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Abstract 

PRACTI CAL EFFECT OF THE S1iALL PARTICLES IN A SOIL 

ON I TS COMPACTED STRENGTH 

Although in the past century there has been ex-

tensive research and development in the fields of soil 

mechanics and soil physics, the engineer who uses soil as 

a bui lding material today, still relies on data and tests 

which were in use yea rs ago . For the most part, these 

tests are expensive and time consuming , because they 

are based on the principle that only the combined effect 

of all the variable factors must be considered . 

Scientists in certain rela ted fields, ho wever, h ave 

studied their own problems with more of an analytical 

approach, and their contribution to the gen eral study of 

soil may be a valuable one. While the engineer has been 

mainly concerned wi th the physical properties of the soil, 

the soil scientist has investigated the chemical, thermal, 

and electrical properties of that material . Many 

practical soil problems mi ght be solved by weaving to-

gether the work of the engineer and the soil scientist . 

It is possible that out of this attempted solution will 



come new data and tests that will benefit civil engineers 

seeking the answer to problems of irrigation, flood 

control, and highway construction . 

Tbe particular problem considered in this study 

was: How do the physico-chemical properties of a soil 

mass affect its overall strength. 

A solution of the major problem was assumed to 

depend upon answers to the following : 

1. What is the effective size and surface area 

of certain artificially mixed combinations of different 

size soil particles? 

2 . vVhat are the physical properties and 

strength of each of the articially prepared soils when 

mixed with water in the usual manner? 

3, How can the effect of the physico-chemical 

properties in each soil be nullified? 

4 . ·what is the strength of each of the artifi-

cially prepared soils when the effect of the physico-

chemical properties in each soil has been nullified? 

5. What does the difference in test results 

indicate concerning the effect of the very small 

particles in the soil? 

To carry out tllis investigation, eight soil 

systems were prepared by mixing in different proportions 

the particle size fractions of one selected sample of 

disintegrated granite. The compacted strength of each 



soil system was determined in the usual manner by two 

separate laboratory testing methods. After these were 

completed, each of the eight soil systems were treated, 

in a previously investigated manner, to repress the 

physico-chemical activity of the small soil particles. 

The strength tests were then rerun on each of the treated 

soil systems to observe the effect when only particle 

size was a variable. 

The results of the tests indicated that when 

the physico-chemical variables were in effect, the 

strength of the soil decreased rapidly as the percentage 

of small particles increased. When this reaction of' the 

small part~cles was effectively nullified, an increase in 

the number of small particles in the soil systems resulted 

in a slight decrease in strength. •rhe strength of soils 

composed almost entirely of small particles was well with-

in the range of values generally observed for excellent, 

coarse-grain soils. The physico-chemical activity of the 

small particles appeared to contribute much more to the 

loss of' this soil's bearing strength and stability than 

did the actual decrease in particle size. 

This study indicated that a simple equation 

might be developed to express the strength of this one 

particular soil as a function of its effective particle 

size or its specific surface area. In the course of this 

investigation it was also apparent that studies similar 



to this one would have to be made on many other different 

types of soil if the results were to really be of 

practical value . 
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Cnap"tier I 

IN'rRODUCtiON 

For e~uatUJ~t1t;Yo men ua1ns E~o-11. as; a b~11dtne; 

ate·ri.al haw re l1ted th ~ tb.e:r ~- a great. ·nu.m.'be:r ([Jt 
. ' 

facto~e. vh1ch d~term.ine hov atrQng tb1a e~tremely hetero.-. 
geneone maae ~- ll ~& after 1.t has be.en d1akJ'l:>$d t%'om 1t.s 

natural ~ oGt t1an 8Jld tnanip\\la te.d to s~1 t thtU.~ 4e.$1Jt~et&. 

Arts aml s~ie·noea t ®l a t:lnftl to the oon.at1 t14,n't<t Qf tb$ 

eartb • a mantle hav . devel.op&d to the ,pot.nt iltlere the et• 
teQt cr· sotn$· ot tb<HJe. v~1Qble t~ctor-s ar (;) qu1.te cle~ri . . 

tn t &ct, $J1o;usn 1.a ~tlown to M v-e me.te·t-1&1l y t ao1li t a.ted. 

the .aoco.m.plisbment ot u~numerc.b.le feQitJt ot ~ng1neeP1tlf 
ant. Al'"~h1 't•ctu:rNh 

~et-r.eghi . d. eek ( 22} 1. 1948 • contend tbat tor 
rJtOl!Jt · flctto l p:robltmB 1n so1.l tnech&n1cs only the (HJm• 

blned etf eet>s ot the · vaJt1able t e\or• nteA l)e· oonet4er•d, 
and 1ndeed; th.1 ~~oti~e ht.la bAd · lmolit u:d.vel'Ul. tol• 
lowtng~ The result 1& a d~1\ll ot ,ptoa~\.tc -1 ·$0 1 testa 
neceetUU"'11y sppl_!ed t o evo~y type of E~otl ~ th ~b1cb tne 

en.glae.e:r comes! in ootl'taci*· Al thougb 'tn so1l 1abo~ato:Pt&a 

4A:f 1m l1t1ca•1onl: . nd Oll'g~:rt1 zed prooet'b.trfHJ hav-e beEim 

deva1o e.41 the p:rEhlont «av sotl analy$1s 1e qu1. te e~ptn-.­

e1ve ~-nd ttme eonsumag, J n ana.lyt1t)al ant! ay s-nemat14l 



to 
appl'Qaoh 1tt the study ot eo1l m~y be lacking. I~ is poa-
s1ble the~ an appl'Qa.th a1mtlar tQ tba11 lr'ecen'tSlf u.nd•rtaken 

1n hydrau11os may be a~plto~bl.e. 

Tbe prQblem involv~d in th!a S1lll<l1 is only otle 

ot the :nany 91i'O·ble·ma that mua1 eventually l;le und&rta.kfHl 

to determine som~ ays-te-m~'t19 metho-d tor acou:rately eval .. 

uating soil atr·&ngtn by the ua& of simple and r apid 

field test,$, 

. ~l\i' wob~~m 

:aow do tbe phye1o!1l•chetn1Qa1 prop~~"t1$a of a 

soil ma.s.s e.tteo-t 1 ts OV$:r?al.J •. strength? 

:Etib-lem !91ll& ·i-.-~l. . Wbat- is the et:te~t1v~ 
aize and surfaoe ar$a. of e~~ta.J.n art1f'te.1.ally m1.ltet 

co.mb1nattona ot 41ff•~ftll fi1zf· .e$! 1 p~~1cle$? 

.2.. What ar~ the ph,.S:1cal pJ>-o ert!es and: 

a:trengtn ot· each ·er the art.1~1o·1 .ally P-"e:Pal'"S~ &oils 

when m1JtEHi w1t~ water in the us~.n1 mnney? 

y~ How can tbe tU'tect Gt. the ph7s-ieo--onem1cal 

prop4ltrtiell J.n ·ef;ton sotl b.e Aullttt."d? 
4~ · a t is th~ $t~ength Gf t -ach crt t.he att1,.. 

f1o1.ally p:#epa~ed soils wh~n tbe etteo:t ot ·tb.e 

phys1o·o•ehem1cal p~op~:rti'$9 ln e·a.en i01l baa been 

nu111t1•d? 

S- What does tl:uit· d1tferenbe 1n teat l"EHruJ. t$ 

indicate concerning the phye1oo ... ehem!e~l Elftect ot 
the ?ery $Mall pat"tiolea tn the eo1l? 
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D~l1m1tf!~lon ... ..,.This 1nvee~1gat!on is 11m! t ·ea t.o 

a un.1torJn 'type of $011 round 1n tb.e V1tJ1n1tJ ot the cent1.,.. 
n·ental divide nea~ Lo.v:eland Pas~ 1n Color f14.o. The $>~~1 .. 

me:m:t.s were petl-tormei 1-n the f3 ol.or-aio $ta.te Rt.ghw~y BQt.l 
Testing .Laoor~'ory in Denv&~- ,. 

I 

lJJhe ~e~m Etf'll watt t ak-en 'to 1rtclud~ ~11 ot the 

m1.ne.:rfl.l and or,ganta ·<Joturt1 tuent-_e o.t -the $:air·tt.b~ -s- mantle in 

ag~~ga'ti~1()ns up to $; 41am.-ete~ of th~ee qua·rte·rs of an 

.tn~n :ln a1 ze jl! 

e~tt$Qit~b M. t}l:e: ~ wa s det&:tm1rie4 by the 

Ca.ltro:rn-1$ leM"'i.ng lia.t1o lJ!e$'b. and t!le s·,.•&m Stab-1lome1i$;r. 

To -stmula te tteld ~O.l..ling_.- the c-ompatrt1~n p~O<lt"td\tr.e uaect 

tAa~ th e modified method. reacr.ibe(i _ by tbe A~er! eM Aaeoc"" 

t at!.on ot Sta~e- IUgl'iwa.y Otfloials, ()the:~ auxiliary te-ste 

wet-e performed in aCJ'C0rda.n¢e wi til th$ Ame-r-iGa.il Assoo1at1on 

of $.'!tat$ Htghway Otf1o~al.s a~d 't!h~ Ame~lct&n Soe1EJty tor 
Testing Ma.ter1ala s~a:ndams. 



Cllap\l.et- Il 

ItEVIEij1 OF LITEMi'Ua!. 

, · .... 

Since soil 1a made u. , ·Of bo.th OQA~at and t1l1$ 

particles 1l 1s not $UTP~1.stng t ,o tind ~bat tt has beeA 

e~u41ed t:r0m aelviln"al different po1n,ts of v1ew. On the 

one nand; the coarse~ tractton·G are tnert. e.nd lend the~ 

selve$ 1'1Efll to pbys1Q-al analysta.-~ ~f.M~ rev1Eht 6f 11te;ra• 

tu:re a long 13h1 s line w111 'b·*' t e.J!;;.en JaP undttt tn~ h.e ad1ng 

of ao11 me~.han1.o$ in. eng1nt'te%'ing ~ enemtc~J. a~peota 9·f 

aot1 atud1~a, artd ge$techn!es~ 
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'fhe very small -~11 part1ole.a.,, on the other 

haa!l, .d!ffe.;- from t.he ¢oarser traot4.ena 1n tnat they bQVe 

phf$1eo-~hemt .cal pr~p~e~t1es .~ As a ree-ult or speo1al 

studles rnad$ by rnem'bet"s ot Oherru,oa.l and Cer£\mi¢ Soe1ett..es, 

meant the-orett~al exp.laQ:at!.ons for the · behta.Yif)l' of eolloids 

and ,ao1ul:>le salts at-e available~ Fel1Q . lng tbe preaenta-. 

tton Qf the;e~ publ 1Qattons is a rev1.ew of the wo~k of the 
~ ' 

newly termed ttg-$ot~c.hn1c;1a.n» . who att~mpts t0 apply all 

ot tbeae pr1nc1 lea o.t roeohan1os; pb.J&ical ~hem1stry; 

and. m1ners.logy to tb:$ p~~bJ.-ems of sa1l engtn~e~ing. 
T~eile general1:tAtions p:rov1d(t a $ummavy of' the: at,u<'U.es 

mad~ ~~ tb& f1rst t wo rteld~ of sotl 1nveatl.ga.t1on. 



