee of
certain eoile. According to th e results obtained by Swedish iDTeetigaton, die­
turbinR' a soil without ('hanging its volume of Toidll and ita water content Dll1
cause the cohesion (coneietencr) of the (lOil to be reduced by an amount rang·
iog between 75 and 96% of ita original value. H ence. the conclusion", deriTed
from t_ting the conflieoonq' of a drill eemplc may be vcry millleading unl_
one has eueceeded in eecuring the sample in an undisturbed state.

The eeeond difficulty i , due to the fact that the eha racter of the natural
ground varies to a greater or 1e811 extent from foot to foot. in a horizontal and
in a .,mical direction, the variatioDt depending on how the ecil deposit wu
formed. In order to get an accurate conception of the average character of
the BOil. a eoesiderable number of u.mplee ought to be tested, The te8t.1

required for determining the constanta mentioned in the preceding discussion
ere too e%peD.ai.,e, in time and money. to be performed on e.,el'1 indio
vidual sample. H ence, e!orta are made to work out certain simple routi ne
testa, th e J"e!lultA of which would furn ish the approximate information dHired
at a reuDnable amount of time and labor.

CoJlOLUSlONS

Considering the preBent eta te of bowledge in the field of ecil meebanica.
the proepectl concerning the fu tln, of fOUDdation engi neering .. an applied

The first two items. oompreu.ibilit1 and permeebllitr, determine the t1Pe
of eoil with • greater preeleica than the concrete term, "1 : 2 : 4". deeeribel
the properv of artificial . ton.. A third item. oob.ion (&hearing reei~tanee)

for el.,... and densit7 for sands Md quiebanda. determiaee the atate in which
the ecil occurs. The method. for roe&lIuring the d.-nllill ( firDlDelIl') of~
material. hue bOt yet beea developed, but there seems to be no huurmount·
able oo.taele to the l101ution of the problem1 iaeoleed.
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eeieace are deeidedlr encourqing. the pr incipal obeteel.. against progrtl8l
in th it field hATing been removed. The eleetle properdee of tbe most trouble­
lOme .oil, cl.,.. included. are now at leu;t as tboroughb kno wn as thc.e of
eceerete or steel. The method. of IOU el..i6eation and IOU identifieation
bue reecbed • point where i t N O be clea rl,. IIeeD what i. needed for
identif1ing lOil materials. The relation- between tbe .iu of th e 10000ed area.
depth of foundation, character of the eoil• • nd inten i11' of the loed an well
au1J1ed. at leut in principle, and the pb18iCl of the time effect. are clearl,.
undentood. Yet. _treM must be laid on the fact that the knowledge thUB
obtained mereb wnet ... meane for uprooti ng eeetain pnailltent pnQlIdie.
(for h..tence, conceming the ....lue of pile-<l riYing formulu. or the interp re­
tation of tbe reeulta of lOAding teflu) and ntabli.hing • more aeeurate inter­
preUi ti OD of actual eoestrue ticn expeeienee, The bulk of the work- the .,..
temalie accu mulation of empirical d. ta-remaioa to be done.

Foundation problema. throughout. are of meh character that a Ittrictb'
theoretical mathe matical treatment win . 1....,.. be imvo-ible. The onl7 Wll7

to handle them f'fti cienll,y consieta in fiDdioa out. '"t. what hu happened
OD pfEllC'edipg jobe of • simi lar character ; nu t" the kind of lIOiI on which the
operatioDJ ...ere performed ; and, finalb'. why the opera tiona hue led to oerWn
....nlta. B1 .,..tematiea1l1 aoeumulatioa such knowledge. the empirical data
being well .defined by the reeuha of adequ ate toil in't'eetigationa. foundation
engineering could be developed into a Ilemi-empiriea1 ecieece, com~rable in
iu ehaneter to certai n branchflll of medicine, For the fint time a large.
lCI1e effort of thi . kind wu made b1 the Swedi h Geotechnical Committee.
in ite epochal in 't'Mtigation of Swedish landslldt.e, 1~14·i2.· 10 connect ion
with ite work, the Committee haa tested a yut number of sell aamplecJ, 0 ­

treeted from more then 10000 drill holes, at d ifferent depth. below the sur­
Ieee, 00 ecoouut of the time ( five 1ears) th.t hu elepeed since the Oom­
miuee finished ite work. some of the experimental method. hue been .uper­
eeded. Nesertbeleee, the work of the Committee could eerse u • DotewOrth.r
ex.mple for the w.,. in which a simil.r enterprise should be organiud in the
field of plain foundation engineering•

At pr8llent (1927> , the data deri ved from preeloue experience in foundation
tng incering arn of a 8 litt le value 88 were tboee deelved from S.ed i~h landslide
f1lperiences pr ior to the 'Work of the Geotechnical Committee. The informa·
tion concerning Mil character is inadequate, and the interp reta tion of the
oMen ed facts ill ver1 often IU'bitnry and inooD8i.tent with the 1..... of
pb1.iCll and mechenlce, H ence, the fint requ irement for improrin,a eondi­
tiona coneiete in .tanda rdi &iDg the methode of soil cllll4ification••nd, the
eeeced, in coMi.ten tl,. applying prelleot knowledge of soil mechanic. to obeee­
..UODI in the field.

....
oj
ell
d1
'1-

ed
,b
Ii-

•
i,

"..
01
It-

"g-

ld

•
.1
id..
"....
I­..
od

..
od

TIIB " CJaS eE or POUNDATlONlt 301



CILlRLU R. Gow,* Y. b. Soc. C. E.-The theories .dnnoed in espIUlI­
tion of the behn ior of 10m UDder ....rious eondiriona of use open up m&D7
new and interel!lting eeenuee of approach in the IOl'utioD of foundation prob­
lema inTOlring the predetermining of lOil beha rior under tpecifie applieatiou
of loads. Ilndoubtedlr, from the standpoin t of definite and accepted etand­
.fda of practice, the general sta tUI of found.tion enaiDeerillg i. at praeDt ill
the most unsatiaf.cto!'J' conditlca of any branch of the eeleeoe wi th which
eng;Deen are called upon to deal.

There ia no l"ElC(lgDized authoritatin eouree of information .....n. ble to
the foundation engineer b::r meana of which be IDa1 act with the reaaonabJe
usurance tha t the requireeeate of hi. problem will be properb' and eftieientI,
meL Reliance muat be bad, in general., on obeemel experience with ftPrd
to prerious OOnstruetiOD undertakings in the ..me loealit,', and where neb
hiatori. are laeking the designer·must often proceed on .. bai' of uneerWU
.-nmptioM, which ID8J'" or mQ' D Ot nlt imateI,. prcee to haTe been j ustified.

Heretofore. eoU. have unalb' been el..ified according to their mib~

phyaieal propemea, and engineen have acted on the auppoeition that thew
_~ recognized characteristic» fu rniabed them with a lu.fBcientI,. utidactof7
guide by which to differentiate between IOUI and identi". those poeeeeIing
similar properti.- and bebav'iora.

The retU1U1 now made available to the prof..ion .. a eoceequeeee of the
authors reeearch investigationl throw much nflW light on tbe eubieet, The
ooncluaioD.l thUB far would indicate th at the fMential facton affecting the
behavior of lOill under presaure are rather more obeeure and complex in their
nature than hu hitherto been generally &88umed.

Obviously, such facton as voide ra tio, permeability, oompreBSibili~. and
pwticity. cannot be determined by any luperficial ezamination of ecil umplet.
Intricate IlDd IOmewhat elaborate laboratory ezperimenUi are necessary for
eecuring thil information. Yet, usuming the validity of the author'1 reeeon­
iog, theee eJement.l must be lrnOWD before it il pouible to predict, with an1
degree of eccurecr, the capacity of a given soil to IUpport a 8pecified load.

The moet encouraging feature of thit paper il the evidence that the sub­
ject of eoil mechanica is .t lut being studied in e ecientHic manner and that ,
.. a coneequeeee, the re are now eome poeiti,-e u:perimental data which eene
to e%plain many well reooguiJ:ed but heretofore li ttl e undentood phenomena.

It it known, for example, that IIJlda of l imner eppearllDee u to shape and
Ii.ul of grain may behave quite differen tly under equal oonditioIll of loadilll'.
LikewUe. eerWn clQ'l appear to be higbb' eompl'elllibte, whereas, other lOiIJ
of identical appearance will ruatain considerable loads without appreciable
C()MOlidation. A..gain, the driving of pH.- into e given IOU may f'IlIult in I
pronounced upheaval at the eurfeee level. while llDother apparently identical
let of conditions prodUCEll little or no IUch action.

It ia not sun-ted tb.&t the .UthOr'1 anaJpU preeeou a praotieal method
. of forecasting tbeee variatiOD.l in lOiI beh ior; but it indicatel the direc-

• PrM..,. one 0.- c... 1-.. , .....
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E. P. GooDRICH,- M. AM. Soc. C. E.-About ltoO. the speaker abandoned
the uee of the BftgitlH'f"'i.ag NnN' formula. A demonstration of itl iDeft'ertire­
..... was had in connection wi th lOme work that was beiDc IUpenUed by a

•e-.. bar., N_ TOI"l. N. Y.

uon of inqui..,. that should be {onowed in order to dleeoeee • latiefaeto!'1

answer for apparent inooDliatencia
I t i. true that. • determinatioD of the M8eDtial factom that would make

toil jdmti6f'&tioD ~iti,.e would probeb11 myolTe more elaborate and espea­
lin proeeduee than the otdinar,r engineer could be upected to OOmmaDd.

S rrertheleea, once the eerreemeee of tbe author'. theari. haTe been eeteb­
liehed b1 ••utlieiea.t n umber of laboratoJ"7 experiment. OD IOn. of known
beb....Ioe, it abould be poetible. b,. meaDll of furthft reeearch. to ealibrate tbeee
result. " I intt more simple ru1e-of-thwnb teata tha t could be applied in the
field. U • l&ti.d:actoQ method can be developed for aooompliahing th it
result, engiDeen sill bue made the Cre&telt ,ingle . tEop in foundation engi­
neering that hu 10 far been uken.

The author'. ana~i.J of the relation between lettlement and foundation
area it extremel1 in tef'ellting and more or I.. in agreement with accepted
beliels; Iet it probab17 will be uo..n.e to Ulume too I"Mdib &hat .uch -.1Je­
menta can be reduced to common formula. until at leu\ there hu been more
practical corroboration of &he theo,.,. bl aetual e:xperienoe.

The author'. oheen _tiona reepec::ting the application of the customaf1 pile­
dririDi' formulu are probabb justified by the facta, elnce there are few
eqinet'1'8, buiDg oocuion to driTe pil. under Ya".inc oonditiona, who han
not been impreeeed by the qri.tion between actual and computed capaciti-.
Fortunateb. the eo-called Eng;,...ri., N.tD' formula baa uauall.r ai.,eu
ftlIulti that are at leut on the we tide, and UDti! eog1.neen become more
enIia'htened reepeetins' the facton that produce the cbeereed deperturee from
theo"., they will probably do well to .tick to that formula a. the moet
depeedeble lrUide • .,.iIable.

The author doee well to emphuiu OBoe again the fallaq of reb'ina' \00
Itrongl,r c u the reeulta of indi.,.idual pile te.ta ·in cretenn.in.ing the a.,erage
pile load of the cluster. Ria anal,reia of the diatribution of eoil ItreI&eI, u
well as hi. e:a:planation of the variat ion between dynamic and ltatic resistance.
i. CJllpeciall1 intereeting and enlightenilll'.

Of ucueuel li(Dificance ia th e author. preeentation of the com preeeion
and rebound cunei (Fig. 14) developed b1laboratory uperimentl on vU7ing
\7PCt or eoil, particularly the compuieon P"*Dted b1 ~mi.1ar uperimeuu
made 011 .ynthet.ie cla7. produced by mi- iol' dHfereat peroentqtw of pow­
dered mica with fine e.and. To thoee wbo haTe been aeeld ng an explanation
of tbe ehancleri.ltie behuior of days. .. compared with &aDds, thil PrelM!'DU­
t ion ia espeeiaU1 in tereeting.

00 tbe whole, it ID&7 be ..id that the author ha.. by means of thia paper,
added another important contribution to the elarifieation of the engineer'.
undenuzuling respecting ma.D3' of the moat troubleeome featurel of founda­
tioQ enaineering.
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certain goTernmental group. Certain requiremente were laid down u to
the support ing power of the piles. and the E"giMeri"l1 Nt-fDa form ula ..as to be
used . Those reeponeible were _liked if they would be aatiafied with. certain
weight of ham mer, dropping a certain Dumber of feet, They aaid they would.
The speaker then told them to apply the formula and they foun d \hat the
result 1II'U a negative quantit1.

Some data with reference to one of the qUeitioDi that Professor Tenaghi
has propounded, that is. • test of the distribution of atreu under a aquare foun­
dation under which the ecil .... rather eobeelee, are .. foUowa : Some f ean
ago the apMker took. timber platform -4 fL square. penetrated it by plUDgell
located along a diameter and a diagonal .nd found that the diagonal ItnueI
"..ere larger than the di ametrieal onel. In other word.. the oomen of the
equant foundation euppcrted more in proportion than an,. other part. ei ther
the eentee or the sides.

VI(.:TOIl A. E~DEU8T.· AMOC. 11. Alii. Soc. C. E. (by letter}.-The pro­
f..ion should feel indebted to Profeeeor Teruebi for the clear line be dra..
between aoilB to which the E"I1lMmng X,,,,, fonnula it applicable, and thOM
to which it i, DoL Among 6eld engineers directly in charge of pile-dri riug,
there are a great number who regard thia formula .. applicable, without modi­
fication or question. to eTer:f circumstance. There it an equal number who
-perhaps more logically-refute to believe in any formula whataoeTer. and
who regulate their pile-driring by gueM, by the penetration they caD 10f'08 •

contractor to attempt. or by the approach of be o'clock. ETery practical
engineer finds, eooner or Jater, that there is a great difference in the reliabil­
i~ of formulas in different ecile, but th ere are not m8D1 who haTe 8D1 Ter1
cleer idea as to general dietinctiona,

h eeeme Te17 true that the moet that can be hoped in ft«ard to the science
of foundations is that it become a reasonably reliable empirical 811tem. One
is eepeclallz impreeeed with this after luch an experience .. the writei' had
on ODe structure. Certain pilee came to refu tal in sand at a penetration which
lie considered uD8atidaclory. A jet Dot being available at the time. he acted
0 0 a hight, irrational "hunch" and fIIuggested that the pilei be left OTer night
and an attempt be made to drive them nest day . When th it wu done. the
piles continued to drive with lurprising ease, application of the Engi",mng
.v,10' formula showing that as they stood the;r had lest 40% af their theoreti­
cal bearing power in a few houn. The escavation in which they were being
driven wu at the time 25 fL below sea level, and 27 fL below permanent water
line, ao that there could have been no question of a change in the testure of
material due to subterranean water ftO'l,L T here wu evidently a deeompree­
sion of lOme kind. but the occurrence iI etill a Jm'steq to the wri ter, which
he would like very much to have definitely explained. Aocord ing to Profeeeor
Terughi'a thesis, thie might oceur in lOme lOils, but not in 1&Dd. The writer
haa heard a rumor of a similar occurrence on the Gila Rleer in Arimna.

He has had oocuiOD also to teet the driring in-adjacent and will'onn ma­
terial under three diHerent hammers, a Union No.2. double--acting, and Vul-
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eu N'OI. 1 and 2. aingle-acting. The theoretical bearing power for pU. of
uniform pile at unifonn penetration with these three hammen w.. pnctiealb
the1&lDe; the result Wat a good tes t for oonaiatenq of the formula .. applied
&0 .,.rioua f.7peI of hammers.

QEOItOI PAA.8Wtu..· M. Ax. Soc. C. E. (by letter).-Tbe paper, being
J11lOPtieal in character, the author, naturalb', omitted many rital points
.hich bear on foundation practice as wen .. on the type of laborato17 and
ieJd testa ..hieh l upplied the data for the theoQ' developed. The paper
lB_t be a great diMppointment to ena1neen ..ho look for a eimple eet of
raJe.of-thumb nota to embrace all foundation practice. It ia DO mean
IOllOIDpli.Lment of the author that he h.. deecaetreted the fact that founda­
tion design and eonetruedon is &.8 uacting in anab'tia and .. wortbJ' of
-odJ .. the delign of the etructuree rating on tbeee foundationa.

The -..ential di!'erenoe between lupentrueture and IUlHurface deai.an
ia that one may fit the materials to the design 01 the former; one mUit fit the
deaien to the materiala of the latter. The engineer eaDnot fit a foundation to
I rigid aet of formulu. The material must be studied in the .ite and the
b.Ddation mUlt be fitted esaetb' to it. A code Ie't of beariDa' "alu. u
more thin worthleee ; it is dangerous. The author h.. illUitrated th..ia point
..,. well. Settlement in a found atioD h.. been viewed .. an unfortunate
aDd UIUIU, una1'oidable concomitant of foundation coMlruetion; Jet IUch
IllUlement ia .. inn;itable as the defteetioIll and diatortioDl of the Illpported
ltruC'ture. Pro1'iaion mUit be made for them. That mUe. it neeeu&r7 to
formulate meana to determine foundation diltortiona. The author h.. brieB7
indicated how eceh etudiee may be made.

The study of ecile haa indicated that two broad t,yPE8 exist: (1) Tboee
,ill. .hieh the ueuel ItreMel of elastic solids are found, modified, of OOUJ1le, b1
proper eJutic eoeffieienta; and (2). thoee in ..hieh hydro-m~h&Dieal I'trenea
are eet up. Doth types can be uniqu ely identified by sample telta for ecm­
poIiition and loading, but neither can be IIfeb' described by grain . iUl or moie­
hire oontenta alone. Tbe author's 8triking experiment on pnd and mica mix­
lW'eI hu demou.trated fulb' the futility of mere lie" ana!J'lis at a buil of soil
el..aifieation. He baa put to rest alao the conoid theory .. the bas ia of
coherent action in aoiIa.

In hi. paper entitled "Tranamiu ion of Peeeeuee Through Solida and SoUl
&Dd the Related Engineering Phenomena,..t the writer attempted an anablit
of Iu.. dil tributioll through lOila and found that certain characteristic
flilure luriacea esteted, limilar in tYJle to tbcee found in elutic IOlid-. It
.. &lao demonetrated tbat a uniform distribution of Prel8UtfI under a 106<1 ....
• fiction of deeign. N umeroua esperimenu preeeding and follo..ing the
'*Per bue amply demoDltrated the truth of this ltatement.

The huge sub...y eonetruction prcgram of Greater New York. ia DuqUe.­

tiobabl1 the ..orld·, beat laboratory for the .tudy and iIlultration of alltypea of
loudalion problems and the writer bops to Me, in the ooune of the next
feW Jean. the C'l7stallization of a definite lOil mechanic» and the complete
Ibaodonment of bearing eelue codification .. a foundation formulation.
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The author well pointa out that., given a complete BOil identification, there it
luf6cient mathematical and physical science anilable to complete the pne­
tical inYelltigation, of the foundation. It remainl to codif.r BOil identifieatioL

The use of piles has been a blind foundation expedient. sa,.e where tacI&
piles were driven to absolute refusal. The anticipated capaeit;r of a pile
whethe r determined by fonnula or by actual field teet bu been of 10 indetermi­
nate a character that moet foundation failUJ'1ll IDa7 be laid to millClleulateel
pile-bearing values. It b..aa been frequenll1 empbaaUed by the writer that IlO

adequate pile theory could be formulated un lil a ra tional BOil mechanict bad
been developed, for tbe author b.. well demo~trated the fact thal there it ..
Ileparate theory for piles and for &Oil behavior. The development of tbI
pile for underpinning buildinga baa evolsed a better understanding of Illil
behavior than any other aingle phenomenon in engineering foundation praetiee.
It ia Dol a queetian of bearing capacity alone. but of aetual load .ttlemmt
beha....Ior which determinee the ultimate ..fe", of the found ation underpinDed.
The study of tbe loaded BOil and ita diatortiona under the pile toe bl'OuPt
out the reason. for progreMive settlement eYeD if a pile had already _
tested for a we Iced, and there was evolved the illgt'nioul "pre-telt- pile, I

.cienti6c application of eoil mechanics.
The writer is heartily in favor of the abandonment of the Erlg~

NetlJ, formula for piles, and the adoption of ODe limilar in nature to that
luggeated by the author, although be would prefer to diaregard pile formw.
entirely and make a aeparate stud,. for eaeb foundation l7Pe- That waUl
eliminate the dangerou8 conditions rHult ing from group applica tion to sinclt
pile teall or formulu.

There remai~ the extremely interesting lubject of tem pora.ry earthwork
8UPportl, IUch .. sheeting and bracing. In thi l work modern lOil mechillie-.
has been gi...en ample demo~tration of ite ....1idit1. The failure of earth bub
ia not. limple application of the Rankine or Coulomb epeeial eoll-trpe tbeoq.
but u one th at can be easil7 formulated b;y a study of the elastic properUea of
the soil The abaolute limits of ground movement are predictable, and that
gives a rational method for determining the maIimum preuuree that IDQ'

be induced in the aheeting and timbering. Thil, of course, lead. to a fu
..fer and more economical layout of euch bracing; but, on the other band, h
requil1ll more 8tudy and more design than il UIUalb' gi ,eo to such etructura
The use of large excanting machinerr, which requirea large e1earanca
beceuee of working room. can. for ....e!'1 careful iDvel!Itigation of load diI­
tributica through walee and bracea. It mUlt be borne iD mind that a mo,..·
meal in the aheetiDg that permita movement of the earth behind i t., also par­
mila the grain r&-arraDgem6Dt of the lOll and oonaeqU8Dt ine.-tl8 in p~UN
.. is well illustrated by the famoul "dilatane;y" ezperiment of Oebonle­
llqnoLIL

C. C. Wn.u.uu,· Y. Ax. Soc. C. E. (b;y letter).-The principlee of aoil
mecbanlee presented in thia paper should aene as a rational basi&; for eorrelat·
ing obeerved facts concerning found.tion testa and hebarlor. and abould thai
contribute to making the d8ign of foundationa more lcienti1ic.
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u ,. load i. applied ever an area. A, at. the lurface. the inter-reactions of
IClil particl. aloua the perimeter of thiI area are web .. to Ipread the load
tatenlb' b,. rirtne of ahear OYer an eTBroiDCl'Maing area of bearinc plan. at

.Y' VtLlT.
I"'~ l"DUI ., c.a 1M".
• ",",," " . A-. z_ ....

That the aupporting eapaciV of IOU is DOt, in general, direetl1 propor­
tional to the are& of the foundation. h.. long been recognised, but the true
relationship is Dot eYCD yet entire1J' undentood. In upeJ'imenti OD allurial
IOU made in 1~1-52 at New Orleene, La.•• in which areae yuying from 0.25
Iq. in. to 578 eq. in.•ere .used, the penetration UDder a oonatant unit load
iDereaaed praetieal1J' with the area. Obeen.tions made in Francef on allurial
lOll indicated ,imil,r retulta. From these and other dataot the late Randell
Bunt, M• .Am. Soc. O. E.. drew the oonclulion : "'I..rge &feU of 101t IOU 1ri11
DOt IUpport AI much weight per unit of aurfaee .. more limited areas of the
NIDI «lil" ReBeetiOD OD the manner of diltribution of • local load through
aD. indefi.nitel7 eztenain eolid or eemi-eclid, would indicate IUch to be the eeee,

The relati on between the plastic and the elastic deformations of lOil ahould
irat be recalled. The fonoer is due to ditp1aoement of lOil particles, whereu
the latter is due to the resilient deformation of the partiel.. without slipping.
relaut'e to each other. Contr&17 to the beharior of steel, the plutie dow pre­
cedeI the eleede, the latter CODBtitUting a small proportion of the total com­
pl"Mlion. Fig. 17. taken. from a test made under the .riter', direction b,.
llr. H. T. Heald" a graduate stu dent, ilJU!ltrate8 this relationship for loam and
lor aand. The uperimeDt. conailted of appJ,iDl' and releuing a load which
.... iaereeeed with each application and DeTer etireb' reroceed, the compfSoo
IioD. and ther~ heiDI' recorded at each application.
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Let If be the load applied ; 1 . the total depth of lOil compl'fllMld; , . the
~th to &D7 plane COIlAidered : ", the t.anpnt of the anale of ~rad: and C.
the modulUi of eompralibili~. The di.tribuuon of pre.Un!! Oil al11 hori·
IODtal plane mq be auumed equinleDt to a uniform intelWtJ oyer a widu.
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.uoo.-ai.e depthL The rate of th~ spread dependa on the characteriatiCil of
the ecil, being greatest for ooane fragmental material-. Ieee for gn.nuJar. aDd
leu&for , ilt. }[oreoyer, the spread i. oob appro.rimatel.r linear aDd the 1Ur­

faee of uniform preuure i. cursed rather than plane, but the nri.tion from
the ecnceprlon indica ted in Fig. 18 WDot . u.fficien \ to affect &eriousb the ClOD­

clu ions hued thereon. Although the rate of pread is dependent on the IOiJ
characteriltiea, the depth of IOU affected. and hence the total epreed, de))eDl!l
on the depreeeicn of the BOil under the load. Tb it deformation incre&8tW until
the Ip read distributee the load OTer an area l uJ!i.cien t to bri ng the inteDsitJ
within th e elastic l'Miatance of th e eoil. When. homogeneou.a lOiI it ...ulDlld.
an expreuiOD for the total deformation IDAJ' be obtained as foUowl:..



TABLE 2.-SVt'PORTUoO FAOT'QR8.

Tbeee . upport ing facton, p aDd f . va". with the character of the IOU (min·
era! and irf&Dulometrie oompolition. oompactn-. water content. ete.), IIDd
with the depth to which the load penetraw. the ecil, The two terma are iDde­
terminate, their relatiTe nJuee depeoding on wbieb ftlJleMDl.a the more rigid

element in the total wpporL For the more riaid lOiIa. the direct comprellive

-- - 0 .
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or • + r , . Then. foJ' • 'Quare lurface with elde, b, tb. deformation of an
elemtntal'1 hcrisontel priam bounded by the . idflll of the frustum of the

pyramid I. W d, I ' and the total deformation In a depth , A.. i.
C ( 6 + , ,)

II' r d, h· b when ! •• . It" A·-h·- --I ' W K: "14m IDkgrat,"" glVu C- - ~,- L L ' J. II
C • (6 + , ,) (0 + 0 , .)
np~on .ho",. that the detcrmeuon ....ri." invent-If with the pemn.~rt

. ... . ell .. with the area. bt •

u. i. the p......on iDtetJld~ at the IOrl.oe and p the inUmliit7 that tbtlllOil
will..!.~LaiD e~tieall1 without deformatioD (at • giyen depnuion). then.

. '-. p(b + l" .\) ', whence l& = ~ ( ; - 1). npgledlnR: th, .eight of

the llOil ltee lr. It,,, fo r sand under ce rtai n cond itions, r =- ~ . and" =- t, the

2W
deformation would b. . - - . In tbl. eaM' the denominator rontaina alnlpl,

C ( 6 + b)

lb, eum of the hearing area and tbe perimeter multiplied by ••trip t ft. wide .
Tho.. an elementary lUlal1lie indieatel that the supporting eapaciQ' of

ecil depends on two factors : (I) The baring area ; and (2) the perimeter of
the bearing eurfece, However, on account of the ..riablen.. of IOn.. it ill
impoesible to ..ign .....luee that will be universally appliceble to these facton.
The relationabip mll1 be etllted .. a formula for eoeeeniecee,

If-Ap+Lf
in which. If - load ; A - area of application; p - eupporting Cllpaeit1' per
equate foot of ecil in compression for a given deformation ; L _ length of the
perimeter ; and f tbe eupporting eapacit.;r in ebear (friction and eobeeion) per
foot around the perimeter. Thill lDpt'el8ion might be otheewiee conceived III

( L h ' )A + 2 P I since P Is in reality the tnten.tt)· of pre""ure that the 80il will

IUltain within ite eleetic limit. H owever, although this form rna,- c1arif;y
the eoncept ioa, the preriold form i. more oonTenienL

~

C.
ri­
ItII



reaillt&nee becomes the greater. for aD1 oonaiderable comp~ion. Tbna, the
..... mad. by A. T. G<>1dbec:k, A.ooe. Y. Am. Boo. O. E., quoted by lb••uthor,
giTe. approximatel,', the J'el!lultl ahOWD in T able 51 for O.l-in. penetration and
for the nriom mixefJ of eand and el&J.

At O.06-in. penetration and 1-. the marginal meal', in theee uperimen~

carried nearl;r all the loed. l numueh .. Mr. Goldbeck worked with amaD
eompresaiona., tbeee racta explain the apparent importance of the diameter,
(VA).

T.te (Bee Fig. 19) made on • uniform cl..,. ecil ooo ta ini ng 7~ I&Dd ill
undisturbed oondition, using bearinc anIU of 1.0. ~.26. and 4.0 IQ. It.. showed
for O.3·in. depreuion, , = 3500 and f _ 1 500. For depressiOlll of lea thaD
0.1 in.. the perimeter facto r carried nearb all the load. In , til l another kilt

in clay lOil, P = 3 400 end I = 2 300 for a eetuemeat oC : in . While th.

Austrian experiments quoted b1 the author are rather frai[IDf'ot• ..,.. the corn­
spending "alUMat t .o-in. eettlemeut are appro:rlmateI1. II _ 2 800. an d I = 700.

Of theee two elemeate, , Tari. almost direetl7 with the settlement in IUd
anddrJ elq BOils, while. on the other band. f remaina {&itt, oonatant, "'U1ing,
if at all, with lOme low power of the depth of tettlement. in flOme cuee about
u the fourth rooL

U theee elemente were determined, the bearine capacit,' of a larger area
could be predicted from a test on a amall area. Thu.. beeed on the test on
7% Nnd ecil mentioned prerioual1. using the data from the O.3-in . penetra­
tion, p _ 3 600 and f = 1 500, a footing 8 ft. equare might be expected to
lU.tain (with O.5-in. penetration),

a600 x ~ X lH + 1 600 • !- X 32 = 4:J2 000 lb .
" 3

or, approIimate!J' 5~ lb. per IQ.. ft. of euperi mpceed load. The broken-line
curves of Fig. 19 ehcw calculated bearings ll88uming p to TU1 .. the depth,
and f as the four th root.

The correla tion between calculated and cbeereed data i8 high within the
ultimate bearing capacit7 of the ec ll, The writer bae applied thi. theol'1 to

tbe other test data anilable, with limiler 1'eIU1ta.
The meet reli able practieaJ. b..i. for oomparing the 8UpportiDl' eapaei\1

of two areal on the eame eoil, the refore. i. the factor. A + K X L, in which,

K i • • BOil coefficient. It, &II (or. certetn Illlnd , K i. +. then • SfHq. rt.

founda tion r.aD btl expect..d to eu"w ll on thla lOll, 36 + 6 . or 21 times the teet
1 + 1

load on • ~t. 1 ft. equate with the aame IettJemen l, instead of 86 ti lDe8 ..
much according to the uaualunmption. or inat.ead of e timel u mueh. whid!
would be the cue if the 8upportiDl' capracit1 TIn ed with the diameter for a
Iinm penetration.

While for Imal1 _tlementa and for anall t.t. areu, obeerTed data, neb
.. thc.e of Yr. Goldbeck'i uperimentl, indicate MttJement. under a conataDt

310 WI LLIAMS ON' THE SCIE NCE OF FOtlNDA.TION8
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T ABLE 3.-RILlTlON Bn wUlf Lo.a..o uo SanU J".sT.

unit loading, to "17 with the diameter of the bearing area, the writer belieYeI
that a general ccnclueica to thia effect i. unwarranted, e...en for eoils ha't"iq
great cohesion. In the testa on the 'T~ taDd-el.,. soil men tioned , tbe relatiou
between loada and eettlement were as gi....en in Table 3.

S.-rn...a.T OIlD•• PI~ .. . --., ' II I lICII_
Loa4.I.~~

-rv- foot.
1""1 ft. I ·_MI f t . " .UOMI f L

,.. I .... ..... e.ltt... ..... .... 0156.... .... 0 .111 ..to.... O.lIe 0 .. ..-r..
I

U.I. •.- .....,.. 0.- 0.- .....
-

WI LLlAK8 m. Tnr. ACII!Srr. OF rot'NDATtONA

Tbeee eeeulte, like those quoted b,. the au thor. indicate that, for amall eettle­
ment and small areas, the mo...ement i. avproxiroatt'ly proport ional to the
diameter, but that, for larger loadingt and larger area&, thi. relationship tend.
to disappear. Thia latter indication is fu rther su pported b,. the fact that, in
the test on cl.,.. the settlement under actual load of 5500 lb. per sq. fL on
68 sq. fL was onl,. about 1.5 timet that under the ..me unit load on the teet
poat co...ering 4 sq. fL, ins tead of 4 t imes as great as would have been the cue
if the eettlemeut had been in proportion to the di ameter.

In the ee...eateea-stcrr office building of the Michigan Central Railwq
CompaD1 at Detroit, Mich., eettIement under a bearing poet, 2' fL 8qua1'8 (nol
beck-filled) was 0.02 fL for 6000 lb. per sq. Ie., but under the mat foundatiOD
of the building loaded to 4000 lb. per IQ. fL there was no appreciable settle­
meat,* Indeed, numerous inatanoel might be ci ted where an actual load OD

Iaarge footings amounts to one-half or even a la rger fraction of a teet load OD a
tmall area. and ,.et the settlement is not notioeabl,. peateI' than th.t with
the teet lced.

Where care i. exercised to load the soil arouDd the teet footiDa'. the dis­
crepanC1' between the eettlement under teet and actual load OD the ItructUN
is reduced. Unfortunately, too few ecrreleted obeenatioD.l haYe been made
OD the aettlement of the completed etrueture, and th.t of the test load .t
similar intemitiel of pressure. I t i, the writer's opinion, howe't'er. hued on
the rather meager data .....nable, ooth theoretiea:I and observational . that, for
areas of practical etee, the settlement does not ....1'1 greatly for comparable
eieed footings car".ing a uniform iDtenai~ of preMure on the &&me eoll,

U. as teemI to be the cue from thia dieeuuion., the bearing capaei~ ....ri.
with both the area and the perimeter of the footing, then., for larger fOUDda­
tiona, the bearing for conataDt tettJement .....ri.,. nea rly with the area. For
iDlitaDee, with two footings on taDd, as preTioualy ..umeli. one 10 ft. square

.~. ;v,... ......_ ....r a. IUd OCt..... 1. 1'H.
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pd one 20 ft. square, the reepeetiye beariDg' capaci.ti. would be about ..
100 +10 .--- = 1 : 3.R, Indead of 1 : 4 when baaed on th e area directly . or 1 : 2 if
400 + 20
baed Db the diameter relationah ip.

While bolh theoretical anal7see and experimental obee"atiolUl show... the
author latN. that the bearing iDle_it,. ia not uniform under I pier, it ia the
writer'a opinion that the enor in the moment eaJeulated for a continuous beam
or mat, on the uwmptiou of uniform diatribution. ia DOt .. lerioua .. that
abown in Fi..c. 3. The author neelecta the fact that IUcb a foundation beam
or slab defteetl uPWard. and that thia deflection ia pneraU,. ldiomt to
relieYe the pn!8lun at the mid-.pan. and" therefore. operat.ea to eileen more
oear"b' a uniform diatribution. b1 ioCf"eUing the int.eDait;J ofp~ at the
(downward) I UPPOrt. of the slab. Thia de6ection upward operatea to decreue
the p~ure at mid..pan. beeauae of the fact that the -aU ia onlr alightI,.
elutie and doea Dot foUow the deflected member, the loading of the beam
dilfering therein from a ~ri~ or oonataat-preMure lced. For lpau of t8
\0 20 fto. or more,. which the writer b.. bad ooeuiOD to inyeetigate, thia
lIp1fard defteetion of the beam is au.flioent to DullifJ' sreatl1 the error in
moment 00 the UBUmption of uniform diatributioQ..