~ llt~Qhe.Jl1<1. ~ 
ens~ne~r\ns 

As the ~esult ,of . the r¢Jeets undsJWtBlk&n b1 

many emg1neet-1ng ag$no1es in work1ng out pr<>blems in 

1irl1lga 11 on, flood ~oittrsl., road buil41.ng 1 a.nd mi.l1 ta;ry 

fot-11f1~Hlt1ons ; ~onl:l1derable 1n:formatt..on regarding the 

ph;rsi~al Qh,.~a.et·~~ arid eornp&·~ted ·att-ensth of soil · ha·s 

b$~tl pu'bcl1 ah$d~. ~·eto.;.e. the 'tu:x-n t>t the l s1!! ·t$.nti'U,l',y; 

Wh:ttney (24) 1 1892, C<>t\OlUd~d that phrs1c.al properties 

13 

l:U"<a~ b~tteP tor 1ndica t1ng th$ perfQ;rntaA<:e of eo1111 than 

a~e chemical. propertie~h Ali.th·ough 1iod.ay' s soil set~Bn.tt•.t 

m1g:ht reque$t that t .h1-s .statemen' ~ qualtt1·e4 1n tha..t tt 
tl.ol..4.s 'rue 1'¢~ .onl.r ~me. $O.!:le ,, 'the r·ae1 .~tunal.~ a. th~1 m~n 
can ttJ'ld ha s. push~d l>~•k a vca t;tt out'-'ta1n of unknowns in the 

b-ehavior of ~o11,. by theQ:t'~ttca.l. a nd e·:rq,~:r1mental 1nv~s\li<!O 

gat-tons. 
Ol;)e or the f11'st .se~tous enJ.tne'e;ri!lM studies. 

!i>.·f s~l,l EHb:r.'Vl ng e..s. e. .tQU.l1td&11on tor ~()11 t1leen•n1~· a torley ,, 

is tbat ap lied. to i~rt1f1oatU.on$ in h"&noe tn 1773., 

Aocor.d1~g to Krynin4 (16 .) ., 1947, ·it 'Was the;re tha t 

Cou.::tc.mb publ1$hed a 41seuss1Q:n or •aJ>th :pr:e.se~u:·e 1n wht oh 

he dealt w.1 ~h p~t1el-~a o:t so11 as "tdealtzed tragment-al. 

ma$£4es, 11 ancl p7N~sen1itd t;tle geJ;)e.ru e~'!'Uiiitl.Qnl 

.s « · a + p t ., ~ ¢ 

1n wh1.all s 1,s the shearing res1sta.ne• ot th$ so1l, p ;t;a 

the normal at:reas on the surtace ot $.l..1dtng ,. c 1.e ~h~ 

ooBstant of oob.esio.n.., a nd P. ls· the angle ot· 1nternal 
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fr1~11on~ In aO·COPi$nce i.dth tlili s t~~mula~ 1he $he~1ng 

at.:t'~~~h ot a. tr&gtl\~ntal ma.ss oe>ns1s$Ja Clt & ver1able p$.l"t 

p t G<fl. 11 and .$ o.onat4~t: pa~\ .e.. e.l t .hough 1 t 'W'ae not S' •·~1,.. 

f1.a4 la "itb$t p~opo·rt.1~-n th1~ ve.l\le 1$ 'laken s:epar~tely 

'by t:rte·tits~ a.t\d "!l>1 <J0'h:eJ1on:tl r~:r~·btt .. M~~~t tn&ta. Wflt.$ n~ 

1nd1Qa'U.on $f the W$-.1 tn: which :Small par·t:te1$.- d~V'elop 

th:i (s eoheatll)th 

R:~Sl~1m.e tl..$), l$98 1 a:ls.o ~f.le&ntecl a11. 1dealt·med. 

pi<l't11.r$- Qf soil ~na ~(l)nst4$t'$d that l. t w.aa matte UP of 

r;ra1!!1,li ot ·dttfEtrent s•ttes llkit sJMll.. Me de'!l~l<P',ed a 

th$r:>1i''f ·at tctu.111br1.utn o.t &·a.t~th met·$ae$ aM tl&e.d. 1t: to 

ae:lve prfl))~ett\s- 1nvo11111ns .tbt~:r and be;xring at.r~ngtn $( 

ilo1l, but he t~P~k~tl w1 th tht: 'f"ti);.:ru.~.ble· e t>f trt~t1on 

.ra~h~~ than partlol• 'Ji#S.& and .gr~ul1ng. 

Jila~en (10)', 19~0;; •• C)ne Qt t .h:e t'lt-&t 'Jo :l!'tal-

tt.e the n•ed fQt' a :ayatem.a~$;t. metll1~4 t11t 1,n:d.1~~:~1ng t:n.e 
fili2:e at pa~t1~le: f3! t'lh&oh t)~A$\tt-ute a pair1U .. ottl $.~ soil... ie 

uetd tne. '~'$ ~$.tf.E=J. ~~1V&. ,e1l'.9 1~ 1th!oh 1cS tM p~'14ltl :it.,• 

f>u> 8uoh that: 10~ <>t ttll the other pa:J"ti ol..fif:$ tb.at ~~ 

up t~le soil a~e stna~1~r~ fbls ~121e t :f1 r~adtl..:V 4etet'm1ru~d 

tr~m the paro'tiol~ a1~e ao~ntJi't~lat.1Gn e."Qrv-e. 
As the t'es:ul t · ot e·;&pe.r1ments in ec>th·~r-ete 

e4g1tte-er.1ng;. ·t$-l~.t ( ~0}. ,. 192' ~- d$'f1.$iiH1. tbe .f :o:l!'mula 
P . , ·(d/I>)n 

1\$ .tlete.:l'm1ne ta•al. g,~41ng fQ·r' ma~1n1um d. .&na~ty., In 'bn!s 

:IQ~m~ls. . p 1~; the pt'o-po:Ptton. of weight pe;eat.ng a giVIl\ 



soP~en or s1eve open~; ~ 1s t he eiz,e ot Gpentng·. D is 

thtl max1mwn pa.rt1ol• $i,-ze, and 1.'l 1s an ~~PQtt•nt f'ary1:lli 

trorn 0.24 t9 1 .. 2~. ~~.n 1t - l..o, tbe ¢Ucf've 'b.e:Qqmes Ei 

straight l!,ne * nd llA.e.n n • o. 5 tbe ¢lltrVe beeomt}a a 

pa.~ab:ola. This equattQn was .u•ed to 4es.1gn a. se~tes of 

a~t1ele size ($Ul"Vt!tt4 from wn1eh m1xtule'e$ ~~ ·d:i.fterent 

$!2l~ parti~leill were eomhined bf we ~ght 1!io .give d.1tfe~~n·t 

g:rs:A.ed a~gt-•g~t.f:ts t·~~ ~a~ 1n teEJte aa Qtl)ne~e~$ ·.. Eaeh 

cu:x>v.e on the part1ol' at ?.e ~raph and ea()h ·m1111ure was 

1dent1f'1e:d b,y the V$1ue or th.e expQnent n 1n his equa.,1on , 

Hogentogle!' ( 12), 193?, &lt:pe:rtmented lli th ¢L 

well. grad.~d. attnd a.ta4 a red clay~, in1 Jt1Jlg tbem toge the~ tn 

· $U'Cll ' a oon;c·~o.llM f a,.f.dat ·.on t.b.~.t ifh~ftt pa~t1a1~· 1!!1ze a.nalt* 

s1s was represen1ed ~1 :sev•n difteren.tj though similar· 

shaped~ g:ra1ta size ateumula·tldln ourve£t- ~be .$oil OQ~ 

respon~iing . \.o eaoh oul"~$ waSc eompac>tei in a ~ts.ndar<L l.ab• 

o:-atl)l'y manne;r to 4taterm1,.l'l$ th$' opt1mum d:ry density and 

mo1·t1i-tll:'e •o.nt&:nt. 1~~ .a.&tnpl-$ ~omp~·eed Mtlr·ely .or l"$£ 

olaf devel.o~ed the ~~at t).ptimum denatty a.nd tM h1ghtat 

opt1m:~m mo.ist.ure eonten;ti.4 $o1la :prepa~td .fJ-om tbe O:tlJ'V&s 

sbO"wlng 1ncr<e.asing EtmQ~ntt:t. ·Qf satad had eo~retn,ondingl..r 

b:1gbe~ dens1t1es Q.tld l¢w&"P mQ1stur&s at optimwn oon 1• 

'ttQtHtt A $qtl e·ampl~ :p~0par$d t1rom tb.$ s~d Q).flfi.e t wi;.'lh•· 

ou1 its o tlrt. , tni.nua o~ QO$ m1111m·et~r t~a¢t1on, showed a 

d.ensl'ty of 5, ·1 l.b~ per ¢Ub10 foot le$S than that of the 

W$ll !t"a.de:d. tutnd,. fae o. tim'lilm mo'tst"Qte was also lowel'• 



r~Q t~sta wet'~ ~epot>ted. ror shea.~ or· la$arlng a':rength t~tt 

th~~Je 1.11-oi.l $,pe .ctme~,fh · 

W:l'd. ttak~!l' ( 25) ~ l9~J9i s;tudt~<t the prop~:n:~~l& ·l ({):f 

clay on tbe basis G.f vart.a.ble gt"·ad1~ , and tu~ed his: d;f:-. 

t&:rBtined value of the spe(o\if1¢J a-\tl"'taee .$-rea of the d.lf• 

t&Jrent g:rad1Age or ela.r to 1dent,.ry ea:eh pai"t1el.e si!,e 

c·u:r-ve! ~ne _phys1~a:l p:ro,per·t1es (ilf the. olay lfhl~h he ln~ 

"V"eeltie;at .ed: wer• the plast1~1t~y) a"'SQ,i'b,&d tilm thiokn·e·•$; 

shr!.nkage, artd dry fl'h~~mgth. H.e foun.d tha t ·111 gene·r al. 

the. d.:ry at:renttth t.neJ"ea,s~ e wt tb deo:P$8>$1ng pa_r-ttele a1 z:t 

until a me.xt.nnm 1 s naohed~ then tU'Y ,~trengtb. deerea·aes_. 

ae .al.«Q <i'Eun-~ to "~xr"tt.~tn eonelu$1one O:n the. PhN$1ea,..~h~ .. 

11il4l ~·apeot. a of sa~all Gl.ay pal't:tole$ whlch V~ill be lll•n• 

tio~ed l ater tn th1.$ oha.pter. 

Wurnb\.\11. (~) t 194$ ,. not oniy developed a 

method by wld.oh o ti.mum moifr,ure QOn\ent ean be d~te;l\"U!Iined 

by the use o:r th~ pa-rtlol s.tte d1.at,,1\lut:io!11 ou:rve ~ btt~ 

lf.(!J also- tnTe~tJ:rate¢ and a<i>rop~ed th~ shea~ :sr&r•ngth 0f 

tsnr:ae so.1.1e on the ba a1£t of 1ihatx- ;pal"'1tele e1~e d1 atrtbu .. 

~.ton eurvea~ In S$ttera1, tl'le value pt the angle or in• 
tarnal fr1c'e·1on; ment!ont d tlindet' the :reterenett to ao~loml>. .. 
dec:rea sed lfi ~lt g:rea'tElJ' ereentages of t1ne pa:rttol.ee. 
81llC<:l t h e·l!"e w e the ~hartce that d1fti€UNUtt tyl')es o.f ~l.a1 

mi~t 'be resent 1n e.aeh sample 111 th~· l aat m$nt1on&~ 

tet;tta,. the resuliis ~·ould not be oornp9..ped tlJ;rectly. .Hi$ 

'\'lOr'k, ho ·rever; aeNEaS as ru1 1llUs1U"atJ.on 0-1 9Jl attempt.· 



to an.alyt.e· eotl prope:rt1ea on the baet a ot particle 

a,1z.ee and g.iellitng. 

f ·aylor (2lJ, 1948:. aumma.l'i~ed pl-eViGus fincU,ngs 

on th~ ·~or:relation between (lt~nsi ty anti soil $'t~ength "tty 

a ~;~'tatemen1 te the etre.ot tha.~ for a Slllitw,.a'\lEU1t elay th.e·re 

is .a linear rel.a t1o"n$h1p 'be1)W$en. the logarit.hm or the 

eomplt"$aa~V"'· ttrength and th:e v~Pid ra1to. Wl th ,n,o ~true• 

tur.al dl atut"hanoe 1ib1s rela tlollshlp ap eal"e to be indo ... 

pendent ~t· all othel"· va~ia.bl.e s.., 

Ev1ten tly ·~he t<'hMt of ana-l uz1n1 ~oil on the 

baa1a of' p~~1ele M.t.e and g:rad!ng 1s not new.. Roweveji, 

s~nte·ral ditterent ways. (If measur1ni o~ expresat.ng the 

size and grad! ng ha"fe btHHl lt:l$ed 1 t h th-e r.(j s~l t the. t 1 t 

1a eU.:f'f!,eult to co~ttPia!fe resulta <>f· the authol'!t1;6a •. 

~ef"~agh:t and Peek ( 22) , 19~~~ revi~wea the ~o;r:k of Alle·tl 

Ha9len ·1 th e~m..tnents. to the eff:eet that tile. oha r>aeter of 

. fine ... grs.!,n aoils depends ehietly on tbc tine·st 20 pe;refu11l,, 

and.. that it u1!.ght he p:re:tei'>a'bl& to s~leot D2o e.s the 

a1gtl,1ttoant quanti 'tl.y·~ 

The engin•trr ~sunll.t d.ee.~s Wi tb sotl proper1;1e e 

as a ey&t$nt. Seldom d(Jcee hot bre.at, dGlwn th.~ ao11 1nto 

tt·~~t1oJrte. ot a1tn1latt p;rop~l!'titls ta QOn~1det Sa.(#h ~1able 

se,parat~lY- He ls ;ehietly eQneeJ>ned wl. th &1lte ~nd g:ra.. 

datiE;>·n. O·.n th~ oth~r ha.n«t the a·o,$1 a:c1~ti-st 1.s m0:re 

1?. 



apt to b~eak do n biiJ problem and. a.nal121e the d1f'fe.~~rlt. 

p~'tttf• 
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I n t1Ad1tio·n t;o the ph.Ya1~al ~op~J~tiee ot th:~ . 

aoil, t -here ~e an :!.Mini te numl.ter "t voar1able f fte'to.r ·ta 

wb!oh are due 1a o~e way o:v IJUlotbe~ t t1 th physi~o­

obemt.oal lil-O:t1"1i t ot very mall prartielee W'1 th l1q~4a~ 

Tneae var.tablca comf'J into graater p:tQm-..neno& a.s the ~otl 

!s composed or lnr6&:r runount·s ,~f sltlall .l)la:rtteles. ·1'h~\ 

thes~ va!"iables should not b e -OV&lt'1Q-$ked, haa been 111\ls .. 

trated 1n an £~ool1nt bY \11-..ntttrk:er~ ( 28). 1948~ He tol.i 

of a million dolla~ ~trpo~t e0nere'e pa~e e~t ~ha~ 10 

d1;~tlntagrattng t "lth& p_re sen~ ttme to:Jl' the ·so ..... EJ :reason, 

·that: the· Etng.!neel' :ttt enarge negleeti:ell\ to u1tl1z~ a.:vat·1$~le 

1nfo~Uta.tion oonce'll'tddag tb$ high sod1wa and m~nea1um 

oonte-nt of the unde~11t~g so11~ 

fl.!-os1 of ~h.Q earl$ ehemtoal atud1i3s of soi l w-ere 

oart'led on tn tne interea'ta ot agr-tbttltul'e., H-i l gard {ll), 

1911 1 fltt.titM s¢1l 1.n:gl'$dt~ntt;J sol\\lfil .~ ·b<>th sn water a:nd 

~oi:G:Eh 8' r-ound t~a t . a.l theugl:t tne tnt tial le~oh1Qg ot 
v1:r!1J'il soil ex.t~aeted a meaattt-f)e.b.l .e q~nt1 ty of material, 

EJ.u:aaequ.$nt leaelli~e ~:Xtra.et:ei l1ttl.~ 11' e.n,y. When the 

s.o!l 1s d:rt ed , not only are the ao-1~~-~ . m.e.l~er1ela again. 

d~~:w~ tKJ the a~fa.O:$t but .he.~ting a Bii01l wv~n 'o 106° 0 

rend~ra ad.eU. tionaJ. 2U»o·un.t a of soil n~r~dtent$ a0lubl$ in 

at~-:r and i n aotds. &:v-en th~ very .obm,110-f.l phenomenon o.r 
1;u~~t. tro.m th·e sun after 1"a.1n 1 a $ft'~Gt1 v~ 1n b;ringUili 
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ee1ttatn s·alta 1nto a~:~lv!'ly whieh f~#rttEJl!'lY ·b~:bave4 ~$ 

1ne"'1 ps.rttel~s. .. 'fhe e.r-re~'tl ()f ~ht·$e· aalt,s w~s $b.G:mt ')),f 

JQ:h'~Mn ~nll No~t$n. ' U.s)* · 19J+li :tn .tb$>l;r- •·~i)$)"<1:~en1s .on 
detlx'~~~l.$:1\l$1!1. iJ;In~r shewed 1a\BJt th.$' ~lP~ ~t s¢luble ~11 

.fese.n~ Jnak4!HJ e&rHJ1d~~~ble d1t'f$JN:!',ne.e 1.\$ tG wtu~t e.&•mle:a1 
age~J~ r&b.oul~ be liett·d ln t~e&1l1.ng ~otle 1;Q d&1!elop t!Ut~~ · 

beat prop:e.ll",.le$, 

Moe;>il'$ j ' .,,., , Md Mtllld.1et.ott ( 17} * · 19~1 1 unf.e.M~olt 

a lUtl-1$.$·' of eJq)~~1m.e·~'ttt. te tt•teli'ltlin~ t!ua ~o'tt v~ abao_;r-bi:tlt! 

oo-f!llpon~mt of the so1·1.. They also ellQw$.d tb t beating hat\ 

a v~rrr d~·f'tnt t.~ a.e~l. ·en ln tteatro:vtns ~h~a abe$:r.ptiv·e 
. I 

Atte~ b:ea.tlng to. 8·44° 0. ~he- pa~t1Ql~· fll sh~vai ye.r:t 
' ' ' .i~ 

lt ttl~ POll~ te f!f;'Je~~l> Yf{te~ ~uad 1he $B.me me.1Ulttal. at~~~ . . 
~eing heated to U30° G sbo·v.ei praqtleally ~o ~O~if~~ t$ 
l\Psot>:b 1,v.;at•n .. "' O.ne ot the trUiJ·th.o¢a Of i~tl~rm1n!~g. th$ 

abaorptl~n WSl.s to tlQ'EJ ~h$ Prt~tsEU\GHi) ftt eol.l&tttal pa,Pt1el.~.s 
-

in a~$p$tl$~Gn, af1ft:~ w"$e ot· ae.tl1~g in we.1e,, 
I . • • 

HQ~n.1io·al~~ ( l.Z) ~· 3..9'1• f()\llld ~ slia;bt. cd~e~*~s.e 

1.n plaati~t ty o'f $C:1l when . be~i\i@d tio ,00° a" a. s1i111 

grea1l$lt ?ed;uet1o'n Whe!!\ tlii!l tl$nt11lei-&tJ:r&- Wa$ 1'-·at$e4 t~ 

40\1-() C ~ .and pl ru1t1,Q p~ope.:r~i·t!Hi we:re· en11rc,~1y et•str.:oyEid 

when a tarup~rat.ure· ot 5,00° 0 was ~.e&Q,h&i.., · K$ &lao de-. 

~ell'1~lltl a tttetbod. tHJta, tn . Attall!'a;u.J~i .r~~ a.~t·ua111 tteav~q­

.a";1l 1n pla• ,e· a~d oonve~1ti.Ag; it tntQ a br1.~k•-1):.~e mat:Q~ial, 

Se:rkelbaamer ( :)) i 19,4., de .serS.lied a method of 
ol~ss1ty1ng elaya 'bj the U$$ of .nea..t tn deh7d~at1on @<1 



rehyd:ra~i.on ot t h e ~a.rt·1Q1es. H1s eitp·el"1ments showed 

that a debyt\r €4t1Qn los& ot s.) ..... 13. O% trQm 3·00~ C 'bo 
' 

6-00e> 0 and. a. ·rehydra t1 on geJ. n ot o .1 ... '1· 6% fvom J0()0 o 
\Q 6!)0 0 1ndtea te4 a :elay Qt the kaol1rU:~e t ype . A ~otlii 

of alaout 4. 4_% and a gain ~f' · abo\.lt 14. 2~ ln ~be same Cl$'""-
.hy<iratio-n and tehydra ion tempera.t~:re- ;rangts 1n-cl1eate4 an 

1l.l1 t~ typ$. of clay;. and a l ose o·t 2. 6 ""' :5. S% 5tld a ial4 
' ot 9. ) ..,. (· .,'2.~ on dEt-hjdra.t1on and r&hytra 'b!ort. l$ · tla$$$1 · 

tempe:raturt · r anges tndieat :e-d a montrnol'lll~n.tte l .ype Qf 

clay ... 

l n r-egar d to t he ·heat et wett1ng1 f.loge·nt"i le.r 
( 1.2);: l 937J · p:re~entf)d. a formula toY! 1 ts .<l$t~"rm1n&t1on ~t 

t na-. dat• and $ltpreastd. tbs· · o_p!.n1on ot :oth:t.t- ~autJlio:r .e; 'hat 

1~ ·9· value. might be t he ttee:~ (>t abso~pt1~n et ye.po,ra at 

tbe1:r satu~at1on p~~a.suJ*~ .. 
Oert,e.in eo.1,eat! &ta h tlve utld$X"trut&ll tl!te' atudr 

or ~aP1ables otner than heea,t .~ Barkt'tt- a nd T:ru.e,g (1}- 19~8, 

'fol?' 1ns.1f.taf1¢l·e-, tnv-e~~1.3e.ted .~\'it.~Jctbt·d n~•S. ·i:J~~e· · e.nd oompr~a· 
I 

A:Ji v~ st~&llg'tb on the be.s1.s ot t he pH l"fllue ot; the Qla y,., 

They showed that by the eontrol ot the pK ([)f the 4lay,. 

cert.a1n phye1oal properties ot the cltty ea.n b~ 1mproved;o 

They also 'brought into oonsiderat1on tne f actors or so1~­
b1itty Gt salts e.nd ~tu•• e;g"Q,ba.ng·e Qe.pSiai ty <lt the e.la Y$ 

which they 1a;veatte;a ted. 