Two othe r pbuM of the eeience of found.tiona. both l uneated b1 the
author, fOnte r in to foundat ion design to an im(Klrtant dearee. Tbeee are :
Fint, the relative eB'ect on aettlement of • constant dead load and of • tran­
Iilor1 conjectural BYe Iced to which foundationa are aubjeeted ; and. IflOODd.
the predict ion of Ioundetion beharior in order to calculate the effect. of settle­
ment OD the aupen tructure. Qne has but to nait the buemeDu of almoet
abJ' of the older I tructUI'S in Chicago. Ill., and citiea aimila.r11 aituated, to
wito.. the cfleeta of lack of knowledge on thia aubject. Eccentric liTe loads.
due to wind and other elements, are uau alI,. uueecideble, and a prediction .. to
the beharior of the foundation under eueh ecnditiona and the oonaequent
effect OD the supers tru cture is neoe8faQ' in order to preYent distortion. if not
failure, of the etrueture. To secure uniform minimum settlement under a
etrueture tna,J' be deairable, just as rock foundationa ma,r be deeirable; but.
eiace ncb foundationa are not alwa,re obtainable. the problem then reeolne
itaelf into designing the structure for actual foundation eondirione. Therefore•
•tudiet of ecil bebarior mould iaelude more detailed information than the
u8ual obae"at iona acco mpan,.ing telt loadi nK.

IIURDT CUAT LU: E~. (by letter).-Wbeth('r or not ecr oe of the finer
paia ta of Peofeeeor Terughi'a b,rpotht'llea will stend prolouaed inyeatiga­
liou ia • met ter for the future to decide, but DO ODe eeu queetioa that
hi. muterb expoeition of the manner in whicb tbe 80w of wate r throUfth
fiDe-grained lOils jl related to their bearing capecit)' baa thrown a briJliant
Ii&ht on wba t had pnTioual1 been a DKMIt miaundentood aubjeet.

The condi tiODl in Shangh.i, Ch ina, a re thOM of a ..turated 10ft .nu,.ium
of indefini te depth. and the major conduaioot dra1rD b1 Profe.or Terzaabi
u to the beh..,.ior of l urface IMdt and piling under lOch cond ition. are of
~ ~t"t in terest and ..Iue to engi neers there. Th roua:h the ini tia tiYe

• Artia, E11lr .-la-<:ll r.• Wll••1JIOO e-_"aae, s.,... ....... &1. 01...
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of A. V. H. TOD Heidennam. ll. Am. Soc. O. E.. pile telQ on rather a 1.....
seale hu e been made for BOrne ,.ean in Shanghai b,. tho Ita! of the
Wbangpoo CoD&e"aDC7 Board. Profeuor Terzagbi has been good eDoogb to
speak Tef7 .ppreciatiTe~ of theee telta. Bro.d17 epeaking. the,. baTe COb­
firmed hi, Yiewl U to piling in IOf l eoila.

The .1oWDeM with which fiDe a11urium expela ita contained ••ter it weD
shown in Shanghai b,. th e bebnior of hJ'draulie fill. formed b,. the pumPi.a
up of~ . poiL Wbtu-e theee 6ll.I are aboft the ground-.ater lend thfl7 do
become clr7. bu t below the top sa or a It. eome ,.ean IIlaJ' elaJlM before the
deeper material beeomee ful1;r ccaeolideted, Thia is true in spite of the fact
that the lu'draulic &lliDg proeeelI tends to remoTe aD .pp~.bJe part of. the
ClOUoid oontent.

& to th e U8e of piling formulu. the eogenq of the reAlOoing .. to the
u ri.tion of the h1d~ic reeiatanee with the duration of the applied
force it complete. The Dew "deri....tion" of the E"9i.~m"g N.",. formula
i. b)Ollt interesting end call, attention to the ract that the assumed eonltaDq
of the IMlOOnd term in the denominator of that formula i. enD more arbitrarJ
tban ill _ enU:1 ouppooed.

I n the work on the internal friction of granular mueee the author b..
seen fit. to adopt th e writer'a conclusion- as to th e importance of single
molecular honda in uniting perticlee the weight of 'Which ia of the ..me order
as thoee honda. The wri ter hal since gone much further into the question.
and these atudi ee fully ISUBtain hia earlier conclu.aioDi U to the magnitude and
importance of these forces in granulu rna'..

In retl;ud to the elusificat ion of eoile the new data al to the effect of
mica are moet important . There i. one point to which attentioD might 1'eQ'

well be directed and that is the pollaibilitiee of change of grain .ize by the
permanent aggregation of particle.. Putting it very crudely, one might
imagine that, under certain circumstances, a fine cla1 could graduall,' he
transformed into a loam b1 the adhesion of the particles.

Engineen would be Tery glad if the author would give some practical
rules fo r th e design of sheet-piling, which acta .. a retaining wall.

J . A LBEaT H OLKU,t Y . AK. Boo. O. E.-Although this paper relates partie­
ularly to foundationa. it b.... together with the author'a previous inl'eetiga­
ti ona. • bearing on another engineering .ctirit1. the investigation, del!lip,
and eonatruction of earth dame.

While fllU'tb. dams of moderate height, built 2000 ;rean ago and more,
are , till impounding ....ter and haTe continued to do 10 for the greater part
of their uiatenoe., it ia onlJ' within the memory of moet of the older engineen
and withi n th e lifetime of D1l.D1 of the ;rounger caee, that modem engineeriDc
thCtDght has been direeted toward the problems inecleed, One of these prob­
lema" and the principal one" ia the selection and proper placing of materi.ale
in • atructure. Theor;r and esperleeee haTe demonstrated th.t pree:sures.
tending to disruption.. ezUt in the material. being placed in an eartheD dam.

• -os CobeI_". n "-t!McoJ .~. Vol. XL. " ....IIt . litO. and "SI11" • • ,..,•
• t "".1 ..11 ,.. JIUl. C. L. Vol. CCXII. p. . 00 .

f H"',. Eaa'~ PeafM. 0,.....,. & n.._ . Cla1caco. 111.
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To control thi, tendeoC1 a thorough bowl. of the medium used i, ..
.-ential as ia otber engineering worb. In inTeltiptina and aiud.1inc the
character of material, permeabiliq or abilit7 to ,.iat the flo. of water
lhrouch them. mUlt be detenniDed..

8eYen.1 lacton enter iDto the pbeDomena of 80. throucb .oo.J.... actual
me of .,.lin, reI,ti"e ei_ of grain. com~ and colloidal oonteDt.. A
mMIUN of rel.tiTe Rise is indicated b1 the uniformit;r coefficient. which
me&DI • range of IUM IUch u will produce . deJUMl mall l'ElIulting in ImII1
pusqewa.JI and 10. percentage of ?oid&. In their natural condition (and it
it in thiI condition that uae is made of them). IOU. ha.,.•• tremeDdoua ranee
in the l ise of partida Writen OD the IUbjee:r. of oolloida haTe maintained
uti! quite reoentb' that 10m contain DOt more thaD 2" of material in •
eolloiW ,tate. To IlCOOl1Dt for the eapaci.t.1 of lOit. to .t.orb dJ'ee aDd cues.
it ... ueumed that the,' contai.Ded abeorpthe mioera1l bOWll u aeolik!L
Upon iOTesligation DO zeolite mineral, eould be identified in 1Oila. Instead
it " .. fou.ud that lIOn. contain from 6 to 7'0,0 of colloidal material. in which
liel their entire abeorptiTe abilit7. The inorganic colloidal material io lOiI.
it eh.ieSJo made up of the prod uete of chemieal weIotheri.nc aDd deoompoduoD
of IOU-forming mineral•• together with organic matter and perhape lOme soil
mineralt of colloidal We.

An anrage diameter of 1 micron i.e ubitrarib bed b,r the U. S. Depart.
ment of Agriculture as the upper limit of colloidal Iize. At and below this
diOOsion the particles cease to be affected b,r lTari \1" and are .ubject to
BrowniUl rDOYement when in suapeDJIion in a liquid. AIao. at the diriding
line of 1 micron between colloidal and Don-colloidal particl~, microecopical
control il good, while, with Ieee diameter. pointe of emanating light might
be miluken for the particle iblelf. In eolution, thoee partielee that di1fuae
IlowI, and, after being deposited, are eeeporated and separate into a shapeleu
jelb. are of one eleee or group. Those that' diffuse rapidly end, under the
lame process, crystallize. are of a eeeond group. Because of their resembJance
to glue the eubetencee of the first group are called colloids, from the Greek:
word, "KoUa", and for the same reuon the eecoad group ia called cr;yltalloid.
Colloidal material OCCUJ'I in IOU. in the gel condition.

Profeuor W. D. BaDcroft. of Cornell Uninni~. l tatel that colloidal
chemistr,r i . the chemiltry of eyery-da.1 life. I t eertainl,r touches engineering
frequentl.r and at m&llJ' pointe: P aYemeDtI : water IUPPI,r .i eewage di8poeaJ. j
foundations ; concrete and water ·proofing of concrete; earth dams; and agri­
culture.

The U. S. Department of Agriculture, in itl Bureau of Soil,· and
Bureau of Roads, at Wuhington, h.. been innlligating the subject of col­
loida for lOme time, .. h.. the Soeiet,r'. Special Committee on the Bearing
Value of Soil. for Foundationa, etc. The Department of Agricultwe ia
inter-ted in the aubjeet beeeuee it bean OD the fertilit7 of lOil&. The reten­
tioD of moisture a.nd the chemical aetiOD of fertil.Wln are dependent on the
qlaDtit7 and character of conoidal matter praent in lOiIL The colloidal
eonditiOD of lOi1l eaten Yt!rJ' materiall,r into &he problem of dam coDitruetioD.

• .I .,kfW JIlt. UPS. 1111. u... U. I . De7L or ~It .....

•,
L

•

BOLIU8 ON TB:B BcmNCB or POVNDATION8 315



TABLE t.-AVERAQI CoWP08JTION8 0'" 8011.8, CoLLOIDS. AND Couua
MINEllALS ColfPAUD AS P UCIUl TAO£8.

The nature of toil colloid. iJ, deetrored b,. beaL T.,..o aample&, one of
colloidal or ultra.-cl.,.. the other of cl.,. toil. made into a number of wi

, •
A.I.o.. 1'-.0.. I '~.... Ca<> .... ~... 1

00
_ _

1- B, '
- ------ -

Collo l d .. 1 matter f ro m t6
_mP'e- . .. .. . . . . . . .... . . . ... ..! ..... .... IQ. 41 I." I." I." .... I .•

eo.nermi~l pe.rtIcWe from
1.1.orLbll._~ .......... ".' ••• ... ••• ••• I.' ••••~ JIU'Ur'M la 6De __

:rt.::.~~~~;:..l·~·~l ••• ••• ... ••• "
.. •• •••

HOLMES ON TilE SCIENCE OP FOUN DATIONS

ODe of the recent aeeompliebmenw of the U. S. Ikp8rtment of Agrieultun
in ita Bureau of Soil, was to determine the chemical composition of {orv-·6..
aamples of 80i18 and eubeoile, collected from widely distributed pointe in the
United States and repl'e8enting maD,1 tJ'pee. Peete and muen were DOC.

included. The colloidal material ... estrected from these ....mplee and 1he
chemical ecmpceition of both lOil. and colloid. determined . It ... loudth., lOiI. and extracted colloid. alike contained the following simple chemical
eompounch and elements, but in ..."till' quantiti.. :

Silica • •. .... ...... ....Si 0. Sod• • ••• • •• ••• •••• •••N-.O
Titanium .•. : ......•..TiO. Pbcepbcric ecid ••• . . ..•. p .O.
Alumina • .. . ... ..• , •• .AltO. Sulfur ..• .•. ..•...• . ..•S 0 ,
Ferrie oxide.• ...... . .. Fe,O, Chlorine •.. • . •. . •. . . . • . .. 01
Manganese ....•... .... Yo 0 Water .•• • ...•......•..H . O
lime .... . . .. . . . . . • . . ..Ca 0 N i tl'OgE'n ....••........•. . N
Magnesia . ...• ... .. .. .1Ig 0 01lranic matter .••••.
Potash ••. . . .• .. .... .••K, 0

Carbon dioxide, CO.. was obtained fro m three lOil aamples and one aample
of colloid.

Silica ie the principal eonetitueat of toile. and it Willi found that the
colloidal matter is composed mainl, of eilica. alumina. iron oxide. and com­
bined ..ater, the percentage Yar:ring io the aamplee .. fallon :

I. Soib. .. Ellt..-c:1M Colloid&.

Silica .. • ... . .. . • . . . .. 51.32 to 93.66 31.84 to 55.."
Alwmna ...••. . ..• ... 2.57 to 22.92 16.42 to 38.28
I ron oxide. . . . . . . . .. . . 0.93 to 13.82 4.66 to 16.6'1
Combined water . . . . . . . . • • . . . . . • . . . 3.33 to 16.56

The colloids in the soils reDged from 6.2 to 67.8 per cent.
The colloidal material diflera chemically from the larger eoil particlea.

but separate and dletlnct compounds were not identified. The colloidal miJ·
turee are very iotimate end are without tendency to break up into !mOWD

compounds. Table 4: illustrates the differences in composition of collcldel
matter and whole soil and the coarse r particles of soil.

316



peUeta, were objected to earefult,- controlled beet, At deetred temperature.
• part .·.8 removed and the tenneretuee wu tepped up on the remaindel'.
AI the pellets were removed from the furnace. ammonia abeorptioD deter­
minationl were made. with the fol1mring reaulta :

Colloid Sample :
Temperature, in decree-
ceDt~ade . • • • . . • • • . • 110 ~ 311 ~9 754 1130

Cubie centimeter of N B •
•becebed per eubie eenri-
meter of colloid •.. •.. . 110.3100.8 80.0 74.1 57.5 2.2

Soil Sample :
Temperature, in degrees
eeDti~e • •.. ... . •. • 110 190 285 3it 622 813 8-H 1130

Cubie centimeter of N H•
•beorbed per eubie ceo-
timete r of lOil. . . . . . . . 27.1 25.3 24.8 19.7 14.9 13.8 7.4 I..

The eolloida were progreeai..eI, destro1ed. and under the high temper­
atura quite eompletelr destrored.

Ext racting the colloids from a eon to determine the amount of colloidal
material is • long end laborious peoceee, A more rapid method. checked bl
the otractio n process, i.. the use of dyes. guee. and water ..pet,

II .a. found that practically all the colloids in a toil are eeecciated with
the finer particle.. and very few or DOne with the coarser parta. CertaiD
ntie. were found between component peru of the colloid. wbich gaYe a
correlation. Thi. correlation. associated with rainfall. temperature. and
eolce, haa t.-n peeeeaeed u an index of the lIOiI. for agTieultur.1 pUrpoN'!ll.

The epeeker studied the data presented by the e.xperimenu wit b the objec t
of finding a relation that might be used in the selection of eoile for dllw
building. The meet aatidllctory i~ th at exillting letwecu the colloidal con­
lent and 1088 by ignition. The P1'OC88 of incine ra ting aample- of eoil to
determine their "organic" conten t i. not a new idea. but a knowledge of the
colloidal content. carefully determ ined , of a IerieR 'of BOil Ilampl. tbat bave
beeo incinera ted. i. new.

Tbe relation between colloidal content and ignition 10M i" .bOWD in Fig.­
90• • hich indicate8 the determinaticna from thirt,.-be u.mple:a. The diagram
i. oined ." • BH'ani of determining Ipproaimately the amounl of colloidal
material in aoil8 proposed to be used ia dam const ruct ion. The incineration
of a eoil can be aeeuratel:v and quickl,. done. The eatractlon of colloidal mate­
rial from tbe th irt y-live toil sam ples ..a. alIDORt complete. It rna, be Ilt"8D by
the diagram that practiean,. an tbe umple. nnke between 2 to 8% igoitioo
Jo. and 5 to 35% colloidal content,

The proceee of "uieing earth b,. tbe IlE'mi·~dnu1ic or the b,ydnu1ic
method, would probablI Ilep&rate IftII thaD one--half the amouDt of colloid
tht illl removed from. toil b, labontory method.; th.t it. aD iguitiOD 10M
of 5% would not meaD that i5% of the eolleide eould be wper.ted b,. eluic­
iDol, althougb .pproJ:imatel,. tbat amount i. in the -oil. All of it would _

•
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•
~

•

=
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sluiced, with the finer particlee, into tbe core where. by ita gel-like conditioa 0

and by ••elling, it would fill the TOid. between the partiel.. It is-u unde- tl
.itablo to hue too little colloidal material in • dam .. too much. Both tJ.e •
estremee should be ..aided b1 the eeleetlce of • mac.erial oonwniD&' the 1
right &mOunt of eollcide, The colloidal content of eore material ooiDs plaoed 0

in a dam m" be ascertained by incineration with the aMurance that the II

rtllIUlt it reuonab17 correct. 1
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No permeabilit1 testa were made by the U. S. Department of Agrieulture
• on the lOils investigated for colloidal content. and chemical composition.

The lpeaker haa compiled data. fro m various IOUrcee, on the relation betweea
ignition lou and penneabilil;7. These data are gi't'en in Table 6. in Cohum.
(6) and (6) of which it m8J' be seen that the percentqe of ignition ..
increeeee in reasonable regular order .. the permeabilitJ' rate decreesee,

HaTing t.biI knowledge and haring determined the colloidal content of
• eoil .. iDdieated bl Fig. 20, or b1 • mere precise method, • IOlutiOD of the
problem of .electing • proper m.terial for an earth dam it made more pot­
m.bte. EffectiTe lize and the uniformiU eoeffi.cient of • fine-grained soil haft
no relation to ill perme&bilitJ' rate, al though . lOil brine • hilh uniformi'J
aoe1B.eient wu.rea lmall eold IpaceI and low " tel of Sow.

A gramme of colloid, containing partieltll b.nne an ....erage diameter of
91 millimicrons. hu • IUrface .rea of partieltl1 &mOUntina to 2·U tq. m. JM.



31.nLD ON na SCtBNCK OP POUND.lTtON8

" " l:allCtl 1...... 11l.1 aI...r eralD La ru.terla ll 11l.ID wblu 0.1-teIlUt. of Ut.. Mm,"
II Ion' Ul4 . I tl. tlll _ ...r . n. I Dl r OIl~bUl _ trol. Ol.~ rat..

t " Va lfonalt)' _met.lIt" I. 1.11. nIIUO'II. npnlDld I . I rati.. bet_ 11l.. a ral. II ..
" kit. .... eo,., or , amp" " .r 11l.... ttMU IDel tIlIl wblU bU 10 '" a_ 11l.•• It8IlC.

S "IIutIll•• ru. 11l.. 1(1I"'Uty of _ tor. la " UOOI per Dcn .... 41.,. t bat will
_. tIlrwp • _ t. r lal, wltb 1.11. 1_ of 11.-.4 equal to Ut.••l pUl of tJHo malllrlaL

In a homogenoou••tructu re, either ecmpeeted in laJ'en or oonaolidated
bl irrigation. the fun ction of water i. to lOfteD. the colloids in the dry, hud
lOil, breaking it up and permi tt ing itl particJee to re--arrange themaeJvee in.
a more compact form and by the continued presence of water, in order to
keep the colloidal mate ri al expanded in the voida of the lOiJ. Colloida have
capacities for swelling of f rom -to to 150~ and a .ater-bolding capacif;J of
60 to 140 per cent.

In". tigation of the permeabilib' rate, combined with a determi nation of
colloidal content and ignition lose, 1.1 ve't1 much needed. In making a mechen­
ical anal.rsi. to determine the uniformit1 ooei5cient the "claT' fraction.
diameter 0.005 to 0 mm. , roughly check. the colloidal content.

The~r offen the foreeoinc for conaideratioD and Iugelta • line
of reaeuch in toita. pbpieal and chemieal .. well .. mechanieal. that will
tupplemet1t the data given.

J'M))B }'a.o.. A8800. Y . A• • Soc. C. E. (b, Jetter ) .-In 1197. Couplet
publiabed. bis monumental work on ..np~urea, ci't"iDa a "complete theoret~

ital_~ of toiJ pbJ-iCl," e d, DOW, 200 yean later. Prof~ Teruahi
" e-... hp.• N_ , ..... N. Y.

j ......" U• •'onUt, "'...... .~•........... .....,.
o. 0 : ' •.• - 1" • .1.m'tt""lft'll. ..-'....,..

'"
,,, ... ("
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.... ..... J'UMl....t, . ...olI •••••••••••••• .. .... ....
I< u beoil aod ..... . . . . . . . . . . . .... ...
II Top. IOlI &ad . u tlMloll •• •• ••• . . .... ...
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ClUJe of this enormoul area the aurfaoe forete d~e1oped are tumeient to make
the eol1oid a . tronger binding qent thaD. P ortland cement. TbiI it true only
. beD the material it drJ. The uperiment ci ted not carried be700d •
1~ oootent of the biDding agent, &1thouah it " u1B.eitlllt to thow th.t
colloidal material is the principal bindina' apnt of lOiI., Ci:riq them ooheai...e­
De. acoordiDl to the moisture content.

TABLE 5.-Dn. SHOWING THK RZLATIOS Bn wl1_'f TR I: CoLLOm...L CoNTU'T

(lO!m1Olf lmla) , un L nlluy R.t.n o r SEU.lOa TUIIOUOB Son.a.
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writs th.t the ecieeee of fouod.tiOM i. of the preMlot and fu ture. Frm.
thi. it mUlt be U8Umed, tha t the llCienoe of foundatiolll h.. DO put. and then
it DO poeaibiliQ' of criticiuD&' th a, , latement if the rigid de6nitioD of •
•deuce it insisted upon. Still. it it difficult to .ligbt w eb Ul!lOUnoemeDti ..

appear in the AnMl" of the F rench Aeadem,. of 8eieuoel (J anuary ti. 17 )
to the effect that the problem of dete rmining the lateral earth p~ure ••
•uaceptible of • rigorou. IOIntioD for anT tpeCial cue b1 the application qf

the thoo..,. outlined on that date b;r Cbau1'8lot.
The dsign of foundationl hu DeTer been beeed on a true Kienc:e of

foundatiotd, and , to diaagree with the author. it i. b ot n ell D OW (in Ins)
baaed on aDJ'" lleientifie principIa. There are, in common nee, amain method.
on which ....riOut Q'peI of (ound. tion de.ign Ire hued. Such methodI are
tId.ptalioa. of prineiplel1 oC meehanie., taken either from .tatiCi or paea.­

matica. with or without correction faeton..
It caDDot be expected that the old, altboqb bot accurate. method. of d....

should bedi8earded in fnor of principles from & "science of foundationl" wbell
such eeleeee does not exist in the common lmowledge of the da3'. At the
author ttata, there is insufi.cient data nailable from which e't'eD empirical
rulee DllJ' be deduced. and 10 little i. knoWll of the materiall which IJ't

encountered (lOils and rocb) that DO skeleton or abelrlnir of general data
and h,rpothesis can be formed u a bail for the accu mulation of oU-iq
information. Until such a framework caD be formed. no one can &DDOUDClt

eeen the birth of a eeieaee of foundationl.
The present methods for the deeign of foundatio~ are open to m&n3' more

criticisms than are enumerated by tlae author. HowfI'Y81', theee methods hu e
been ueed for the preparation of plane for man1 foundatiou which, for the
large percentage of C888B, have been IUOO88Ifu1. Note that th is statemerat
U&e8 the espreeeion "preparation of plane" and not "design.". The .u~
of a plan i. measured b,. the re mIt obtained in l upport ing a Bupentructure
without apparen t or measurable danger. The economy of a foundation plan
i. quite another matter.

It i. quite difficult to clear aW&7 all th il aoeumulation of precedent and
"esperience" and suddenly l ubsti tute a new "eeieeee of foundatioDl." Cer­
tainb'. it i. oot a one-man job and DO one-man'. work can be upeeted 10
IUppty all the neceM&l'1 fr ame upon which . ucb a eeience een be built. Tbs
prof...ion should be "'et'J' thankful to the author for hie numerous reports
of the past few 1eAf'8, ell point ing to the desired goat. It is high time that
tbe Society h.. produced tome conetructive reeulte in proriding a baeie for the
development of this much needed eeience. •

The greater put of the work in the subject of lOil. during the Jut threl
centuries hu been in the deTelopment of the an of foundation oonstruetioa
rather than in the preparation of data for the teieu ti6c deTelopment of
foundation design. The method of sbori ng or underpinning a structure is
far more edreneed than the design of th e foundation which m&1 be~
under lUeh etrueture, The chief drawbaclr: to the lack of eeienti6e deonIop-­
ment baa been the ebeence of &.DJ' . uthori ta ti .e nomenclature or definite l taDd·
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ardiJatiOD of tennL The tendeuq- h.. been to eDP7 upreuiom from th e
DeebniCl of IOlids, although it. b.. been DWlJ' lean eieee soil meebaDiea
... wparated from ~~miCl and from the ltatic. of .ids. Some
mters hi" gone far in the o~ite direction. ooioina tM'W t"SJlI't'lI8iobll which,
__ alter tranalation. . ,.. aude and mi. inteTpreted 0 1' eatirel1 iaeo m.,...,.
..Me to the fttIder.

1\8 relatiOD ~ween the fiu and earr;ring eape.eit,. of • I..ded area C&D

..... be riRid17 6s.ed b,. any nuble e:sPraUOIl- The author deal. on l1 wiLl.
lM iDdi..idnal cue, C!JOIiMpoDdillg to the CMe of ••iDK'- pile, and w omitted

lIIIureb' the di~iOD of th e effect of Joeded areu in dow pro:r.imit7 on
_ other. EnID ill the indiTidoal cue. the author haa omitted a YU1
importaDt {ador, umeb'. the shape of the Jo.ded area. 1D the beui.Dg 01 •
did again t • eolid, within the elutie limits, the usual ..nmpt ion that th e
...,. of the loaded .... hu DO effect, prob.bb brings in no appreciable
error. The ltud7 of Joeded plates of ftriool ahapel IMdt ODe to doubt the
acearK3' of the ueu mptioo. In . perleetb' elutie IIlIIteri. t. with DO ClOhesioD
aDd DO l urface tentiOD, the shape of • loeded are. ran hu e DO efFect. H ow­
1IffJI. in • lubltanee like a cla.r, there is • l'elJi,tance to tettlemen t under
.. (beariq power. eo-eaned). which is • funct ion of the ara . nd . leo
I fUllm on of the perimeter. The latte r term is DOW heiDI d ilJngarded. Some
of the author's conclu.ionlll should be modified to lIuit thilll perimetral f'Ni,t­
Inee. Two ci rcular areas of diameten in the TIItio 1 :2. Joeded equally per
uDit area. haYe equal reeulteDt reei.tenees u a function of the area, bu t the
amaIler ba. twice th e length of edge per onit a~. The Iman er area wiU
Ittt1e the least.

An equally im portanL problem i. the determioa tioD. of the effect of one
loaded area opon adj acent areas. The complezi~ of lUeh a ulual problem
u the desil{D of spread footinp for the colu mns of a fr ame bu ilding with ita
interior and exterior footinga as well as square and non-equere loaded areas.
it appalling when one thinks of the epeed with which plans for such foot ings
are ~illl' prepared daily. Many in- tencee are known where unequal settle­
ment is Te..,. ee ldent, Un fortunately, few . uch C&Ml8 a re on record.

Still an other diU'fll:llrded factor iR the amount and natu re of eceee (b.ck~

611) above the bearing area of a footing. In a few isolated ideal cues,
tMoretical methode teem to poin t to th. true ....alUeB of tJte aide frietional
tapport of pien or ('aiMOnR, besed on the fonnulu of Coulomb and ot~n.

Cll'II turi ... old,"

Edge retliatance and aide-f rietional rMi.taDce tend to eqnalize the diRtribu~

tioIl 01 resulti ng elming elJMlcitJ per unit hue area. The true ltate of
aftlira i, mu eh eloeer to the unilonn than to the JMl.rabolio di .tributioa of
the soil rPlelion. The diagrJItllS in Fi,r. 3 are an indirect proof of the lut
ltalement ; lor. if the pa f1lboJie d illtribu t ion rt'8ultl in heading IIlOUMmb in
ClODtiauou! foot ings of more than twice the calculated momen t (bued on a
..iform di«tribution), it i. ineoncei ....ble wh,' a t leut ODe-half . ueb. footings
","ll have DOt fa iled. The IOfanor of ..letT' of a strueture, bued OD good
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concrete and a reduced Ic.d-aumm.tion deeign an d built with concrete "DOt
quite .. good .. specified". is eertain~ in the neighborhood of two.

Th. writer would like to brinc up • problem which hal intere.ted .illl
in ooDDeetion with • recent arbitration in _hieb he ... lDTOlTed. If ODe of
two~ aimilu .iI..to1"1 bUlldinp i. reJDO",ed. and repbeed b7 • Wler
building with {ootinp placed at ezaetI, the ..me depth .. had~
exiated, but with greater Io.d intmeit7. should there be espeeted • lettIemeDt
of the adjaoeot building. whieh h.. not been disturbed I 11 n cb I deIip
proper. or .boold mote manl be deTited to pment the old building Ina.
trettling, even if the new footillgl are not built to &D1' lenl lower thaD tlM
au.~ of the adjoining building' The problem h.. ,00 .ame intenltitlc
lepl upeeta. The writer might mention hi. argument that., e'ftn if the IIlll'W

footings are built DO lower than the IUb·cnde of the old on.. their n-.r,'
.ulement on reoeiring load will Clauee them to tab • pceitiOD 1Ufliei.d;r
lower 10 esuee a "8TIDpathetic" tettlement of the adjoi ning footinga.

The nbject of pilea for foundatioD pu~ ill ftr1 ab17 treated bJ u..
author. The objection to the uae of the reoocnized pile-driTina' formula
it; • tpee ial cue of the general objection made b1 the Belgian teientilt.
Bou.ine.q, that all Mlil preuure designs are fundamentall7 problemt ia
. ta ti os and the uperimenW work on ""hieb .ucb desigul are baed, is
d;ruamic in method.

AI to the baai. for a soil claeaificati on, the writer- i.e Itill of the opiniola
that :

••- - - the clusification of ecile and other granular materi. la eboold be
along the linee of strain characteristica rather than thoee of ItreN, nameb.
elastic ,train, plasticity. and fluidity. for the.e phenomena are endent aDd
mNSUrab1e. and embr8('Jf! within them tbe rMUlta of .n thfl , t reMM wbicl1
IDaJ' acL Generally speaking. the eluticity factor will take care of the lOUd.
the fluidit)' of the Buid. and the pl..t ici t)' of the colloid properties of tht
material beiIll' elaselfled,"

W. s. H OV8EL,t A!ll'lOC. Y . AM . Soc. C. E . (by lett er}.-Without doubt. it
is a source of satisfaction to DlaD.1 to flee • reelvel of lntereet in the problem
of th e bearing nlue of lGil. . A nu mber of mea , including the author. b. ...e
devoted a great deal of time and effort to a better undentanding of foundation
problerJWI from the sta ndpoint of eoil conditione,

During 1927. th e writer, actine for the Board of Wqne Couot)' Road
Commiaaionen at Detroit, 1(ich.. has been engaged in conducting a moat
extensiTe aeries of teeta to determine the bearing -elue of eoil.. The work hII
been done in the field. under condition. irOveminr actual construction, Ind. It
the eame time. every elfort h... been mad e to keep the accu rac1 of the data com­
parable to .hat might be obtained with a . imilar let-up in the laboratol1.

)lore than fift1 teltl han been made on dHle~nt aizal and lIb.pea of beer­
ing an:u. lIUllle teete on piles, aDd IIlOlDe on OlJmbination. of bMriog plate. and
I,ilf'!li. .lleaauftmentlt of lateral p.....ure and a I'IIUtl1 of the general pbeDOmebI
of the moami.ion of preuure in lIOila OOIlf,titute an important part of tJae
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The load de6ection diagrams obtained by the different testa bear out the.e
reuraI obeenatioDi. Fig. 21 ahow• • set of t1Pieal load deSeetion diqTama,
it this cue for three differeDt bearing plates. each with an area of -4 sq. ft.
AI mown, one plate .... round. ODe IQUare, and the th ird reet.aqul.ar, with
• ntio of width to lenatb of 1 to 7. The round plate h... perimeter-area

....
p

,A' of 1.7f' ; the Iquare plate, of 2.0; and the rectangular plate , of 3.04.

n. material i. Itiff ,enow cl.,. and the . b e of the t_t pit i. the aame .. th~
Iouior piate, I oq. fl .

illtstiption. The laboratol'J' work i. bM.n« eoedected hy the Ciril Engineer­
Uw DepartmMIt of the UniTers il7 of lliehipn. Through the eourteQ' of the
JlidlipD Sta te High• .,. Department, the f.eiliti. of the State R ich• .,.
IMontort haTe beea mede ....ilable for this work. With the field remlc.
J. W. in.... ligation at hand a few eommena on the prineipl. of lOiI aeUon
.. outlined b,. P rof.-or Ten.a«hi IDQ be of inte,.L

The IDC)I.t conaiatent remits of . 11 the _1.1 mad. b7 \he writer indicate
that there are two leeton of atn!Dgt.h by 'rime of which cobeain eoi.....ueh u
cU1. are cepeble of l upporti ng I08ds. One of theM facton ia the ahearing
reUllU.Dee OD th e perimeter o f the bearing arN : the other ia the retittanee
of the lOil to eompreeeion, due to • condi tion of , trai n Rt up in u.e lOil.round
the beariDif area. nu. Jut phenomenon h.. been celled • p....ure bulb.

Duri~ the procreu of • tell it it DotiCMble that the fint fai lure taking
.... it fai lure in th-.r alODg the perimeter of the hearlDl' ara 1D the latter
put of the tell there it • DOuceable upbeaul of IOU IUrtOUUdiDg the beariDc
.....hich indica_ that a condition of Itrain w.ta. That thit upbeayal
eaADOt be c1aui6ed merel, .. 60w of .oil from beDMth the bearill&' plate i.
IlbowD bJ the fact that for lOme time after the upbea....l i. fin. noted the
bearing plate continues to IUpport the increalled load applied .iUJ. rellti.-e!1
ImIl1 settlement .. Thi. action con tinues with increased loads up to • rather
cleb.ite point of failure, at . hich point the .ail So.. from beneath the beariO&'
pUttwith apparentb' no restrai~t. This marks the point at wbicb the preuure
bv.Ib f. il .

, it
!em

be
1I1.
..d
ido
lid,
Iho

...
;00

ood
..I

boo
Lot....

..

. f....

.1

10

•....

..

..
w...
ia
is

.....
and...
the



It ilt .igni6cant. thet, in tbe fim part o( the letl.... the r8l\lte o(~
eapaeit)r in which .bear f. ilure ebout the reei metee il ta ki l'lR pl. CII, the rd.
tion between the bearinlt ea~cit7 of tbe ••enl pl.t6ll i, .imil.r to the reI.tlOllo
between the ...IDea of z for the different plata. Tbe bearing capacit.i.. aN

not in oaet proportion to % because. fl'1'eu in th eir lower ra..ngel. the pr.."",
bulb it beginning to bave 1iOm8 elect ... factor o( strength,

In the I. tt er put of tbe tell. in the ranee o( bearing eapecitie. wbere the
p,..u re bulb i. a controlling (actor, there is a ecmplete re. enal of beui.DI

p
t"apaeity relation. . The piate. with the Jargeat "]" ,"alUft have th e . maD",

bearing ear-eitiea. The important eonaidention in upper nDge of eapr,eititll
i. the effeeti.eneu witb whieh the difl'erent. ebeped plat.. adjust tbemaelnt
10 the preseuee bulb , 1'tH> st raill ed condit ion in the soil, gi.ing rise to the phe­
nomenon of the pl't'!lWft' bulb, tends to become circular. Thee, the round platt
is tbe best shape to take .dvantage of this f.ctor of st rength. the tqtwt

pl.te is DOt quite 80 good, end the reet'Dg"l1lar plete is th e leut effeetiTe of ail
Fig. 22 .hOWl the load de6ec:tion diagrarna obtai ned by _ting areu of 1,1.

'- and 8 *I. ft. in the same ehepe of pla te, As in Fig. U , th e m.terial »
yellow clay .nd the pit i, the same ehepe . nd .ize u the bearing pl.te in eaell

e..e . Tb e decreeeed t"&p&C'it)" of the largu platu with .mall.., value. of ~ ..

the finit impression g.ined from a .tud, of tbeee diagr. ms. Ag. in, it it u.­
nifieant th.t the u riation in bearing eapaeity ia not in direct proportion to
the perimeter-area rati08 of the different plateL In general . it baa been fowwl
that the larger the bearing area with ita . maller perimeter-a..- ratio, tIwi

greater th e diflc'Ft!pane)' she wn between the ~ ratio and th e bearing capacity.

On the fint etudiee of the d.ta obtained. it was thought that the perimeter­
'rea ratio waa the only ..riable affecting the bearing cai>aci~. This iJ th.

lIatural result of tellting 1I00all bE'aring are •• (0' which ~ I. large and th•

..riation in tbe ratioe of the different pl.teI i . great. When the 1.rgtlIt .reI

tested Will 9 sq. ft ., the discrepanq' between the bearing eapaeitJ' and tilt
oorl'Cllpoodiog perimeter-area ratio 11''' oot la rgo. It i. anI,. wLen the prill­
ciple i••pplied to the much larger areo used in practice th.t the faUaq of
this ..umptioD beoomee .pparent.

However, for the purpose of diiCUu ion, it IDay be profitable to . tart wiu
this ..umptioe, which i, admitted to be falae. and deeelop the principle ..
applied to the aetion of eoib .nd Bee where it leeds. It it asaumed t.h.at the
bearing capacitJ' of two spread fouud.tiom of different .izee i. proportions!
to their perimeter-area r. tioa" the lettle-ment being conatant in both euea.

Let p be the bearing cap.eit:y, P, the perimeter, and A, the area of the
footinga ccneidered. Then, for a conllt.nl settlement in the two footi ngs, and
arcordin« 10 the a umption,
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Suhtti tuti ng th eee valnu ill Equation (7) and
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Thu.. it would seem that bearing C8lNlei t7 ..riee inYHMI, .. the diameter1
in round platee. and iDvene~ as the la teral dimens jon in the lIQuue pl. . l./""
wMn tbe eettlement i8 cofUitanL If the bearine eapacity or uni t preMUf"e
... kept con tant. the Ileu l. ment would nry dil'8l!t11 a. the lateral di men-
-. beillK nf OOUI'M1 gl't'at4"r for the laorer beari ll« a"""" Thi eoeclu inn.

i
1

i

:!l.. z: D, (8)
" D.

tr the w an ng anaa are 1IqU&n: P I = .. D1 ; P, = .. D. ; .AI = b l
l ; aDd

A. = 1',' . Apin. ub "b tu ting lu Equation (i) abt l ahuplllyi ng :
1!.J.. D,
P, - D, •••• . ••. •• . • • . .. •. . . •. •• .• . .(9)

U the L• • riug ar... considered are round : 1\ _ • b , ; ",
. [) t .D'

l ' alld A = -~
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hued on an asaumption which ill beli eved to be falfle, ecrreeponda e:netI,y to
the theol'1 88 stated by Peofeseor Tersegbi. Aa b u ~D sbown, tbi. mi.takeu.
tboo". ie the nalur.1 result of iMuffieient data on .man.iu.e of teet a.I'ML

Aside from the coDllid('ration that the thOOl'1 i. hued on • f.t84!l ..amp­
tion. there IeeIIl8 to be additional objection to the use of lIueh data .. h...
been obtained. in terms of IettJement for differen t .izee of foundationa. To
.tate the theol'1 in terms of bea ri.ng eapacit,o for a gi:ftD llettlement Iee1DI to
be more direct and better adapted to application to practical problems tho
to le.an it in terms of settlement for a giTeD. unit peeeeuee, In addi tion. if

/.
the variation in bearing capacity 'lfe r. expreeeed in Lerm. of -::f in.lead of

being further reduced to tenne of la teral dimension, the tbeo1'J' would be
more readiq applicable to all ahal* of footinp. In tbe case of • rectangular
footing, ooe is immediateb confronted with the question of which l.~
dimenaion should be used in reducing bearing eapadt,.. for different IiIIed
footinp. If left in terma of the perimeter-eree ra tio, the rect.aDgular foot­
inp, or any other shape, present no eericus difficult,.. in dealing with the
reduction of bearing capedt,'.

The prim.ar,.- object of lhi. diecueeion ia to point out that the theol'1 which
st.alell that bearing ea~cit~ nriee inversely .. the lateral dimension of the
footing, settlement being ccestant, or the thoor~ which etetee that settlemenl
,..riee directb 81 the lateral dimension, unit pressure being constant. is sim­
ilar to t.he theory that the perimeter-area ntio il the onb factor IOverning
bearing capacit,". Such a principle takes into consideration only one factor
of strength, which is shear on the perimeter, and neglects th e strength of ~.
soil in compreeaion which, in most eesee, is the most important factor.

The faUac~ of this theory of soil action becomes apparent when applied.
to large spread foundations, such .. th e ceee of the building in San Fran­
cisco, Cali f., cited by Professor Teraaghi, Th e data from tests for bearing
capacity ahowed an average set tlement of 0.10 in. for a unit pressure of -4: 800
lb. per sq. ft. Theee tests were evidently made on a test area of 1 sq. ft. The
building was placed on a mat foundation. 218 b~ 252 ft., designed to cam the
dead load of the building at a unit pressure of f 800 lb. per sq. ft. . which wu
conaidered allowable.

Applying th e propositi on that sett lement varies directly .. the talent
dimension, unit pressure being constant, th e settlement should amouut to
252 X 0.10 = 25.2 Ia. , or 218 X 0.10 = 21.8 in.• depending on which lateral
dimenaion is considered. The obvious absurdity of tb eee resulta is excused
on the baai. that the soil ia only . lightly echesiee, The telt data are quite
representative of what might be obtained in a cohesive soil. and to especr a
lettlement under such conditione comparable to the reBUl'" obta ined from the
equatiOD8 given. would be 110 leM absurd , even if the eoil were of the moet
cobeaiTe t7pe.

To anaJ.yu the teet data obtained in the enmple under ooD8ideratioD i.
terIM of bearing eapaei~ instead of leulement leads to an interettin&' 1'e5u1L

SuppoM that it was decided to _t 0.10 in, .. the limiting setdement. ud it
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... desired to fi.nd the bea.ri.na eapaci" of a mat foandalion, U 8 by W fL,
whieh would Dot exceed th is limiting eeu 1ement. It i. IUIlUDIl!lCl that the t....

" I re made on a round plate ( 1 eq. fl.) witb ~ equal to 3.M. The perimete r­

ana ratio or the mat fouudation iI.

,(2:..:1.;:.8..:.X';22),...+~(",2';:2...:X.:....::<2) 0 I"_ .0 ,
21x X 2:12

Let p be the btoaring etIpAeit,o of the large founda tion. U. ing the direr! ratio
of bHri~ etI~cities to rerimet~a1'M rati~:

p 0 .017
~- --.. 800 3 . M

0 .017 X 4800
P = -- - -- = 23 .0 lb. per 1JCl. ft.

3 .6:;

In other weed , according to the principle. the mat foundation would DOt
IUpport its own weight at a sett lemen t of 0.10 in.

Another method of anal,.zing the problem presen ts itaelf. Suppoee that
it is eoeeidered desirable to increase the width of the mat foundation b,. 1 ft.,
the dimen.aionl would then be 219 by 252 fL The area haa been iDcreued
h, i5i IQ. ft. and the perimeter haa been Increeeed b1 2 fL In I Uch a cue
it would be difficult to eonei aee an,. engioeer that the onb' additional CUI'1 ­
iDe eapaci.,. ga ined by adding 252 Iq. fL to the area w.. thelbeariDir atreocth
on an additional 2 ft. of perimeter. Yet that i. exactb' wbat the principles
under diSCUMion mean, inasmuch u z ia the onl,. factor inecleed io their
application.

In epreed foondat ions of practical ~i%(lS. the perimeter·area ratio it .1• .,..
_mall and in euch ca&et to neglect the shearing I tre ngth on the perimeter
would not lead to eeeioue error. The other f.ctor of I treDJ;th ia the oompree·
. iTe stren gth of the BOil. or the reeletence of the preuure bulh to deformation.
The totd carrying capeoity of • foundation due to thi s eeeond factor of
It~ngth ie directly proportional to the . re.. Thw would seem to indicate
that the much criticized practice of ueing the ..me beariog capaeit,' for aU
.izee of footinga was, after all, fundamentall1 ecund. Thi. sta tement could
be defended .. haring ecneidereble merit, in.amueb a. it ioyol't'et leN deper­
rure from sound principles than the propoeitioD that bearing eapacit,' nries
mYenel.J .. th e lateral dimeneion.

The greateet eritlelem that oould be made of m ating practice in founda­
tiona i. th. t the selected aUowable bearing ea pacil1 is in moet CueI based
011 • rueee, IOverned by eaperieneee in f ren ous foundations, and not 00 th e
toOIt reliable informa tion . It eeeme fait to make t he . ta teDMlDt that, at
·Pr!!IIe'lt. the only reliable method of determ ining beeri ng ea~eit1 is by . et ual....

I nasmuch as it i. not feasible to teet area u large .. the practical foot ­
iDg, the tMte on amalle r areae teem to be the 0011 ~UtiOD. The amall are&A

iD1'olve a I.tle perimeter-e rea ra tio and the tM.rin, ttnngth on the perimeter
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and ,
W = A p = 1' 111 + A"

ia • TeJ'1 considerable faetor of strength. It thus becomes neeelU.ry in recha&-
ing the bearing ea~city to practical ,ius, to ooMider this faetor, but DOt to iJ
the u clusioD of the other and more important factor of strength due to tIM pt

Teliltanee of the eoll to OOmprellIlioD.
The equation for bearing eapacitJ' th. t the writer has fOWld moet tudul iJ. It

interpret.i.Dg test data.., and which fit, the teet data moet ..tiafactoriJ,. inch... til
both fleton of . trength.

Let p - bearioa capacit7. in paUDcU per 'Quare fooL
'" - lIbear on the perimeter. in pound. per linear fooL
" _ reeutaDee of the ecil to eompreeelon, in pounds per lQuare fool
P .. perimeter of bearing area, in feet.
A - Stell of footing, in lQuare feet.
W - total aUowable load on the footing.

Then,

H Or8EL us THE 8C1E:'i;( 'E OP FOUSD.\TIOX8

P n,p= T +n ( IOj

]'
l..et th e perimeter.... re. ratio. A = %; then ,

l' = '" Z + fl ••• • •• •••• • • • • • • • •••• • • • •• (11)

A ItUd,r of the form of Equation (11) feTeal. th at it i • • li near funetioa
iD'YOITing two Tariables, nameb. bearing capaciQ' and perimeter-area n tio.
If the bearing capaeit1 for a certain type of lOil illl determined br teat far
two bearing areas baTing different perimeter-area ratioe.. it illl poaeible to IOh1l

tbe two resulting equ ations for the eonetaute, In and n. Haring thus deter­
mined the ,beari OR' 8trength on the peri meter and the ccmpreeeiee atrength
of the eoil for which the testa were made. the bearing-eapaeity equation (Equa·
tion (11» eRn be used to de termine the allowable unit pte88ure for laqer
footings euch that the limiting set tlement will not be exceeded.

In F iw. 23 bearing capacity ha l been plotted against perimeter-area ratio
and the correspondi ng equation. for these curvee are noted in Table 6. Cunei
1. 2, 3, and i are bearing cepecitlee for a t -in . defteetion, which W&I taken II

the allowable eettlement. Curv6ll 5 to 10 are for the bearing-eapacitr limit,
which i. defined as that unit pressure be,'ood which progreeai"e tettlement
takes place. It ie the unit preeeure beyond whieh the material acta ...
TiecoUILL Buid, aod the coaeolidetion of the material is oot l umcient to permit
a condition of equilibrium to be attained with a comparatiTeb amall amount
of eettlement.

'Ibeee equation. and cunei baTe been determined by aeriel of testa 00 the
three different tr'JleI of ecil indieeted &I yellow clay, ,tiff ,.ellow clay, aDd
blue clay. Thil cluai6cation is merel,. used .. identifica tion and ia not ii·
tended to baTe an,. other connection with the phJ'aieal eharaeteriatica of the
mate rial Theee ebereeterlerice are given by F igs. 21 an d en.

There are a few pointe wortbJ' of em phasis in connection with this set of
bearing-eapacity equatioM and CU "6lI ( Fie. 23) :
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(a) In practical lIizes of footings, baring perime ter-area ra tio-. beteeea
oaD'Il , the ahape of the footing, whether roo nd or equate, ill Dot 10 important.
n it it eonaistent with the idea tbat the 10M in bearing eat-ci ty C.. ecuteelled
.,. the pl"IlllIIIure bu lb) . du e to the eharp earners. i, • amaller put of the to tal

(1) AI the siu of the foot ing i ll inereued and :t approe.ehee eero th. beer­
iDe e&pfIcit1 approachee, Dot zero, but II oonatallt nloe which i. the eom­
"-i,,e . trength of tbe to il••nd i. indicated .. the intercept aD th. load uia.

(I) For II t 7J)e of lOB . hich h.. II hich degree of 8uidil1' and low ooh-.i....
, trmgth the bearina CIIpt1cit1 i. more DearI,- «Ju tant for . 11 ,iEee. ind ieatinc
dlat s is the leut important I.etor in the bH.riq ca~i17.
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I n eonclueicu, it lDBJ be ete ted that the Renita ueed in thia d iecu.iou.
repreeem onb one ecmprehensive inveetigation. It il fel t that m&D1 .ueb
invetttigationil must be earried out before the theories presented may be
referred to as principles or la ... of BOil action. It ouuld hardl.J be laid that
an.rbodJ' understands thoroughly the principles of eoB act ion. "The bulk of
the work, the 818tematic accumulation of empi rical data, rewainB to be done";
and, af ter that, eome of the theories of toil action may become principles and
othen will be diacarded.

Fu."fJ: S. B ,uL&Y,· As8OC. Y. Ax. Soc. C. E. (by letter) .-It ie a Tel1

disagreeable uperienee for an engiDeel' to find after a etructure h.. heeD
erected OD a lite which he hu inspec ted and given tacit approval, that teriolll
&ettlement bu developed.

The writer remembers one well-educated, intelligent, and able engineer 1I'ho
attained eoneidereble distinction in bit 8pecial field, who had such an pPeri.
ence with • eettling tank designed for the trea t men t of indtutr ial 1I'utet. A
part of the tank settled and cracked and the repreee a tatlee of th. comp&DJ'
for which it ..ea eoaetrueted, made such eeuetie eriticitm of the enginetr
that he, in turn, 11"&8 filled with 1'fIIleDtment and anger. Thie engineer died at I

compuativeq -.rq age and a promiaing career ...as cut abort.
Another well and faTorab1,1mown eDKinePr .00 eeeehed .till gT'Mter di..

tinction, had • limilu experience OD a larger acale ..ben a considerable PO'"

TABLE 6.-BURll'cO CAP"aTT EqUAnosL

bearing capacity in larxe footings. In the smal ler area ueed in the te.ta, the
lOA due to "ha rp comers is large in proportion to the total a rea of the plata

(4) Iu . type of soil, l acb lIS the blue dsy. ha...in« II hieb deeree of ftuiditJ.
the preesure bulb i•• contro11ing tutor throughout., and the differen~ i.
bearing capacity, due to the Bhape of the pla te. i. practically COD8t.anL ThiI
i . eJearI, abown by the fact that Cun_ i and 10 ( F ig. 23) an allD08t pu.
alleJ.
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tWa of the tew&$C'e treatment plant wbieb be hid desiR'tM"i eleo eeufed enough
to require much es:penditure for repa.ira. Tbw engineer died before his prime.
l oci in both the8e eaae. the diaappoiot1DeDt and ch-«rin eeueed b,. the imper­
fection of their finilhed work IDQ haT. been contri buto". C&u.teI to their
.llfortuDateb' Mrl.:r deathL

Both theee eD4ri.Deen m..,. bue ~TeD IIDd probabb' did gi" what the,­
belieftd to be • 8U.aieieDt~ thorough . tud7 to the fou ndation problerne iDyolTed
ill the ea.- cited, but MJmething went YTOD«. and while it i. geaenll,- 1ID~

pro",.ble to attempt oonjeeture OD .hat might bu. been. it i. DeTerthe1..
utural for ODe who knew both thelle men to think that if .tudi• .imilar to
&baM recorded in the author'. paper had been ....ail.bI. MlOD enouch. perhapB
ItiU greater precautions would baTe been taken and DO troubl.c)1D8 .tl..
IDe'Dt would hue occurred.

The writer i. impreued b1 the ata temen t of ' Dch • pro6eient mathe­
matician u the author it; knOWD. to be" that"

" Fou ndat ion problema, throughout. are of I Uch character that • •trietl7
theoretical mathematical t reat ment will ahra71 be im~ibt.. The oub • ..,.
to handle them efficientb oonai.ta in &.ndina' out" fint" ..hat. has haPpI!lIIed on
preoeding jobe of ••imilar chanmr i nen. the kind of eoil on ..hich the
opuatioDi were performed i and, 'Soan,., ..b7 the opentioDi han led to eer­
lain ftIIulte...,

The writer kno.. engiaeen ..ho hu e been n'!llponaible for the de-ign of
DlIDJ' etruc tueee which haTe been erected and hue etood without. appreciable
IettiemenL Such fnorable reeulta mll,J' be in pen due to good fortune. but.
.DOtbt>r reeson eeema to be th.t it is the b.bit. of theae engineen to make a
IDOIt earefol stod,. of the chuacteriatiea of tbe earth on which. ginn etrue­
ture is to be builL

AlthoU&'b it cannot be espeeted that an foundatioD.l will be 10 perfeetb
designed in the future that no settlemenu of ecasequence win occur. it it
certain that P rofeaaor Tenaghi has acquired much ne", info rmation th . t. can
be applied to improvement in foundation practice.

T. L CoSOROS',· 11. AM. Soc. C. E. (b,. letter).-The writer contributel!l
too the data on thi• •ubject. the rf"Sult. of recent aoil test. which roa1 praTe
belpful to ot.hen in decid ing what loadin g m.,. ..feI1 be ueed on a .imilar
lOiL

In 1927 the writer'. firm wu caned in to consultation regardinl' the
foundation. for a building the n under construction, This building is located
in Chieago. Ill., about. t.wo miles from the cen ter of the MLoop District.".
The contract cost of the .tnicture .... about 1750 000 and the ground area.
about ]3000 eq. ft . The building had been d~ed . ith "IPread foo~

inp". rtllIting on clay, from 20 to 30 f t. below street IT.de. or from e to
18 fL below Chicago Cit,. Datum ( Lake leeel). At the Lime the oonsultanta
"'re called in, the general esc....tiOD ..u nearl,. eompleted down to E ln a4
tioa. - 6.0, or 20 fL below atreet grade. and fiTe of the footinp. or about
!O'X, of the foundations, were in pleee, Some question ha d ariaeo u to the
bearillg power of the _I IUld two lOiI teata bad been made b,. the Contrapor

• e-.. Su'.et_ra l £aer, (e-. roa " r-I) . C\l.... lU.
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un der the direction of th e Areb itecL T he renlta of tlteM two lOil t8IU
eluted great OObO!l'D to all For eaeb tell, • load of .000 tb. wu placed c.
aD area of 1 1Iq. fL The lettlement under the fint teet 'It'd reported •
S' in. in 80 min.. and for the eeeoed tell. 2A: in. in 45 boun. The Iecload
tell ... reported .. being made in acco rdance with tbe reooIlUDeDdatiotul of
the SocietTl Special Committee on the Bearing V&1ue of Soil. for FOWl­
dationa. The reaulta of tbeee two teata .. reported to the writer are no..
in Fig. 24(4), .. well .. the reeult of • third tell which ia deeeribed later.

In riew of the ye!'J' unfnorable .bowing of theee two tellta. it ..... pro­
~ to remOTe the 6ve pl'Md footings that were in plaee and substi tu te for
.11 foundatione, ecneeete e:rlinden es:tending dowu to herdpeu, at an _
Ulated atn eapenee of t.5~ 000 to fOO 000 .

Cd) D&AGfl ..... 01 U TTLlME.NT UHDU TaIT LOAD ON • IQ. rr,
no. 240.

It seemed lurpri"ing that the ela,., which was fairl, sti ft and dil5cult to
ueavate, offered no better support than wu ~wn b,. the two teeu r'epOneL
since the,. had prwmmabll been made on undisturbed cia,. at the depth of
the proposed footings,. However, ss ti le si tuation ... apperentl1 10 Ierio_
ead tbe expense for the propceed ehaoge I() la rge in proportion to the towl
OO8t of tbe project, the .riter proceeded to in1'Mti,rate the oonditioD of other
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blliJdings of .imilar bei,ht and eharacter io t.he immediate ielnity. The
propoeed buildiOC ..... intended for non-eommereill1 UN and to be oob'
lis ttoriet hiP. ezoept for a tower to encloee tanh. s..eral buildinp were
foud DflII,r-bJ' telti~ 00 lipread footinp _icued for a lOit preuure of • 000
lb. per IQ. It. and DODe of theee buildinp . bowed an,. eeidenee of uDequal
tettlemmt alt hough the,. were from 10 to 15 1MJ'I old. The foot ings for &he
propoeed buildinc were to be loaded to not more thaD a 000 Ib. per sq. ft.
CouequentlJ'. the colWultanta ncommended that • further ~iI *t be made
belore arriYiD, at • deei.ioD.

In ma1dnc thi, I_I it ... felt that. 10 f.r U IJ(*ible, the conditions
IboDld be .. nearl,. iden tica l .. poetible with \hoee for the _ iped foot­
iDp. OonMlllum tl7. a location ... eeleeted (_ Fic. 2.f (0», .here • teet
footing 6 IL lQuare eeald be built aDd left in place without iaterferinc with
IDJ pert of the general foundation work. An u:ca..tioo was made from
Dention - e.o to Elention - 13.0, • depth of l' ft. The upper t It. of
0... bc:a.,.tion wu ebeeted and breeed and tbe )ower 3 ft. oarefulq cut to
We and filled with I : 2.6 : 1.5 eeeeeete (F ic. S4(.». The lower end of a I i-in.
steel pipe. 20 ft. long, to which a gauge w.. to be attached for readinp, wu
embedded in the eoaeeete bloek. When the eceeeete had hardened. a timber
m Ilage wu built. on which w.. placed a timber platform to reoeiu the tftt
load of piC iron. Bench·mara were eltahliahed on ODe of th e footi~ iu
pt.ee and on near-b1 buildiDgl aDd light polM. The arn.ngemen t of th is
&elt and ita location with reference to two footinga then in place and to pro­
poted footiofCa, i. ch·arl.J shown in F ig. 24(1.1 ) and F ig. 2"(c). On this diQTam
i. alllO shown to eeele the l't'l4ult of a t,.pical bori ng whleh d ieeloeed "blue
claT' iocreaaing in , ti ffneM down to EleTation - 69.0. where cl.,. mixed
with gravel wu found.

Careful level re8diDg'8 were taken 00 thi. telt footing al the tPSt load
.u applied, ...hown on Fia'. 24(d). the initial readine heinz taken when
the load of the concrete and platform wu 23 970 lb.• or 870 lb. per Iq. ft .
on the lOi1. 0 0 the third d.,. the total load. including the pig iro n. ",a. 165 e10
I'h.. or 4608 lb. per sq . ft. on tlle eoil. At that t ime tbe settlement recorded
... one-thirtr-eecond mere than l in. Alter the leIt load bad been in place
Ii da1.. tbe total settlement wu meaaured .. one-thirl7-.econd more than
• in. and no further aettlement could be meaaured during the nat 7 da,..
The telt load .... then removed and a reboun d of ft in. WII recorded. 1t is
lntaeating to compare the resulu of this test with the result. of the fint
two teat&. II shown in Fig. 24(0).

In the writer'. opin ion this test W.,raDU the concl\18ion that 8000 lb.
pet Iq. ft. would be an entireb' H fe load on thi. aoil. The client wu 10

adTiaed and work ... resumed on the building. The f uU weight of the build­
iag bu noW' ( 928 ) bee n on th e foundation. for a moutb or two and DO
lbeUurabie eettlercem he been revofttod duting the period of eonstruction.

L.u.t.ICI WIIt,...- ll. Ax. 800. C. E. (b, leuu).-In the Nineti ea, when
the writ.... 11'111 an undergnduate etudea t, he .... thoroughl,. imbued with
tM da it'lll method , of computing earth pl"et'8Ure&, bNring ....IDea of toi l,
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In 1914:, during esteaeive underpinning operatloue along William Street,
in New York City. maDJ" steel cylinders . 14: in . in diameter. were driYen bJ
hand hydn uli e jacking into ground compoeed of TIlrying minuree of UDd
and e1a,:r. Tb i. aBorded .n opportunity to meeeuee aceuntel, thep~
. pplied. During the work the elutie propeetiee of earth were obeersed,~
dan, the rebound afte r releuin'f the load. and tbeee were plotted b1 the
eqineen of th e Public Service Commiaeion of New York.- In 1915• • t .

I . A. Moyer and Profe.Jr Fehr, at Penn.;yJvauia State COUqre. published
the reBulte of _ tat in the diatributioa of soil preuUtel meuured at varioue

. ............. 1I~. v.... 15. " • . n . ~. 12 nc. 1.4.
t • .,.....1., JfllIqIr'C. Vol. 11 . Jrol • . 11 rda 11 . "11. ~. 180.

di tri butica of preMu.... nd pile-driYibg formula commonl,. taugbt-RankiDe.
Baker. Cain. and WeUington--and, after hia graduation, 'he ad about \0

awl,. \hem. Fortunaleb'. be waa abo imbued with th. ecientifio phi\oeoPQ
of Tyndall and Buley-to accept no theari. or formulaa uat811 bone oat
b,. uperimea.t. Hule,. ata ted that one cl_r esperi1D@D.t Dot eeeoeeeed for
b,. the acoepted theory might fo......er upeet tbat thoof'J'.

The writer'. first foundatioD experience. inyohi ng much woOd pUe-driYi..
had a diautrou. effect on hi. fa ith in the g,.gifl.Hri,.g N... formolL No
einete experiment confo rmed to it and to "'hit the tarpt" of an obeened tentt,
,.... lib IbootiAg at a di.t&nt pin with a blunderbua. Later. duriB&' subWlJ'
oonstruetion, he obMned that conu acton oompletel,y and 1IUOOMaful17 ignored
Rankine and Cai n in timberiDC" work. and "cot . W&:1 with i~ in 10 DWIJ'
iD1ltancea that by DO scientific philoeopb,. CX)uld thei r thean. be iutiW.
A«ain, hi. faith in Baker'. " }lUCID""" ... upeet b,. the obMnatioD that
uniform la.diac did Dot produce uniform Ml1t1emenL Renee, with praetieUb
all the e1usical botiona u~t. th e writer decided to obMne fou.ndaboD~
nomena for hi maelf and to accumulate data be.rina OD a new ICieuae of
fouadatiODL

•
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At the same time P rofeeeor Enger dieeoeered the put ....ri.tioll.l in iut en­
sitiee of p~ure under fooungl of different &real, AI compared with anrage

dl •
unit load. . 1118 fonnula for euch variation. 11 p = 91 .ll .• ; In whkh, p 11 the

ratio (percentage of aTerage unit load) at the depth. 1. iDlllMldiately below
the center of the footiDg', and d it the diameter of the footiD&': Tbit i. of areat
iU\enlIt, because if it. i. asao.med tha.. the .c)i1 hal elude propert i.. and tha..
••tl8Htr.io rel.tion exUu (the applied loade l(irinc the lit,... and the
IettJeID8Dta, the .train or oompree&ion), the beuinc ,..Iue of larp footinp
tallDOt be directl.r proportional to their .,..,...,

Later. the J oint Commit\ee on StfteMll in Railroad Track of the 8ociet1
aDd the American Rail",.,. Engineenn, Auoei.tioD in iu report";: ebowed
the ItreeNIII in ball.., below railroad ti. at uoenained b1 aD eJaborate

. ............... N_ a-nt. D c .b.r 10. tW, ".. .. Po tan.
t&'~ "-'4. v 13. No _ J • • _ 17 U. itlt. Po 1Of.
1 J'__r Co L LX.1X11I (1 11 10) . Po 1 ' .

deptba and ..riu"'. eooenuicitiea in relation to the applied 10 11(LI. ( See F ig.
!$.) VaiDA' tbe-e obeer.... tions ... basi.. John F . O...lhead. AMoc. Y . Am.
See, C. Eo, Seetion Engineer in the daTa of the William Streel. Sub."•
pIoUed lins of equal .-ertieal preNUre beneeth a 13i·in.. eircular pt.te.- dill­
doliill' in • manner wbich ean be read il;y I(I'Uped the gener.1 distribution of
p,..ure benea th a footing. 'rb.U be ealled the "bulb of p....un" ; 10 fa r &II

it bown. it . .. the finl. time neb • diagram . .. publiahed. (See Fia'. 2ft)
Due to the runner in . bieb the uperimenu -.ere mad~the preuure beinc
~ OD aD area equal to the area on.matinc it-Fi&'. 26 doe. Dot abow

lbe ..ri.tiOWI in p"",ure immedi.teb be:ne..th the footiD&'.
ll. L Enger, ll. Am. Soc. C. Eo. publi bed another bulb of p,..ure end,

beeaU!le of the UMl of .maller reoordiq areas. w.. . ble to abo. YaM. l ions in
pnlJ8ure immediatel". below the footiDg't. ( See Fie. i'l.) 1D ge neral form hi.
di..-nm i. ,imilar to that of Mr. Great.he.d. but it is more accurate.t
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apparatuB. Of special interest ••11 • pressure eepeule by which intell8iti. of
preeeure at uriou. pointe through a rna. of b8nut could be determined
liimultaoooualy. Th is report i•• mine of information for the foundatioa
engineer, espeeiaU1 the full demonatration of the elut iri t,o of the eoil bertea....

• • • • • • • • • • • • • • • • •
.1& 21 IS is I:! t 6 3 0 3 6 • 12 1.1 18 %1 21 27
~ fnm:l OKl1er U Pe of JlJMIe 'n.la ~Kbc.-.

..... 3L

• rail"...,. track. A new "bulb of preeeure" \ll'U publiahed and-e1'en more
int eresting-the efl'ect. of one footing on iu neighbor. I t ..... found to be
the same as euperiwpoeing one "bulb of preMure" upon auother or, rather,
overlapping one .ith another and plotting their combined effect. (See
Fig. 28.)

In ]925, A. T. Goldbeck. Auoc. Y . Am. Soc. C. E.. published- • curse
iDdi~.ting th a t the hearing ....luI8I of foot ing'll or loads for equal lJeC&lemeac

• " ""'Net'-4. 4l1li. 900. Co E., Vel . .. 09U). p . 2''' .
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fi re Dot proportional to areas, but to di .meterL :Mr. Goldbeck Iarented a
pDeumatic preeeure gauge. with electrical contact&,· .hieb «..e Te,.,. aocunte
retnltt. For bearing bloch of 0.371 to 8.83 eq, ft .• the deeiee check ed the
EBrer formul. quite eloeely.

In the .riter', esperienee, build inp on eompreslibJe eoil do not settle
tmiforml,.. but in parabolic or ca tenal')' CUlT. ; the center of the buildinJr
lettJ. much more than the perimeter. Thil ill t-rticululy marked in the
Cit,' of Mexico ebeee numeroull n roeture8 Ihow the eharaeteriatic euree in
their eoUI'8M, The reaIOn for thi, should be apparen t from data &1.ftD herein.
Since buildiDg"l exert pftUU re on huge areu, the intensity of preeeure at the
eenter i. yu, great. and the, canee a c:orn:eponding eompl"Mloion of the ground,
10 that the building finally Uftmell a dished Ihape. (Bee F ig. 19.) The
fallac1 of th. old bSUmption that atl'Ucturee,. uniformb' loaded, settle uai­
forml1, iI thn, rraphicaIJ1 ehown. Fig. 30 ehowa the lettlement of a builditlg
with the entire area around it. The orielnal leTet of the bu ildiD&' WAI the ..me
.. the aidewalk. The total aettlement " .. approximatel1 8 fL

The Soeiet7', Special Committee on Bearing Value of Soil, for Founda·
tiona. ete., h.. performed ita work pai.natd:ingb'. but in a 6e1d Tet'1 difticult and
rather barren of reeulte : that i.e, IOU elaMifieatioDl a.nd nomenelature to define
lOile. An infinite number of definitioDl can be made and yet one may be
ltJeft in the dark". Profeeeor Tenaghi hal taken foundation e.ngineen "out
of the wood." u far &II nomenelature i. concerned. and, by flltabliBhing a few
limple phyeical elau ificatioD8, it now leeml poeeible to el'al uate lOil. ill terms
of bParing power.

In detlCribing the eharacteriltice of cllU' and ita hebariof in the presence
of water due to TillCOeit,. and surface teneloa, he performed a nluable eereiee.
Recentl" in DetroiL, Mich., while ezcanting in cl..,. and tapping wet areas
under preeeure, subsidence of l urrounding buildiDg"l wa. obeersed which eon­
formed to the principle laid down b1 P rofesaof Terughi. A wet clay layer,
in which water wall supplied from &ea1IlJ' bed-reek below. when ta pped at a
depth of about 100 fL, yielded a considerable quanti" of water . Simul tane­
oUlll with the pumping of this water, settlementa of neighbor ing buildings,
leyeral hundred feet away, were noted. Through the underb'ing rock the water
beneatb the , ubeiding area W&l partir drained-thus causing Ihrinkage in
the wet cla, layer ebove, which _ AI equin lent to euperimpoeing a load ed­
cleat to squeeze the &&.me volume of water out of the c1aJ.

Another effect. noted at Detroit and Alb&D1, N. Y•• wu that the wreeking
or remonl of buildings lI'U followed b1 tlight tettJement of neighboring
Itructuree, where the region .&11 underlaid b1 a IItratum of wet cl..,..

I t hu been long obeened th at buildings on oompl8libte eoil do Dot settle
I1nifol'Dll1 u to time. but rapidt,' at iirat a.nd th en more a.nd more slowt,' .
Thi, h&ll been Tagueb" eeeeibed to the fact that water i. equeesed from the
. turated to il below; but by meant of the "tLermodyu.amio parallel", Pro­
f~r Terughi hy been able to enluate thia phenolDt'non and to plot a
lheoretieal time-Mttlement cun _ of great velue, Thi. alto hal a geological
application to allurial depoe.ita, and indicatee that thOUlaD.da of ,.ean D1Il3'

•~"'" A• . 8oe . 'IIN'T.-tq " a tmal.. Vol. XVI , to 101 . It\..
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The materials beneath the building were thorough ly explored. All tell
holes (see Io·ig. 32 (1I» ....ere drilled 7 ft. 80uth of the face of the soutb
....all (A·B) and about 1 ft. inside the curb line. At Beneb·Mark 20 (r ig. as
(lI», • pipe ....as pushed to about 37 It. Light dri 't'ing lent it down to 41.1 fL
At thill point the penetration ...... about t in . per blow until. at a depth of
47.2 ft., the lut twentr blo.. llt'nt the pipe do....n A in. and the driTinc ••
....ped.

At Bench·Mark 24 ( Fig. 32 (6», • pipe .... puahed to 33.7 It. belon it
...... DeoeeaaJ'1 to 8trike a blow. Then, for each 8uooeMin increment of tweal:1
blow • the penetration ........ folio•• :

elapse before an alluria] deposit i , coaecl idated. ID th~ connection the
geoloc of • stratum i. of great aign ificance in locating TaIu.ble atructura
Nearly .U old geological ,trata are fulb' eoneolideted and. therefore. ha"
great bearing eapaeit.iea. whereat recent . Uun . 1 depoeita bordering .t~

old ponds, or lake beds are dangerous. The latt er are not full,. coneolidat.ed,
and their esceee of ...ete r beyond that which iJ Dormal for the old strata it
not yet equeeeed out. Although the depoail Dla7 Beem stable, an additional Jo.I
will cause. flow of water and a eubeldenee or eeulement, In lOme situatiCDI
• trained geologist ma,. be • bet ter guide than the engineer, e1'en if the latter
baa had much esperieece with found.tiona, and DODe in theoretical pol0(0.