Grim ( 7), 1939) waa par'faoularly interested 

in the bas$' ' eiRebang• p.ropert.tes or ~lays. 'f~o~h .h1$ 
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effOJ""ta the re·a aon tor the b;r$·a:~:tup ot Qer'tain elay pa~lb.t ... 

~1~1). intt.> e~treme.lf .m!.n;ute f.le.Jtes we.a tle1e~to~o1.ne·d.; He 

~oncl~ded\ 'tbat. du& tio tne bl~h baa$\ &x·chattge. \M.pact ty of 

-mon1lma:r1llon1 te ola.ys 1 te. m~¢n ni·~.M.l analyst'- t s 11. ttl.e 

mo~e· tb.aa .a meaa-uH of the d$f-V'' ot tttaagg11>ee;~t1on~ 
Aeel~tding to Grtmt tbEr:Ce ma1 .'be . no ~ele.,1on between the· 

s.t.ge di,e'G.:ctlt.utto.n 4etmrmiaed and th$ sit:e Qi.fJ,:r1btltto~ Q.t· 

tne r:w;ture-1. .el ay-"' 

Harman and .F't"Qul1ni (8) ~ 194:0,. sh wed t hat ~he 

ba.$·e- e~~hange Qa a:o1 tr or llke mate:rta:la ta· ·(Jl'oporttonRtl. 

to ilU:t\fa.ce at-e a only, Fa~ k.aol.i:n! tEf1. $hr1nkage at)d heat · 

or w~t·ttng a.l'e line-a~ tun01tona of :tb~ \i> s~ ex:¢hange 

\'H\jla~11!1·y, 

Aeeording to the atud1ea t~Ul;<le by l?lh1$taker (2:) ), 

19:39, th~ p1aa,1.e.1 tr at a $Oil 1a 1ne~a.~s$d 'When ~~!lg~li 

is the ab$of'l;Jet\ eati~n . Alao 1 in tlu~ ·~a.ae: ot ka.olf.nl tft1 

tl!a ttemoval c()f' exchangeab.l:e l'>a&es · 1n~t-~ai;i$$ '14e wat~:r 

.r~qtdred 1Q · torm a tiJl~s'fi·t~ ~lx o~ ltaolt.M tfh 

.Ba~er (2)~ 1 . 40~ ~bse~ved that tn~ $Orpt1on. ~t 

non .. pola~ l1qu1da by sQil ta veif.'y l4.mi 1t1d, and t hnt .1' 

inereae:es wtth the d1-"EJ1$t)·trte oon a:tant or tihf# liquid.. H~ 

as-su•d. that aueh ll.Ori""'PQ·la.r liquids as 'Qen.~ene a.nd oa-rbon 

t•'rgac:hlo.~!ttl& d~a rtot, t aU$$ Slitl1t1Qan;t swell'ng and, ~•n"" 

s.eql;lently macr be nse4 t(') measu"e the ~re a pao.e of the 

ays~ern. A J'On•;Olat- lt,qui.d W'Q~l.d OrllY fill the po:.r-e 
apa~:e. wbe~Q._S a polar l1qu!4 net onlJ f'llls tbe re 



sp€t.Qea but t.t also ts oi-1en'bed on tbe surface r;Jf the 

pa~'-1~le· $· tQ pPo4~ce ~h'$ ph&n•mQnO'n '<Yt swell11li• Tb.e 

ditr~-ren~e betW'$el\ 'the S(;)~·t;tQn of the water and thEt n.qn.., 
pelat-· l1qu1d., thereto~e; rep:P-esent~ th:& amount of ate~ 

tnliJ;t 1 s ta~;ct:n, up ill the . s~:lli~g p;rot}~~8 • b. ·t· .1, t thH't$ .n01; · 

exactly ~e-pre $ent tE.l~ to·1ial tGlllm.e iner~aae: ot the ¢l$.oy 

bee,~\lae o.t ()erta.1.n o~ntraotto.n e.tfeot·s. The .. a• etud1e-$ 

~· eape()1al:(y help£:~1 .1.n u.n4~r'at ndiAtg the e:t t ect CJt 

mali part.tcles Qn th<\'t str eng'th Qf soil. tor S()t'-pt1on 

.ohUil¢1i~~1$t1~s &tpp.e:S.r '0 bi <tu1 t$ d.l,f£1$rent f~r l,;,u•~e 

and amall p~ticlee .• , 

. Hau: ser ( 9 ) J l~41, r eaf f irmed th~ ott~n s.~gested 

bel:t·ef tl:v~ t aQr,!')tion: $ s c.\ neqtHHHi.\f"Y pt'$lude '$:eJ reactton,$ 

ot $mall p&Ptioles with l i ctul<ta. 

A:notner "Y.al':t.abl@ faet>o~ ec,tt'~J>o.ll'-ng thf} b.el:u\Vi,Qr 

or :Small p.ei!''tlcl .g. !.nd theret·~)Ye the e:ttect l!.'r!f t h ea$ small 

n~t only $tt~:-eund.s small _part.leles blilt- 'irh:!.bh l$ s.lao 

ca.pabl e- o:t moving the-se small peJI'tt eles under eertta1n 
¢-orul.t'tions, Co:ugbl1.no-u:r a :nd 'l\1'\lt er (4} t 1944, appl;ted 

r~~ll'J.Ulas de'?elo_ ed ee.rlie·:r t~r- migra.t1~H1 speed, eleo.-. 

tr:onlo en . i§.e., and eharge density to ~lt.: er mtlinta.l reau.l~ -s 

1n :~laowin~ tllat bh~ :r·~te of rn:tgre.tt0:.li,. b!~h. 1€1 . dil'ec~l.r · 

prop~-~t1qnal to tlH~ ~eta p:ot&n.ti..al, d~ereaaes 1 th 1n..-. .. 
~r,~:aine; p~ttole siz~~- Ot!l·e~ $.ci•ntl$ta .t:ta-we f9btaine4 

s1m~lar :to&.t;tlt$. 



Wtl'11t·•~k~rt:\ ( 2' ) ,. 19.1'¥7, 2ave · eY,~di!Jn4'~ wbio-h 

~ndiGatetl · \hat th't• ts. a IJ~~ifl>l f~W'm ·.tjf ~l.·~·liJ't:~~c~""' 
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Q MG.&.1 S kMW~ &.Ill · '41!n~.~~~··~ $1 t • Al. t}l.~~b 'll\lfti ~~mpl~te 

.f"Ut);~:t1or:\ ~t tllt s ae~tr 1tttl'·C>-~u.e~Jl V'a".-~1 ·~~ 1$ not. $141 

ontt~$~Q~~· t'lluf 'f'a~' the. t 1 'tl: 1. s ~ vat"1~!)1t! t'4tQ:t ·a~ a.n4 . 

that· 1t te .~ ~bn-s·Eha.~•n;l)~ CJf Jtr:t1qt '- ~·~'t~;r ~n f!~l~ i~~1rt$> <~!.' 

g11)1.1 .iil t4~$·an \¢) p.~r!r~t~fi,t 1 ~ s't thts 'ttme e: · . 

l ·us't1Et. Q.Ud Sh~!lk1.~y ",( J), 19~$ 1 ~t~~WI!ttd ' 11• · 

. la~~,.~:P1 and. tittd \i~S>t.s . .m~de on soiLds tt:>·et~1l$'i l'.titf~ 

~&~·ta:tm. "C.Q.11\1Ite~~1al.;. r•d,itl;)lt$, wa."U•~ -~~r>~ll.~nt~h fhfi ·~:t~ 

:tl$rt>lm~flts lkl(l):W~ t~;dl ~1 the ~t.tt· ot t.'l'~m 0~5~ to a.~~ 

r~}'~a\lltet}t ~,. uy w1fb1i ,Qt 1.tie ~Qi'l" a~n<t~o1~:ve~ a~nt.(, 

iitlay ft;li'!\\V:$1S, ~..1\d t1m!lart b.~:fl$ f¢~$t tt$1ls blt'itY.1tlig ~ela"""' 

\1 ve:l:.y btgh pl!'ult1~:1 1r l,.nd:<!tlt~$ ~an ~ 1r,e.a.te-Q ·to ~ait¢10p 

b~tteT $ll"ePl.g1h and. $:t~td.l.i '1•· 

~1tfh ·of tl;:\e va1ia&~1& · k..no~l.e~~ tm.t:o'fi~:N1H1 1.it. the 

t1;;'l.tls f:1f P'-~e S'G!l,. m~:ta:ha:nt~H~ ~·nd S'tJ:10rittn,q :t"taei.r~ i s 
I 

$(1a;t t.~t:-~4 td1tf€H.t$hQ·~t 1i-t~hni¢ai petolU.,cal.ea. Mil 4llass1es.1 

p:ulillt(lut11ott$a. Kl'"YJ\lne f16L 1947, a·t r"ted. ·taa.t a et.u4r 
., ' ' 

Qf Amerrtf4alil e;.~_i,Q.e-e~~ l!t~ratu'$'$ ~~~ th~ l.a&t b~lf 

centu,.y $ho'frff tha:t ~)bt')ut ~l.l .of ttta ~W.tS:t~i1il~fttng a.~h1~~~~· 

-~fHJ.t:a :ln ,ecd.l $01~.$1\,te • ~:~$ a.o\~e,ll.y ltttG>'t~n f't\~$ aro., l. 
was ne,otHla"r~ t() put togt'tliElr and ~P:~ly. tb$. in:f'fl.fr$.~tlt.G>n · 

Gil :ab;eeir· l'eS1$'te,n~~.l 'l)~t<'t!Cl$ SlZ'$,:, ~ltf. Othlt,. f~e:~O~$ 

lti'ft11VU'if$ a~t~eng·t~ ·o·t eetnp9.c.t.E!}d · se 1l. • 1!i>'1f 'C:li'i$ me.~rt J$.ttt 
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tht:e ba.a be ·~n aec;lt)~];.%1l; shenl s1n.~e 19·~0 .. 