To illulltrate bow ••tructure lettlea, the informatioD gll'eD in rip. al
and U i. Te17 interesting. Fig. :n ia the plan of • building on which ieWe­
mente were observed between 1920 and 1924. F ig. 32 (A) to F ig. 32 (,). indu·
,ive. illul1'tratel the catena,.,.. CO"" of ••1111 .-ti ng on comnreeeible BOiL The
.,ari0\18 eunea abo.... that the time w ttlemenu are rapid at fint and tia
become slower.
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aut hor ha. dealt the EngiMcri.g ..\"~fI). formula "tome at.aqerinc
Would tbat it had been "knocked out" completely, It wu orici nated

II) KTTU MI""T DlAGlllAM WALL D · C

Th.
Mo••",

T.-.1~ r-et,.. '0' '."'1'..'.e . wo-., .. tact..."..5 8.6
40.7 .. • . • . .. . . • • . . . . . . • . . . . . . . . . U
.8.1 3.4
. " 2
. 8.0 ••. . . . . • . . . . . . . . . . . . . . . . . . . . 1
.8.29 .. ......... ...... ........ .. . 0.19

After a total penetration of 48.29 It ., the nest twcoll blows failed to move the
pipe. A 12-lb. , ledge-hammer wall ueed (or driving.
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by Wellington. who reaUl intended it to be applied oub' to uniform material.
like und, with the drop-hammer then need. H e introduced constanta to Ii..
it • reuonable ....10e. Theoretically, it hal • taetor of aafety of e. that ia,
• wooden pile which. b1 the BftgiMmng NeW'. form ula, gi 't'eI • worki ng nhM
of 16 tons. baa &0 ultimate ..lue of 90 ton.. which i••beurd for a aWl
wooden pile.

To COTeI' the UM!t of .team hammen. then eomi nc into uee, WeJ.liDl\Oll
.rbitr.rib' ehanged hie denominator. 8 + 1. to 8 + 0.1. ching D O good .....
eseept that tbe more rapid blow of the Iteam hammer ought to gi...e lb,' DUtdl.
better results. A.. matter of fact, there i. much ..n.tioD in the npidit:1
with whieb Iteam-hammer blows are .truck. The Vulcan hammer i , DelUb'
all alow u the drop-hammer Ind the dou ble-aeune hammer ia much faster .

Th4!I g"giflHTin" N.." formula. DO W incorporated in m&117 build ing~
hy done. greAt deal of hann. becaULWl itl deia) cha racter baa mieled 0WDen

and engineen u to itl reliabili17. The writer baa encccntered eueI .here
pile found.tiona. conscieutiousl1 drleen to the E"l1i,,~m"l1 N~V!. fol'lllU1s.
have failed . He baa repeatedJ;r checked 1"fl8ulta obtai ned b1 using the formula,
tf'lting the driven pile. with b7draulic appuatua, aDd haa found the fOnD1II.
deeidedlz inaoeunte. The UJe of the B"lIin,ui"lI N"v!' fonnula hu eheekrd
progreu. Because of itA Dfficial edcptlon, engi~ra hue often eomputed pile
,..lu.,. b1 it end have Dot made teeta whicb the1 would otheewiee ha':,.., tude.
In thie connection it should be noted th. t the result of a loading tell 01.

a single pile should not be eouclueiee u to • group. Each pile of a nther
clMel, spaced group will. on individu.l teet, hue a much higher n lue tho
the total of the group divided b1 the number of pilei. This is beeaUM of
overlapping of the areas supporting each pile-a similar eft'eet ..hieb C8DM1

.maIl areas to "hue luger bearing ....luee in proportion tbaD large areu.
The attempt to find a pile formula of general application i... futi le II

the aearch for the "philOllOpber'. stone", In tbi. respect foundation engineers
are worse oft' then they were before the inven tion of pile formul.. wben the,'
relied on teete of piles driven under limilal" eondi tlone to eetablisb nlu..
The On11 we teste are those on a lufBcientl1 large group to eliminate 0Ter­

I.pping eft'ecte. Such testa will demoueteate the wu tefu lneM of spaeiq of
pilee cloeeJ;r when not driven to rock, or an equinlent bearing.

Profe8ElOr Terughi statee that pilei are often driven in areaa where the,
add nothing to the bearilijt ...lue of the toil and IOmetimes even detract from
it and tbat the utlD08t value th.t can be developed in such locatioDl is that
of an inte11igent);r designed epreed footing. The writer h.. even teeD ca.­
where dririog pilee in wet cl.,. b.. hed • negative ....lue-cbeceuee of the
TibratioDl eet up.

The author bu dieeeeeed the yery important question of the reI. tift
bearing valuee of small and large spread footingw and has th rowu a great dell
of light upon it. although there i. much need of further inv8ltigation aJoac
theee lin. That the bearing valuee of laree footingl are not in proportMJ.
to their arua u compared to .mall footiDgl ia to the writer, . uBieieatb'
proved. He h.. encountered man1 CUM wbere eettlemeDta of large footiDp
were much more than thoee for mailer ODe&. In a case where a bigh buildUal
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... founded on • 80f t coral roek, the .maller looting eettJed about l in. and
tile larger. (I te., ahbough in this eeee the larger footi~ were delligned with
lich~r unit leeds than the amaller 008. Similar resulbl were cbeersed in
\laildiD«" underlaid b1 reat. 80ft eilt, etc.

In deeign ing lipread footi ngs the old aDd euy U8umpt ion for the de-igner
(&hat all th.t i.e neoeua..,. i. to aaeume 8 worltiDl' unit load-eo m&Il1' tooa
to the Iquare foot-e.nd then to diride thit into the column load. to pt the
areu of lipread footings) hal led, and .m continue to lead. to failures. The
_ ner the loada the more COllipiCUOUI the failunlI. Account mu.t be taken
of the ehepe of the footinp. their nlati...e iU!8. their spaci ng, whether or
DOt tbe1 are too eloee together to work independen t.l7. the proportion of dead
aDd tin Jced, etc. On thill point the ...ri ter bees to differ with P rofeeaor
Terugbi .. to the eel ue of lOAding teeLa. If inteUigentl1 made, the,' hue

rreat .-alue.
Foundat ion engineen do not bave .U the data they could _ i. h-not b1

I1J1 met,na; but the,' do hu e enough to ..oid pitfall e in to which the1 hue
fallen in the put. an d to produce de8igu far more intelligent. than tboee bere­
toforeeceeideeed good practice. Engioeen m~ eTeD decide not to build high
buildings on certain areu with eoit. nOt. adapted to ea"'1 hea..,. loads, and
tItere are rDaDJ' such areas within the limi... of laree citia

The eutho r ie ratber peesimiati c as to the n ine of IOU tel'" as an aid to
the proper deeigning of foundations. The wri ter. hcweeee, beliene that soil
klltI, intelligent11 made and plotted, are of Kreat n lue. The complete settle­
IDtIlt C'U" 8 ehould be obtained. The ideal apparatlU for thie i. the h,-draulie
jeck. with which reliable data for a complete curse can be rapidb ob....iued,
ThiI it illustrated in F ig. 83 . It is much euperior to the method* edeo­
eeted b1 the Societr'e Special Committee on Bearing Value of Soile for Fcun­
dation.. etc. B1 testing bea.ring area of different aizee, a ...lueble relation
tnl1 be found for uae in deeign ing epreed footitlg'l. I n the cue of the bu ild ing
on coral rock, prmou11, mentioned. bearing areal of 1 and i IQ. ft. were
teeted, uRing pig iron for tbe loede, Tbe88 telta, plot ted .. aettlement cunee,
plainl1 reteeled th at the bearing nine ...ried with the diameters of the foot­
inp, the area of 2 sq. ft. haring On11 1.• tirJ* the nIne of that of 1 eq. ft.
Had the designen been cogniu.nt of thi. relation, the impractieabilit1 of
I1J1lpread footing for th i. building would baTe been. eeident,

The feIIul ta shewn in the paper in connection with ..nd-miea mixtures
are moBt interesti ng, but undue importance IDa1 be lrinn to the ahape of the
rra1D&. Is not the compreuibilit1 of the minute high because the mica
powder i tael.f ia Tet'1 light and baa a high percentage of 1'oida' I ... mixture
with II.Dd Inereeeee the percentage of 1'oida 1'ef'1 much. ~ mixture with
• 1arp 1'oi.ratio. or. in other words, with • low epecific varitT. ia bound
k) be oompreuible and ulUltabl.. The writer baa obeerTOd natural -.nd
dopooita, . ppa rea t17 higbl;r uUea<eow, which are d..... and .f oood bear'_
YIlae. although i t may be that adual mealurement would ehow the percent.a&e
of mica to be . mall.
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The writer does not wi8h to di8parage the U HJ of eend-mlee mis:tufeI to
simulate earth, materiala with ..rioUi 't'oid.rati08, but wisbee to 6prt181 ..

opinion that the ecmpreeeibllitr of eon. is du e more to lack of eontolidatiOD
or to abnormally low specific grarit,r for the material rather than to the
preeeuce of mica or flat grains, al though that i•• factor in oompreMibilit)'.
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In the paper the three propeetiee that determine the lwhavior of the BOil
in the foundation pit are giTell as: Fint. the TQlume change produced b,
an inereue of pressure acting on the IOH, etc.; IeOOnd, the permeabiHtl of
the ecil, etc.; and third. the cohesion or Ihearing roeiatanee of the sell.

The writer would like to add. fourth. which m&;1 perhap' be • combination
of the Int two, but which is nevertheless important and euil1 uoertained;
that i .. the denait, of the lOil or rock in relation to an oM eed well conaoli­
dated eoll of limilar nature. For ins tance. i f the material i . sand" det.ermiM
ita weight .. compared to a N Dd of aD old and wen couaolidated geolD«ieal
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period. and if it i.a clay. find • limilar reI.tion. A "ety wet, compreuible
ellJ' ..ill necellW'iI,- be ligbter because of ita water conteDt than a dl'7
well oontOlid.ted elQ of an old period; .ilt will be 1'e..,. light .beu eoerpered
to • eoneolideted earth, and. aimilu),.•• coral roek will be 'ftr1 light com­
pared to In old limeeton8. This relation is Dot hard to find, beeaUlM old earth.
aad roeb b....e a aurpri.inc1, uniform tpeeific .,aTit)'.

The author dr.... a Tef7 .harp diatinetioD between coheBi." and cohesion·
... llOil.. That there are grftt difJPr"eDCM in ooheai.en811 between diitereat
IOU. i. not open to question. but in the writere experience there i. quite •
_due of cohesion in .U toils. Even clean aand lach u that l u itable for
eeeeeete will break in the bank with. euwed fncture and .laDd 1'ertica1 for
• certain height. The writer is inclined to doubt the great effect of depth on
.ettlement, uo lea the added ueantioD reTe.1t • decided impl'01'ement of
the JI'Ound. For instance" Profeeaor Tenqbi atatM that. for I footiDa in,
perf.dl,. ceheelonl... m.t~rial. a depth of d - 1 ntlu~ ..tU.ment- to oul1

o~third of wba t the,. would be if the footing fel ted on the lunace of the
pound.

Engineer'll are gn-atl,. indebted to the author for hle dieeueeiou of the dis­
tribution of soil reaction over rigid loaded ,tabe. lie baa , bOWD clear!,'
(for the fir'llt time to the wri ter's knowledge) the difference between the ~uh
u ordina rily oomputed with the oommon thea..,. of uniform preeeuree aDd
that of th~ much more eorree t thoo..,. of Profeuor Enger. A great difference
i, m own, the more correct theo..,. yielding greater bending momenta. Thi.
m..,. eJ:p1ain why, in Detroi t, a concrete mat support ing a large office building
on el.,. il reported to show uumercue crack. indieati ng failure. Single epreed
footinp, such as the ordina". ease of an indiTidual footing for each column,
the load. being concentrated under the center of application, will yield smeller
btnding moment. than under th e tbM..,. of uniform loading.

The writer feel. with Profeuor Terughi that the future of foundation
engineering a. an applied ecieace ia decidedly encouflging and a1ao that
engineer'll are merely on the tbreebcld of this science. The principle obetecles
to PJ'O«1'MI haTing been removed , that ia, Tlriona centurr-old all8umption.
that do not conform to ~ature. tbe engineer can now 10 ahead.

linch can be added to the present kno wledge of fouodationa b;r applying
the methoda originated b,. Profeuor Enger and Mr. Goldbeck for determining
eoil PnlIIUre. B,. placing pressure capeo). in the aoil beneath actual footinge
the diltribution of . treM can be determined eo th at it i, poeeible to compute
eomedy the bending momenta in footings.. The relat ion of depth of footing
to lettlemenu and that of areu of foot ings to eettlemente, CaD alao be deter­
mined, if not bY' this method then b!, di eeet loading teBt on footings of ditJer­
eDt aizeI and at different depths. By the OIOC' of h,.d ... ul ic aPIJUa tue it ia
Pl*ible to OOlain a wide range of teet, in a limited time. By tbi. method
Ibe effect of YarioUI shape8 of foot ihl'l Ob bHrinc eapaeities and lettlemenu
J&a1 allll) be found, and b,. te.tint( ,-roupe of pil es siD&'l,. aDd in combination,
Ibe iD'I'eltip tor can determilMl onrlapping deets, etc.. the pro:,.oer llpaeing of
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pi1. for the beet reeulte, ud the relation between the bearill&' eapaeiti. of
••ingl. pile .and • group.

In the past engineen were content to , tate that • building eettled ..,.
little. but accurate Jent. reecrded, with oomparatin l,. little ea.t. .oakI
yield ..1uable and aurpriaing data. In the future, yanoUl repreeeatatiYe
buildingl ahould be cboeen for the purpoee of makinc accurate obIen.tia»
as to .ettIemmt. Profeeeor Tenqhi ia conect ; foundation probt8lm aN af
web a character that .trictb theore ti cal mathematical treatmen t win alwl1l
be impoesible, but by .,..tematieall:1 aecumulating field da ta it will be ;-.
sible to .pp~b this idea) much more cIoIeb.

The writer hopee that the problem of eoU e1uai6ea tioD .ill IlOOD be IOIftd
along the 1iIH!8 mggEllted in the paper. H. feela that the Engineeriq' P»
feeeioll is much indebted to Profeaor Ten&lhi. fint of aU for uprooti.,
certain penisteDt prejudicel and then for leadina' engiueen forward in DeW

direetioaa toward "the promised land" of • real science of foundatioDL .

R. D. N. SUIHAW.- Assoc. :Y. Aw. Soc. C. E. (by Jetter).-The writer
deeiree to limit hi, obsenations on thialntereeting paper to the motIt importut
question of eettlement of lOill and itt relation to the area of bearing ud
intensity of loading. It iI a faUacy to generi.lize from uperimental resu1tI
without thoroughl,. undentanding the premieee on which, and the objectl for
which, the experimenta are conducted. There are li mitations to uperimental
reeeerchee that require corresponding limitations to be made in the law
deduced from them.

In the tint place, aD1' l"8lIultt that hue been determi ned b,. indiTidual
esperimenta under limited considerations and V8 1'7 often in a elipehod manner,
that ie, without aD1 at~mpt to fellow a general or comprehensive plan aDd
co-ordinated line or method of experimentation, cannot be complete evi~
on which to establish aD1' general or ,fundamental law of ecleace, The writer
bas learned from experience that an.;r attemptt to deduce. from an unco­
ordinated set of experi mente, ecme IOrt of a general formula or law thtt
would uplain the entire phenomena of lOil behavior, hu io't'&riab~ railed
serious complicetlone, Therefore. experi ment. caD afford no relief to d!e
!lJ'Oll('nt imperfect etate of the science of fOUDdatioD.l unlOlNl thq are bued on:
(1) Constructive lines of thought; (2) a thorough realization of the UlUmed
conditions j (3) a careful diagnOli. of everJ facto r that influenoea the behavior
of a lOil; and (4) a thorough oo-ordination of all the information gained.
"Knowledge comea, but witdom liogen!'

There is alwQ' a undenC,f to take lOme plau.ibls reaulta of uperi.
menta and immediatel1 deduce la .... of relationship between certain fllC\Orl
involved and then appl1 them to evet7 aingle oondition that oecun thel"Mfwr.
Whenever inconaieteuciea are diecceeeed••U p ndol of aophiatica1 arpmeou
are made to u:plaiD matters, either b,. suggesting that the variatioD.l are eJ:~

Lional. that the)' are unexpected. or are due to defective ezperimenta. or o&bet
ea.uaee. but all the time ju isting that the law, once derired b, lOme mat~·
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tieal manirulati on. of a &et of eonvenlent ftfIUltli . mUlt am to . 11 ~t3 nf
eoDdition..

111 an ideel ecil, uniform in leV"" 1'e8pect, it ifl JM:*Iib1e to flu te that
.wemcmt i. proportional to intenai t,' ot 1000ding in IIOme 1t'..,. and to the
are- iD IIOme other • ..,.. With nlprd to the area. the ahape of the _ring
IIrf.oe b.. In inSuence on .ettle-ment ; that i,. the .ttlement of • foundation
with the _me load and bearing area would be different for di.imil.r lIb,peA
of thebearing l urface. Thus. in • aimple tttaY. the relatiolllbip between Bettie­
.eat of toil, .; load intenai~. w; bearing area, A ; and the ra tio of mean
tridtb to PJe&Il length of bearing 8eetioo (or lOme other relation that would
tnalr repreeent the e1I'ect of ....ri.tion in Ibape and the oouequent ...1Ui,tion
of "oIume of depth of -oil afl'eeted). r. mq be IlriTen in the pDefal (OrDI:

r A''''· = - k- (12)

Ia tbil equation, ~ i • • constant that expreltlM!lI the cha racte ri.tiet of the .oil.
If thie ma.r be taken as tf'U~ tepNlIeIltiDg • law of beb,rior for gi.en

'»11, then it would be ea.,. to direct 80IDe experimenu alool definite UOM
ucI to arriTe at th e range between _hich th e ntuM of %. , . and I nl'1. How­
enr, in the determination of the nlue of '. the io 't'Mtigator would probab11
.~ into difficu!tiel. The writer thinb that it ia im~ible to teCUre identical
beba"rior of -oill throughout the proceeeee of ' al'J'ing load, area of bearing, and
wpe. An, lettlement rna,' be the result of eeyera l dift'ert!ot reactions within
the toil . There ID&1 be (I) a subeideace due to elceer re-arrangement of
_\eMaIl of eoB during a particular st age; (2) leu lflDlent due to plutie or
httening effect at some other stage, Of combined with the former: (3) linking
due to eecepe or lateral flow of water or eecape of other 100M materials in th e
eompoeitioD of soil; ( t ) , brinking due to compreuibiti tJ of toil material ll ;
and (5), under ezt raordinal'1 cireumetencee, reduction eaueed by the crulbiog
of the granulee or diflio~.tion of eotl meteriele. Equ.tion (12) may perhepe
be modified further to cover tbeee fa cton .leo,

~ A· '"
• = .t (r

l
+ t'. + (', + t' ,) ... . . • • . . . . • . • • . . . . ( l:i)

In Equati on (13), k ma;r represent Il eelue for soil under st.ndard condi­
tiou, or • certain condition of ecil beh.,ior wben IIet tiement i• • minimum.
t il t ao f .. C" etc., may repreeent the reductions oeoeMary in the n luM of l:
to allow for eubeideece, lettlement. abnnkiDB', redu ct ion. etc.

AIl1 ecil that ia confined before loading to the limit of the natur.l .ngle
of rrpoee, % 0 A ( ~'ig. 8-1), when loaded, .Iow~ or r.pidly adjust. itself in
diferent . ngles until it Ilttaine the li miti ng angle of compaetne. of soil
materiala u indicated. by the position., OB. in Fijr. 34. BqoDd thi.. .
loedinc will cause the IlOil to ftatt en to the limiti nc poIitio n of plutici~,

C' C. During thi. period. there toa3' Dot h.....e been aD.1 change iD th e
YOiume of eoil, but mert!U' • bulging outw. rd . Then IIiDking of sell oeeun
~ \lae eacape of wa\er or looM material within the lUi), until the IimidOl'
.flC\e of permeabilit1 or eoil e8C8p8, % 0 D, i ......ehed. }'urtber loedi na
nate. port! comprt!Uioa of the toil m.tfori.... aDd tbe toil urinh to the
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Th ere are t wo more consi derations which, inste~d of increasing the sett1&­
menlo would reduce it. The aide ecll protection and frictional l'e8istaDCf
offered by the marginal 80il should mudify the settlement directly below tbe
foundation, an d then Eq ua t ions (1 3) a nd (14) will be furthe r generalised
to the followiul{ forms :

Ie- A'''' r- I'"«,+ C, + c, + C
t

) - C - Ii· .. ···· · ... .. (16)• = Ie
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and,

limit of compressibility, E' E . Beyond tbi, BIage the N)iI aink. by the crush.
ing of the granular shape. Thus, th e actua l eur.,eti of settlement rtrlltU 10l1d,
hated 011 eJ:l'crimelllMJ rl 'f;u lt tl, would Iot't' llI III i1Ju",trah', lIot (lilt' un iform I••

throughout, but di fferent law, at different . tagee. Knowing euetly .bat iI
takiD.&' place within the ecil iteel f, it should be poMible to determine theee
Ie.. independently through carefull,J planned u perimenta, and tbea, by ..
8&11 ma thematiea1 computation, • combined or gener.1 law of relationtlbip
might be deduced.

.In another way...uming that th e total aettleme.at of the aoil i. the com­

bleed effect of these factora. it IIlaJ' be found ecurenient to e:lPreM the rtlI.
tion for determining the settlement in • IlOmewha t better form. thue :

r-I A,I,.n .... ..o4 .',.n .cd AlII,.as voN A""'"
• ~ - 1- + - 1-- + 1 + 1 ( 11)

I J J •
I~I AI'1 ,..1

in whi<-h the quantitie~. - ~ • etc., repreeeut the N>lUemf'n t due to tht

indi...idual effects of each of the fac tors mentioned .

Il""'I A,I,..I tc" Aatt r" WS A""" ~ Art "" J" r-
II = + - -- _ + + - _ - ..(18,

1'1 ~ k. i t C D
In Equationa (16) and (16), I' and P represent, respec tively, the effecti.e

volume of BOil contributing to the aide protection of the oompreued &Oil an4
the peorimeter of the beerine eeetion ; "bile HI . n. C. and D are conetantL

'Ibeee do not nE!OEl68Ari b compriae aU ccneeleeble facton aBectiDl' aoi1
beb.....ior. There i. no doubt a difference in the bebeeicr of JOiI under dMd
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ill which, 0 11 a general constant for the characteriatics of the specific soil.
AI aD uamp1e. Aeled two kinde of lOiI, to be eompered for bNring

nl1leL ANume that '. ,. c. A. r, and q remain the aame iD both NaIea;
-. and ... are the support ed loede ; II. and IIr the IIhea rill8' aDillel ; and

For aOJ' specific BOil c. tan 0 , and 1- will be eonetent, 10 that eetdement in
aueb cue would be represented by the relation,

woIJ .d' r', = C (20)

aDd lise load and lllowb or rapidl,. Ipplied load. u "('("DtricitJ of load ing and
eh.rtt'ltr . nd ueture of distribution of thrullt. on 80iI hue abo to be coo­
lidtred. 1D (.cl. it i. bCCEl888t1 to know the law connected with each
iDdi:ridu. 1 {.("to f that int luences the eoil, and then Onl1 ee u a ll,)' {."uhlJlft·ht'IU'i"t'e

"W or law.. which would torreetq I't"preeent the lIOiI beh.rior, be attempted.
hJ n cb attempt . t the PJ'e8eDt state of knowledge on thi. nbject ';11
IlIturall,. be abortivE'. However, lor pract ical IIU~ it rna, perh.~ be

sa5eient to know "hat volume of lIOiI will be affected b7 aD.1 load oqr 1-07
bNriDll: Irt'lII IIl1d ded uce, wit h refe rence to it, IOODle simple relat ion for the
wttlement of eoil of aOJ' 8pecific oompoeition under di fferent loads.

The eolume of soil that ill directlr affected h, lced i. b MOwn in Fig. 35.
n it eoneept does Dol take into (lOflIIideration the lIOil that reeeil·f!S . OJ'

Utdirect or ,.irt ual elfectt .of load. h limite the TOlume to that portion ~ng
COIlItra ined latera lly within the Te!'ticaJ planee boundiDg' the bearing area..
The bottom would he defined by a honmntal plane (Oz. Fi«. 36) puaing
througb the higbeet point of Intereeedon of the plane ( OA. Fic. 35) of
thearing or eobeeio u aud the 1'erti("A1 plane. 0 ,. Tbe direct set t leme nt of
the lOil rna,. be considered tbe result of (1 ) a cloeer re-a rrangement of lOiI
material ; (2) actual compreseibili t,. ; and (3 ) reduction due to permeabiliu
of thit TQlume of eoil or a large proportion of it. ADS relation 10 determined
will be useful in a practical way in atudJing comparatin eetrlemente or com­
puath'. bearing ..lues of ecil,

With these U8urnptions tbe relation between setUefMnt and volume for
an,. apecific compoeifion of sell rna,. be simpl,. written.

~ ( c V) ' _.. = t ( 11)

in which, l ' ill the volume defined in connection with F ig. 35. and p. c, q .
IDd 1- are oonetente. I n F ig. 35, let .A _ the area of the bearing surface; r,
tbe mean or limiting width of sell that restricts the deptb, d, of &Oi) afFeeted
directl1 by the load; and 4 , the angle between the plane of ebeee or cohesion
aDd a horizontal plane through O. Then,

V = A r tau •....••.••.....•...• . . .. ... ( 18)

Sut.tituting thi . value of V in Equation (1.7),

,,... (e A ,. tan t, ),,= k ••••••• •••••.•••••••••. ( IV)
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1-1 and 1-,. eonetente for the Mil in each ~.flP. Then,

"'I 1'1 (tan ft.).
1('. :o::r k; ~; 1> ••••••• ••••••• •• •••• • ••• (il)

Equation (21) eapleine in • simple .IJ the values found by A. T. Gold·
beck, .Aaoc. Y . Am. Soc. C. E., with variou. mixtures of BaDd and cla1.•

FlUNK A. lURsToN.t :Y. A v o Boo. C. E. (by letter) . -COnsiderable
pl'Ognltl8 bas been made by Profeeece Terughi in determining adequate aDd
practical methods of clusif,ing eoile. For lIeveral Jean. the writer'. tirm
baa been carJ7ing on laboratory and field .lndies OD toil, with the ~i teaee
of and by means of apparatul deeteed b,. the autho r.

In doing ncb work. there i•• rea) benefit derived from the actual handline
of the IOU samples. It i. Dot enough to ban. trained laboratory man perform
certain teel&, but. in addition, ecme work should be done by the engineer
reepcneible for the 6nal decisions in order to acquire the "feel" of the ...arlow
lOili and to cbeerre c1oee17 thei r cbaracteriatiea .. eridenced br varying
behuior under test. White the external appearance of a lOil sample would be
studied, it m8J' be most deceiving &8 to the act ual cha racte ristics and cannot
be depended upon solely as a means of grouping IOlIl.

As time goes on. methods and apparatus wiU be further li mplitied
and their U86 will be more widespread. The great difficulty at present iD

the practical use of these improved methode of soil analllis ill in the interpre­
tation of the results. Onl,. the gradual accumula tion of data win provide the
meeue for accurately t ranslating labora tory results into terms of large-eeale
field experience. In preparing papers such as thie, P rofessor Tenaghi is
rendering the profession a real service by aroulling the interes t of many inves­
tigators. If, as a result of these discueeions and investigations, eoil etudlee
can be conducted according to etendardieed methode, records will be made
that can be compared and used as a basis for judgment b,. eng'ineera generalb'.
A tremendous amount of data has been published regarding eaperieucee with
foundation conditions, but the lack of a suitable classificat ion for the indio
vidual soils bee made many of tbeee dat a of little value. .

An illustration can be cited ahowing the S)OWDe88 of coueolideticn of the
core material in a certain hydraulic-fin dam, with some data 88 to the char­
acter of the material according to these new lines of classi fication. All the
material for thiB dam was obtai ned from a bcrrcw-pit in ehale located on •
steep hillside which was covered with a la.yer of disintegra ted material 3 to .f ft.
thick. Thi. l.,..er was the principal source of the core material.

Ten samples of the core mate ria l were taken at intenals from the top to
a depth of 15 ft., at two poin" (Hoi. Noe. 1 and 2, Table 7) , OD the center
line of the dam. These hclee were 12 ft. and 150 ft .• respective),.. from the
point of overflow of "ater from the pool du ring eoostrnction.

Sampl.. of core material from the upper pam of the belee were obtained
b,. puehing down a S.iD. pipe and withdrawing it filled with mate rial. Thia

-,.-.ace"""'.Am. see, c. Jt~ Vol. It 11'%5) . p . ZTI .
T COIl_. Eq-r. (K",eaJt a £44, ) . eo.t........
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A cornpreeaion test was made on Sample 712 of thi s core material for the
purpose or determining the compreMibilit,. and permeability or the material
(tee Fig. 36 and Table 7) .

method was continued until a depth wee reached at which the core material
wu 80 80ft that it would not remain in the pipe. Below tbi. point. the holee
were e:lcavated by meena of an earth auger which worked with fair eueceee,
except that some 80ft material slid off the auger as it was pulled up. Th e
sampling tubes, 1 in . in diameter and 12 in. long, were used with ecme
difficulty, due to the 10ft condition of the material which did not .1"8J'8 fill
the entire length of the tube.

When a ball of the core mate riaJ waa equeeeed in the hand, it "lUI found to
be 80 plaatic that it flowed out between the fingers. In one test hole. the
material at a dept h of 12 ft. contained 10 much water that, af ter standing
orer-aight, the hole W88 found to be filled with water to the level of that in the
reservoir. Table 7 gives the resul ts of BOrne of the testa of the core materi al.

There was little difference in the character of the samples from the two
holes. The moistu re in the eamplee .. ta ken from Hole No. 1 varied from 19.3
to 42.f % and averaged 33.5% of the weight of dry eolide, The samples from
Hole No.2 varied in moisture content from 26.f 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 voida in the samplee from Holes
Nos. 1 and 2 wee 48.6 and 48.0%, reepectivelj-, computed on the volume of the
wet material as sampled. The specific gravit,. of the dry core material wee
2.748.

A colllparitMlo of the liquid lio lit K"iven in Column (6). Table 7. with the
moisture content given in Column (11) (both being expressed in the same
terma) , shows tha t about one-half the semplee contained more moisture when
taken out than at the lower liquid limit .
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TABLE 7 .-RE8 UL T8 OF TESTS OF C O RE M ATERIAL FROX AN HYDRA ULIC-FILL DAM .

"'el,bl of mo'-'ll'"I" perrebta«t' or _.bt of dr,.olld..
• ne.oUt. ratloo III the ralloo 0 ' lb. 901.. _ of .o6d. to the .alllm. gf aoUd ..
; n.teralioM aDd UAed 10 oomputaliODo ,....1101'to tb.. -.mpl...
, .......... IUd~ 10 COP\pulalJoae m.Uo. to tbeM .mplee.

La.._ LOUT' nl Paacllll"T."'. V OIN a.no .t.'I:1.1• .,..,. )lawtore
CODl ftn cl

[)eoptb bel o_ T... D IMe 8JM"C11c _lDpM"
fWlmple No. .urf~ remand.la

10 , ..., . Nc. 1'...11t,. --Uqlll<t.+ f1.aatle.+ DUrereo.:.. L iqu id. Plaalc. Dlft'ereooe. ~_ll'btof

dr, aolkl ..

'" I» (JJ I 141 (O J (6J <1J (OJ I, J ( I . ) ( II )

.......................... .... .. .. I ' .m: .... " .1
I

10 .1 0.... 0.... 0." ....
(Old dt)" .ampl. ' ... ... . .. ....
~...... ............ ... 'i:o .... I ;:a in II.' 'i:o 0.'" 0.... 0 .. I I'"
TOt• ••• •• •••••••••••• • • • •• ' .0 •• II.' II.' .., 0 .'11 0.... 0.... 11.'
70S . .. . . . . . . . .. . . . . . . .. . . . . ." ...i

I
•• II.' 11.0 10. 1 0.... ..... O.lel ....

TOe. . . . . . .. . . . . . . . . . .. . . . 1' .0 .... •• 11.' .... ,.. I .... 0."" .... I~ .I

'l'OT................ . . .. .... 11.0 .... •• 11.0 11.' II.' 1. 111 0."" 0." ....
-

......... (lOI ·TOT I • •••.•• • ' .0 .... ...... ...'" ..... ..'" 0.... 0.111 0.... II.'
--

TOll •• •••• •••••••••••••• •••• ' .0 .... ":i::l I' . ' 11.1 10.1 I .... 0.871 0." .... -
7011••• •••• ••••••••••• ••• ••• ' .0 "', •• .... m.' ••• o.m O.IN 0."" ....
110. . . . .. . . . . . . . .. . . . . . . . . . ' .0 'ffiiI II.' .... ' .1 0.... 0.... 0.... ...•
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It .iII be MeD th" the ooeS:ienta of conaolidatioD and permeabilit1 for
\lao CON material are limilar to thoM of the fat plutie ela7 and "&1'1 1rftlatl1

3~3

=
eo._~_,

~ldaUola, ~~ ,,"-bUtt,.

- ~- -

............................. ,." x t___
1 .1 X 1<>-' T.' X 1t-,

.i:ii '.:'pe;.'iq:~:::::::: •• XI.... II X 10-0 '.' X I~
1 .10 x .... t .r x ,... 1 .1 X I~'

................ ............. .... x ,.... 1._ X 10-0 • .T X 1~

· i:.·~r~ r:·......-:::::::: II .T x .... ',14 X .... . .t X 10-'1'
• If , ... ••• x ,... II X .... '.'" ... :................. ............ m ... X I..... ... x .... • IDIl X 10-'

. i:ii.1i.:'pW'iq:''':::::::: 12'1_ x I~. • .• X .... • ... X lO-'
_"' X I..... ' . 11 • .... IlO 100 X I""
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The dry material wu made into a puite and placed in the C!IJindrieal
coataioer of the compreuion appantut in web a manner .. to uclude -.ir
IIId oompleteb' fin the IIpaoe. The patte .u approximateb' at the liquid Jimit.
rr-ul"l!l ... then applied at o.ae kg. per IQ. em.. ObeerYationt were mede, h,
DaDa of AmM dial., of the deereue in \hiekn.. of the lpeeimen at frequent
time iDterral. until there . .. no further colUlOHdation. The load wu then
iDcreaIed immedi.tel1 to 0.'Toi q. per IQ. em. and limnar obee"ations of thick·
.... eere made. Similarb'. the telt ... repeated for load. of I.U and t.es kc.
pII' Ill. em.

When eolUlOlidation had heeD eompleted. th. loed wu reduced h, the I&!DI

OOtmeDta bl which it had been iDereued. allowinc suflicient time fol' the
lImP'e to upand or rebound to • constant ...olume between ehangs in Jo.d.
'l\e mouture content of the ILIDple ... determined before and after teItiDg.
Other Tala. uaed in the anal7tia were : Specific craritJ. i .H8. plutio limit,
IU (. - 0.893); Ilquid lim;!, au (. - o.tIlli); lfiameter of th. oampl.. 7.00
em. ; aDd reduced thiekneu" 0.705 em. In Fig. ae (bo ). Cane I iI the eon­
.idatiOD cone when the preelUN was iDereued from 0.1. to 1.... q. per
Iq. em., and Cane D il the C011«)}iclanon eone wben the p~ure w..
i:Dcreued from 1.... to i .H kg. per IQ. em.

Point A ( Fig. 36 (a» repneenta the "oida ratio at the becinninc of the
ted; Pointa B, O. D. and B repreMJ1t the 1'oidl ratiOl of the oompletel1
.....lideted .p.dmeD UDder the load. of O.aV, O.H. 1."- IUd II." Ire. per
Iq. em. Poin.. F and a repreeent the ?oidl ratioa when the ilpeC'imen had
rebcnmded after remoTing loada of 1.62 and 0.70 kg. per IQ. em., reepeeti"eI,.
TheM o_nationl indicate th at the material coDlOlida. almoat .. Ilowb' ..
a hirbl1 eolloidel clar.

ne coeffieienta of coneclidetiou, oompn!88ibili17. and permeabilitJ were
computed (lee Table 8), together with l imilar ~rea for a fat pl..tie dar
1Dd. fine Nod having an etTeetin .ize of 0.1 mm.

TABLE 8.-Conncrr.l'tTS or CoN80LmATlO!'f, CoMPIlZ8S.lBILlTY, AND

P n M&ABI LIT T.



TABLE 9.-Lowu. LIQUID UD Pu.mc 1.I.. ITI or TH.I SuaAL F IlACTJONI Of

F~E lh.TDUL no.. Bceaow-Prr.

- - --- -- .= -......-."
~ la aillilHta"L 101.1 _ eolp L, UqW4I1.IL PIMtioIIi.M.. our-.--_e.