Out ot u.,. s~1enttt1o- stuil.eil at:Hl tit eO:QV$·~1e$ 

c~n,~:1'n1ng tne t-E>lE! ~t $ql.l\,i)l.·t $~l•s :nas Qom~ a. ,gen-e~~a 
ll$d.frs.tand1~ of ofl·m$nt.@:\ton.,. The t~gtneer 1$ p .. ~ae 1<>. 

deal with a. mul~1~udt of vs.rt.ablee ut¥.\tr th11ll on~ h~dtn' 
' 

beQ$-l.lSt ot the hl_g);). ~;gJ'.&-e (:)·f e(u•re.l a.t1Q;Q 'hat E!~tllta 

htib.-.reen the ~g~egat.t$1: bf Sll'te.tl p,ap'titcl~s an.a th~ am~~t:ftiil 

Gt •~~n1itn.g fl.ig•n.t$ Ji'~$ sen.tll D•~tdr~vtd. ~;X14t'·s .c,f: 1~en; 

a.nd •l\lft!1na.f ~Qllo.1ta1 .,l~y,. tl'ganl.(ll Jn$/t~e~,i and l~o~g$11le 
\ 

aal'b' ~~ ee:m&n'lil~ tige,nte aeco.i"d1ng te· :Save;,. ( !J, l~4{l;. 

g,Jad .a.l"e o.tten lump•~ ..,o@-eth•:t as a Qr.ngle va~1abla raet~r., . 

Wt~t-e,k\i!rlt t~?L~ 194! , ·Q,t••~ the s•ttln.~ *"P 0t a. fi~~-t~l 

m1;;ntu,r" ~f $JJ.ltCell'H~:$ · tl.~~J"e,atc$ <9>tl~ l~t;er:!,tcte :~l.ay A$ Qne 

eJtaatple ~nd 'bet ·o~•.nta.t1.-Qlt r-esaltU~rt t.:r<>m ~n~ Itl&..~t -~,;e. ·~t 

lim-eEr~~ne aggr 'ega t• w11n pQd$O:l.ic Ol$q as an~tn.er .~ 

1'e~~agb.1 Q.n.f! .Pe.Qk ·( 2~) 1 1948, $tated 1ihe." Q~ula:mb·' 11 

t()1i"lliU;la, ' pre $•ntC\ld ea~l.1er ln thi li ()b&pt'$-r") ~an be 1ls~4 

1n t~ ,e:asrJ ¢>f eemtt('ta.11on Qt aan4~.,,-.th:e -eo14.te:t.o~ it,.~$.;f!l 

1nfg ()nly ~n th~ et~et.!gtl'l ot the: ~~e.\ bfJbwe-en th-e ·aa.tld 

parr'D!olet., fhis o~htHiton wa.a d&t~ft-t:ntne4 from .o in the . 

equ,4tio:n. i , 

' ~ ;:)' + p t~ J 
fh.ey a.iEH)1 p0:t.~,t$d out that $:lM1dg ~1.11b ttte sa.n)_e V-&1.~ :r~-'-1•~ 

wlie\he:r in a ~'Kl$.~1e·<l ~X> ().ob:EJ~t~rt-l~Gia .$1a,e·t have a.p;p,t.~t~ 

mat.e-.ly the· same angle t~t 1n.~ttmal fl.'1~~1Gth 

Although th~ va~tabl~ ta(,lio~a .gov~Pn.1 ng til& 
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btbia11'1li)~ 4)f 41~1$ $i~~ l\U'tlltit$'·a'b1e a.tad, Gil' 'tlt.al -~,n1t1,C.$11&tl: 

11:r Oi$rla tn. -~tl'eS, ttit i84t~•lu:U.-e.1~i1 kaa bfbl'Hl a.l)l:e t~ 

$1~,pl1,tl th<$-11" QVE:~all :e.ft.$~i1H~i Jfi)~$•e.t, ll Jt)ht3iS()lt ~tii 

D~1'!Jd$Q-t'l {.1.~) _ ,. 194'?, p$1n.t•.ct . 'Qltit tha'# U'l!l,il ~hfe"'e. 1$ 

· e~~ltlh ,,}.a:y to Q;·OE~:t:, th~- ;nQa~o.l~r pllll?1~o.1e:$ ~uttfk ~~eJtt a~ 

p~~e1~ble. 1>o.n4U:lg $~t'tntr~ll, fa.ct~P'• '<ll~tter th~n eb.h~~:t;¢~m-~ 

·S't.tt~ 9$ .brt~'rnal h!'t~--1J1QQ.· llllad 0·~faee tensi.o·n: &.~e. m:<.lat 
•t:t:•~·t-iv·~~ ;tn :th1& ·l'a.aCJ the ~l$:1 11 ·$1nlply ;4 t•e-n.,i!tlt · 
ag•·n$ ~Get. tt;t~- r:0~,~ J:tuf~ ~1\tt~ned h$l!S! .twcn_ that 1:fh 

()Qbte $1-~n ~-~~ttil:S~ -of ~ 1/l!!t ~~l.a:ti V'$ 'U.ft1.ra~Or't~¢i\t Q~ -~ .~Qfl• 

ti$.~1 .a o-~ru~ta•t -t il'ltGJ -~\J$ tJ~td taa1 tt t.h~ .el~y 

~t\l.atfiil\ . ! a 1ne~a.:aetil 'b•r~:l'4:i t;ne a:ttlfi.n~ttr~ n•~~-eltU'l,rf:1 w. . .e~-at 
all; ~n·-t11ar mtne:.ral -$-Q:rtnf'·fJ'• '~ 't~e t(!):hflslQ·Xl · t_a_ 1aGt a; ~~­

st~~t b~' ~n th-e- o.o:n'tlNi,J'1, i;_t l:JU~~ea$;~$ U<P. t:O $. ee.l.''\la~l\ 

~$1n\i witlil "'t:~n.s'().;t.ftAit.a$1oQ-n.- ~n 15M$ ~~$'$ ~ ~-t a11h ~l.a.f ­

C)~·~:tt·~'b t~e _P~~t·l ele:a $a:y lM~ ai'> co,~a~~~atflll tha.' 4lJ:l:il" 

1h,til wa.ttJ~tl.lffle· lleptt.~~·--e the )1rl<i11'14u,a.l. tl:d~i.tk• . ~laJ 

p~~t!tol~l~- J:'\i 1~ a:t- 'itbia_ p¢:rlt.t1t at~~,e\.1,~ .1-e: '!:it·i!t$ . \w:• 
au1hQrt~ .• . 1ib:at th~ t«U'l"t1t~~-~ -o.f Pllifi!iLet~·eh•m1(}~1 •~•1$~l.~u:a 

. - ' . . .., '·· -

_ t eltfa e.t-t$~~" -lt tne :t:Jflg$la'{#EaJr o,fl 1;$'$l;·eoh&1-o,l,$.n .ta &~aPe 

<)f ·ta;j:e por&3l'ra11-lty be· still ma:y l.t\V'~ 'b!M.~ Q~~tca o.t sev• 

e~al el;)Qi:tsaa ·at' l!l-e.tl<:Ul:f b$ .. n't~f a4d. <>~~S$' pat'~t~let f;G 

th$ ~o1-l tty·l!f~-em -~:P h,$ m~J 11l'V~a:t1ga.t:<§ ttl$ J?()'!Hd.b111 t~ . 
1ib.a$ a). th~ll8h til:~_$$' Jat~l.l ~~1U. <#·l fhl ;~t Ol$.1 ~r~ Pl'EHMt~t;. 

~h·ey •.r.t ·nQt frltt-mtltll.y in the d1~]M'!l"$$:d $'te:1l·$• ''Q~t- .in_ an, 

E4-!'lit~$ga:t~d :tOl'l<itU.~H1h' W11lt~,,~lf>J!l11 {~'?' ), 1~8 ,, ~Qin:l~l 
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~ut thtlt tn a1t~l$t soils th.e ~llllcul~~ed t.n'b·e~fi8,l Jiru.rfs,le tit 