.
()ocropolll '. _pili ... .. • ... • . . . ". ...• ..., •••0.1 - 0.01. .• ••••••.• •. ••••• ••• .... ••• •.... - 0.001 •••• •• . ••••••••. .... ... ••• ...
O.Q - ... ................. IT.' ... ... ...•
l.- l b1.a o.a..... ......... ... ••• .... . .1 •.,

For material between 0.1 and 0.02 mm. in size. the liquid and plastic Iimiu
should be praeticalJ.y identical. The diecrepanq shown in T able 9 is due to the
difficulty in deteeminius .ocurateb the plastie limit in such material. The
effective sire of the fine material "'II 0.00016 mm.• and the uniformitI
coefficient was 20.6. The COlU'8elt fraction. 0.1 - 0.02 mm., had relativeb' low
liquid and plastic limite and the di fference between them should .have been
pr.ctic.n,. zero. The vel'1 fine material (Jell then 0.002 mm.) had high liquid
and plastic limite and there was a wide difference between them.

An esamination of the borrow-pit material before construction b,. the
methods indicated would have made it poeeible to forecast the behavior of the
mate riaL

SHAW ON TH8 I:ICIE~CB OF roUNDATIONS

(rom thoee of the fine 88Dd. The greater the eoeffi.cient of ool1lOlithtion. the 1

more rapidb eoceclidetioa will take place. For the core material, the rate of r
coD80JidatioD il ezceedingJ.y Ilow. The indications are that the ecee in the
dam built with thia material to a depth o( 15 ( t. at leut, il in about the IaIDe

ata te of coDSOlidation .. it wu when the d.m wu built, eight l ean before the
...mpl. were taken.

Th e in8ueu08 of gra in aile OD the ....ri.tion in lower plutie and liqmd
limi te and the diB'erenee between theM limite ia iI1ultnted h,. thta given ill
Teble 9. Tbeee d.ta were obtained bl IIepar.ting into ite reapective J"OI1;i01ll
(. ooording to grain eiee) • sample from the borrow-pit from which the eore
m.terial waa obtai ned. Thil material ia • bluiab or greeni,h ahale _hidI
breab into bulb pieees,

ARTuva M. SHAW,- If. A.. . Soc. C. E. (b,. letter).-Tbi. paper is quite
unique in that it discul8M el.,- and other toils in the eame terml u have
been UMd in the diecuaion of other material. of conetruction. While IIWIJ'

experimental data have been compiled concerning the bearing power of IOn..
it ordinari J.y haa not occurred to the engineer dealing with theee widel,. wed
materials to investigate .uch properties .. tensile tltrength. elutieil1, aad
eepeciaU,. at rength in shear, although the author wow. th.t .n tbMe poop­
erties are of vital importance in .t leut eome t1Pft of lOiI.. The writer ...
particuJarJ,. interested in the ditcu.ion of the relation of area to the lOp"

porting power of IOU.. baving noticed the apparent inconsistent behavior of
• CoaL bar ... N_ Orl.... r......
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ft&k lOiI. under load. of uniform weight per aqual"6 foot., but ul'7ing ma te-­
nail" in area covered.

The [allo.inK diecuMion ...i11 be limited to muck ecil.. overlying 10ft el..,..
\be twe (If solle cHlllmllnl, found in the "'pr.irie" .~&li u( the lower delta
ot thelliNiu ippi Riter,

A Dumber of Jean ago. it became DecMSary to place a fuel-oil tank eon­
ftDiat to • pumping plant OD • reclamation PJ'Oject ne&r New Orleana, La.
Tbe toil" of the tnl8 deeeribed, had been drained onl1 partly and under a tat
loed (placed 0 0 • S bl 3·ft. platform) appeared to be we for a load of
.ppronmatel1 500 tb. per IQ. It. A. spread foundation . .. dtwigned to li mit
the Ioed to 400 lb. per tq. f~ but before the tank ... quite three-quarten f ull.
it bean to Bettie une,.enlJ' and to an undeairable decree- nU17 ahoriD8'
broqht the tank to • nrtieal position, an occasional ~adjuatment of the
tboreI being DeceM&I'1 to keep it plumb. After about ili moothl of sub­
drainqe, and compact ing b;r the lIuperimpoeed load, the ecil ...u capable of
"WOrtiD&' the full load of 400 lb. without material additional -ettlement.
The total lettlement . .. 2.l5 ft.

On a aimilar reclamation project. experiment. wer'81. made with th e freshly
drained muck toil to determine loada which might be used in the eonetruction
of naht buildiIlB" fo. housing emploYeeL A limit of 250 lb. w.. adopted and
ft!8Ulta indicated that th is Wat about correct. General eettlemeat was espeeted
MeaUtle of the drai nage and shrinkage of the muck. but th is Wat fairl.r
uniform and did not cause aOJ' serious complications except in connection with
ODe or two buildings which were provided with brick flues. These were car­
ried on abort poell (old pile-beede) which rested on a th in local IItrat um of
aand Onl1 about 6 ft . below the surface. The considerable eeparation of grade
of the linng-room floor and the fireplace bu resulted in a nOTeI arcb itectural
elfect. The Su perintendent (who has been in cberge since the work wee started
in 1917) edvised that he now (1928) is using a load of 500 lb. per eq. ft .
for . mall footings, but for large footings, be baa found it necesears to adopt
a eoneldereblj lowee load limit .

In the ccnet ructioa of levees on similar foundations. the espedieat of drie­
iDa Ibeet-piles to prevent lateral mC)l'ement or "hulging" of the muck. baa been
adopted in local practice although it baa been found that thia ia necee&ary onb
ita utRme C8l88. Just as «ood reeultl usualb can be secured. and at much
Ie. 00It.b, constructing the levee in multiple 11l1er8 and b1 adopting a dosign
th.t will tend to increase the retiataDce of the toil to borisontal streuea.
Fia. 17 illustratee the section and the method wbieh the writer h.. used aue­
-tulb" in the oonltruetion of leeeee on exceptionally toft muck. tanda. The
letee aection WAI controlled b1 the limit of reach of ..,.ailabl. dredginc equip­
-1, .. it ia teldom. practicable to eeeure I d.redge iD thia eeetion with a reach
from the tide of the hul l in eJ:C888 of 60 h . B1 the use of loncer boom dredcee.
.. AI were ad..ocated b1 th. wriw I number of ,...n aco.. I material
iAc:nue in bei iht of leve. in lucb lOila should be poaeible. A epeeiel t)'pe of
4redce. which hat been in UBe in Cali fornia for m8DJ' yean. ia well adapted.

. ""TM .Nec_ aad ()perall_ ., D redpl- . 1:.,._... •~. o.e..M r ... U. ...
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Wh ile concentrated leeds, eueh .. th088 of embankment.. m.,. ftIIult i.
failure of the lower It rata b, a hor izontal movement, fill. over large areu
may be const ructed to • considerable height on muck »oil. with no danger of
settlement beroOO that caused b,. the lQueezing out of lOme of the water. The
writer h.. bed occasion to make maD1 h,.dr.ulic fills over 10ft muck 1aDdI,
the added materi.l frequen tly being c1...,. or u nd, but he hu beYer uperieDeed
difficult)' from exceeelee eubeidence in such cues, pronded the fill. uteDded.
to bard ground or were tapered off graduall,. at the edgee., tbul teCtlriD& t1It
«redual loading mentioned in the fo~ing II being desirable for leeee ee-­
strumon in .imil.., lOll..

MOlt engineen who bue bad experience in the construction of railz'OIId
embankmentl aerou riyer bottolDl bn e b own of Joca1iti.. where embuk·
meotl 8 to 10 ft. in beicht could be buil t without complications, but wben •
fiji of 16 or 20 It, in height would sub-ide (IIOmetime. euddealr) . Tbie wb­
eidenee u8uall,. would be eeeompenied b1 an upheaval of t he natural nrfaer.

to levee buildillj{ in !10ft &Oil, or under other eonditio ee requiring an ueep.
tionan,. long reach. Following are the pr incipal dimensioDs of tbi. dralae ;
Width of hull, '10 ft.; length of hull , 140 ft.: muimum reach from , ide of bull.
180 ft .: and hominal ClipaeitJ' of bucket. 8 cu . yd.

Repeated esperimenta h....e shown th.t both th e spread hue and the «lQ­

etruetioa of Ieeeee in multiple operationl bu e a beneGcial effect in inereuiDl'
the .tability of muck and 10ft cJ&7 eci le, With regard to the .pread hue. tM
graduall1 increasing weight, f rom toe of IeTee to• • rd the crown, &pP.mltq
eompreeeee the muck in the w nft subjected to onl1 partial loading and I'l!!It­

den it more resistant to lateral moYemenL The gradual appliearion of t1w
1000d in multiple l.,.en permitl the eaeeee ••1M to be expell ed from the 1Ub­
to il. and increuel their lupporting power.

In the lanch referred to, there i • • creat ...riation in the welgbt of ma~
ri.l. entering into le...ees, due to different proporti ona of muek lop-toil ud
cI.,. elMoi1. There eleo i, , wide range in weight of the muck toile. _
containing a coD8iderabl,. larger proportion of ,ilt th an others. As would be
expected, the muck lOiI, dry out n pidJ..y afte r being placed in embaDkmeata,
ebove .ater level, bu' the ",harke,." el.,. giYN oft ita .ater content Yfir1
'lowb'. ExcantioD8 into cl.,. levees more than two ,ean old have .bowJa •
"gu mm,." oondition a t point 6 It. above eoll-weter level.

c:::J ...........

"'" .-lIIIID ~ 1_

•
I

••;,
I

I

i

•
I
t

•

•

;
I

Ii
Ii
«
T
~

T
Ii

•
~

"B
~

"

SH AW ON TH B !('IBl"!'! 0,. roUNDATlONS356



• Proof. 01 H1ab_J' Eaa.• M_ 8uperior TKla lcal Be.- H ' M_ I....r T rau­
.-nan. Eq.. W_ _ • ",al_ 01 t.'.. Iltdall..le IonM ......Uea.

t - a:n1"'UID__~." VI_ 1I2~ ...~
I - Dl. BotlalltlllllC •• aa ",......... Dn "_,,",",",r. Oc1oe-r :no1. 21.

357DTKHU ON THB scnNO or FOUNDATIONS

to loa 50 It. beyond the toe of the l1ope. Two.uch pbenomena ceeureed dar­
ill the conl truction of the Dlinoil Central Railro.d from Fort. I>odge. low..
to Omaha. Nebr ., in 1900, one at • point about teo milel north of Council
BId-. 10. " and the other in the South Omaha cut~tl line. DeU the bluff,
iii Eut OmahL Ia the latter cue eereiee on the neu-by track.. of the },[u.
IllVi Pacific Ra il....t ... interrupted by the upbenal

D. P. Kau tn: ll. All. Soc. C. E. (by letter).-The author's worbt
M" opeued .. new era in the Itud" of eoill for -.rineerinc purpoMlt. 1D...e.
tiptioDi of 10 01' 1~ ,.ears -so generall.T deeh ool.r with MIld.. with DO

_ deration for ~.jca1 propertiea. O. iDg' to \he atudi. of ProfellOf
TnI&hi. the eeereh baa penetrated in to tbe interio r of clQa and NOda.

1M~eal proputiel of which are DOW heine studied by the eiell encineer.
n. preteDl generation ia witne.ing the birth of • new' eeieeee, which IDa,1

lie eaJled. "Engineering Soil Science". or "EqineeriD& Soil TheorT'. md
which repreeeat.e epplled eoil P'h1aies and toi l mechanic-.. It ill limilar to
qrieultural lOiI lcieoOl!l ; but the latter, by OOIlliidetinc pri nc:ipal1:1 th e id a·
tift of "ater and ai r on the ecil, leaTee UD8tudied the loed factor, whieh
• tH IIM»t important for .. ciTiI engi neer. Therefore, the .tablishment of
I Dt'It' seieeee haa been inmtable.

SLab Fov..ddliOfU.- I n general, tbe writer agreeI with the followinc ....te­
IIlefltal made by the author :

• (1) For toils with great ecbeeion th e ltettlement produoed by a giTeD load
IJICf'eUeS in direct proportion with the diamett'r u ( tht' loaded atfOa (Io'ig. I) .

(t) The dist ribu tion of the ton reactions over the beee of a rigid , lab
" not uniform. The pressures are equal to zero at the edge of the alab and
IfMlest at the center ( F ig. 3).

(J) The settlement of a buildi ng i8 du e to consolidation of th e lIOiI and to
the 1.lera180w (Fig. 5) .

Ilcwever, there are eome cbiectlcne to each of theAe eonelueione.
Fird .-Attention i8 called to a pape r b,y Dr. Iug. KoeglerJ in whicb it i8

lilted that the tettlement produced. by a ginn load leema to lacreeee directJ,o
in proportion with the diameter of the loaded area 001:1 to a certain value
of this area, after which it becomes more or leu oon8tanL In the opinion of
Dr. Knealer the elastic condition under a lI'rea.t alab does not permit lateral
low, and the nrtical aettlement takee place AI i1 th e l upport iD« ecll were
ooufined lateralJ,o. Naturalb'. the opinion of Dr. Koegler. whicb IeeIDI to be
bated on his experiments, mwt be verified.

h al80 must be noted that hil es:perimenta were performed with aancla,
&hat i.. cobeaionlea lOils. Therefore, the ",ulta cannot be reneralited until
I creater number of es:perimenta with different lOi1l are made ; but the
eumple of the settlement of the Standard Oil Bu ilding in San Franciteo,
Calif.. 1eada the writer to belleee io theae theori a Under a 1000d of "800 lb•
pllr IQ. fL, the aurage tettlement of the . bearing plate w.. 0.10 in. The
IIU1ement of the building ahould be 152 X 0.10 - 15.2 in.; but the lClualtet4

dimeo, WAI oolr t in. If the ~il were homogeneoua, thi. feet mu.t be co0 4
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aidered aa a proof of Dr. Koegler', statement, bUl phenomena oohliden.! ia
praotioe are not u simple and .chern. tic lUI thOle studied in a labor_torr.

In the example cited the soil .a. Dot hOrMgeneou.. the setdement of •
bearing plate ranging f rom 0.04 to 0.11 in. The ditJerenoe i . not TfJr7 cr-t.
but in ID7 eeee there were hard and 10ft lpole in th e lOil, 10 that t.he~
of eetdement wat complieated by the presence of the hard spole whicll prob.
ahI,. produced nee-tiTe Tertieal fOrcM actinc on the .t.b. The writer thiAb
that in the gi-.en calle and in similar ODell i t would be better not to dill
with the aTffage lettlement of the bearing plate. but to elaborate a metIwld
of ,lab design. taking inw aecounl. the lack of unifonnity in the lOil

In ,.....rd to th e eettJement of thp. eaiMMn. at the Chicago Unioa T..
minai, in Chieago. 111.• the writer i. Dot in a poIlitiOD to gin • de6nite
opinion on the subject inasmuch u be dON nol bue the deecriptiOD of U.
work at hi, diepoeel. Therefore. he dot» not know ho.... where, and 11'_
the settJement of the caiMoua w.. measured. R owenJ', he beJienl that I

ceiseon caDDot foUow the law of proportionaJity of the -ett1etDellot to the
d iamete:r of the loaded lI'ea because of the frictioD aga inlt the toil

Let,
H _ the height of the circular eaiBllOD, in f~t (at the Chicago Uni.

Terminal, H ... 60);
d _ the diameter of the circula r celsecn, in f~t ;

f - the aTerage f rictional force. in poun ds per square foot. of \J.e
euperflclel area of the Cai880D: and.

q c: the load. in pound. per square foot.
Then, the resultant vertical force, rI, would be Dot q. but :

t u e a .. 11
q' ~ • - ' ; ,r =.-f d ·.. · ··· (12),

Equation (22) i, an approximate formula which 8hows that the resultant
vertical force acting per unit of the load ed area inceeeeee with the increase of
tile diameter of the cai880D. Therefore, the aettlement of a large caillOll.
seems to be more cousidceeble than that calculated by F..quation (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 oompariton
with th at acting OD a smeller one.

Second.-If a elab that i8 consi dered uniformly loaded i8 placed on top
of the ground in an excavation, a react ion of the soil develope. Cauider
0011 the vertical component of this reaction. The vertical reaction mIJ' be
confined directly beneath the loaded area (all shewn in Fig. 3); or it lD&1

be effective berond this area (eee F ill'. 38). In the latter case a oo4ditioA
must be aatiafied, such that,

P +' Q, + Q. = Q (13)

The cue ahown in Fig. 38 eridentl1 oorreepo,nda to t.he upbeanl prodDced
L1 the vertical component of tbe reaction. Si nce it it admitted that tM
hulging i. due to the latf'r.l flow oDI,. (}'i g. 5), it muat be ecneluded that:
Q. _ 0; Qz = O. This being the ease the derivatiye of the diltn'butioo cu"'"

a,'S8 'KltT NI NE ON TH'I 8 ('IENCE OF Fm'Jo"1)ATlON8
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2 bp. = ~ X 2' II P• . • . • • • • . • • • • • • • • • • • • . . (2'lJ)

•
• K lu. " UM ' .Ia V.neU.... ." Bod..d1rw.. ..1., art...... IIIlOfl'e'.- De'r

.. ' , 17 5. 1ns.
Ift~'"" 1',.,....,....... R.". , 8cIc, of t-dMi. Ben- A (lII'iS) . Val . lIf. I't. .l,

..... ., IMI Sf! : &1_, "'_ V. P. 365.

d Y 2 m x !I. ( .. )_1
d--; =- -{,I - l - bi (2~)

..... 40 rt'IIreo;('nte two ("une. placed aide by aide for oompariltun. Equ iltion
(!S) tspf"MMlll th e left baU and Equation (2i ) the riabt balf. Equation (j1)
I"b1le th at. of th e error (unction. or. better. of th e second eueee o f Peanon.t

(') The area of the eu rve of prello81ue diatribu tion, .. drawn on tb e author'a
1'"• . a, ",pf'eleDtaJ the 1* on a I trip of eleb 1 It. wide. [( the .....r..e pf'ftlllJUf'e
.. the aJab i. , .. it may be wrinen :

d JI 2 %d'i = - Y., -hI' . . . . . . ..• . . . .• . .. . ... . . .. (26)

. hich i. not eoill al to zero, when z _ b.
In order to satillb th e condit ions in Equat ion (2 4:), the ehepe of th e

dittribution cu rve ma, be modified Illigh tl" for inete nce, eo that :

y = Yo(1 - ~ )- (:!1)

For -111 1'I1ue of m > 1, and for z ... b. the der intivo o( th is funct.ion ill
l'qu l 10 zero :

r - f (Z), I t the Pdp of the eleb, which repreeen ta the rat io of an infiP.itel1
..11 iDt"re&!'e of the reaction Foree to the eorf"etlpondiq increue of tbe
dIriII& brJond the edges. muat be equal to zero :

r ( b ) - 0• • . .•• • . . . . . . • . • . . • • . •• •(2 4)

iI .hich, 2b i the width of the ,Jab ( Fi R'. 39), At . matler of faet some
tail iDl"Clitigatioll Indicate that Equation (24) mu t be satisfied.-

II,

b

...... II. J'Io• • ••

At to the ru"e of preseuee diil t ribulioD. tbe wrilers opinion i , tb,t it
ioD cuDOt hu e a parabolie shape for the following two reaKlD S:

(a) The ord inates of • parabola rna,. be calculated accu ratel,. according
10 tile equation :

y = y" (I- .:' ) (2.;)

iD. ebich, • • iii the greatest ordi nate in the center ; z i. th e distance from
the eenter of the ,lab; and 2b ia the width of the eleb. The fint deriutiTe
0(, in Equ at ion (25) i.:
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and, f~rthermore.
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Flo. to.

Th ird.-The writer believes that the two parallel Iinee oorresponding to
two principal sou rces of settlement (see F ig. 5) are not reall ,. parallel , aDd
th. t the sett lement at the cente r of a Blab is greater than at ita edges. For
thi s belief he presents the following reaSODS : ( 1) In the middle of •
building. because of symmetry. there can be DO lateral flow ; hence, the
deflection in the middle of a slab depends only on the vert ical component of
the preeeure ; (2) the ver tical preseuee at the edge being equal to zero. thert
ean be DO set tlement due to the vertical pressure; hence. the deflection _t the
edge of a slab depends only on the lateral ftow; (3) if the curve of de1l.ectiOD
due to vertical pressu re (compression) be drawn, it will represen t a eune
with ordinates decreeeing from the center to zero at the edgeR; on the con­
trary the ordina tes of the curve of deflection due to lateral flow mUBt
increase from zero at the center to a cert ain 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 stope wben
% < b (eee Fig. 39) . Hence, the sett lement at the center of the slab teemlI

to be greater than at the edge8. The settlement of small rigid disks, 8 or 5 It.
in dia meter, 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 sta tically indeterminate structure. The
distribution of BOil reaction depends on the rigidity of the slah. Therefore.
bending moments and eheeriug foreee va..,. with the change in its rigidity.
The distribution of BOil reactions is intimately bound to the deBection "of the
elab, although R ooke's law ill not applicable to soils. Hence. the eoll deftee-­
tlons, reactio n distribution, and etreeeee in the slab are interrelated. Thi.
idea is not new. In 1914, Brugacb and Brieke publi shed a paper on the

k. 1l1U1~t Increase.
P.

The writer iosists that in no CBBe dcee the distribution law follow euctb'
Equation (27), which bee been cited merely 88 an exa mple.

"'I...,.,.

a
P. = -2 POI······· ·············· (30)

Equation (30 ) .ign ifiel tb.t the PI'e88UI1l at the ceatee of the ,lab i, aJ_..,.
tlC) lJl> greater than th e average . In the writer's oplulon the ratio, ." .

p.
depends on the rigid ity of the slab. In engineering pract ice there are DO

infinitely rigid elebe, and, with a decrease in the rigidil1 of the Blab, the n tio



~

• Brlll:Kb. ..1I4 Dr"_, " B l ll ll u.. 4.r Ns.cbC1tbllll..U d.. B.II«"",4_ . ul dl. 8e~lIoual

'-.r1ldt IJt.UlICb unbMllmmter Bauw.rk. ..• BdOli .ft4 .IV-, uu. pp. 15 , 53, 85, ....4 188.
f D. P. K f7ahl• • " On the Techlea1 ROI. of Air I. 8011." (1110 Ru.-l.III) . !'r~.

Ia-. lIf Structural a ....reb. 1.28•
t D. P. Kryllllll • . W. V. 11'.1110"1"• • &lid T. A. O"!. lII a llioft . "OD tb.. (". pl1l. '7 RI....

,'- R_laa) , !,,.,,.-e~, I..... of 8U'uot.ral a-reb. 1128.
IrAl c...,., (au_l.n Wac.llne) , 1111'1: ",. I..u. , p . 2 : 8Kond I_ ue. p. 11. Ttl l,

_.Iae I, DO 10aiU publla!led.

inluenee of the de8ection of the foundat ion on the deeign of 8tati~.1J.r iode­
wrminate , t!'uelul'M,-

E1l'rtJpp~d or " Pinchl'd" Air.-Profeuor Tenaghi greatly meribl the
appronl of the Engineering Profeeelon for demonlltrating that el..,. and water
form an intimately connected .,..tem. Hence, the mechanica of elll1. without
couidering the influence of water. practicaUy became absurd. The writer_tell to show that in eome cases not only the water, but also the air, baa •
«lIlliderab1e influence on the bebaeicr of cIa,..

The author etetee that " if the voids of the soil are fllled with air. the
yolume change can take place at once. because the exeeee air can readily
.cape toward the lIurlace"o The writ er thinks the a ir preeent in soil m&1
act in three different way. : (1 ) So that. in one way or another, it com­
munieal('fl to the surrounding etmoephere and assu mes directly the temperature
and the pressure of the neereet particles of the atmosphere ; un 80 that it
does not communicate to the atmoephere by mean! of air ebannele, but it
preeeed against BOil perticles by the water in the BOil ; th is is analogous to a
bubble in a epirit-level, and may be termed entrapped or "pinched" air ; such
air bubbles may often be mieroecopic in size; and (3 ) .. edeorbed air which
Itit'b to the particles of soil.

The first of these conditi ons is the one recognized by Profeeecr Tenaghi.
AI to the second, which naturally must have great in8uence on the elastic
properties of BOils. th e writer i. not sure of its presence in the deep 18J"eP8
of the ancient natural da1t!. As to relatively modem depoelte, boweeer, and
lllIpecially the artificial 611s, there is no doubt &8 to the presence of entrapped
air. Therefore, an investiga ti on of the effect of air and, if necessary, the
introduction of the element , "air", into the system, "soil -:- water'. seems to be
of definite impcrtence.j

The writer believes that a study of capillarity &8 applied to water in the
toil. leads to the conclusion that there is allto & certain quantity of entrapped
air,* If the cl81 pores are not completely filled with water , there must be air
present Furthermore, because 0181 pores represent exC<!88ively thin clefts.
it it yory difficult to imagine that th e air may easily eecepe from them. At
UlJ' rate, the Influence of the entrapped air on the elastic properties of lOils
Ihould be investigated. .

Pih Foundalion.t.-It is interesti ng to consider the author's views on pile
foundationa in reference to the pile-driving formula of Professor GuersevanotI,
which is widely used in RU88ia.§ P rofessor Terzaghi's notations are used
with the following additions :

r ... rebound of the hammer after the blow; and
a. = coe:ffi.cient of the Ioet work, depending OD the nature of the pile,

method of ite drin ng. etc.
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" ",-- - - J.' - It + O.:l 0
(), = - :l + -:& F + n I It I. R+H (~)

This formula has somewhat the appea ra nce of Equation (3), but Equ­
tion (35) ucglecte partly the length of the pile, and the modulus of eJasticllJ'
of the pile material en ters impli citly into the ..lue of n..

The author's concept of bydrod,ynamic etreeeee induced in eoila is trulJ
beillia c t, but there is some question as to the squeezing of wate r out of "lOll
beneath the poin t of the pile. Suppose the pile ia driven into cla,y contain­
ing 50% of voids which are completely filled with water. Then, the thickn..
of the film of water around the pile must be, appro:zimately (deformatioll8 of
the pile disregarded) :

1

•
••
!
!

(I )...
n

""..
01

•
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The "..ork done by the drop of • hammer COD hit. of three paN: (I) Pile
penetration: (2) eleetic deforma tion; and (3) lORt work; for inatauee,i~
in temperature. etc. Thil 11\81 be eJ;pfflNed:

tt ~ = [,I] + [BJ + [0) = IJ•• + 1/ r + a R A..•..• :. (31)
I n hi. analylJil', Gue~vaDoff ignnre8 the term, R r, l!IO tbat EqU.tiOD (31)

beoomM:
(1- oj R A - Q••...•r ••••••••••••••••• (. )

The coeffi.eienl, 1 - a = b. depend. on the ..lac of Q. and the c1"OH-.ectioa of
the pile, F; that is.

I, = f (~~) (31)

By making various UlIumptioDl' he COlDE8 to the ecacluslca that tbe lb.
of the curve of Equation (31) is. hrperbolie one :

1l + IHf t; 1 •
h = U-+. U X 1 + ~ M · · · · · · · · · · · · · · · · · · · (U)

The coefficient, ft. depends both on tbe D.tu~ of the pile and on the method

of it. dri,·wg. For Inat&n('e, for wooden }jile!l withou t followen . ,. = to K ~;,,,
for concrete puee with Iollcwere, " = 0 .5 K 9,. Defluitelv, th e Corm ula, in kilo-

em •
gram alld ceunmeters. is:
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E IlTNIN'E ON 'm e SC IBNCE OY I"OUSb.'TIOHil

RUl ion Oontri bution to Ihe Bti"nC'e 01 Jo'oundalioM.-The author deals
with the presen t , ta tus of the science of foundationa &I well all with ita futu re.

RuMian enginee ra have made some Dotewortb.J cont ribution. to the theol7
of piIMlril·ing.t They heve ,180 published some' works dealing with the
determination of . the depth, t. of the foundation. Tbroueh a paper by P ro­
l~r KjiirdiimofJ* three formulas. th oee or P aueker and .TankowlIk,.. ca me
from RU 811ia into European literature.,

Le~

e _ the depth of the foundation;
H _ the he ight of a sand pelem, wi th base area and weight equ al to

thutle of the building ; and,
• - the aDltle of the in ternal friction .

Then, Plucker ', formula i,:

, ~ HI 9' ( 4~· - ~ ) (38)

The Sn t formula of JankowsQ it:

H ( . . f') ,t = - r ft 4.) - - . •• •• • • • • • • • •• • • • • . • •• (37)
2 2-_. ----

• D. P. Kl'1'ola....EI.... '...t." Prool Iltf Sh.l..U ....... of ('lay Pan lel..... "".1'" aoa..t.•....".. I.:a.
t Jaaaowall., . "'0. Ilia RHi ee 01 PUa '"ouadaU..... J",",oJ. II lo l . ry .. Wa,. arc....kaUoll.• • U7; 0 \.be prn10uly dtart ,.par. 1111: DlDOIlo.,..ty. Papa"

• till ~'_ct 1_) or \.b. 1....uIc .to.pa or pll_ : ..d ( . ) of \.b. __trtdu_.r~..
... at \.b. 11_ _ I..t. . r Tn.o~oa bc.. 1127 . nara ara at_ .....r .....n b)"
..... U t..bor aad Ill, "'.I:'boo/t: " "'1Caet. ..rtllt' FMDd.UOOL" 112 1.

1 I{Jl rc " Za r Frae• • • WWal'lltUlMe . ar GrI...... a Dr ....... rt te. . .....~ •
...~ 1"2.

I TlM ..' IM 01 t..b_ lo...u'" la to be I...... I. Ta..-.lIl·a -~ba._~" "25-tom. .

•

(t) The hor ieontel force, moving water ."'..,. from the pile aDd thus oompreM­
iIIr the entrapped .ir; and (2) the force ~r.llel to the . urfaee of the pile.
1\1rMCtiOD ¥.in"t thi. component of Icece ill ",-hat C.U&eI the film to fonn {In
1M mrf.~ of the pile. The pcetericr .b80rptioD of the film by the lOil may
t«W', in the .titer'. opinion, onl1 if then it .ir in the Toida. TIle l.,.en
J eJ.1 in F iR'. 42 are eseu med to be .pproximalf'b' horizonl"l.-
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I)

(3' )

)

,of

10
ODd

lthe

..Is
ioil
.iD·­,of

'PO



and,

and hie leCOud formul a it :

IBTHINI ON . TU E SCIENCE or roUNDATIONB

in which,

•9'(".: 4»
]( = !II ll")

•9'es•2 4»

Jt = t t(: - :)
Equation (40) i. bued on the followinB hypothe&e8 : (1) The distributi.

of ,tree&el in eoile follon the eeme lawl a. in a 801id; (9) "seta" in .. dr1
lube tance are not funetioIll of {Oreet ; and (3) . treeeee in dfJ IUbstance art
determined anI,. by elas tic deformation. The problem CODIJjllU in detenniDiDr
if, under .. given let of forces, an eleetie deformation of the toil takee pllOL
If DOt, a l upplementary set of forces rnuat be applied. namely. the weight of
the IOU above the level of the bottom of the foundation.

Pouzpewsk, l considered a condition of the lOil wben an the deformltioDi
are elastic onl, . and proposed the formula:

C&!/~+~_ .ll .
21 = 11 (11)
•Clg4>+"' + -•

In hia paper on the theor,- of d..,. . ubsta ncee. Nemiloff1 deeeloped I

formula which. like the formula of Be1zeuq. takes into aooount the width. t.
of the foundation. It i. worth, of note that. in 1913. he propoeed an appara~

• Bei.....,. . - Sta UCli 01 e-MruellOll..... 1.U. p• • S.
t Lee. cu.• p. 83 .
S PTokoW. -n_,., 01 COutructloo..•• l IZ ' . v ... . II . p . l H .
I lItal'" "'Os Ulo D1otl1b.UOII ., ..."... 10 D.., a.bot• • coo." T_*. SIM11&. 1.1"

p. 85 .
I ~'"*'" ........uu-. 0-1.... (I. R...... J. In• . p. aI.
, Nomnotr . -e-tr1b1lt1_ to tbe n ...., of Drr 8,, __.. . -." J_."..'.Kl.I..". of ,..,.

.1 comlll_call.... lU', I ... . t . pp . 12lJ-UI.

Belteuky's formula- i. :

_ l _t,l(t50_:)
I ~ 11. 9' (~•• - 2 ) - 6 - - - 4> '" ....... (3t)

!I.g (~S· -2)
He eoeeidere the effect of a horizontal Ioree u well and admita that the ..a
J'e8letiona follow the sine la • .f The salIM! problem baa been outlined b7
P roJr.ofieff·t

Jdin iaeft'l proposed the formula :

•__ (1+") ("in ~ _l - n) (".) 11 _ b .,o C . 9 2 .... ... (to)
"I - " .. "1- 'II ..
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• N_lIeI«. ' "CoClt rl buUoG lO lb. Ttl....,. at' 01')' SallM.Dc..... JownMoI, )11.1"..,. or w.:,.
" C__1IDla.UOlIl" 18 lS. 1_" I . p. UO . Fla> a.
,. f ""--..... 4lIl. Soc. C. E., AQI;u.....111. Pape,. .114 Pi.e.""''' p. lite ; ••d.nJln. n_. 1. p . HU.

t Prt~J"• • '-e-t ribut l _ to UHI Ttl....,. of ""'un .. 8'*-1.1•• W..ll.·· (I. R-'.al.
1'13.

'8 11'1 0004.. ~_ Ttl....,. of 0..,. 8ubMa.~·· w.,,,,, !'~ ( R-a .
' .....,..lU1.

I D. P. KI'J'1II " A_ rl ca a WeOaod, of Ban~-R_' Bulldl ad neE. AppUcaO- ..
........ 1' .- . / 1'f'd "t« E_," I Ra .-i p.bll ' .
J.......,.. 1.21.

I Eac r ., C_ • • . lJept .• BnU" 1·. l lI.."" E*':. K,.• Va_ ..." B. c.. C...da.

(or determining the ooeJ!ieient of in ternal friction- beeed on practically the
... idea u that for the apparalul used in UU1 by the &CietT. Special
Cammittee to Codif:f P reeent Prectiee of the Bearine Power of Soil. for
Foandationa, eee.t

nul fact thoWi that there it • need for a tcieotifie center to look after
the teehnicalliterature in ciyil engineering the world onr, in order to eeci d the
d.uplication of work and to utilize the technical ideee of different natio11&.

Oeneralb. Ru.ian ciyil engineen eeem to lib the lOil and dl'1 lub8tanoee
theorJ••nd there are m&DJ' papen and diecu.ioDi dedicated to this subject.
Tbe writer calla attention to th e " ·oru of Prilejacfft and 8I"18I.jng.' The
latter ri1'eI • new theo". ; he not onb tU. into loooUOt. the equilibrium of •
toil prism .. Peueker and alben do. but be . tudi. the atreeM!* that deeelcp
iii the interior of thi. pri m al ..-ell.

Bioee 1m. Rauian engineen (priDcipall1 high...,. enciDeen) ha•• c1ft'D
IlMir attention to the nf'lOeMiv of ltudting the plQ-aieal propertiel of lOila.
n.. .riter ... the 6n\ in RUMi-. .00 uprtlllfld in printed form the neeM­
1iC;J of eo-<lperation between high ...,. mgjneen and lOil lCien\iAtLl In 1m.
tM Rn. ian High...,. Det-rtmen.\ and. later. iu Highway Re8eareh BUlUn,
bepn ill ac:tirities along thill line. When Prof-=or Terlq'hi'. "Erdbaume­
chanik" appeared in 1925, it became clear that a DeW "flani" had been KiTen
to thi• eciea ee,

Soil Cl4uifi.:4/io~-Engineering lOil ecieeee hat adnnced (,'X)Miclerabl,.
La recent lean; but a definable Illl1tem of toil c1aui6eation bad Dot appeared
until thi. t-per W8I presented. The research engineer i. in a difficult poaition
.ben receiving a ~ple of lOil from. job. lie may teU the builder .. much
u he ....ishes about the internal friction of the soil. about ita eompreeeibllitz,
ita permeabilitJ', ete. j but the onl,. qUMtion asked ill, "How many pounds
prMllure will thi. lOil IUpportI"

A laborato..,. ClDnot produce the en.....er to thill question eategoriealb' .
The mo8t practical solution of the problem seems to be to elabora te a com­
bination of simple laboratory experlmente with a simple routine ted in the
field.

s. P. WING,' A88C..'::. Y . AM. 800. C. E. (b,. letter).-The writer ill con­
nected (1928). with the design of a dam that is to be located at what ill known
u Site No.7 at Bridge Rlrer in Bri tish Columbia. Thi. work i. at the lower
end of a 3O-mile glaciated ....Uel that is about' mite in width, with surround­
ing hill, of gr.nieee and .chills. The .ctu.l dam site is .bout 800 ft. in width
bettref'O gr.nite outcrops. Borings ,bowed that the rock on 'either side pitched
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Total sample.. .. . .. . . . .. .. . .. .. . . . . . . . .• ........... 100
Percentage of mica . ... . .. . . ... . .... .... .. ... . . ... . • 0.8

Tbil aand ..... eeturated and the pit required sheet-pil ing and continuotll
pumping to keep it uow. tered. R owen" during teetl tbe pit .... allowed

• ~",•• Am. Soe.. c. £ .. MIl!"tIr. , 11%%, h~,. .... DlKllUtoaa, p. 5". P1a:. 1.
t h~tap """"". .