'bbe- ~lay iwr · $. po'fi$n~t,al ltf!bbe:J'I 'ban a:n a:o·tual · i.Vfa~·f.i ··· 

b~~~U-$'e · ()l:.~l 1 s ~~,rn$.1ly ia()t in · ~ ~1~pe:v~t:d ~~-1l 1a o 

~~~~~gated :Q'~.ttd1ttOt~~ . 

l: t: thl43 ~•·o,om~·" .app~elnt· th~t thl: $i1 ~-•·· ()f ·\ibl 

P4ir'll.Ql~·t· ~a.ktng ~P ·. a ~~1~ sy~tem 11 nQtt .i\l~f· ~ :¢l-y$11·Cllal 

t4e~Q~ 'bu\l $ :eaatf11~.al. va:rl$.);1$ tts - :11. !~ 1!i~.~ ge·c~~eh~· 

nte-larJ JJ~ . 1.~ ~n e~,w>.•m$lf ~~gtld.t:t.q.a;~·:i .t\~u)1.Q·rj ~d a b·Eftter 

\l.fl.4ltt~&:tftind~~ o.t 1 t$ · :t"n"''~ta ·ll\ the itfttlt)'tfr9l ~if s:tte-tt.~ .and 

baa~tnig. atl"•n@tb . w~ld. b't!f ~t · v-alue ibG tlle· ea;;tae·eP. 4h~ 

atl ene;itv~•:rl'i!lS a14, 1:·e<J11a·!hl ,a-nd: P-e~l:t .('am), 1'946, d:tV1"~4 

~~11 1n.~~-x pfo:li)J.h:•1UJJ ,~· t~1P 1;:\f~ tllas·a,tlf$: -~11. ,.t:dln . p:tQ:P* 

· e;~t!f;t~-. a~tt · a0~l ~~~·~f!l.te> p~~p:&~tt•a .. M, It tth~·· &Hill ·l'atn · 
~HJH:)'*t~ft-: :lt~;«ltii.d~ th~ V~!'ts;):J1.~ r~.e~~~'& YJ}t -~~- f ~l;te;p~, 

· Si~~~tc1ft~ ~.,-~v·ttr. · aAA 11'~4$'\tlG:a;. tl'%.•n d~ of .'fJ~$ r~ff\Elil!l• 

i~ ~';g;~$.~b·l~e ar~ 1ne:l~4e4 :·ti~4$~ tbt· l,l;~a"ing. t:J.t . ag(l~$g$t.t 

pr.opt~tt•s ,. 
-~11. makt.n~ tais. $ltlt41 ~t tlll-. ett:e~l O:t· a~: . 

pa~t1~lt~ ~n eGt~ e~,fl9't1gtb, the lll~~~-~o~ a. e· .t :G ebfleJi,''te· 
. 

hQ\<iJ· tn~ ,$h•~~ a1U"trtf11;h v~1tst · -G<$ ~h$ •otl. '!r~1~ .PrGIP~h-

'"~Jll q~ .v~ltMt e;nd th~ soil .,,~e~$. tli Pl'$:i,lt:r',i.Et:s ~t 

b~l.t 'o-nal'A~nt. Si,..~e~ t~e- p;r(')blfiUn, l,.s W1de~1~~n a.rt. ~nly 

o~$' pa.r:~toular tm .at s~il t ((!)the~ ·1i·:Y"Pfi:4 ot $oil wt tb . ' . 

diftrt:r~nt tttJ:$-Pt'gate P"~t~r1lO:$ w:lll ,})tstv·e fi.a ·' ·• l.~ve .. $1U;,t+ 

gated. "o c~'ata a l!&:Qlit1edg·f .. ~f th.e . e•f:f'e:et. (,)1! V4i\i'1a'Dltt 

~gNfG.&te ·p\1N)1'&r-·t1es $l'l ~~11 lill:t.rf1ng1fa. . Al$0 ln tM $ 

. ' 



tn:\:'tl$11. P#~b.1e~B q.f t ,b,$ s.tu.4y,, (lr.ti.,l t~·e· •~:r~s~l•s o.t tltzt· 

t:M;J:' ~~~ab1U;.¢»t wt•ta t-flll tao.:lll:)r ~t $1.4.1 ·g~-a.1n .P~;pe~tl•• 
• • • } l ' " 

wt:U ~·· Ta~tt4t-· 

·. 

~. 

' ' 

';. 

' ' 



Cnapte.>r III 

METHODS AND MATERIALS 

lfhe p;raet1cal1 ty or an att·tmpt to 4.ete.rm1ne 
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the p.hfsioa~CbEHni.eal. etf.t;,e\is em t ne t.1t:rength of a soil. 

syat.~m de,pends a1tliii.)St entit'e1y on the mater1alt~ and teat• 

1ntg metho.-4e employed. Thta p_ajttieular etu<iy lnvolvedi 

d$te~!na1'U •. ~n of tne gene~at e<:lil "¢~~~aetet-1 sttoa .~ 

separ a tion of the soil fraetto.ns" pre;pa:ratlon ot the 

so1.1 a.yert.emt\h el1miita:t1on of the .Ph1s1oo .. chem1EHil.l. •tteets1 
·and the m:e'h~<la. et t ·esttng :ro:r soil &t)iengtb •. 

Q:;gerfl ~ &natiMl,~rt s~~.~~ 

A'tlqut 2.00 p(lunds of ·ome. P&1!t.$1cula$'1 t ype' ot s~il 
wer·e req1d.red to supply the soil pqt1eles . hi<Zh oompo·sfJ.d 

t he ~t"t.1t1o.&lly prepa·r•d sys1~ms • 

. O-p1g~o· ~..,.·Th:e nmte~ia:1 selected to:r u~e tn tneae 
tests Wfl$ taken from tbe region wne*'e U., S~ Highway No., 6 

or<>ss•a tb'e eQnt.1aE'nr~.&l d1'V'tde: $t L<>v~lancl P·&$6\ ~ Pis .... 

1ntagrated ~r--an!. te appea~ed. to be t b·e parent ma tert. e.l •. 

Sample.s Qt t he soil were ~~k$n. a t tft't~ to tbree hundr-ed 

toot t.ntf)rv-als tor about one thousartd tee-\ along t h.e 

highway tram the sur:t'a-e~ to .a depth or abou' three t~te:t . 

g;lJ&i&f'\;~at!1QFJ . ~l?lt,,!ii. • -•Sta n.daf'd so·11 ola..s$,.tt-. 
ca tion tests or tne Oolcrado St ate H! ,;hway Dep~rtment 



l abora:tory 1n.cluded a particle S·1 ~e analysis, l1qu1d 

l1~1t~' . pl a st1o l1.m1tt visua l rnn·eral 1dentif.tpa t1on, and 

a oid te.at. ror. ca~bonates -. In geAer;al, the mttterl a.l ton• 

s! at~4 _ or s:}(;lout 7% ~lay 1 20% ·silt, 5~ tSe.nd and g~avel, 

an-d Abou1 z·' % or par ,tioles l ar gef4 than the me-sh 0t ·a 1 ()4 

4 sieve~ The liqu;l,.d li,mit was about 29% moisture, .and 

t lle, pl a {3·t10- 1ncte.x was lese than 6% mo1. at~ure ., Orthoola &e • 

teld.spat'; and biotit.:$· m1e~ \>le:r~ the _p:redoltd.ne.nt rni .ne~als, 
' . 

al,nough quartz pa):'tlelee wer·e a l ae:> p,reeent . There W'&s 

b9l~dl.Y a-ny r~~, ·ot1Qn '\)~~ween the soil and. 0~1. normal stiLl4""· 

t~on of hyt\,rooblorio &~id 1a,d1ea t1ng t~e.'b the~ wa s v·e,ry 

11 t 'tle ¢al"b<i:Jnat.e pr~H~ent, 

!U. .~ .ff4S'1S.U-•• .... Spoo1.al. t:eet!llt ,inQ.ludlng a 

chemical a.nalyals , d.ehydra t.J.Qn ...... r .ebydra:U.on teat. and pi 

&etePmtn~t1on weNJ, mad$' o~ tAe ela.y tra~t1on ( 0 .005 mm 

parttcles . nd ama.ll.e!f'} to lde-nttty 'tlle ela.y mere 

tb¢~cugnly •· 

A\lout so · .$l'&me at ··ola)'" WQJ!"$ take;il t~~rn a r~e• 

pl"esentat1 ve sample· of the · minus No,. ~00 mtat~t'ial by a 

p~o-~eaf! ' or d1.$pe~.a1o.n and el~.trtatlon~ A ebem:tcal aneJ.y ... 

sis of thi~ ela. y showed the tollow1ng1 

Ineol\ll'Jle ~ea1due 71.?1% 
Sulfates: e~ 51 

F•20:3 ·~ Al20' 9 •94 

CaD· 

.. MgQ 

·1 . 80 

0.·93 



Loas on 1in1111QU 
Ynde.tettnd.ned . 

10.0'' 
S•Ol 

30 

fbe d•b.fd:Fa,t.on ...... ~enrd~Nltte>n t ·$s\ ~taentc0d ._ or 
B$~kelhamet- ( 3), 19~3 1 1nd1ca tQd e. illtx'bu~e ?;)f 1111 t,e 4,nd 

ka.o11n1 te. 1'he l.rt.nd t a gt-,EHt' by Be.:ultelbame.:r and tb.e· ire• 

~.Ul ts o.r the te tll cua tb.e ele.J tured 1~ ~~1 $ ~;tpe~1men1l are 

sbQwn b-elow, Emp'b~ ~ofit~1nEt.l\' S wet"e J:u~~t.e:d sd~ - the aa.me 

t~1me iJo rnak$.· oorree,·io.na tGtt tlon't$.tne~ lfll$s and g&.1~, A 

sample ot t'tll l er" s earth tes't!ad the same way and a~ t!U.t 

same 1ilitne ah-owed tt:'~e mQntm.o:tillLOnite 'talu~~ .. 

taolin1ie 
IllJ...t~ 

MO.ntom-()r1l~ 
lenite 

Olay te-$,ed. 

J lose. on dehy4~a1iion 
i'PQm '()Qti fJ tQ 606° C: 
a tt&r f1w¢~· h()~S 

% _ ga1n: . ~n0renydrataon :t'PG-m '0:0 0 to 65 C 
att.e:r tvo hO\W$ 

fl .l""''ft6% 

. abo'U't 14"' 2% 

Q . ~'"ffo{ n ¢ 7 i.J ~ t:~lC 

A pl:! ve.l.u$ Wfl~ e.l $0 dett:r.mint4 Q-fl tl~<J eur 
t:r$;~th1th 'he ol.ay "rae mi~e,d. w1 th. dlst111$d. wat ·er na-v1l'}.g 

a p:R of_ 7~ 0 tn ~he arneun~- equ~l to Ab<>ut l6% S$11da 'by-

welg~lt~ Tb.e pH va.lue 1nd1ea,ed by the 1\ieo.Jnnrua Glass 

ml()etrade . met~r was f4" J •· 

·feMr~#tQ,n.. JJ.t .&~' ~ 
t!f 'l9Jl$! ' 

At:ter elal!f-s1t~olil.t1.on testa w~tre ~uta on the 
I 

v1~gtn. sotli 1 ts pa;t~ttole$. ~tere sep~ated into C)erta1.n 
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a.i .~t grQups by th-e ase ot siev&a ~ A. par1i1~le s!;ze analy~ 

:s1$ by the· byd~om.,·'te~ meth{).d Wfia· a l.$(1). madt in ·otdet' 'tio 

.a_l\tte:r~Uru~· the pe;rt;Aatrt~gea ot· diffe~ent a-1fie :wa.t-t1ol~H$ 

smalle:r 1han tbe No~· 200 s1 eve ( o .. 074 mrtl. ) • 

.Sepa.:ra t&.C?Jl of R~~ic~~s ]U: . S~f?V1nt .. •· .. ll'he soJ.l. 

\rae t'iret aatxed and w abed with wa.te~ ov-er a N~ .. 200 

sl,e."l:e. 5_ eQ·tal a1lt•ntion W®,liJ g1 v&tl to sa~ th9.t a;ll ag ... 

gregat.1.one <!l.t cla.y · pa~~~!.:~!e-$ v"·r ·& b.t~t:oken dow:n ·emougn ·tG 

paa,s t hn't ela-ve. Part1()l $$ washed ~iU10·ttgb the a1e"Ve· 

e1 ther settled or were suepe.nded in the wa~ wator~ All 

ot th1s water was e-vaporated at .temp~taturt& not @:ltOEJta.d• 

ing l40 F. 'lo br-eat. ·UP th-fl} ertHJttt ~ntl taggrega.·uo.ns o·f 

th1 a dried m.~nus ~o~ ~O() maii$rlal, 1'ti wa$ \t<)!tk:e& tlhto~;;l'i 

~Ptn&ller .and ar11 11~~ Siev-es un.t11 1 t f~.t'lall:v . ; n.ased the: 

No .• ZOO sieve in th$ ci;r.y eend1tton. Oo.fu"s& materia l th~t 

was retained on tht No. ~00 s1~ve was also 4r1 ed a t 1-46 F 

aa( , by \he ua$ ot ai$;VEJa~ d.1V1d·ed 1n,to tractions . Tha 

t~ll$w1ng st$·vea. welri\'e lUJe:di. '/4 i nob:.t Nf.il1'. 4( o~ 187 1th ),. 
I 

Ne.~ 10(2 mrn,}, No ~ 40{ LtJ.20 ·mm.), an(i ~Q, 200 (0.074 ll'HR~ >~ 

8,1_ze. apttll!~ S' l?l hY4tomet~r f&!'th~S• ,. ... A rep~$* 
· sentat1ve sampl -e Qt the m1nua !~ow 200 ma.te.rtal was anal~ 

y~ed for pa:rtiole a.1~e by the hydr¢~~ter metnod. In so 

·dl!>1~g, tne tet:to·<u)~l.$-.tton agent ( 20 m1 of e . . ) de·g~f'~ 

Be.ume solution of aod1:ur:n ·Siltc.a te mad$! tl"6m rne:ta ail!·cate 

C?ystala) was added. to SO gr~ms ot th$ d~y r~:~.aterial. 

About l/2 :otnt wa:te'r Wtls a.dded to tb.1a mi:t'ture and th6 
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suspeP.s1.on d1 apel'se4. tor on~ m!nut!J by tne Uti!~ of a ms.lt 

n:tlx~r.. '.the aAal;yst s waa rnaclt aecowtt~ng ttl tb~ .ata.ndat-4~ 

<J.t 1ha Ame¥"1can AS.$GH~J;.at1o.n ot Stat~ !1ghway Ott1o1ale; ~ 

A (}<1P1. oi' t:tu~ '"o~kfb.eet 1 s lncCluded in. Appeu!1d1¥ B. 

:f)t'!l2ata.t'~d~fi ot +t..e a·····:f s ' st$flilill-~ J!tU ;s. l . --.. 
fbe f:r~.cttona obttil-.1t¥ed tro1~1 the or1;1nal ao~l 

'f~re mt;Ked tn diff el:"ent proport.!an.a i\3¢) torm $lght $~11 

srs~ems &a#n tJ~Tetgh1ag l.O pll>uaas~ fil~ p;roportt.ons used. 

1n ld..xing ea·~h syet£H'tt ~e:re. de.t.el'1ti1 'J.Hl~.d. t~om put.ial$· td,~t$ 

curves .~ Cl&$~1fle&\1tHl tea.ta &n.d 'V'tl>id da:ta W'$1r& dete,.,. 

m1nea for $.aQn soil $Jstem '().(;); ee.:rve ~$ $.:1'l. atd tn. 

· 1dentl.f1oat1on .• 

Selest~Da .!ih:! ;Q&:r'ttill! s' ~e $}Ul"Ves~•""'1'he S#.~t -..., .• - - ...... -.-- ... . . ' $t.,fi'O. -- _,. ~ - . ;! ~· ·· er"A. 

p!W1"ll~l$ litl%4l .cur·V$·1 ahosen are ~hQWfl. in Jtgu;r'e 1. fnf&.it 

we~$ obosen. a:rbl.t~a~tly as ourvee ·typieal of we. 11-glrad~4 

aoile found :ln Colo:rad,o. ~be spac1¥tg bet.·we~n (!u.rvee 1i¥a.a 

J\td.g~ to ~·QV.:tr thi/3· 1¥tterval t.vorn the ~u,rve tl>11 ~ we-ll• 

graded Q.Q,ar.s$•gra1n a<U.l to· a ourv~ to:r .. a verr ttne.g~n1n 
.$oil. S:pa~lnfl of the. O'lll.~"''~ W8s ot>1«1nally J>laruaed fQJ¥ 

a.eve·n ao1l $y$tema, bat teat data i.rid1o~ted th:•t.t &.n'lthe:P 

ao,11 sy·s.t~m was needed., 

ln Oft-de~ to $!K"t,~ti the pafl,1o1e Si l e CUl"V$•8 

be:t~nlll th~ ette l1J.n1 t of tha NQ.f 200 steve,. the 1n.fol'm*'.,. 

tioJt obtain~d r:rom th$ p.a;rttol.e at r.e a.n$lya1. s if>'t' tn~ 

rrd.:nu.a. No. ~o·o mate1!1 ~l !las, t.a.se.d §, :Pe~oent-e.gce:l't of _partle,le$ 
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emallet' tha n this $!eve we!'e: ea.let:ils.ted from the perce.nt .... 

agct .ot m1n'l;ls No. 200 nu~1ie-~al. mixed 1n ·~ach .$1il!1l s:rattrn 

anti the t-:esul ts t:~lo,ve4 on "'ilne par'fiiicle s1. t e· e·ujtve • 

. f~H~ eot,l f~a.otten 1arg~~ than tne 3/lit·inch 
aqua~e si'eVe was- d!$<U .. r-ded ~1ntu~ l s.'b:o;ra t:ol'y t este. tor 
ah.e~r and. bt·artng I!Jt~ength a~e not ort\i.na.xo:tly run onr 

tna'ber!;.al tnta l arge·. In. ${:) ·dotn.g, the pa;rticl..$ ·stze 

,out've tor the soil s.ys't.em w1-th -the. l &.:rgef!t /iunoun t ot 
oos.i!I'Se ma teria l :neGI$'sanly sbow•ct 100% cit ·tne particles 
pa$s1ng th" :;/4•1ll~ll e1t'Ve. 

I 

fi~ a$@~t&!~~ton t~~ts_.;.;..,..'fo aid 1n 1·dent1ty1n(f; 

es.eb $.oil afatemt Qlaa~1t\ea.t1on 'fiesta were run and v~1d 

d:a t a ·oal.ou.l.ated to~ eaQh ao.tl · -systertt. lf.!1u~ teet s r\J.n wel'e 

'the U.qu.td llm:t t. pl a s·'\U:.f} l1m1 t ;· ape~tt.1c gravt ty• and 

t:l'l.~ eompao~t on t" s1i tGJ" ~l)t.lmum d.etuJttr and rn~1 stute., 
· Al:t tests were made a~eQ'l-d1n~ to the. stand11rds of thf) 

A.m~r1ean A~U~QC)!, at1.of,1; of s·t&.~e Htghwar Qt'f1e1a.la $xoep i 

tb:$ oompact1dn test whiob wa.s a mod1tted. type. AASHJ) 

standa,~da w•re fol'l~'wed 1~ t h1s pal"'t:tcul.a:rt test ~x<.Hi}pt 

the.·,. the oo~pa~t1ve etf()t*t l'1ttSJ 1nal'$&.$-ed 1m o-.r~e~ tQ . 

mateh mo~e elos~ly · tli$ e.ompaet:1Q~ of very h$a;vy she~ps•· 

tQot rolle~s whioh l'la•e reoen~l¥ ~ome :t.nto u.ae. The_ 

labo~e.t,e.ry ¢~.mpa.ot.1~- was by tbe use ot' .a. l O pound :rammer . . 
dropping a. ttl stance $!' 1$ 1o~he·a ; 25 tlm~ s Ol'il . each crt 
rt •• l a yers ef· ·ao1l 1n a 4-1-eh: d1ame·~tuu• mold ha v·1ng a. 

V'·Glume of 1/)0 lh eT;tb1.c foou. 



Frorn tbe claee1f1.()at.ion t .este 1 t W~$ posaib1e 

tit ietel"m.1zte the-o.ret1ea1 v~14 dflta f~·r. ·ea¢lt S.f$tem ~~d 

th~a. <!lil·ta1n antithe~ meana or elas!il1f71l'C the a,-t.1t1e1e.ll,y 

p~epa.t'·~d s()1ls·. 'f:he percentage of ·ai.t '1o1d.s by. vol:um~ 
. ( 

w~ b:a~H.t4 QU lO:O% ¢.(l)mpact!\ltl e.~ Qp'titrnwn rnotstu-re,. i'h•· 

'lfo~d rat:\ c . and the rM>1Gt-v.re at sntura~i,Ga, aoveve:r, wtre 

b~aed on 95% ot tb$ ~pt.1mum i~Y. denGt '' S:i&ce ao,tl. 1'1 

tu~u~lly oompa.oted wttb ~h~·epstoot ~r:>ll.sr-a ln field wo~ 

to only that d.egrfe.. Table 1 sh()tts tM tt&.wl'la of ~bEt 

cl~$s1t1~iHtt.1Q4 tea1Ht Md th$ aaJ.cul~t•t 'N:d.d iflta~ 

Formul s U$ed we~e~ 

wh;e~e G ~ Spetlfi.o 0-Ta:rtty or tne a·oil s;rs.tem 
W * Op,lmted-!Jt tt~Q1 ''~e e~nt'e!lt 
D :; tt>:pttn:tym d~y d~nsi~y 

110 .:~~ liFT 4#pns1 '1 -wtth ze:t·O atr votds 
~$ • Pe)l"e~nt ao11.d mater1.11k.l 

the eig>h:t ·s.oil systems pt"e~&d and classttted 

a s ju.et &e~n~:rt:Ped were ld~nt1f1e.d l>J the po1ztt: where 

thEf1,r p·a.rt~,ele size curve ·Ott<;>ss•d the. ll>1f¢11tJJ.:a.te' at ~<>;&~· 

Qommonly d;es1gnatQd a·s D2o• 'flae pe.Jtt1o.le s1M~ !n 
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ml:ll1mete:t's indicated by tb1s · oint Wa$ ·eall.ed. the et.tect• 

1 v~ .sit~ t~l.lowing ~ne- a-ugg;~!Hl1ifl·« :t'e'lttston (.)t tl"l~ All$n 

lia~en intH1hQtl by 'ler·~agni at'ld Pe-e~ ( 22) 1948 .• 

. ~Jmna~ltrt J1! Ptlll~.~o· 
~lf!m~s~l t?ttfr>t,m · 

ln the ttnaly.s1e of the n1a1a ·.robl~ra a s t atement 

w~s mad·e thAt. the etfegt ¢Jf small pat'1U;.olet1 q~ th$ ~rbir.~~ 

ot the soil eo--uta be obaened 'bEt .t t~ ~ ecQmptttt1aGn wa$ 

ahQwn between the st;rengtll ~t 1;he so!l wl:l~n the e.rreet f!i'lt 

1tne . $mall l'>li::Vt!ol$a we. a nu.ll:tfl~d ~nd ttu~ ~ti'Z"'n~tb ot 
. t!Ht ao11 When tb0 SttJ.a1l p&:r1t1ela a ~s,mtl;>J. teii. tlle·1:r USU·al 

,Phyaieo.,.,ohelnt.cal a~'t v1 ty 'flit~ w.a:te';r.~ An atte-mpt. t,tu~l!'e,.. 

to't"t, waa· ·~de t(t) 1:1"$-at ~sdla . or tb~ lll$11 ·S1~rt&tns in sb).eh 

a ma~me;r tha t hys1<)0;,.oohem1.eal re~et1ons oulei be at 

leas-t re~•·ssed and. per--hap$ ~ull1t1ed. It re·vtew ott· !tt ... 
era'ttut•e 1nd.1eat-ed that t he met.hrod.s most tt:1l1 t a'b-le to.r tJSe 