8 . ••• • •• • • ... •• •. •. •• • • . • • • • ••. •• •• '" •••••••• " • • • •• 4.2
14 8.5
28... .... .. . . .. ... .. . • ..... •.... .. . .... •. .... .• . •. ••.. 15.8
48 42.5

100 28,2
200• • • • •. •. .• ..... • ' " •••• •••••• . • •••••• • • • • • •• • • ••• ••• 2..2
200 O.6t

F-harpb downward , and drilling in the center wu stepped when bed-rock. ...
not reached at • depth of 225 It.

AI borings showed. bee.,- bed of cl.,. l7ing about 30 It. below the aur­
Ieee, numerous other test. bolel were su nk. and a elear conception of the uDder­
lJ'ing bed, ... obtained. At the neek of the nile,' are beds of coaree tallll
and grnel, perhaps 200 ft. deep as • maximum, reeting on bed-reek, <her­
bing these ~trata i, • conti nuous bed of glacial or peI....gI.eial cl.,. perhaPi
10 ft. thick at the nile,' neek. but. rapidly deepening to • tb ickDeM of 80 It."
or more, up stream and fanning an imperTiow blanket in con tact with roek
on either aide. OTerl,.ing this are reeeet depoeiu of .ilt and aaDd and pa1'd
from 20 to 30 ft. thick, forming the preeent nJle1 800r.

Tellu were made with • new to determining the bMring power aDd tettle­
ment of both the c1a.y and the oTerl1i ng beds. The amount of lM!ttlemelit ill
considered of great importance beeeuee the project call. for . rock-fill eb.m
with concrete faci ng and a ....ter-tigbt apron utending up stream to • point
where eut-off can be m.de into deep ciQ. The delign of thi, HniDB' wiD
hue to pro-ride for any di Ilereotial lettlemmL

The lOil·pl1l88ure testing apparatu' _ .. li mitu to that recommended h,
the Society', Speeial Committee on the Bearin« Value of Soil, for Founda­
tion.. etc." but waa designed for a muimum Io.d of 60 toD.l, 10 that loedilll
IlIreas of I, 2.5, and .( eq. ft. could be used. In gem>ral, tbe apparat us prayed
aatiBfactory, but in fut ure tau an oil-jack would probabb be eub8ti tuted for
the 8Crew~jack which wu used .. a fulcru m, beeeuee tbe force required to

move the latter in leveling induced extra Ietl1ement of the teet poal.
T~., Pi' 1.·0. ".-The fint lesta were blade at Teat P it No. 3. Fig. ~

Mowe the log of the test bole at th i, locat ion. The material wee Mnd aDd
..u composed of sharp angul.r fr.imenta, largel,. quart&. Eight feet of the
tOIHOil wa. removed and the teltl on different are&ll were made in tbe bOt­
tom of the open pit on the undisturbed bed of eend. The mechanic.l analpU
of thia land was •• followa:

f',"e xe, ~.,::r
.( . •~ •••• •• . . •• • •. ••. • • • • • • • • • ••• • . .• • • • ••• • •• • . •• • • • • 1.4
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• • , • 11 I J • , • II , , • r • 11 , •• •

"'0. n .-Tn.. 8STTt.. .. 'KNT cee.. PO. StL,. . JeD OU"&L,

10 III with water. F ip. 43 and « gift! the reeul lt of the loadinK'~ta. An
attempt w.. made to meASu re the flo.... of th e au rrou ndi DK lIOiI during the
loIdiq of the 4-ft. equare plate. StakOl w(Ore drh'eD 18 in. la to the ground
,t • distance of 1 ft. from the loaded arE&. Tboee did not ahow ~naidleDt

renlu. but at the end of the teet the;r had rieen aD aYerqe of 0.015 fL Thit
.wemeot may haYe boon due to th e etIeet of u Dwat.riDl.
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n« ru S o. t.-rFig. 45 ebowe the teat-hole log at Tell P it No.2. A
pit, 5 by 1 by 13 ft. deep, was Bunk. sheet-piled, and pumped dr,- to • depth
:I ft. below the area being tested and tbe teet . at made 0 0 a 2·ft. Iquare area
or undiaturbed ela.r in place.

The material wu cl&7 and was luff and diJieuh to spade. but under the
men'. feet it became plutie. I II eharacteri.ltiea follow:

Weight of elq dl&lDpled. in pound. per cubic foot• .. . • . .• t12
Pprcen tage of water ( in terms of weight of dry material

in 1 cu. ft. ) .• . • .. . . • . . .. . • . • . . • . . .•. . . • •• .• . .• .• . . . • . 40
Peromtage of lower limit of liquid sta te l2..5

Percentage of lower limit of plude state ..••..• . . .••. . ... 34.8

A change in moisture content from 3j to 26% MlI U'W'l' hrinkage of 1 2~

iD. orilina! volume,
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The meehanieal ana1yai§ by elutriation 111 a. follow. :

........~.

Partic1ea. 0.075 to 0.050 mm. . . . . . . . . . . . . .. . . . . . . . . . . . 0.063
" 0.050 to 0.025 mID. .................. .. .. .. . t.3t
" 0.025 to 0.010 mm ••••••..••• . •••.•• •.•.•••• 16..:1
u. 0.010 to 0.005 mID ....... .... .... ........ ... 35.61
" lese than D.OM mID . . • • •• • • . • • • • • • • • • • • . • •••• U.25

T ota l ..............•• ..• .•.. .••.•• ••.••.•..• ..• •100.00

Under the microecope it i. eeti mated that at leut 25% of the graiDi of
the lut cl.. are 0.002 rom.. or lfIM. The general character of the graiu it
angular. Figtl. 4-l and 45 . how load-defonnatioD and time-.ettlement cuna
Teitl . imila r to those on th e aand were made to determine any mo'f'elDtllt
of th e lIu rrounding to il. but little was detected eeea with th e hea...,. .we­
menta obtai ned. The testa were earned to the poi Dt . boWD in an rion \0

rMeh th e ultimate load • • ti~ i ~ted f rom the dam.
Coneidering th e testa OD I&Dd, it i, in teree ting to Dote that the ultimate

load. per Blluare foot agree with the author'. Equ ation (2), n..,.-i ng direetb
with the diameter of the loaded area. th e teet loads being 15 000, 13000. ad
6 700 lb. per eq. fL. and the correllponding computed load, on the bam of
the larger area being 15 000. 11800, and 8 400 lb. per eq. It, I t i. al80 to be
noted that the set t lement i. about the ..me for any giTen unit load. In thia
teet, since an bearing pletee were on the eurfeee a t the botto m of an open pit,

the effect of any relationship of depth to diameter does not en ter. It i, bl.ter­
eeti ng to note, however, that certain foreign epecificatio ne aUow an increued
loading on a foundation below ground equal to the weigbt of the remoTed
materia!. Thi, would appear to be a logical minimum regardle88 of the nature
of th e soil,

The writer, laeking experience on tMb of a aimBar nature, finds dil6.culty
in properly interpreti ng the test on el...,.. Compared with the te8la on ..nd,
it might be said that failure took place at 500 lb. per eq. ft. After thi! point,
any increased load caused heaT,. een lercente but, as til'" curvee MOW. thoae
decreased with time, and practical equili brium W 88 eetebliehed, even with u
heavy loads as 12 000 lb. per IQ . fL and total eeu lements of 2.3 f L, the tettle-­
ment in th e last ten days at th is load being only 0.01 ft. It is pouible tIw
with. thi s heavy settlement ROme e::ltra beari ng 8urface of the apparatus became
effective. but it is not thougbt that tbi s Wat important. Releaae of the 1<*1
and ita re-applicat ion caused to me slight addi tional settlement. u shown bJ
the curve ( F ig. 45). In the main it is thought that the increued IUppoJ1.­
itlR' power of the clay v.u due to local consolidation under the bearing plate.
That similar results will occur with • diameter of loaded area 100 timel
greater. eeeme doubtful. AI the author'. formulas are 0011 applicable to
load. withi n ,..hat migbt be called the eJutic limit, th ey liTe no ~ide u to
the fu ture behavior of this material Fortunatel7. in the preeent cue, a diYa'­
,ioa da m of small proportiODa is to be buil t fint, and it ia intended to make
more loadi ng te8ta on the espoeed fouadation and then to compare thl*
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TABLE lO.-Sl,;IIIJl1Uf or ExPau)U..~T9 TO Dna»nc. Thsnl.I·TI0~ or
PI&88UU Ltrf SUD BALLAST Auuom IIf THK DaD,... U

WHICH TRI TISTI WOE ll.lOL

The esperimenu were made on .. pile of looee bank sand h...ing a diameter
at the base of 16 ft. At the greatest depth (88 in.) the aand pile had a top
diameter of 6 ft. When the uperimenu on • gi'f'eD depth had been com.
pleted, 8 in. of eend were removed from tbe top of the pile to obtain the
Dnt dt-ptb of &and o.,er the cepeulee. The hue of the ..ad pile had. diameter
of 18 fL in .11 the testa, but the top diameter iueeeeeed II the heieht of the
IUld pile diminiabed. The load "'11 applied to the aand throueh eireular
pla~ 13.5, 21, 80, and 38 in. in diameter, by • jack, and .... determined

• PrvI., Meaul" ..4 H,.r.lllla., U.I,.. of 1111-.&.. Urtlou., ilL
f TfMMd""'-. Ala, Soe.. C. B.• Vol . LXXXV (l . Ul . p . Uu.

rsalta with the actual .ettlnnentl of the larger structure. It i. thus hoped
10 haYe adequate data wben the uJtimate structure i.I de.igned.

The peper h.. been • proTocati...e one, .Dd the writer bopel that in eoe­
tribatiq the reeulta of hit. uperimeDta, be will h ....e helped in building up the
IIIlda Deeded data. It i. 100 hoped that the author will indicate fmS omi..
... in this d.eription of the .ail .hieh would h,Te made the data aDd
latA more helpful to other engineen dealing .ith like material.

)(. L E~fOa.· ll. Ax. Soc. C. E. (by letter).-Tbe author b.. referred
10 w.tI made at the Uui.,.enit7 of lllinoit prior to 1916 OD the tranilmiMioo
of~re through und. The resulu of te8t1 made linee that time, which
wttI reported in part in the di8cuaioD ~f "Transmi.ion of PreMure Through
Solids and Boil. and the Related Engintoering Pbenomena",t b1 Ooorxe P....
nD. 11. Am. Soe. O. E., are thought to be of tu.fticient iuterelt to be giTen
.. in greater detail
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....1_ ......u..~1_=,01 o..lftiIer 01 -....... ..... plelala -_0:
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TABLE 1l.-VUnC.6.L UXIT PItU8VRE8 .u V Ulon DISTANCES nox Axl. or
APFUED LoAD ON ClacULAR PUTU . up.u n D .A8 PUCL'fTAOU

0,. THE ATD.'Gp: A pPLI ED UXlT P I U8URL

b,. meanJ of • calibrated steel .pring. The arrangement of the appuatu.
ill .boWD in Fig. " .

The Yertieal pf'e8tlUt8 trllDlmitted tbrou,m the ..ud were meuured b,
meaDs of thirty-one preNure cepeulee placed in l is: r.di.1 lines in luda •
manner that there Wll8 one cepeule direetly below the center of the circular
plate and three eepeulee On eaeh eirele of 3. e. 9, 12, 15, 18. 21. 24, tT. aM
3O-io. radiu. about the center. The preseure eapeulee were the same &II tM.
ueed in tbe experiments reported in the Second ProgreM Report. of the Special
Committee on Stresses in Raill'Olid Track.· The,- were calibrated belore me
after the esperiments were made. The arrangement of the capsules it abo..
in Fig. 41.

n.run n o.~ 01' "''''UD~..~_.

............
01
01
01
01

""""II
"11. '
1' .&
I I ,'
I I .'
11.5'I,'11.'

..
01....
"It
01..
""....
01..
""01..
""""•

Do'" '"...-
........._ _ 1 :__

0 ~I~ ~~1~1.: 11 M IF I~
!' !!: .. !! . '. II U . ' , 4
T4 ~ 18 88 "I"• 11 II I •III l1&t ..' 1141 II' I~ • • .. I I

!!.' l~, • ~J II II • to II • •!!" 110 lit II~ 80 .1 11 rt to • •
IM all48 11110 14. II 4 I '.. .. .. I ~ · · to ll . ' 1101 104 8' nu" 11 10 ' I.
iii IU, 1141'1 14 IT 1& • 4 I ,
1!11l61tol un' 111 '1
I '~1t 1l110" 1 lit
1111'I'UI1IIII " 1
••, 18' 1' 11 " 1 1 1
01 " " 1 " 111'1 1 1

, 11&1 81' lliI n 14 • I I I 1
, 1411 11»1 N .. 10 I 0 0 • ,
In I8i 1l1 1 • • 111

1f . , 1" 'I' 1 1 1 "
81 t'.' • • IO I '

1101'11& 4 1000 "
111Ii S .

I 1M to ..! I11 W O •••• •• ••••••
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Table 10 shows the order in which the exper iment. "ere made and tlM
maximum load applied in each teet. The upward reaction computed froll
the readingl of the capsules, eapreseed in percentage of the applied load. iJ at.
shown as a check on the accuracy of the meeeuremente. It will be noted that
the reeetloue are too smell in the 6ret throe eeriee of testa and too Iarre iJ.
IIOIne of the later experiments. The error in the reaction il due to the fad.
that the anrage of reedi ngs at three poin ta on eech circle ma,r not repftlllell\
aecuratel,. the actual average pressure. Furthermore, the pressure on • cap­

eule may be different from that which would be deeelcped at that point if therI
Wtte no eapwle; that i&, the preuure CIlP8ule itsel f h.. an eBect on the inte­
lit;y of preMure which it i. to meuure.

• T~I-'. AID. 8oc.. C. K~ Vifl. LX XXII I ( ..1.... , 0 ) . p . ltot.
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A compariMln of the preeeueee found directb below the center of the

loeded platee in theee uperimenu with thoee found in the prnious esperi­
mentA at the Un iversity of Illlnole is shown in Fig. 48. The dotted HOe! rep­
reItlnt the equation,

v.otiC.' Ullft ,........,... II4>Iow c......of 1oecI4o• .,.. ' ......We.. :f••pI ............. u.",""'::""­
JI'ItJ. .. ..

d 1.81
P = 91 hl.iG

which wu deduced from the earlie r uperimenta. The agree ment i. not (ood.
It wu sta ted in the paper in ...hich the equation wu published- that. "th e
equation repreeeJ:litt roughly the result.. of the uperimenta, but it i. not prob­
able that it b.. general applieation." The difference in the rellulta of th e
two te" of uperi.ments Dl81 be esplained in part by the difference in proce­
dure in making the testa. In the uperimenta reported in 1916 • nry high
intenaiu of preuure ..... applied . The plate ...as forced down eeeerel inch..
to the level used ...hen taking readinga. AI. reeult the gnd ..... compacted
btneatb the center of the plate and wu looeened beneath the edge. Such a
eoediticn mq- am under heavib loaded footinp on gnd. Theee he• ...,.
PrtlllIl,lf'l!II were not used in the later experimenta because of the feat that
many of Ibe caPMo'" would be broken. It i. thought tba t the dis tribution of
prNIure beneath ci rcu lar footings uaed in pra<!tice ...ilI he bet.-I!t't.'n the e.J: -

• J'~. Rffwd. Vol. 71. No. • • J""17 U. li la. .. lot.

The order of Lhe upenmmtl i. of importance in interpreting the result'
beetuse of the compact ing action of the platee on the AUld. Thia fact UDfOl'­
tlUl&rel,. .... 11 not foreseen, end in thc 6" t eight letu. of expcriwcntll no
tUCWltl Wall made to loosen the Mod when th c npcri.lPCDt.I on one tiae of plate
had been completed. In the CXJW"rimcntt lq-inuiog with Sui.3G (Table 11),
the send " 'all 1008('000 before beginning exlJC"rimcnta with . pla te of another
diamtter.

A condensed . umma,.,. of the results of the uperimentt b cinm iD Table 11.
The ..,.erage intenait,. of preeeuft at TarioWl drptbI, and dbtanoee from the
axie of the applied loed it I(i ...en in pertentage of the ....erage in tenaiu of
lo.d applied by the circular pl.te. It "ill be BOred th.t there are IDan,y inccn­
li.tUdes.



tremee represented by the teets reported in t8t8 and the tetts repeeeented b1
Table 11.

The intensity of preeeuee at &D3' poiDt in the ball..t benea th a footiq 11
not • definite percentage of the average intenait, of the applied load, but •
dift'erent for diBerent degree! of eompactneu of the ballut . nd for differeDt
intenai tiee of applied preeeure, It i.. therefore, Dot lX*ible to de• • .,...
lUre bulbs" ..hich hue general applieation. The high ioterWtiel in the
tMt& at the Uni.enity of Dlinoi. before une are only to be found ..ben the
plate i. eart1ing nearb' itl ultimate load.

It wu . hown in the Seoond Progreu Report of tbe Special Committee
on Streeeee in Railroad Track- th . t the inteMitJ' of preeeure at . OJ' pliat iD
ballut beneath lIe't'enJ loaded ti ee~ be found by adding together the p'"
.u~ due to each tie. Thi. .... called the "Principle of Superpoaitioo"',t
SimilarlJ . the pressure at aD.1 point in the ballut beneath a footina IDI;J be
considered to be due to the combined eBecta of the preauree applied to pug
of the foundation area. The pr-un. OD th..e partial .reu are DOt geoen1b
parallel to the applied 1000d; nor il the intenlitJ of prfaure the I&IDe at all
partl of the area of the footiD&'. Near the edge of the footing the ballu1
ia Jeet rest rai ned and hence the wedging actioo in the granular mull ea~

lateral 60w. The effect of th e 60w i. twofold : (eI) The ballut is looeened
and, therefore. carries Ieee preNure ; and ( b) the lateral Sow deeelcpe a frie.
lional component causing th e applied pf'ftMIure to be inclined. The intenlit,
of pnuure on • part of the foundation area beooIDel puter and the ineliJla.
lion of the applied preseuree general.b becomes I.. the nearer the part of
the area is to the nis of the applied load. The Sow of the granular mall

aw..,. from the center of th e plate ia abown b1 hea.,.,. radial acratchea on the
bottom of the circular cut-iron platee ueed in aome of the e%perimentL Ie
the experiments made for the Special Commi ttee on Steeeeee in Railf'C*!
Track·, hea 'l' il,. loaded railroad ties on rook baUast were aometi mes torn in
two b1 the frictional Icrcee developed. The Sow of th e land dur ing a . ud­
den failure o~ the ballast beneath a loaded plate is .trikingl1lbown b1 ill uttra·
lions given in that report.*

.The distribution of pressure in a granular mUll il molt eaail,. compre-­
bended by a Btuds of "lines of presaure". which are analogu ua to Hnel of
force in a magne tic field. If a load of, ..,.. 100 lb. i. applied to a grllDulat

mass, then on eve!'1 horizontal plane below the loaded area there mUit be III

added preeeure of 100 lb. If the distribution of the 'l'ertical preeaure it hOWl
on a number of horitontal planes at different depths, 100 di'l'erglng line. IDIJ'
be drawn, each of which repreeenw 1 lb. of preesurfl. I n reciODl of high inteD·
sitJ' of preuure the line. are eloee to each other. If, for eumple, the pl"MllUt
is 30 lb. on 1 sq. in. of one of the bcriecntel plane&, then there will be 30
liDes pueing through that *luare inch. The HOM .pread .. the distance do..

• r..-..et.... . a. 8M, C. L. Vol . LXXXIII Ula-20)••. 1,,".
t LM. .u.• p . 1HO.
1 toe. $ .• p. " 31. "... t .
I '-. $ . • p . 16Tl.
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nrd iDC~uee. By lubdiriding • footing into amall areu on which the
direction Ind the intensit;r of preeeure are nearl,. eoDltant, a bundle of "linel
01 pr-.ure" m&7 be drawu for eaeh of the areal and. by tbe principIa of
AperJlOtition, the intenlitJ' of preeeure on aDJ' Iquare incb of • horizontal
plaDe Dla1 be found by counting the number of li~ ~ip& through that
tquare inch and multipb'ing the Dumber lhld found b1 the bumber of poundl
eeda line rep reetDt.a.

LiDel of preuure for an S-in. tie are ilIuatrated in lb. Second PJ'OCftI!I8
Report of the Special Committee on Stree&el in Railroad Track.- The HOell
m-a. indicating. concentration of pl"elIIlIure at a depth of « in. below the
tie (found to be 163~ of the average pTell8ure by experiment ) . Below. depth
of, ~ e in.• the preeeure in the ballut beneath the edge of the tie. and oat-­
-ud. it moetl,' due . the load applied b1 the oppolile aide of the tie. It
IDI1 be stated that the linee of prellIIUfe should probabl,r be . lightly cuned.
aJthourh an empirical equation equinlent to Itraiaht "linel of prtUUre"
p'" f"eIUlb in 'l'ef7 cood agreeme nt with the renlte of uperimenta for depthl
up to 24 in.t

The bnx>theeia of "linee of preaaure'" teemJ to haYe remaioed uaaodeed,
beDoe it IeeJnI deairable to call attention to ita ....Iue io helping to uplain
the la"'l ,..hieh go1'erD the di.tribution of p~ure thro ugh gn.nutar material.

The profeuion il great'" indebted to Prof....r Tenaghi for the new tight
be bu thrown 0 0 a T8r1 diftieu.lt lubject. The d...m.cation of el~ bl their
"loed-ToIume" retationa, "permeabilit:1". and ".bearing rMiltanoe". il an
important adunce OTer previow attempts "bieh hued the duai6eatioo 00

color, grain size, water content, colloid content, etc.
The U lle of remixed material for determining "loed-eclume" relation and

meuuring "'permeabilitT' is open to the objection that the 1'eIul1.1 do not
_pp1s to the undisturbed material. For e.umple, in t.e.ta made 0 0 el.,. beneath
the foundation of the new }laten'" Teeling Laboratory at the Uoi1'8nity
of Illinois, it was found that the water ccnteet of the undleturbed material
wu the same u that which ccrreepceded 10 a pressure of more than 5000 lb.
per eq, ft. on the remised material. Th e nmplea were taker. at depths of about
3 and 6 ft. below tbe original su rface where the preuUrel were, therefore,
cml,- a few hundred pounds per Ilquare l oot. Both u D'lplae were u,kcn below
the water·table al the time of llaJDpling, and the lower one ""u below tho
10••t water-table. Ilndleturbed cl8.11 probably have th eir flat, mica-like par­
ticlN oriented in such' a way that th e Toids are leu than in the remised
_tRial.

Methode ahould be deeieed for obtaini ng undisturbed aamplee for al1 tbe
_u. Thil i. 1'1::"" difficult eTen under the II!o.t fnorable ooDditiona and
~ almost impoeaible in the cue of material at great deptha.

In the Red RiTer Valley in Minneeota. North Dakota, and Canada, there
it • wideapread. deep bed of cl81 on which there haTe been maDJ' foundation
bilura. It hu beea found that bu ildings DMr railroad treeu haye M1ttl fld
.lIth more than aimilar buildings at. a diatanoe from the bach, due to the

·T,..... ef'lOU. Aa. Ioc. C. £ .• v.... LXX XIII ( 11 1....10• • p . un. ,,_. 100.
t z..c.. ~ _. p _ U'T5. Tabla 1'.
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J ORGENSEN ON' TUB 8CI ENC E 0' . 'OVSDATION8

•jarring action of heavily loaded traiM inereu ing the instabiH17 of the cia,m_
Yr. Albert J OrgeD.en, who h... ooadueted experimea ta in toil mfChoid

under the direction of the writer, mUM the intereeting sugges tion that the
distribution of preeeure in clQ' beneath footi ngs may be determined by experi.
menu on models. A rather wet mixtu re of • uniform cl.,. i. to be placed in •
large .ater·tight box with a thin I"er of aand on the bottom and ,t the sides.
A model of the particular footi ng to be tested il then to be plaeed and Jo.ded.
The surface of the ell.1 is to be covered with water, The pressure on the
footiDl: will cause the water in the clay to fio.. a..ay from the pa tta haTing the
~t('lt intensit,' of pressure. When su8icicnt time has elepeed to reach the
equilibrium condition, smaIl umplee are to be taken at various poanta in the
rn.a.- beneath the foot ing and their water oonteota d8ermined. From the
"loed -weter-ecuteat" curve of the particular da, the .ater contents 10 deter­
mined mlJ' be translated into the intensifies of (lre8lu re in the cllJ' at. the
(llaOM from which the umples ..ere taken. l£euurementa of the settlelMbt o(
the footing, or of ita parta, could ,leo be taken. It is reeogni.zed tha t the bo1
wouJd bITe to be of large size to eliminate the effect of the boundaries on the
distribution of preesure.

AUQT JOROU8EN,- EsQ. (b,letter).-Thil paper appealll to 'oae wbc L..
studied it thoroughl, beeauee it abo..s that the author actuaU, took lOme of
the eoil and determined ita mechanical propertiee. He found that there iii •
~t difference between the mechanical beh....ior of ..ade and claY' and that
e1.,1 VA". greatly among themtel't'eL

The capitla". pressure of the water in the multitudinous, 't"EI". small inter ­
stieee in • ela,. i, a Iector of importance. It go't'erns the 't'olume occupied by
a gi't'en dlJ' under gi't'en oonditiotLI and und er a ,oven intrinaie preNUre. ThU
is one of the oUb-tanding differences between ..nd s and c181'8. Tbe phrue,
"under giV'Cn conditions", is signi fieant . The volume of a portion of clay at I

eiven preeeuee (ll88uming that wate r is pte8ent) depends on the hialol')' of the
el..,...

If a sample of day, in a condition nea r ita lower liquid limit, is compressed
by a certain pressure (Pl lb. per 1lQ. f t., for instanoo) . i t aSlltUnee a 't'olume,
definite for that dlJ', for the gi't'en pressure and the conditions of the tett.
Under the same preee ure (P l)' but aft er having first been loaded to p. lb. per
sq. It., the same d., might ooeuP1 a different volume. For inetenee, if •
sample of the same clay is made to au lain a peeeeure equal to P" but after
haTing swtained a larger pressure (p. ) , the l'olume ..ill be smaller. Exp~
differently, the preeeure-molsture tesla ahoW' that the volume at a giftD
preeeure depends on wbethe r th.t preeeure hal been reached after pGIIirin
co mprese ion onl,. or after the e1.., has become re-utu rated in rl'covering from
a greater eompreseion. The eolume also depend. on the inteniity of the pt8­
l ure attained before re-eaturatlon ..u commenced and the nu mber of timeI
th e clay baa been eompreeeed and re-aturated.



•

• 379

d

•
.... &t.

•

JOROBN8KS" ox T H E RelBNCE OF roUNDAT IOSA

•

The oext question which natura11.1 aritee it, "How may the testl be made
on dleturbed ..mples which will give a f.i r meuurement of the condition of
the undistu rbed ecll I"

The .riter believes that a load-moi tu n tat performed .. follows. would
ci'e result. wbich would aid greatly in formulati ng practical ja d,gmenu con·
eeruing -etllemeotl due to change of ""olume of the eoil, Wet .ame of the eoll
to. condition near ita lower liquid limit and compnu it in. Q'lioder by means
of a pi ton. The ecil mould rest OD • lOUd filter which will allow the water
10 J*jI to and from the BOil .. the p..-un it varied. Oomp..- the lIOiI to
lOeb a point (Point fl , Fig. "9) that wben the preeeure i, reduced to ll' (that

The PreASUreB JJLa1' be applied mechaniean,. in • manner dsigned to

simulate actual eoaditloae in the field; or the, may be applied b1 the capiU.".
IJ"MUr8 of the water which UfIU!DeI eeormcue nlue. if the ..mple i. dried.
Partb' dl'1ing ....mple would affect the c1a.r to • decree comparable to tha t
cawed b1 • preeeure which would prod uce the aame chanae of volume.

Clay and mud beds, with the pc8ible exception of ftlCeDt delta and lacu.
trine d poe.i~ baYe been _bjeeted to unknown p l'tMarel aDd poe.ibb ma.r
t.a.. heea partly dried aDd re-a.turated eenral time&.

For theee reuons a bed of eI.,. below the lnel of ITOUnd·...tee ~ ap t to be
fOQDd dr,er than C!'OUld be explained by the outent pnesure. F or instance.
the toil taken from beneath the location of • footing 0 0 the elte of • certain
building ... found to be dl'1ef eeea thaD the Inrage unit pftUUre of the build­
iDe would eeuee it. to become. Thia lOil wu ..,..era) feet below the JeTe! of
eround·...te r. The pree&Uf'&"moisture teat. in this cue at 1eut. indieated that
thelOll had been ecmpreeeed either b,. wei&bt or capill&r'7 preMUre.

The question then arises. .. to "hat is the nIne of load ·moittare testl in
lUeb eueL Tbi. would be answered if methodl of NmpliDc and technique
for making teltl OD the soil in itt oricinal condition were at hand. but IUcb
method do not teem to be forthcomiq.

,
I,
I
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•
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preuure impoeed OD the lOiI in place), tb e moi.ture content will equal that of
the -oil in place (Point 4). Thil would require n ieet,' in teeting aDd eould
prob.b17 be attained onl1 after lIe1'erai tri.l.. Thea oomprea the ecil to U1
deoi.-dd.......

The writer belieeee that the euree, e d. 10 obtained" would be &ee\lra\e
enough ... bub; for practieal judgmenu. It might ban monl nJue if
obtained after .eyeral eompr..-iou and re-eaturationL

In order to apply • p~ure-moi.ture eone to aid in .umatilll' 8ettJemea.t,
it i. neoeul.t7 to know the di8tributioo and iutensi17 of p reMUreB which uiIt
under foundationa. Teetl b7 Y. L Enger, }d. Am. Soc.. C. E.,- and !l-.n.
H . E. Goldbeck.t and J. A. KOler";: indicate that the prMlwes are far frca
uniform and mq baTe ",alnM leTeral t imel the ....erage unit. preMUre.

CUAIlL£S TEu.w1ll.1 1I. Alii . ,Soc. C. E. (by letter ).- Thi. paper hat caI1ed
forth dieeuaiOIlll from nineteen engineers in the United Sta tes, Ru u ia, India,
and China, repreeenting a wide range of experience. While demonatrating the
widespread interest in foundation problema. the diaeuaion .180 diec:toeed the
fact th.t few reeders have bad an opportunity to consult the publication from
which the 'Writer', Statement. (0) wu reproduced. For th i, reeeon, and OD
account of the eoadeneed form of the 'tatement" there wu a tendencl to m~
inte rpret ita meaning.

It hu been prerioualy emphuiz.ed that. "oobelion" and "i nternal frietioa."
are bl no means limple propertiea. The,. depend not onll on the character
of the iedieiduel graina (shape, dee, na t.ure of tbelr , unace) but, to a TUiabJe
d~ on the denaity. the .ater content" the preeeure exerted bl the IOrlaoe
tenaion of the ••ter, and the h,.drod.Tnamic Itreuee which are allllOciated with
changes in load eonditioae. For Tery fine--grained ecil.. if the .ater content
decrea&el due to evaporation, tbe eobeeicn inereeeee rapidl,.. If fr iction teItt

are made with eucb lOils 80 that during the teet the . ater content of the
specimen remaiDa unaltered, reeulta are obtai ned t.ha t are very different from
thoee furn ished b,. teete made on identical lpecimena encloeed between per­
meable plata.

Under these conditions it it eelf-eyident that the terma, "cohesion" and
"internal friction", repreeent abetractiona and the yalidit7 of aD.1 ,tatemeDt
which involvea such abetrad iona neceuarib depends on the nliditl of the
.implibing UBUmptioDl on which the ,tatement i. beeed. Thi, ia obrioUl11
allO true of the writer'. Statementa (0) , (6), and (c). Tbeee refer to two

different materials: (0) ThOBe for which the bearing power dependl
eeeentialll on cohesion, internal fri ction repreeenting a nel' ligible item ; and
(6) peneetl7 eoheeioalese materi.1L The n lidilJ' of the atatementa ia limited
bl the following UlumptioDa :

(1) The Wpel of the loaded areo are eeomet.ricalb . imilar.
(2) The term, "eettlement", refen Itric tb' to the total downward IDOft'

ment meuured ute!' th. Itruet:Ufti b.. NIIehed • l tate of oompMte.....
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(8) The comparilOD between the lettlement of Iceded areal of dilerent
aiM abould be confined to thoee produoed. b1 unit. load. which are
l~ than about one-half the ultimate bearing eap'lcit, for the
smallest area.

(4:) Hooke'. 1•• need Dot neceesaril, be accepted. but POiAlOD·' ratio ia
-..umed to be • oonstanL

A.umptions (1) to (4:) app17 to both C..e. ( eI) aDd ( PI ). The following
.dditivuII ••umptiODI appJ1 to Cue (0):

(6) The mechanical properties of the loaded material (nlation between
.trae and Itnin and the eompreeeiee Itrength of the material)
are practicalI,- independent of time and of the depth below the
IUrface.

(e ) At. &OJ' point of the underground, f.Uure oecun .. IIOOD U the dil·
ferenee between the Irreau.t and the least principal at.reM exceed.
the oomptee8i"e Itrength of the materi.1.

For Cue (b). A..-umptioDi (5) and (8) should be replaced bl the following:
(7) The mechanical plOpertiee of the material (coeftieient of internal

friction) are pneticall1 independent of time and of the depth
below the IUrface.

(8) The lceded material il incompnllllible: that is. the IettJeme:nt of the
loed iI mereI," due to the deformation. but not to the .,.olume
change of the leaded material. Thil condition combined with
AMumption (4:) leadl to the following eoaeequenee r If all the
principal _treuea acting on a priamatie element of the material
are inereued by multipJ.ring their intentit1 b,. equal amount., the
element changee neither in Ihape nor in volume, infllpeCti'fe of
the intemit7 of the atreuea.

(0) At~ point of the underground.lailure OCCUI'II .. eooa .. the ratio
between the greatest and the leut principal streM exceeds a
definite limiting 'falue. Tbil condition repreeente the moat
important distinguiahing feature between easel (/I) and (b); it
alao repreeenta the lundsmental Ulumption on which an earth
pneeure theori. ol perlectly ccheeioaleee material, elnce Coulomb
were bued and mq be conaidered almoat atrietb' correct.

The subject content of Statement (/I) is graphicalb' inu.trated in Fig. 50.
CurY8 a repreeenta the reeult of a loadin. teet performed on an area (circular.
Iquare, or rectangular) with a width of 1 ft., supported bl ei ther ODe of the two
idMl materials described by the writer. Ourse 0 1 shoWl the characteristic
reItllta of a loading teet performed on an area with III geometrican,. aimilar
Ihape, but with a width of 3 ft. aupported b,. the fint of the ideal materials;
Dune 0 . awliee to the eeeond. The term. "ultimate bearing capacitY'.
refen to the preeeueee, '1 and , '" re8pecti"el,.. at which a U1'7 tlmall Ineeeeee
iQ load produces • "ery important increase in settlement. The tettlementa pro­
dueed b,. equal unit loads acting on areal of ..riOUI aiUl 1I'ilI be termed the
..equi....lent letdements" of tboee areas. Using theae terms, the la•• illuetreted
b, Fie. 60 would be :

(A) If the ultimate bearing eapaciQ' of the loaded ideal material is euen­
titlb' due to coheaion, the telUlta of the 10000ing teala performed on areas with
• width. d. equal to 1 ft. and S It., respcctiTel,'••ould be repreaented by Co"_
Cud 0, (Fig. 60). Under a load of p r-er unit of area. which i. a.tuned to be
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(B ) If the loaded ideal materiel ia perfectlJ' ccbeeionleee, a .imiJar pair of
loading teeta would be u plotted in Cunei C and 01 ( Fig. 60) . For a loed of
P I*r unit of area., the eettlement, 8. il practicall,. independent of the lUe of
the area, provided p is lubstantian,. amaller than PI' On the other band, the
Im&1l area praeticallr 7ielda under a load of 1'1 per unit of area. wbile the
larger area must be loaded with P'1= 3 1'1' in orde r to produce ultimate failure.
Hence. it ie claimed that the ultimate bearing C8p8cil.1 of the ideal. perfect"
coheeionleee materiale (Law B) increuee with the width of the area.

There waa some doubt in the minds of mOlt of the diecueeore 88 to whether
Lawa (A ) and (B) were derived from theory or from expeelmente, To reJDOft
th is doubt. it would be alated that the ccaclueione were obtained ent irelJ b,
theory which w.. based 0 0 AMumptioDl (1) to (9). inclusive. AI a matter of
fact, if the vaiiditJ' of these eeeumpticas ia arUlted. lAws (A) and (B) need
no proof. because they represent a . imple consequence of the lawe of eimilituck
Hence. UlJ" incone iatenq between theo1'1 and practice must be ueribed w the
propertie. of the material beiD&' at variance with thOle of the utumed, ideal
material.. .

If the properties of 8DJ' lIOiI conform J'U8Ooabl, well with the ueumptioDt
of t.heory . the law. represented b7 F iC. 60 mUlJt be 't'81id. H cweeer, a com­
parilOD between the ideal material. and the actual llOil. leeds to the eoneloa.
that clean, ccheeicnleee Node ditler from the ideal cobesioaleee material inM­
much .. the,' are not perfeetI.,. ineompreeaible. If the intenaiu- of all tba
atreMN acting within the loeded material increuea at the aame rate. eo~

aion of the underground takea place which. in turn, eauM':l a certain amount J

much smeller than p.' the settleme nt. 81' of the large area ia approsi mateJ,
three rimee that of the amaller area, S; or, io other words, the equi....lent IettIe­
meot iocreatIeIJ with ioneuing ,..lueI of d. On the other hand, at • uoit 10.:1
of P I' • email increase of the load produ ces for both arcu • very large ie­
crease of the settlement. because both curves, C and C•• bend eteepl,. don­
ward .. 800n as the load approacbel '. , Therefore, it ill correct to state that
the ulti mate bearing capacit,' i. independent of the .ize of the are..
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Ieltkment in addition to that caused by diltortioD. Therefore, the empirieal
n&rTe (C', in F ig. 50) would be lOme_hat .leeper than the theoretical eeree,
C.: aIM». the ultimate bearing capacit,' of the loaded material m..,. be alightl"
ftIlhced for the aame 1'eUOO. HoweY8r, eieee the eom~ibiliQ' of NDd. b..
al~ been thoroo«hl,. io 't'ertip ted, it is ... l imple matter of eetimating
lOIIIhb the dilCrepaDeies in nerf ~aee that m.,. come up in practice. For
deale IUds., the diterep8DC1 between theory . nd practice i. 't'ery small, while
for 1001II A nd, it. i , apt to be importatlt.

B,.. eompenng t he ideal eohll'lri't'e nuteri.) l'ltPf'8f'ntM b, Cun"M C .nd C,
(Fig. 50), with actual plastic uniform el~ the conelUlDon i, reached that .n
UlUmptioDs are f. irly eeeerate, e.J:~t for a certain inereue in tbe eobee:iOD
of the d ar eeueed by progreesin oonaolid.tiOD of the la-ded materi.l. Yet
thiI inereue could not poeaibl,r account for the tt riking diKrepanC1 between
the wttlemeD~ wbicb sbould be espeeted for el..,. found.tiona from the nsulu
of Jo.diDg teetl and the aetnal beha:rior of build inp l tanding on I Uch mao
terial.. Among the fundamental ..umptioDi of the tbeo,.,., there il just ODe
ri:ith could pl*ibl1 be made J'e8POuible for the applireDt defect of the
tieomieal ftftl ta. Aooordiug to AaumptiOD ( t), the term, "MttJemeotlt•

men atrictl1 to the totaJ dOWDward lDOTemt'Dt uotil the etrueture eomee to
reIt. In practice, the Ilettlement obMrntioDi on buildinp are made. at beet. a
,.. reats after the buildings haTe been constructed, and when the settlement it
ItiU taking place.

The time which haa to pall until the sett lement of a fair..ieed building
ming on CI81 would approJ:imatel, conform to lAwl ( ..t) and (B) obTioosl1
depend. on the period. requ ired for the e.J:eeII water to drain out of the clay
beneath the building. Thi. time, in turn, depend. OD the permeabilil::' of the
till aDd can be esti mated h1 the theories prenoull, published b1 the writer.­
Suppoee, for iuetance, that the settlement due to pure compreeeion of the ela1
beIl_tb an area 1 ft. wide wu, after 5 da7St 0.5 in. Accordi ng to theory. for
l.D arel with. goometricalb' .imilar shape, 20 ft. wide, eubieeted to uaed1 the
lime load per unit of area , it would take 5 X 20 - 100 d.,.. to eettle through
the ume distance of 0.5 in.• provided the UeetllI water could not eeeape exeept
through the eapoeed surface of the eI.,., aurrounding tbe loaded area : or, in
other WOrd8, proTided the buea of the loaded footings were water-tiltht.
On the other hand, if the bUM of the loaded footin... were permeable, the
aettlement of both the ..man and the lar,:e area" after 10 d~ would De
Ippnmmak>l, identical. However, for the . man area, the lettlement would
, top after it had reeehed during a period. of leT'el'at montJu a total of about
1.1 in., wbile for the larger one it would continue with deereuinlt speed nntil
after 1«'''('1"al gw!'nerationll it would J'f'acb I n ultimate Talue of 1.5 X 20 .. SO in.

Thus. it eecma highl1 probable that the apparent eontrediction between
tMo1"J end preeti ce for cl.,. foundations i. due not to a defeet of the tbeo,.,.•
bat to the attempt to correlate the eenlement of . man lceded area."-~MUred

almoet u the footing eomel to rtl8t-with th at of fuU...bed bui1din~ in wbicb
u.. llettl~nt bas searoeb' begun. A. . matter of fact. in old eit!.. with
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ofthe setrlemente of • raft foundation resting on the ..me cJ.,.. I n br ief. the
application of aOJ' ru le to practical cues mould be preceded b1 • careful
iD.1WtigatioD in order to determine to ...hat extent, if &07. the practical con­
ditiooa agree with the fundamental auumptioDI of the rule. Due to the wid.
ruiatiOD in eoil properties DO rules can be eetabliabed that are ..lid for all.....

The di.ecu8Iionl deal fl8Ieot ialI,. with two main topit»-the g",iMerin,
or... fonnlll. and tbe interpn>latioD of the rMulta of loading teltI.

Among thOlle who diecueeed the Engi....m"tI ..\"It •• formula, onlJ' ooe bad
UIthi Dg to U7 in iLe luot. The othen rejected it more or leu empbatiealb.
aDd without exception, on tbe buia of put experience. Hce eeer, little aUen­
cioa w. paid to what the . riter oonsiden bIler the moet im portant feature of
thI aitu.lion., nameI,. that the moel general pile-dri't'ina formula (Equation
(I», iI fundamentally rigorous, provided cue trraoU the nHdi17 of the basic
_ mptioDL The moet important of tbeee aMumptiuns coneenua the identi~

" the atatie and the d,namie pile-dril'inI resistance. The failure of the
formula to gi.e satiafaetor;r reeulte for pile-dri.ing throuah e1&7 or saturated
lih. ia due merely to the faet that. in these~ the conditiota eriBtiq in
pnctioe fail to conform with the theoretical uaumplione.

Theee remark. lead to the attitude of the dileulJlOrs and of engineen in
rmenI toward the . riter. atatementa .. iIlUitrated in FiC. 50. Some eaperi­
eeed eDgineen have accepted these atatemenll .. not beihK' in contradiction
wi lla their own obeerntions. Others. al.o. backed b.r broad penonal esperi­
IDee. haYe rejected them. Thia faet abould arouae the , ulpieion tbat conditiolUl
are DOt eimple enough 10 that IOlution. e8D be fou nd In the IIhape of rough and
retrb half empirical formulas, In a third group of diecueeions, attemptll ha.e
Mea made to disprove the atatementa by Ilro~iDg.formul.. whieh are claimed
&0 teree better with praetice.

'Ibeee reminded the writer of the man, dilM:UMiolUl be bee read about pile­
driring formulas in put yean. The method of approaching the problem waa
Ilwaya the Mme. AI often aa a new formula appeared it wu found inuriab1Jo
that the JUl,ulta furnished by it did bot agree with m&DJ' of the observed facta;
taerefore. it ...... argued that the form ula muet be modified. Nobody seemed
&0 IUapoct t.h.t ill deficiency might be due to the natun) of an MBumptioD in.
IOIIlZDon to both tho criticized and the proposed formulas. H ence, the discus­
lion of the p'i1e-driving formula revolved for half a century in a .,.ieioua circle.

NODa of the diecuseora teemed to ret.lize that the writera lltatementa atand
.. irmly "cu their feet" u applied mechaniea, prorided the fundamental
-.umptiona eonfcsm with the conditions exiatinc in pfalctiOt". The aasump­
tioGa eover all the eeeentiel mechanical propertie. of the toile. ueept thoee
wDeh depend on time aa, for iaetenee, the eompnuioD of a cI&J' or of a "'ery
be laturated ailt. I n a eimilar manDer. the ..umptiolUl on which £quatioD
(') is baaed eonelder aU the eesenrial element. of pile-dril'ing, E'XCf!Pt the fad
tUt. in man, e&N!'&, the drnamio and ald ie pile-d ri.·jng ,...i.lance a,. .not
_tical. Hence, it ia ju tifiahle to conclude that Law . (A) and (B) muat
.. eorrect. ezeept for CaMa in which the time factor partly or .boll, Uptell"I' yalidity for the brief period eceered by the OOeenationa.



Ineteed of pre8enting this simple, but Tery important argument. the IIlt'rIt­

ben of the third group of di8CUMOn mere1,. tried to replace t he J.... - hWl
h....e. limited but known range of nliditJ'. by otben wbieh are neither jati·
fied by rigorous anaJpi, nor supported by • known range of nliditJ. b
doing 10, thia group repeated the mistake made b". di8Ctill8On who tri al "
replace the c:lusical pile-driring Formula (3) by other more objectiorMae
oeee, instead of inquiring as to the fundamental ~.u~ of the obIJened w.
agreements.

These remarb allO app1," to ditlC'UlIlOn of the second IP'OUP who attempted
to question the ecundneee of the ,",iter'. etetemente tlOlel,. on the ground cl
put esreeteeee, After ree.lizing tbe limitatione of theor:r. these enginem
m..,. ask: What then i. the use for e-tabliehing rulee at .11' Tbe llD!WeI' to
thi. question touchet the moet Tit.l point of the science of foundations. aDlI
it cannot po&IIibl1 be o't'er-emphuiud.

Settlements. .. encountered in preetiee, depend a•• rule on a ntllllber eI
eteeumeteneee, eueh as depth of foundation ; preeeIlCEI of other Btruetunll ill
the ricinit1' of the new' building; the oecurreace of alternate layen of aliP tb
permeable and markedl,. permeable etrata ; total thicbesa of the compl'fSbIt
df'P08ita; relative position of the weak.t Bf)Ota of the underground with ref.-·
ence to the hue of the foundation ; and maD1' otben. In brief, the eettlelDlBl.
of a structure i, a function of 10 maD1' nriablee that it would be hopel...
arrive eren at crude and empirical conceptions of the caU8el of eettJemeall
unleee ,,-stematic efforts are made to evalua te the relatiye importance of _
one of the individual nriablee. Thi. can be done merely by e8tablilhi.tlr •
theory, not of the complex material, encou ntered in preetiee, but of a let of
ideel material, with certain 1'81'1 simple properties, each one of .which 1riII
Ie"e u • means of studying one indivi dual upeet of tbe real BOil..

By such systematic analy.i. onl,. can engineers gradually gain a d6l!l*
in!figbt into the workings of act ual eoile. Since by neceuity the vel'1 belt
anal"lIil of that t1P8 falll far ehort of taking into aooount an the conditioal
that 8xi.t in practice. there alwa,.. will be a certain gap between thea". ..
prectiee, which can be bridged merely b,. espenence, Consideri ng the uiIt·
ence of thie gap. the writer 8greeI hea ttily with )oft. Gow'. warning agailll
readil,. aeoepting eommon lormula. lor U M in aotual peeedee. Tbe writer
even doubtswbether fonnul.. with a fai rly gt!neral degree of .,.Hdit1 oouW be
eetebliebed at aU. Theory in connection with foundation engineerinc~
be regarded merel,. u an eeM!otial eupplement to esperieece, to be u.d •
a tool fo r acquiring • deeper in.ight into the caUAee of cbeerved foundalK.
defeete and for en]uating the reletive importance of the faeton in eIm-

Without a more profound anal7li. of phenomena encountered in pndX!I.
esperieaee is doomed to ~ain the &ame aocumolllioD of ieeobeeent, meoi:Ir­
Ie. lacta which fill the ~0l!I between the eo't'en of maD1' lextbookt on foodit­
tion engineering. The time may rome wben a man with experience, bot~
out. thoroueh theoretical traioiq, will be eoaeideeed almost .. unfit fI) ..

trueted with a design of an important foundation .. the theoret ician who ..
had no'experience. In atructural engineering. this time came nearly I ..

tul'1 ago.
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The . ri ter heaitatel to accept. lIr. 00.'. adv ice oonoe.rning the EngiM""
.., Jt.,•• formul•. If. .. lb. Go... ltat-. it is. fallaq to reb' too Ittoncb' 011.

1M ~ult1 of individual pile testa. the application of the gngin..nng N,••
formula .etma to repreeent an even greater f.I1~.

h i••ignitieant th at lb. Goodrieh abandoned the formula long before the
mter h.d even bean! about iu esdetence, The oheen , uoH made by Y r.
Goodrich ooneerni na the .t~ distribution over . eqUate beeri1l8' plate lIbould
.. aD ineenti".. rOT similar ioft'8ti"ltiolUl of ra ft foundation. rMtinc on al.,.
... bl meaDl of Ooldbeek pre-ure cells or limit.... deTicea.

The espeeie nce reported b,. llr. EndeMlbl remind. the wri ter of • • imil ar
iDe:idtrat ehieh occurred in Oalvtllton, Tea, On the IOUth side of the b land of
GalNiton. to • depth of about 60 It., the underground CClllu.t. of Yer1 tine UDd
aiJed with powdered shells. Beceuee of the '1'81'7 dense atructure of thq and•
il it eoesidered impoesible to driee pile. to a depth of more than 15 or 20 ft.
without tmashing the pile-bead. According to Colonel Scble,', OoTernment
f.Dcineer of OalYe'ton" lOme pile. dri een with ••team hammer to refuaal
IIU1ed afterward leYeral inches under a .tatic load of I.. thAD 15 toOL Thitc
aDd the incident mentioned by l b. Endenbr are obTioual.r deoompreuion
~mena which can also be reproduced in .the laborato.,.. If al.,.er of NOd
that ia laterally confined il euhiected to a rapidb applied p"!ll8ure up to a
emaio nlue and then the pteNure il kept CODStant (poeeibb br a telting
machine), tbe couuter-preeeure of the und a«ainat the pilton tint drops
rapidb' and then .10_17 to less than one-half the original reaction. In eon­
llletion with th il ltatement, it ebould be emphuized tbat there teem to be no
reoorde of ccuepicuoue deeompreeeion phenomena except for~ in which the
pile-dri.-ing wu done with a Iteam bammer that could aW17 preeeul'ft u.,.
rapidb'. Tbe intenai t1 of the decomprl!l8Sion pbenomena rna,- be conaiderab11
illCJ"lllUed br the presence of a larer or pocket. of .-e.,. locee sand a lhor1
dittanoo beneath tbe point of the pile. Since the number of known eonapicuoua
decompl1lllll ion phenomena on piles is exceediugI, aman compared to the Dum­
ber of eUei in which tile pilei bebeved Dor maU1. lueb a pouibility could at
leut be eoesldered.

.lIr. Endersby'a statement th,t tbe result. of the teetl with three different
1'&Dunen wal ..a good teet for eonsisteneI of the [Enginuring N tto.] formula
uapplied to Tl riou. typee of hammen". ebould be eecepted with caution. The
. tiJrlctory agreement between the resul ts appeal'j to be mere chance; other­
wile, it would alw&,TI exilt. To mention one example amoDI M.-eral on record :
When driTiog the pllee for the Yariotia Lake Bridp. in Egypt, three different
piJe.dri.-en were used : A Iteam hammer (weil ht, R _ 4: (()() lb. ; drop.
I - U8 f'.); • band-operated <hop bunmer ( R _ 1320 lb. ; h _ 8.56 fL ) ;
anda Iteam drop hammer (R _ 4400 lb.; 1 _ l.iS fL ) . The poin" of aU the
,u. penetrated the aame attatum of sand.- The g"giM.ri"g .\"' 111. formula
futD.iabed for the u fe bearina capacit, of th eee pilee the a~ nluee of
11800. 16 800. and 27 600 Ib., respectiTeI1. If the S,.gi....nng NftIJ. formula
would furnish consiltent reenlts for pilee driTe'D into the tame stratum with

• .u.n.1•• ,. Mr . W. euo.. .. a.t_ ......... lto.... 111.

Is
I ..

,tC
dof

.....
"of

""tJ,
'hIo
~•.....,

"....
<odI

illll •

"'"I ..m

'-'
,"'"
iu.-p­
oDol·
pi'"
wn"
ald.
IhooW....
da","

TD.Z.lQ H l ex THE SCIENCB 0' fO UNDATION S 387



thil formula, the same re~ulta are obtained al tllOlle expressed b)' Curve °1, Ftg60.
However. instead of retaining h, Mr. Will iarna eeaeee to consider it al a fWlt'
tion of the width, b. without attempti ng to i ustify hie etep, thus tranafonniDr
it into a constant. This operation leads to the formula, W """ A p + L " .hid!
contradicts his theo..,.. Since hi. final formula does not repreeeut the renh ci
the thecrr, it could be accepted merely aa an empirical equa tion and the writ.­
ecneidere that the empirical evidence i. too fragmental7 to warrant ndl I

. tep.
The uample quoted by ~Ir. Wi:liama (the office building of the Michipa

Central Rail• .,- CompaIlJ in Detroit, Mich.) doee Dot innlidate CnrYe el ,

Fie. 50. To conform with the 8.Il8umptioDt of lheo17, the underground sbooW
be uniform to a depth equal to at leut one and one-half ti mee the width of die
building. In cootrut to thi .. from bit own esperieaee, the writer can atate tUt
the el.,- depoeit of Detroit it far from being homocenooUL It eoDti.tI oJ. •
irrcular tUOClelII!ion of l.,-en of 10ft and .ti! el.,-.

different types of hammers, theee three valufl8 would h....e been fairb' identieU.
l b . End~nbT. lltatementt IlOOw how .. form ula e&n acquire .. good reputatial
br an act of Providence rather than b,. inherent mente. Since engineen ?8J
seldom hue .. chance to watch di tterent tnee of pile-driTen operating lim.
taneou 1,.- on .. Tet'1 bomogeneona material. ther are apt to base their opi.te.
on an inadequa~11 small amount of actual evidence.

lb. Pauwell jUIltl..T emph••ieee the fact that the S ew York Sub• ., ..
unqueetiouabI,. the world'. best laboralo". for the Itnd,- and Hhutnti01l of III
type!l of foundation problem.... The ..me wu true for the Panama CuaaJ ia
the field of .tability of earth elopes. Unfortunate),.. n l'1 few rMu)te of~
...lue were derived from the Panama experi ment beeauee of Jack of fundl.na.
able for purel1lcienti6e reeearcb. In New York. the unique opporttlllit;r far
1O'8tem1tie reeeareh MleID8 by DO mean to have been utilized to fu ll adTantIIIL
The New York Sub• .,. remains .. be.utifullaborator:r without equipment '"
.ithout personnel, The profession ahould appreciate al l the more the idelll.
of thoee few engiDeera engaged in aubw.,- construction who, by their Oft

initiative. eeriowJ, endenor to broaden technical b owledge on th it IObjed
b1 Q'Stematie experimentation.

lb. WilIiaOlI preeenli a thea". hued on three usumptionl: (a.) '!\at
eenleeent is merel,. due to eompreeeion of the un derground; (b) that tbe total
depth of lIOil ccmpreeeed is limited by the depth at which the pressure inteDlit1
(per unit of area) dros- below a certain limiting n ine; and (e) . that tit
coefficient of compre88ibility, C, is independent of depth. Att ent ion should .
called to the fact that Aaeumption (e) could merely be coueideeed appnm·
mately ....lid for material, with strong cohesion; for cobeelouleee materid,
OIl conclusive. experimental eeidenee, it doee not apply. Mr. WilIiaDll tJ-.
computes the aettlement of aquare areal with dift'erent widths, b. F....
Allo8umptiona (a) to (e) . it i. evident that " (Io' jg. 18) , increases in limple
proportion with b. Thia fact it alao expressed by Air. Williams' formula,

B}' ilit roouci lllo:' the value of h Into th e term s precediDI
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furtbermore. the ob8e"atione quoted by lb. Williams refe r to • reoentll
eaDlt.rueted bui lding .nd ~tlementaare Dot eompuab1e .. long .. one of them
.011 continua For . boilding retlting on c1.,. found.tion.. the Mrttle ment
twall11e1.n after it wu ecnetruc ted i, oertainI, Dot identical with that jult
after the building 'fl"U completed. 1t tDa1 be m&D1 timetl more important.
n Ul. for instance. in Y uaachllM!tts, • ,hon time after eoastructica, the
_dement of an important Itructure founded 00 plutic el.,. ranged between
0.1 and 1.1 in. ODe,.ear later, the eztreme .ettlemeota bad increaaed to 0.0
ad J.8 te., respeeti"eI,.. and ten ,.ean tater, they amou nted to 1.0 in. and 7.6
ia., rMpectin l1. In Chicago, eonditiona are not YeI'1 much better•

lIr. WilliaInl I UggE*la reducing the diecrepanq between the rtllIulta of the
Io.liq teel and the act ual settlement b,. load ing the ~il around the teat
footiac. To follow lh i, procedure would mean an attempt to compenute for
1M effect of the time factor, which is ,beent, b,. addiog • Iced factor. The
importaDee of the time factor on the relation betw""" IIettlementa of . mall
aDd Jarp foottop i, ez~ingly different eeea for the aame eI~, depeodiug
011 the water content. Hence, it leelDl rather difficult to eBtabliab a reliable rule
for computina the inte.D!lit,. of the compensating load which Ihould be applied
around the footing. Ineteed of tJ'7iug to reduce the discrepancy between teet
Nul.. and the eettlement of the propceed .trueture b,. introducing into hi.
arrumenll one more element of unoertaint,'. the wr iter take. it for cranled
that thit di-erepanq ( together with the poIaible effecta of the laek of uniform­
itJ of the underground) repreeente inel'itable defect. of the load telt method.
Hence, .hen attempting to en luate the probable aettlement of a proposed
Itrueture, be bues hi, judgment not only on teat reaulta and his knowledge
of IOU pbr8ica, but alec on past esperieece and on what the telt boriDgIJ aho.,.
about the nature of the deeper , u ata. Telt relulta and ph,., ica1 knowledge
are used merel,. for establishing conn ection between put expeeienee and the
Dew. ituation. In no case would he dare to re11 101eb' on a tfllt reeult.

.Mr. Williams atatel that the writer neglected the effect of the de.8ection
of the found.tion on the prtl8flure diatribu u on ceee the hue of tb e fo und.tion.
For foundations on well compacted sand. the preuure-relie.,ing effect of the
de1leetioDs i, n ry important indeed, but for 10ft lOil., thi. ia illlignificant.
Thia fact hu been known for more than fort,' ,ean.. Since molt ra ft fouDd.·
tiona are supported by 10ft lOils, designen do not often have aD opportuniu
to take ad1'lDtqe of the preMure- relieTing dect of dedectioD: The queBtion
«looemiD&' the dis tribution of praaune onr the hue of raft foundations i,
ltin in a ooDtroyen i. 1 state. and tbe diecu..ion b, Mr. White of the ..me
topic teemI to indicate that engiDeen are b,. D O me&IU UnanimoWl in ..umiD&'
u iform pftlllure diatribution to be ad..

Dr. Chatle,. calla atten tion to the SIOWDe. with which h1draulic filla.
eoaaiItinc of b e alluyium. expel their ueeII water. Du rine 1$28,. under
1M writer's IUpenision. Glennon Gilbo" Jun. Am. See. C. Eo. made an
uU.uati l'e stud,- of the procell of eou.olidatioD of an b.1draulie-6JI dam.
For \hit purpoee, a abaft waa aullk through the 00,.. of the dam and undia­
tub.i I&IDpl. were secured at nrioWl deptha below the crest. The ..ulll
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of these iOTeetigatioD.l :repreee:at aD impoJ1.ant contribution towud~
knowledge of the ool18Olidation proeeu ; thq conform wi th Dr. Chatllt.
obMrTauOD.l and with the oonclu.aionl prt!riou.~ drawn b1 the writer &0.
1heot7.

Dr. Chader'. conception of the pan. that the molecula r bond pI.,.. iD die
phpiCi of granular m.ueeII i l fundamentalb' eouad, although it ia , till donbtfW
whether the molecules of two adjoinina particlel in teract direct~ or whether
the interaction merel,. tak. place brtween the molecule. of the .k:iDI 01.
ad80rped materials lunuunding the particle..· The poNibiliQ" undoubt4db'
Wau that the degree of dilpeniOD of • highl, colloidal to il ma.T rradualb
change. To date, Tet1 little iI knoWD. about th is pfOCella. The writer ill
inclined to believe that it i. often auoeiated with chemical changes aDd IMt
it p1a71. Tet1 important pan in Nature.

The moet promising' method. for the deligu of sheet-pili ng teem to be daa.
based OD the &88UmptioD of • circular 8tiding surface. These method. wen
developed h, K. E. Peuereon, SVeD H ulrin, and W. FeJleniu.. in Sweden.t

In 1920 the writer wu .t leut u enthusiutic about colloids and about tM
pouible benefita to be derived fro m colloidal cbemistr'7 for foundation uI
earth-work engineering as l b . H olmes i. to-d..,.. However, during the...
ceediD& yean of Itruggle with the ccmplea material cel led lOB. thit enthuaiam.
has dwindled to praeti~ noth ing. Some of the re&SODi of the pI'OIHlIIi"
disappointment can be uplained by m e&DI of Yr. Holmes' own data. Be
admita that "atraetiDg the colloida from a eoil to determine the amoUDt 01
colloidal material il a long and leborioue proceA". Therefore. hep~ •
simplified method of his own. Accord ing to Fig. 20, an ignition 1088 of 3'
Ina3' mean anything between 6% and 29% of colloid content.

Furthermore, since the physieal proper tiee of eoils with equal "ooUoid
content" are apt to be widely different, Fig. 20 is certa inly not a 't'eQ' cee­
vincing argument. The following data from teat. on a soil in Spanish Honduni
mo.)' serve o.a an illustration. The eoi! had a cl.,. ecutent of 70% and, in ita
natural state, a water content of 33 per cent. The ooe:ffieient of permeabil1t)' of
this soil was found to be : (a) Un disturbed sample under primeval fa"
with 33% of water, lc "'" 2.6 em. per min. ; (b) the 8ame soil dried, powdered.
and compacted, j: = 0.0024 em. per min. ; (c) the same eoll with the ...
water content as in Case (a) . but after completel,. deet ro,.ing ita oriciul
structure by kneading, j: "'" 0.o00ooo85 em. per min. In addi tion, by incre-­
ing the water content of Sample (c), from 20% to 40% the coefficient at
permeabilit,. wal increased from 0.o00ooo10 to 0.00000250.

H ence, even if a rapid and reliable method should be found for deter­
mining the percentage of eolloide, it mllJ' b....e but little practical val_
The quality of a dam construct ion material depends eBIIeIltialI,. On ita per­
meability. cohesion, and internal friction. No simple and uni.-ersalb nlM
relation weta between the colloid peroentage and aOJ' ODe of theM! importut
pb,.ieal propertiee. The lituation becoIDellltill more inrolved COD8iderior lUI

• " "~I~ of AbGrptl_ ••• Ul. 8_lIla, CIt Gel. :' 10, CUr. T.,..III . x . ~ ...
C. &.. II'MrtJl. NauoaaI COUOW "".pael... I n .

t ..ItM••" Aulpbea." w. N.I hrlla. 1121 : - EnI. r.u. J:nI.W.........
T....tu.i.P..' 8&...,..... H. k re , 11.. 1'11.
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loti. the ptrmeabilit7 and the cohesion of aJl,J eoil tna1 Tart between utremeI,­
'Wide limita. dependi ng oob on the hialo.". and not on the .ublta~ of the toil
..-", Nothing eaoept a refined chemical anal1'lie could di8cloee the nature
tf the Idmmura. Finally, lOme of the lDOIi eaeelleat dam conattuetion
.terial. that the writer bu eeer encountered. ehieh were .pleDdidI, fit for
~ng earth daIlll without. core-wall.. oont.a.iDed almoet DO colloids.

O:tDJideriog theM and m&Jl7 other facta. the ,",iter eaJlDot be blamed for
_ ueptieaJ attitude toward thoee who hope to deri ". important practical
lIeoefitl from colloidal reeeareh. He pre!en to obtain data direetJ, from the_tI of appropriate uperimenta. Nnertheleea. aDJ' adnnee in \he field of
eoIloid cbemittl7 it of ouLttanding inte Nllt to eftf7 ooe dealing with toil.
ad with earthwork engineering. Tbil interat. ho.....eI'. it at pneent of •
,.,..,. lcienti6e nature.

lIr. Feld thinb that the ..riter, d ort to eetabliah • more aceunte inter­
,malion of actual construction esperieeee i . • deeire to "Iuddenb' sub­
Iblute • new 'lcienco of foundations'." for precedent and esperience, No
IDCh intention Mer entered the writer', mind. The need i .. not for. latent
III of. r but a more intimate co-operatiOD between field and IabOra tol7:
h _bUlbing au a lon, e a co 0 aD3' au I ,.. nomen
ta.N eerlainb' ia a MaUl handicap j but it itI b1 no mean. the principal
ItumbliDl' block. Far more detrimen tal it the wideepreed lack of training in
abltract rea80ning and the teDdenC1 to rejec t thea " complete!,' umell it lead..
onmicht. to oonclUlin resulta.

The reuDn the writer neglected to deal with the eirect of the R ape of the
IUft on lettlement i. obeioue, At the time when the paper w.. written, he
did not know aDJ'tbing abou t it. En n in the cue of the bearing of solid
apinst solid within the elastic limits, the ehepe of the area bu a TefJ Impor­
lIDt effect. but aU efforta made to eolee the problem theoreticalb' thus far
hue failed. However, since J anua". 1927. es:perimentl hu e been conducted
at the Ma8lJ8.cbU8et ta Institute of TechnololD'. for the purpoee of getting at
leut preliminary Information on th is con troyeni.l subject. The reeulta
obtained are intetelJting enough. They suggeet that the effect of the shape
of the area on both the equinlent settlement and on the uhima~ bearing
elpl.cit1 m~ be YeTI di fl'erent. depeudiug on the de-gree of cohesion,

For e.s:a mple, auume two loaded areal, one with a circular ,bape, of which
the diameter iI d. and the area, I; and the other one recta~lar with the
width, d, and a length seyerel timee larger than do 10 thet the area i. F. For
a material with dominating eoheelon (Pl..tieine). the equi,.aleut .ttlement
{or f w. found to be amaller than that. for F. On the other hand . the ultimate
bearing capacil1 for f ... found to be con8iderabI.J peater than that for F.
r or perfectJ1 coheeionlell materials, the oppotite relation WAI found to es:i8L
The tee18 were repeated Ineral times, and the telul18 were remar&ab11 eon­
UtenL Here, apiJl, it IeeIU a fact. that the iD8uence of the ahape of the
.,. IDIJ' be l'erJ dift"eretlt. dependi ng on whether the bearinc capaeit1 of the
_ terial it eeeentiall1 due to cabMion or to internal friction.

The ".,.mpathetic'" aeuJemen&of adjoining footinp m.,. baTe "17 dUrer-­
11I.& cau... 1.D the eeee illustrated b1 the writer'a F ig. 11. a feeee pc»t
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located at • dietenee of about 300 ft . fro m Bu ild ing ( b) . had eettJed .......
inehea. In this cue" the Q' mpa thetie IIetttemen t wu due to the PnlN!DOe ••
1ll7er of aand beneath a bed of UDCODIOlid. ted cla;r. Another t;rpe of I1Wt­
r-thetie IettJement (eettlement of the mrfaoe of the ground in the " 'lJ
of • concentrated 1~) baa been treated theo retieall,' by tbe late ProI_
A. FOppl in "Vorlesungen iiOOr Teebuiscbe llechu ik", which .JIM) cOlna.
the renl1u of the testa performed in order to cheek the theof'1.

Mr . Houeel preeent8 a aerie. of very interesti ng and nln.hle teet ftIRIlta.
H owever, from theee reauJu. he feels justified i ll eoneluding tha t the atat.em.1I
presented b the writer concerning the relation between the bearing eaPlCi.,.
and the diameter of round pI_tea, is false, and that tbey lead to abeurd reRlha.
A similar opinion ill known to be held by many other engineers.- The wrikJ,
therefore, 1Il&1' be justified in examining the argument. presented b1 Mr.
Houael in somewhat greater detail.

At the cutset of thil closing diacuuion, the writer quoted the UlIum~

on which Fig. 60 w.. hued. It allllO' .._ .hOft"g th.t La... ( A ) and (B),
derived from these ..umptions. are a. unquestionable u the la.1 of appliai
mechanics. provided the auumptioDi agree with ccnditiena ui.ting in Natan.
Therefore, if a diacrepanc,. is fouod between theoQ' and practice, it muL hi
dee to eome factor Dot taken care of b,. theory. 10 the cue of foundaDc­
reating on cia,.. an apparent diacrepanc,. wu found to be ca used by the low
permeability of the material which retarda the settlement of a large footiJlr
much more th an that of a amaU bearing-block. The ad. anlages to be deriTflll
from such knowledge are manifold.

The tint lesson learned ia the intimate rela tiouehlp that exiete benr­
the low permeebilitr of tbe underground and the proereeeive settlement of the
buildings which it euppo rte. Furt hermore. it ia important to undentaDd
that a settlement of identical foundations on ident ical clay. m.,. be ftIl'

di fferent, depending on wbether or not th e clay ccntaine Itrea" or la161 of
permeable land through which part of th e exCC88 water of tbe cl.,. IDa1 freeI1
drain. It il eleo important to prevent the mistake of appl,.ing to a iairl1
permeable .,.stem of strata the experience previoully obtained with foundatiODl
on very slightly permeable materials, such al plutic, homogeneous c1.,... That
i. wh.t the writer can. a "acienti6c approach" to • aoil problem ; an attempt
to uncover the reeponeible facton by isola ti ng the variables and 8Yl tematitalb'
determining their relative importance.

However, Mr . Housel eeleeted another and ap pare ntJ..y limpler method 01.
dealing with hil subject. l natea d of attempting to inves tigate whether or DUt
the ltatementl quoted by the "riter were coDliltent with the accepted taft
of mechanics. he introduced into hi. diacu.ion rath er vaguely defined eoncep­
ti oOl eueh AI ",hearing retiltanoe" per unit per length of perimeter and "Jlr­
eure bulb". These conceptions certainly are convenient for a general d.cri~
tion of the eonditione which esilt in the underground of • loaded area; bat, if
it COmel to rigoroUI anablis. the1 oeue to uilt. In applied mechani~ •
term, ".hearing rtWiatance". refen ucluai1'el1 to a un it of art"a. not 10 a UBi'
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.1eActh. and the p"*ure bulb i. DOt referred to .t ell, ueept inasmuch ..
it iDdieat. .agu~ wh.t is rigorousJ,. espeeeeed by the fOnDolu of Hertz
ad Bouaai.....

CooIidering theee facta, it ia .erJ di1lleult to tran.ll.te into terms of
applied mechanica euch ,tatemeata u ..the important eooaideration • • •
it the e!ec:tiYeneM wilh wbich the ditrerent ahaped pl.teI .dju,t lhem.e1•• to
tM p,.ure bulb."

Speakina of hi. *t rElJUlta. Mr. Housel admite th.t the reaulta agree with
ccalioou as defined b1 Cunea 0 and 0•• Fig. 50. Yet. he rejeeu them"DIe"· • • when the principle is applied to the much larpr &J'8U need
ia pnctice that the fallaq of this ..umption becomes apparent". Then.
witlaout preceding aualy,i.. lb. Housel aupened. the term he rejeete b1 a
term of hi, own conception (Equation (11». and ,imply claims that his tenD
~w a ..tisfactorJ solution, ,..lid for all lOils in.pectin of their pbJ..
iesI propertia Nowhere in his dilCuMion does he hint at the poeIibiHty that
I dill'erence in drainage oooditiolW mll;J ban • lu greater in8ut:oce (>0 .ettle­
meu.tI than a difference in oompreuibili~ or in intemal lrietion..

lb. Bailq- touchea the human side of louodation engin~riDl' b1 quotilllf
two l:a* of failure whicb occurred in Ipite of thorough prelimiD&I'1 work.
The qUeltion u_: Will it eur be poeeible to ...oid entinl7 .uch trqic inci­
deotal The writer does DOt believe eo, A.t the ..me time, lrom bia penonaJ
uptrience with foundation failures, he is oonnnced that lOOn than 90% 01
the accidenta which occur nowadays could be eeclded b1 proper application
01 the results of soil research to the design 01 loundationa. The olhen will
remain iDe.itable. nry likely forenr, on .ooount 01 the fragmentar,r ebar­
ICter 01 the information furnished by test borinp. By tranalorming th is frag·
menta,.,. information into complete geological profiles. the engineer automat·
ieal.b' introduces into his foreceet a penonal element and with it aD element
of unoertaintJ'. 'Ibue, 00 const ruction work with which the writer wu OOD·
eceted, careful test boringa were made and all of them indicated the presence
of a ecntiauoue bed of very stiff clay e:atending to a considerable depth below
the base of the prcpoeed raft foundation. Immediately before the reinforce­
ment lor the concrete eleb was placed, water broke through the bottom of
the pit. carrying large quantitiea of 't'ery fine undo Scbeequent in't'f.etiption
br lupplementary boring showed th.t there wu a nurow belt of quicband
eoc1oaed within the cl.,. bed at a very &hallow depth below the bottom 01 the
8ta't'ltion pit and by mere chance the teat borinp miued it.

The riak ceueed by the fragmentat1 character of UllIt·borinc records will
II• .,.. continue to e:zist. In connection with dam foundations this inel'itable
riak is Ye,.,. much gffattof and yery mu«"b more Ilt'riou.. The ultimate aim 01
the eeieaee of foundat iona merely eonei t.8 in reducing the preeent intolerablY
wide margin between the lactor of safety of the blO8t aod of the I~t eoHd
foundatiODL

lb. Condron deaeribetl an iDlltructi't'e cut 01 fouDdatiou espeetenee in
--.eeUon with the Chicago blue clay. A.C!t'lOrdiD&' to the teet borina'a, the
atif_ or the cohesion of thi. clay ieereeeed eonside ...b1, with the depth .
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Since the cohesion of the cI.,. .,..,ied with tbe depth, and ,iDee, in additia..
the c1.,. repreeenta & Terr alightb permeable material, r.... (A) i. DOtdireetIJ
applicable to Yr. Condron'. cue" and the interpretation of the teB\~

repreeentl a rather complicated problem of lOiI pb~CL

lb. Condron', method of handling the problem can be eoasideeed I tnirlII
eumple of • Terr eoeeeieadoue and oou8erntiTe approaeh alone the liDII tl
current practice. In order to determi ne wherein thit: practice mq tall ...
of .hat i. detirable, engineen ma,. uk the quation: What areu merata W
.Mr. Condron to conclude that 3000 lb. per IKJ. ft . i• • we load for the ICliI
..bieb be telJted1

IIi. moet important argument undoubtedlr was that tbe neighborinc bWw.
jogs, with foundationa designed for I BOil preaeuftl of " 000 lb. per IKJ. ft., ....
DO eeideaee of unequal .ettlement. After Y r. Condron had verified thiJ lid,
he made • loading tell, with the 80il arouud the loaded area remainiDC' iii
place. From the fnorable outcome of thi, t.Mt" plot the eei denee fnrnilblll
b,. the neishboring buildinp, be reached hi. coeclueicn,
. If the peoeedure for determining the admieeible ecil preeeure is 10 IimpIt.
then wh7 doee the engineer need any of the more refined ~il atodi.' T.
aIllWer this rather 'tita! queetion, auppoee that an engineer h.. to ooutnlet
a duplicate of Yr. Condron'. buildinl. Before preparing the plana for •
foundation. be mUElI enetb' the ..me tEllt .. lI r. Condron did.eseepe to __
that there are DO neighboring buildinga the beharior of .bieb would inform IWI
about the qualit1 of the underground. Furthermore, when miling his ..
borings, auppoee that the engineer diecovere that, to a depth of 10 fL be1ft
the base of the proposed footiop, the underground is the ..me u that fout
by lb. Condron. Below that depth conditions differ in one of three pl*iWe
ways, 48 followa :

(a) Instead of homogeneous sti ff blue cl..,., there it a homogeneouatoft Iht
clay.

(b) Instead of homogenoous stiff blue clay. there is a sti ff blue el8J' .hi.
contains several layers of dense but very permeable, water-bea.rill&' und.

(e) Instead of homogeneous Itiff blue clay, there is a "varvedn clay. conaiJ&.
iog of a succession of aJm08t impermeable and fairly permeable layen about
1 in. thick .

Since, at a depth of 10 ft. below ita beee, the ecil preeeure exerted bI tM
loaded 6-f1. SQuare telt footing ia alreadz negligible, the outcome of the 10M.
ing telt wiU be almoet euctl1 identical witb that obtained b1 Mr. Condro&
Yet. the major paJ1 of the pre8llur8 bulb. of the full-eleed footings will be ia
& material altogether ditJerent fro m thoee in the cue eited b1 Mr. CoDdna
As & ecneequeace, the ntio between the IIettl emE'nt of the telt footiDa and tI
the full-eised foothill will &00 be altosetber different.

In Case (a) . the eettlement due to lateral 1ield of the 10ft cla1 will •
much more important thaD it wu wben the deeper part of the stratum Ol*

eleted of atiif material. In Cue (b), the 8ZeeM water in the cl&1~
the Jull -eieed footings can freel1 drain into the ..nd out of the clar, di»
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ihrovah the homogeoeoua etiff elay beDeath lb. Condron'. buiJding, it could
_ percolate u:cept "'et'1' .lowly. In Cue (e ) . the clay caD dillCbarp itl
__ ",ter dill more ~. and the let1Jemenu due to cndoal conaolida·
tioD are apt to be TW1 important although the material Ii... the im~OD
01. beiIlI' Teq .tHf. Whenner. in praetioe, the writer euoounten ""t',rYed
c1IT'. he kilo.... there ia trouble ahead. and aperienee h.. innriabl, confirmed
lit uue.ipeticm.

ne engineer .ho pq8 little or DO attention to the manifold chaneter­
loti<o of ..ill .ouId be apl to ...... the outoome of the loodi"" toot, oed would
couider eo- (. j to (oj to be idenlictl 1rith th.... d-.'bed b. lIr. 000­
droo. Ueeee, be would 000 oonaider 3 000 lb. per "I. Ii. 0 aafe l..d lUId to bi>
ItllJ)riIe the reeult of hit decUiOD would be aD uoeePTe tettlement of the .true­
tuN. The taU: of dn'e1opiDc • -ecienoe of found.tiont" oonaiatI in pnYeDtme

IDCII errol"l b,. pai.n.It.ak:iJi anaIpia of the reI,tin weight of each indiTidual
(.etar which could J:lC*ibb' inSuenoe the beh.no!' of the propoeed etrueture,
Without meb. ~iI. the prof_on would haTe el..~ .. IIWl7 difrerent
nal. for the interpretation of the felIUltI of toedina' u.ta .. there are eonai·
neen who keep .. noord of their ob.erntioUi.

llr. White', experience, deri...ed IDOftl7 from coDitruetioD work. in New
yon. eoTt'rI lOme of the moet dif6cuh fielde of fOUDdation engineering and,
wbeDner he eb~ to disagree with aD7 of the writer. 't.atemenla, the
niter all,.,., feet. eompelled to "think it Oftr twice" before he repli-. The
two pointl wherein lIr. Wbiuil opiniona eeem to differ from thoee of the
writer are the nIne of loading teatl and the relation between the bearing
capeeil1 and the denaiv of soil..

The principal argumentl agail18t placing too much ecnfldeace in loading
teltl were explained in general at the beginning of thi, clomng cn.eu.iOD

and by lDeana of an uample in the writer'1 eomment on lIr. Condron'. dd­
C'UtliOD. The writer ueee loadiDg' teatl merely .. a meana of inTeetigating the
character of indiridual Itrata. but he DeTer would dare to paM judgment OD

the probable settlement. of a full..ized atruclure without caHful conaideratioD,
not ool7 of the result. of the loading teats, but allOof the inSuence of the char­
acteri.tiea of thc.e Itrata between the elention of the hue of the p....ure
bulb of the telt footing and that of the full·.i&ed footiDg'_ The CUfII in which
the toil ia of a perfectl1 uniform character to a depth at leut equal to the
width of the building are Ter'J' rare.

The retatiTe denliQ' of a IOU or of a rock it undoubted1.J • factor of impor­
tance, but unlortuna~ the relation between the beh.,.ior of this eoil and itl
dmtity are by no mean..s limple enough to furniah reliable information on
thebearing ea.-city of the materi.l. Thus, when ezperime:otiD,g with cl~ the
writer had an opportunitt to compare two blue cll3'l from two dHt'ertlDt
locaJ.iti.. One of thtlN claya. with .....ter content of U,. (TOlume of TOids,
(8~) ... almoat liquid, .hile the other with enct17 the aame water content
aDd the aame TOlume of .,.oida .... found to be .atiI and had a Terr appreciable
oonaiat.enq. Similar although 1_ conapieuou. nriationa were fOWld to m.t
wben aperimeotiDa with unda.
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This leede to a dleeueelon of the effect of the Ihape of the vain&. lb,
While i. inclined to ..ume that the large yoicb ratio m.,. haTe the ....
effect on the mechanical propertiee of • A nd .. the mica COnten t. AI. __
ter of fact. the compre.ibilit.r of the lame Band inCl'ea.lJM rapidly with ita ftI­
ume of yoida. There i.a, boweTe!', one fundamental dil'ermoe betweeu pIZI'I

aand and aand-mica mUtUflll which cannot be uplained b1 lb. WhiM'.
AMu mption. Thia difference CODO&rDI the elutieit.r of the two material. ..
illusirated b,. the Ibape of the rebound CUrYM. ThUl, when upenmea:m.
with verI fine quutr: dust, it ... found that the oompreuion eune of tIUe
materi.l " u .lmoet at steep as that of • IaDd-mica mixture, but the reboazad
enree w.. almost .. flat u tha t of an ordin_1T aand, while the rebound evftI

of the equinlent und·miea mixture rcee "eq lharply. Since the reboud
cunei of the clap are as deep .. lhOM of PDd-miea minuree, the writer COD­
eluded that the clay. and tilts owe their mecbanieal prcpertiea ee&entiall1 \0

the presence in the material of • high percentage of lC&l&like particl& At the
t ime wben th i. l tatemen t • •• published, it .... preeeated as a b,.potLMia.
Since then" Profeeecr Gold&chmidt, in Oslo. Norway. haa succeeded in meuur·
ing the actual quantity of eeele-Ilke particles p1"Ml'nt in t~ieal NonrfWiu
c1ayll,,- and the data which he obtained checked 10 ..ell ..i th thoee derind
from the ..nd-mica experiments performed at y ....ehuMitts Institute of
TechnolO(D' th.t there is little doubt about the bJ'pothesis being fUDdamentalb'
eound.

From. pr.ctical point of new. the principal di fferenee between TerJ be
sand and an equallY fine eand -mica miJ:ture i. th.t the Tolume of Toide ill
the former i••1..~ . e1')' much smaller than that of the Jatter. prorided both
were deposited b,. identical geological proeeeeee. Sand-mica mixturM with
macroeccpic grains and with • high percentage of mica hu e Dot ,.et been
found in Nature. The so-called " micaceous sand," .. a rule contain onb •
ve1')' small fraction of mica b,. weight. The micaceous appearance is due to
the fact that a single sand grain weighs twent,. or more times that of a mica
Ilake of equal size.

:Mr. White ill Inclined to duubt the validity of the writer'a atatementa OOQ.

cerning the effect of the depth of a foundation on the settlement for perfeetb'
cohesionlesa material. H is doubts are unquestionabl,. baaed On ..hat b. hu
obsened in actual practice where he has had almOit no chance to etud1 •
material conforming with the condition of perfect lack of eoheeion.

Mr. White's eumplee of the general cha racter of the settlement of whole
buildings ( Fig. 31) leave little doubt that th e centers of the outsi de .an.
settled more than the ccraere, but it is atill an open question ..hether the
centen of theee buildings settled more th.n their perimete ra. In order to
insure uniform eettlemeete, eome engineers in Tezaa foUo.. the praeiiee 01.
keeping th e soil preeeuree for the outer foot ings 12 to 2010 Ieee than lh<* f.
the inner footings, and their experience weDll to confirm the lOundn_ of
their practice. It shou ld . lto be eouide.red that the relation between tM
amount of eettlement of the center and of the perimeter of a buildinc. at equ.a1

• A_r&d b, CUr" Te,.."I. K . Aa. 800. C. ... ta~. OeoIorO'," It!&.
•
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IIOil preNure per unit of area ma,J be Tef,. different, dependioc on the degree
to . hich the ecbeeice of the underground dominate. onr internal frietion.

Tbe iDtroductofJ' remarb of Mr. Simham'. dieeu ion describe enctb'
.kat the writer baa been "dririnc at" for maD3' ,.ean. The writer alto eon­
.. that DO 1••• e&Il be derived from llbOOrrel.ted leU of ezperimenta; but.
It the aame time, he eeriouaI, doubta .bether 101' formula can be derived to
eoftI' all the requiremente of aetnal pnctioe. In dealinc with found.tion
problema, the .riter confinel himaell to ..ha' lb. Simbam caJ.b u. careful
lIiapoIb of eTe'1' factor that inftuencee the behaTior of • soil", and in doing
10 he Iw almoet inun.bl,. found that he muet be ..tided with finding out to
natatent bi. preeioue experience applies to new eueL All tb. rulel .hich
lit deriTed. and Tef1 like'" .U those which be will derin in the future, ant

ID!ftb intended to be tool, for use in thu fundamentally important diagnoeia.
Equatiolll (lj) to (21) , inclusive, repreeent one pceeible approach among

.aD1 to • malhematieaJ. deeeription of .hat eogineen may obeeree. Hoe­

.... their ..lue will dePend on the decree to which lh. Simham eueeeede in
takiDl eare of the time factor. whieh is the stumbling block in the path of
aD limilar attempts.

Xr. Man ton deeeribee ao example for the application of ecil phyaica to
ths Itv:d" of materials for h,'draulie-fill darna. Since thi. inTMtigation w..
IIrmiD.lIfJd. much progresa baa beeo made along .imilar lioel by the work per­
formed in the writer', laboratory. In pun uing thi, work. the lhofOUrh iOT"
tiptioo of perf~ undisturbed material. extracted from the core of an
m.tiraa h,ydraulie-fill dam proved to be of inestimable uaiatance and th rew
much light on the disputed problema. (See, elec, the writer'. commeotB OD

Dr. Chatler's dleeueelon),
lb. Shew deecribee io tereeting esperiencce with New Orleans muck soils.

Since the in ternal frict ion of under-drained muck soil, i, eztremel,r low. th eir
'*ring capaci ty depends e68entially 00 their coheelon. At the aame ti me.
that the, .re fa ir1;r permeable ill proved by the fac t that it is poeeible to drain
them with opeo ditches. For eoile of such a character the rule represented
by Cu"eI a and C1 • F ill. 60. bee at leut approximate ..tidity. Thi, etete­
ment 8greeI with Mr. Shaw'. experiences.

Furthermore, preTiously published theoretical inTeetigatio08 of the writer
hue led to the following concluslona regarding the ultimate bearing capacity
of mediu m permeable and saturated lilts and muck lIOita. Select on the aur­
flO8 of sucb a ecil two equal areu and load both of them at a di fferent time
rste until failure occun by an "out-and -up" flow of the loaded ecil, The more
tIowb' the load i, applied. the more chance the ecil has to eapel ill Uceel w.ter
daring load application. Therefore, ultimate failure of the area which w..
!older! 1'f!fJ' ,lowly will occur at a higher load per unit of area than thai 00
_hieh the load was rapidly applied. Thi, theoretical eonelueion i. ,ubttan­
tilted by the snooeu of Mr. Shaw's method of levee construction by suecetJiftl
spplieation of wide and thin Iayen. The oompactinc effect produced by
loed application i, illustrated bl the writer', Fig. ..

lb. Shaw', oo.erntiona eoooerning the di tJerenoe betWfleD the efteet on
10ft lOil, of eoacentreted and of distributed loada can attention to an impor-
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Mr. Shaw'a eaperleneee furuilh iDlltructi...e eumplee of the fact that the
resulu obtained by theol7 C8Il be depended upon, provided the assu mptiOlll
oonform. reaaona.bl,r v..eU with the conditions wating in Nature.

It w.. a great pleasure to . un e,r the valuable teet ,"ulu preeea ted bJ llr,
Wing. In regard to the loading teau the ....riter would coIllider the teItI

tant feet, c1oeelJ' related to the inftuenoe of the depth of foundation 0 11 tIM
ultimate bearing eapaei~ of the eoil, 8 uppoee th e area, /J~ (Fig. &1), is am.
formlJ' loaded. while OD both lids of 0-4, the load deerea.- from itll "alue at
o toward sere, For thi. cue. both theo..,. and espeneeee lead to the CIODICiu·
.ioD that the wider the area OTer which the Iced lipread... the great« i.e u..
load, P, PI' 't' ete., at which failure oeeun.

The effect. of the Sariill' out of the load becomee .till more oolUpicoOUl if
the thieneee of the 10ft IQer it 'Yef'1 much Ieee than the width of the '­
of the fill (Fig. 52). In this cue, the 80ft layer i. " trapped" between the be. 01
the load and the eurfeee of the stiff layer. If the fill hal DO tensile , t rength.~
limited de"th of tbe 10ft t.,.er and the friction along the top IUrface of tbe
firmer ground introduce racton of reaiatance ebeent in deposita of greater

depth ; but if the fill b.. tensile .trength. an arching effect. similar to that
_hieh takes place in grain bine, etill further redueee the tendenC1 of tbI
soh material to flow. (See Fig. 52.) From hi, experiences with the eee­
etruction of 6lle on peat deposita in .Michigan. Y r. V. R. Burton- oondoded
that in placing a 6ll with • width ranging between 2-4 and 30 ft. 011 the
surface of a peat depoait. the cha racter of the l't'!8ulting eubeldeeee ...
very different. for Tarying thickn.eesea of the deposit. If the thi~
Wat lees than about 20 ft.. the fin merely produced a trough-like deprelliOll
in the peat depoeit. On the other hand , if the thickneea of th e depoeit est:eeded
about 28 fto. the fills peaetreted as far as the bottom of the deposit, thut ece­
pleteb dieplacing the peat beneath the center line of the fill. Eumplee of the
Budden eubeidence of 6U. placed on soft muck eoile can be found in the report

of the Bwedieh Goo-Technical CommiMion.t The obeenatioDi made bJ the
Swedish engineen in connection with large-acale eubeldence failu rel led them
to hue their etability computatioDi for such BOil. on the assumption of circular
eliding curves. I
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In biB veQ' thorough end able dUcu. ion, P rofeuor KrJDiue quote. eert.aha
sUlementl made by Dr. Ing. Koegler concerning the rel.tion between 1ettJe.
ment and aiz.e of area. and findt them to be at ....riaace with tboee of the wri_.
u far .. ecile with great eobeeion are concerned. It ehould be empbuiald
th . t Dr. Koegler derived bit condu.ions uelush'e~ from tell" performed wi~

eohsionleee land. For th is muon the,. conform to Cunei C and Os- Fic.1Q.
For the tame rea90D the.y certainly do not appb' to toil, in general, i rrapeeti",
of their ph,sieal chancteri ties, and Dr. Koegler'. generalized atatemeall
ma t be reeeleed with re8e"e until more convincing argu ment. are P"e.eDtei
(or subetantiating their nlidit,..

Prof.-or Kryuine'. IU«PatioG to consi der. in the computation of • nft
fODnd.tio~ the preeeaee in the lTOund of hard ud ltO!t IpOti it. theoreticalb
ecuud, However, in practiee. i t IeeIDa Tery difficult to follow the adriee. Fint"
loading teetl would be required. Dot GOb' .n over the area. but &180 at dift'erelllt
ele...tioDi below the ground IUrface. Furthermore, since engineen do ~ Jet
know the diatribution of the toil reactiOlUl for perfectl, homc:JBeDeoUif~
tiona, and the importance of the effect of the lIOiI cbaracterilltics on thit preI­
l ure diatribution, there ia li t tle hope for l ueee..fulb' introducing fu rther refiDe..
menU; into computa tioDL

• The doubta expreeeed 1'eR'Arding th e wri te"'l comment on the lettlemeut of
the hardpan eaill80nll at the Chicago Union Terminal, were apparenu, doe
to the faet th at Professor K1'1nine ... not familiar .ith the details of the w.tL
The fridional res istance act ing oyer the l urface of the eai$llOnl ... determined
loy undermining the ea i880ns and loading them until they slipped. The uit
loads quoted by the writer obriouab' represented the top load minus the relieY'
ing elect of elde friction.

Another objection b1 Profeuor Kf1Dine concern. the Ib.ape of the eurn
which repreeenta the distribution of the eoil reaCtions over the hue of a 10IdaI
steb. Wben the writer stated that these eurvee have a parabolic . hape, be
obriously meant an approl.imately parabolic one. At the rudimenta1'1 , tate of
present knowledge B more specific ete tement concerning th is shape would be
premature. In addition, the ditJerence between the right and left .ides of Fi«.
40 is 80 slight compared with the importance of the errors aseocieted with Pro­
(t..'880r Kr:rnine's theoretical eeeumntione that it eeema reasona ble to di8regard
it. Very much more important i. the question a. to whether th e parabolic law
rna, not 108e ita nliditJ' altogether if appli ed to ve1'1 eoheelee IOU.. For web
eoila the pressure di.tribution i. apt to be .imilar to that oyer the hue of a
I,illion which acta on the plane surface of a homogeneous, elaatie eolid. '1"bI
writer doubta eeriousl,r whether this diatribution hu a01 resembla nce at all
with either one of th e diatributioDB eepeeeented by FiR'. 40.

Profeeeor Kryn ine'a commenta on Fig. 6 are fully justified. The writer
agreea that the two lines will be neither straight nor perellel . The reaaou ba
railed to Ib.ow their true aha pe in the dilll'BlD wu aimple enough. He 00­
not ,et know th il ahape.

The wri ter became Iatereeted in the . ubject of "en trapped air" for the 6",
time when certain inoonaiatene ia were found to exilt between the 1'ellIults of
oomprelliioo teats on ellJ'a that were dried before teltioR' and 00 otbers that
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were used .. thQ were taken from the drill hole. The inoonai.tenei. wen
• uted b1 the fact that tbcee lampJe. ..llich were preparEd by misiag the dried
~ with ••tee contained an appreciable quantit1' of .ir. while the othen
C\IClDtainecl rractical17 Done. In order to determine tM importance of the inSo­
.. of the air on the tell result&, Mr. A.. Caaagl'aDde performed lOme wta in
tM writer'. laboreto..,.. Fig. 53 .ho••• ~iea1 tat f'elUlt. Oee of the two
_pl. mereb oootained air and ••tee. The othe r ... prepared from d,.,.
powder and. tn addition, air ... injected in\o the tpecimen by • drop counter
iD tueh qu&ntitiel that ita ?Did.. ratio iDereUed by almoet !W) per cent.
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TABLE 12.-AYI&lQII: Dreau or SnuuTloM or FIxll DuST Wnno IT
CAPILLAU RIaL

coateDt deereesee con,ider.bb with time. One of the aamp)8I tes ted ..... .
fine, reddish, micaceous duet; el'ectin ai&e, 0.028; un iform ity ooeJJicient, SA;
specific gnriQ' of grain-. 2.874; voidA ratio. 0.698; and eoelBc:ient of per­

meability, O.'l~ X 10-' em. per 8EC. The relulu are . bowD in Tabl. 12.

Peofeeeoe Krynine &eE'JD$ to have misunderstood the eJ:planatioD of the
lubrication of the circumference of pilei dri1'eD into c1..,. The idea that the
blow of the hammer IDa1 Iorce out of the IOU • quantitJ of ....te r fullJ' equal
to the TOlume of tbe Toida of the cl..,. which w.. displaced b7 the pile. D~
entered the writer'. mind.

If this wu the cue, pil~Ting would produce. thorough eompaetinc of
the c18J'. wbereee the writer emphaai&ed the fact that pile-d riving lea.... the
denJlity of the clar deposita praeticall,' unaltered. The writer'. conception of
the lubrication of the pile i. III folio... : In 10ft claya or ailtl in which the
permeabi1i~ ie eonaidcrabI,. gruter than in ltiff cl.,.., the blow produces I
~light. compression of the mlterial nexe to the point. of the pile. The ...olume
of water pressed out of the material repre&enta a Iman friction only of the
...olume diepleced. Lub rication ia ceueed by thi••mall quantit7 eeclpinc
between the IOU end the aurface of the pile. The ab80rption of the film dur­
ing the period between driving and re-drivina il due to eubeequea r expansion
of the .lightly compressed cl..,. which eurrounde the pile. Thi. proceea of
abllorption by no meane requiree (n Profeeaor Krynine a88WDe8) the prelIeDCI

of entrapped air , beceuee it aleo occurs in the laboratory under telt oonditioDi
which oompleteq eselude the preeence of air in the cll1'.

There ia also another factor that i. apt to cause a gradu al increase of the
"ltkin friction". If certain clay, and organic mude are moulded into cylindrical
ebepee and tested at different times after moulding, one ill apt to find that the
ahearing atrength inereaeee considerablr .. the time interval becomes greater.
Thi. increase BeeD18 to be due to the gradual development of • molecular bond
between the indiridual particlee acroea the Iayen of ebec rbed material. U
pilee are driven into euch material.. the akin friction ehculd al~ iaereeee II

tiIDfl B088 on.
Profeeeor Krynine emphuize. the leaning of Ruaai,an engineen toWard

the "d1'7 eubetsnce theory". On accoun t of tW, leuliDg, Ruaeian engiDeen
188m to be inclined to speak of the "bearing capacity of lOila" in general with­
out due regard to their e:ltrecnely manifold pb,..ical characteristica. Thia,"
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leuto i. the imprMBion the writer h.. obtained from eome recent Ru"ian
publications on thia eubject.· :MOTe than a h.1f eentur,r ago, • prominent
rreoeh easineee eIphSll8C!:ld hi. erperieDca with earth slide. in • lringle eeeteaee
.hich ma.r be tnIYI.ted: "The feu of froet aDd of dQ mara the bcinning
of .n.oom"'. In ••imilar fuhion the writer i. inclined to eummarhe hi.
uperiencee in dealing with the bearing-eapaeitr problem in the eentenoe:
-To recognize the full importance of the permeability laclot mara the becin­
aiq of wiedom in foundatioD. engineering". Since the permeability factor
reprMf'Dts by far the molt obtitinate .tumblinK block in the ~th of IQ" attempt
\0 bridge the rap between .malJ-eea1e te8t1 with elqa aDd actual foundation
pnctioe. the writer eannot help ftP.rd.inc tfdr'1 tbeori" of loil beh.nor .ith
deep distrust. The history of pile lormolu would ~e ... IOlemn warning.

Profeeeor Enger'. Taluable eontribation can. attention to the great diffi.·
ClIll1 of meuurinw the etl'l!8Mlll that aet within the loaded ' earth. Judging
hom the rault. of meuuremenUl made b1 the U. 8 . Bureau of Public Ro-ch
the Goldbeck preuure celli do DOt Ieera to be an,. more reliable than the prtll ·
IRlre eapeulm UIel.1 b1 inyatigaton at the Uniyenit;J of DliooiL It will be
ml8relting to learn about the propertim of the pre-ure eeU. reoentb need b1
KoePr in GennaD1·t

The formulu of Bou.ineeq fol' determininc the prMIure diatribution in
the toil beneath lceded areaa are at leut appronmateb nlid. prorided the load
doe. DOt exceed a certain fdelion of the ultimate bearing capacit:1 of the
IOiL For upreMi,ng the difference which exUu between the theoretical and
the actual preeeure dietributica, ProfeMOl' Enger'a "line. of preMure" (Fig.
fa), will reeder nluable service, The ID08t important problem that remains
10 be solved ececeene the eft'eet 01 the loil characteristic. on the di8tribution
of the preuurea over the bese of the loaded area.

The objection of Proleuor Enger againat the 1188 of remixed material dcee
not eeem to be quite justified. In the uample which he cites, the compact·
iag of the cl.,. ;'88 performed b1 the capilla.,. pl"88lure at a time when the
..eter-teble was at a lower ele....tion. Once compacted. the clay tUM up on11
allO&1llraction of the quantit7 of waler which it preTioualy I08L The proceu
ean be reproduced nr, easily in the laborator, b1 fint compacting the c111.J
under external or capi1lary pressure (applying the preeeure under ..ater or
UJlO8lng the eurfece of the clay to the air) and then aUowing it to expand
ttl,.,. sIowb under water.

In Nature one even encounters la,yen of Ter, ItHI' clay beneath the bottom
of lake., between layers conailting of the I&m8 material in a ye17 ~ft .tate.
The hilltor, of these "fceeil crusta" i8 .. foUowl:t At a period wbeo the
IU.rlace of the older cltlJ' depoeit wu expoeed to the air. the top 1.Qer of thill
depoait partl1 dried out (compr&lllion due to capilla..,. preaeure). At a laleT
ute. the surface of the older depoeit ... fiooded. and I new 10ft cltlJ' depoeit
•• ! ')rmed on top of iL Due to the veq imperfeet ftlJume e1aatici17 of the=.Bri,t abMract-"-"''',''-..''.''-, .,-ac-::·=_-:-:....:-:-:c.:-:_-.u ... bJ Mr. M. IftMCf. I. Tfttbeoll •
_ ... .... Top Bolla. olllt.. a...... HlP• .,. a-rdl. BlIrw.... ~ra4. 1.Z6.
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clAJ'. tbe former Crullt retained the greater pUt of ita . ti ff conmtenq (lee, for
in Lance, the re-u.turation or Reiling cun_ in F ig. 53).

Since the paper ... publilbed. much bead....,. h.. been made in developiD(
method. for aecuring undisturbed umple. of et..,..- Teete are being plumed
to inTflltigate the telatin importance of the dieturbenee eeueed b7 diffl!nlD.t
nmpting toolL There IeerDI al80 to be no dif6cult7 in IleeUring undiaturbed
cl..,. eampl,. bom deptha u peat u 100 f lo

The effect of Tibration!l on the eettlement of IltructUrtll reeti ng on cl....,. ...
brought to the writer'1 attention under rather peculiar cil"CUmIltanoee. Lo.d.
iog testa were made on a ,mall ecele on glacial cla,. in hi. laborato..,., aDd
Teq eenaitive instrumenta were used for me&8uring the eettlementa. All the
settlement cursee showed distinct breab at poinu corresponding to 5 :00 ,. III.
ud 9:OO.L M., the 9:00 A. 1II. to 5 :00 P. M. IeCtiona being oonaiderabl7 ateeper

than the 5:00 P. M. to . :00 A. M. eecticne, The eaUM of thi. phenomenon ••
found to be that between 9:00 A. )t. and 5 :00 P. M. the di fferent moton Joc.ted
in the »...ehuaetla Iutitut.e of Teehnol0C7 Labor.tori••N opera tins, while
at 5 :00 r. )t.. they are abut down.

The te8tI euggeeted by lIr. JO~8eD will be particul.rb' valuable if thtl:r
are made in triplicate, using identical hearing pla tes, ref.ting on identical elat
....ter mixtures, eo that one of the bearing pl.tea conaiata of cast iron (i mper­
meable). one of concrete (medium permeable), and one of concrete teparated
from the cl.,. by a sheet of filter paper and a thin layer of Ia11d (permeable).
The diameter of the bearing plates ahould Dot be more th an one-fifth tha\
of the container. The exposed anrface of the clay m ould be covered with •
paraffintd ruLht:r sheet in order to preveut eTapor. tion, and the eettleme:atl
mould be measured with delicate inatrumenta to detect th e difference in the
speed of settlement of the three platel. During the teete, the load ahould
be kept eoneeene, and should be equal to the preeeure required to produce ..
initial settlement of the cast-iron bearing plate equal to about 0.06 or 0.1
timee ita diameter. In each of the three cues the load should be applied iJ
equal increments and in equal time in tervale, In order to obtain the mui·
mum benefit fro m the teets, the base of the bearing plates abould be equipped
with annular cil-preesure cella, for inveltiga ti ng the distribution of the lOiI
reaction over the cue.

The procedure proposed by :Hr. Jorgen.aen for load-moisture telU ia praeti­
cally identical with that of the writer. Since the ahape of the re-comprelliOD
cureee, o d (Fig. 49) , is only slightly influenced b7 the intensity of the pl'f.l"
aure at which Iwelling was begun, no great cere is neceMIt1 in performiDr
the teet.

In eoeetuetoe, the writer wish.,. to esptelll bia gratitude to the diacu8aon
for their nluable contribution.a. The gapt, in th e preeentation of the aabjed
are .till numerous. Yet, the arguments brough t forth offered a unique 0ppor­

tunity for expanding the paper on thoee pointa which were . till in doubt ill
the minda of the readera.
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The telu1... of the diaeuMion mq be .umm.rUed, .. folloW! :

t.- The En,'nun", N..,. Fonn.lo reeeieed all the comment it deeerTM
aad few engineer. eeem to be willi... to defend iL

I.-The attitude of the dil'ereot engineers toward the .riter', theoretical
tta\emtatl repreeented by Fig. ro ... far J.. uDaIlimoua. yet it lead. to
ter1 intereeting coneluaioD.l beeeuee DO obriou. contradiction between theo.".
and practice ..... found to eDit b,. thDM who reported uper;enClel with fairb'
permel.ble material. (Y ellin. White, with &i.bl. JiJDelton8 ; Sha•• with
mock; and Wing, with sand and graye1). Without uception..l1 the eumple1
lI'bicb were quoted as argumentl aga.i.mt the T8lidi~ of the writer'. "rule."
referred to e1..,... The J'eUOn thereof i. obrioua. The OOmpf'NIiOD of c1Q'
uder 1000d proceed. 'fer)' alowI,. IArp footinp or raft fauDdatiou "'Quire
dradee or erea hundreds of ,ean for complete teUJemenl" .bile the obee" Il'
tiou aD which the argu mentl wen baaed eoeered, at the "17 best. • period
of • eeeple of yean of the eettlemeut reeorde, In other word.. the bill for
the UCIIIIIIiTe to.di~ of • aaDd or rut foundation tbould be paid wi thout
dela1 b1 the fint generation, while that for treating the el.,. in a l imiler
IDID.ner should be charged against the IeCODd or th ird generation.

It iI unuiog to realize that tbe Eogineering Profeeeion it facing the
problem of progreNhe lUb.idenee of cl.,. foundatione in .lmolt eTe.,. part
of the globe. and 1et iI still oompleteq iguoring the time element .ben it
t'lOIDeI to .pp~chiDg' the IettJement problem from the theoretical point of
new. If tbe diecueeion bad Dot brought forth &DJ'thiog but Itriking iUultra·
wu of thil one fact. the labor inrcleed could be eoneideeed ...ell inn,ted.
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