we~~ those e.mpl -o;y1.ttg a. non•p¢)1aw l1Q:Ut.d liJ.S the wet't1n~ 
. ' 

a.g~~lt; th~ 'U~Jice o·f 1\ltl}at, ap:d 'the ·uae of wate~:p~oottng 

iii ~ 1$ ·pp~•PO,li;'~ .,SJU&~.~ ~,.. lia.VIIl;f , (td ~ 1940, 

pointed ()ttt. that tlO~•pe-lat- l!.Q:Uide, 1)a1t1cula~ly- th:os.~ 

w1 tb q.w ditel&crtric G.onstant,s .Jt sho ~• p:r~e-t1eally n.Q ~e· 

aet:ion lttth $'rrta'll l>tt~ttoltHl.. Ket'fosltl~e a pe-~:ttd. to bEt the 

m~st :a.u1 t.abl~ ··quid tor ~h a e:gpe:tttme-m.t $1ne~ oth·e~ 

O<omtnon noo ... polat' liq~14e su~~ tii> S l:.HHl:~tnEJ ~nd (Utf:tbon. t•tf'a• 

ohlG~1.tl$ $va;po~ate: so rap1al~ tha t 1 ' · 'W'.ould. 'be havd. t ·CJ 



oo·n,t-ol the amount $1x.ed w1 th the SQil., 

·After- ·1$·t~~n~T1'1b 1'i$·St.!ll we)f"l~. l"t:U\ on t~:t"e e of th.:e 
~ ~ 

~1"1tt'1ctallJ ptte:pal'ed soil , .ays.t~eme ~ tihJ), ma1ie:r1a:l <t<r€1.S· 

d.ri~d and m:txed wtth k~;roaena. Ae an tndif);tl~ton ot how 

11 title aot1v1 ty betwetitn th~ sQ11 s,l)td. ttH•· kero.aene toak 
~ ls.~e 1 t . should he Eitated tha t poodt,~g ot k.er<Hlene in tn.e 

sGil wel'·e n<ft Cl1 s:eoJ.a.:tf'\eitl to tlny exten1! and the: so~l $;p ... 

p~~ed 'to. n~.ve 1'}0 pl~st.tca ty •. 

Y·se o.t h,~~t- .... f\O~O'i'dtng tG Hause~ . ( 9) ~ 1941 .• 

~nQ.t:li}Jil :r .method of pre1fent1.ng ;be reae'tiou 0f cl.~r pa:rti"" 

el~s 1 w1 th wa~e~ le tQ pre'\tta:nt the so;-pl1:o.n pro"'·esGaa" 
l:n 1ihe re•.tew of li 1fl~a.tcu~e ,. ware l'tif'f~ed ~~thr¢lrs wno. ' 

t().tlf:ld tha:~ b;ea:tUJl:S s:Qtle l'ta,a, al1l et:t'$"~t1ve- war o.t prer;en'(;• 
11\lg &or-pt1Q.n~ Th!"ie$ ot· the f:JQ1l systeme if'$~$ heated, 

one. s~J11 · ~.y.at·em ttas li:us·a.t·ed · to't' e1ght h.ou~s 'tQ 

app~oxtrnate.ly 400° C :r- ooelad fi.Od age.1n m$.~~<1 Wi tll tne 

pretto.·ttsly 4$term1~$.d <$pt'i.1m•m mo1 S'\ltte.. An.o1¥b~t- or· the 

.atr.t,tlfi,olttlly prepali'$4 $Gil. ~y~tems W~$ bee. t.e·d 1;0 1000° 0 

to::r one bou,t". . Sertatfi a;ggresa1i1one tn this ay$tem we'i'~ 

ol)a-s.rved t:o na.v~ ftH1Jfi1<'. i · .gt vtng them: ~ b:r1:ek .... lthe appeatt• 

an~e,. a4d tb$ pe.reentage ot $a'ter1al .Pa~a~ng 'lhe No • . 300 

s1·eve .,,1·. s teduoed rrom 8~% to 52·6·.)% to~ that a~"-1 Sc;rs'ti;e~ 

as a li'EilsrAl.t ~t tih~ Pl'<>lOilged heiSt t~&$l:li'Jlefl~ .. fo ;pf?.evtl\t , 

fui131on of' the PS:3l"1H.elei, the mlnus li¢>. 200 traCJt1on et 
the· last so!.1 system was gtven the heat t.re~vment to 

1000° e for o¥tl:y 20 minutes. Little i :t any t\leton took 

as 



',. 

r 

,. 

ans.l.;y$1& ~eooli4~d tn A_p:·· en-111~ A. 

~!11~ ~ "' ~ta,t~UP.l'f.lit~B. · ge;Q.:tr~~""An~tna:F metll~u or 
p~~ventin.g s"~tto-n. W~$ · ~;~;ttltm-pted V·f the u~e. (;)£ a wa,er""' 
P1!QQt.tng B.tJ~tit 1 al:~m!ttt.llii e,EJ.·aiNa"J~h lhia OQ-~Qu:nd b_ae 

t~~fi \la-ed ln tb~ p~t~.t lndutJ~t:~:y B:nd. t.t~ $.C\1.t;,rl: Y$-a r$~ 

.Pe>tt~4 ·of ~iJ\Jfd;ri~~ .( i} 19l?, . !t. t t1 a:erit;l>.l~ in oaly ~- ~e~ 

11~~1d$ and~ ·thett t :e ~ 11.m1 tl·a;~ ~~t~:H~'fh !lht m~th~d $mpl.oyet 

in thts e.::'{p'$·r1me\lt: l.rae t Q ~13;:1. a1umtn.u:n1 a·ttJ:a~a'eo . Q'\~Tdi\rlt"' t:Q 

mine¥al. , sl'tli.l"i ta in f1t.t~l'l q1#.~1U.\t$SJ t i\at no· mo-r$. ~auld · 

flt·ilaolv., ~na. th~ ·so1u1l!~a bO''ll~a milk:J. Xyl~l wa;l 1tl1~·1il 

ad~~d to '$he aolut\on ~-n-d ~1U~~~~-d unt:tl the .~~~ultt~ 

tnt~"~$ Qf l.1ta_~ldlil ~ust 1<)~-.•e ~t~al.;; At t)lt~ pQ:tnt l t 

:Wa$.· B;;$S:~medf that- the :U.;q~t,11 .1:\eA ~ua.aolv;ad. Edl of th~ $l"U.• 

m1aum acte@.lr~te PQ$.i;!.blt:i,. th..l'ia s~lutlon Wa$ ' t.ib;~n Yf!l~y · 

~hot-~u~hl1 nt.tx~d w1'th tne 417 s-oil tQ; ll$. "~$&f&d.. ~he 

·mln~:V$.1 s.ptri·\is. artd. ~tL~l . wa.r-$. ·ev~r>~~a.·te& :fl'-om the sa·$.1 

ati a ,e-m_p.ertitu.:tt~ ~t 140-P F and ~p:t:tmu,Jt ·Mi~ti!li;r.~ 1ttaa eA·a•d 

ln t he e.~~~mrt. tte'tre-rm:lned. p~evJ.o:aal.:r w~~n t~~ l\'eg"~""le~ 

oof1lp~'1"'n. '(fa et was ' t'~t.n l" 

lt!lJto<!-t Jit t~ts!1M. __ t'i.'P . $~'~' .. ett~n«!t. · · 
!J~i.,otrnt' .1?,~i~~~tt~ ~~tt,q !ttl·'" ... ~~$:~J!!.e and 

af1h;,r~ t!'~atment t h:e Q.al1ft)ii?~1 1l. Jea1i'1~ Rat.:t:o· fffqst anct. '~e · 

tl#tt'bl..lo.m~ibe~ t:&st ~Ae?'·e partot?rnatl. on · i~:eh .troll system. 

!he \.l&:t~r~pn.!a B·ea~1n1 ilat1o fest haa. bea.n. n~:teneiv-el.:r 



USJtd t>y h1gnway (l.~pa;r-tme.nta tn Oal1t·ornta S.¥id othe,t s·tz.ttetat 

~s wall aa 'by 1l':t'ir~t1on a~A!l tlQQd f.lQn;ff~-ol aga~ote .$', 'tQ 

t~ ·s.:t ~he ~~l:at.1~e, b-e·i!l:t"1ng valua or \)a~-~~ $tl:'b<+ba$.e, ane.t 

.~;~ul:J ... g~ade mat-Grial. Whtn u.S$d as e. d.~tltgn teat OBR val~ee· 

(lal1. be uS:E1d. 't'fl th mo1 s·t.urtl, f:to·a't., an.d 1Qad 1ad1.e.e& l~ tn'!oi' 

<.H-~ate the amot.tnt -o:t b&l1$.a't n.eoeasart t:o S\lP_!)OI't th$ 

· av~r.nent Cl.r .stutf.a'$1.t:l.~... stnoe oaa valu..$et are only eom;pa. .. 

r able when ~eats a.~$ p&.:r.forrue~ 1n al:'l ~den"t;1~al mann~c, 

t:he method used :t:t:1 this experiment will 'b~ tesori'b$d 

n.tiefl;y,. 

Tb,ra am~UAt o· · soil and tVater . ne:e~a$'at,ty to com ... 

pact the ao1l a_ et31in\'U~ :ta ~A f5.,..1non 41amete~ oyltndeJ' tc. 
a b$'1.ght ot 4.?J l .n:tka&JP a~ ~$It <;t tl,te $p1U.~tt1 dens1·lby wa.s 

ti~st e~.l~~lated . Si~,ee th~ t-eaft i s quite tlens1 tive t$, 
molfi1Ult'e eontent 1 h~:ros®pic moiettlt'e Ul the 11'011 wa~: 

eons.tde~fiH1. ,Re-gula~ »e~ve:o t ap we.ter li~a.a . Ll!Xed tti tb t!~e 

s~il~ 'rna, s:o11 ' tS\s ¢¢~.aG~ . .,(l.. in the 6"'" tnott 4,flind.e~ b;y 

stlf,t!e lo·&i.irtg at t -he :rate ot o. o.; ioohEJ.s pe~ m1Jlt.rtef. Afld 
n ~eco~d. Wa$ 1Utp~ Qt th le~d. tio~oe-asaPy t.o seO'lU'"e tn.e -

pr-op~t> ·eompacrt1,on.. A ,..., neb d!6u1 ete;r· til t~r p per W$$ 

th~-n plttced, over each end ot th~ soil Sl)ectm&;rl tn the 

o;rlJ.n;d$s . fll.e bas~ pla.te # the- 12 l/2 1b. t~he.rge,, anA 

the t;.tpod. eont tning- Amt;s 41.1a 1 e.re :S$t tn pl 9.()& tip 

m:et· su~e the s~:rel ·. ~ the ()yl nder wa~ s~t to fl!oeJ~ 111 a 

viater t ank w1 th the level of the ll1att-~~ a· p:r-oxi!ltately -

4 l/2 !tt:ohes ~J~ove th·~ top of 'bhE1 sample~ Aft$1:" eo~l!l! 



f0·\1~ daJSt the s.tt~l.l was rea(l. to the tleareat thousand$& 

'fJ>f an 1·n¢h and the ~yl1n<ie.P l'l),ent~d.r.ut~ the $~11 ap~e:tt(laQ 

wa(t .;r¢mo."ft<i fl'om the water,,.. The t»~l;pQd and ~:t>-ch~t-ge 

w$re removlifd Jltnd ~ter wa.s p~n~e·d oot ot th~ eylindtu·. 

t~e stD11. SJ:Ha·oimen was 'tb.en t .ert. in ·~~ ~yl1~~t:r ·to d~~-

1n the a tl' tot' 1.5. minutes att-e~ wn10llil: the '0st w~a· begun. 

s~reharge welgnt 4'!Winl pll'Hl!~Jt;r~t1otl was 12 l/Z. 

poun4s.. "fine st~~tl<ia~d . p&n.ett>~.t.ion p:tat~f) .( 't.h~e squa~·$ 

!ncn~a in aten} was 'f(;llJ'-c·td: l a t-e th$ spe(}!:men ~t th~ rate 
, ot· 0, 05 1ne~ea pe.r m1ntr~e t®r a d1S1htttltl~ gf t~: s ·t.nohes. 

!he st:reae was reoott·ded at tlle end e>t eve~-y tl.l i neh ot 
per:letrat1on, and a baa.~1ng ,atie ba s&Gl ~-n: the ll.e¢ept·et 

sta.nda1i''d :ret1!atan~e o.r oPU$h&d :rock was det-•~1ned.. · 'fhe 

~:vetag$ of ~11 bearing value$ except· ~e t·t~si o .. 1 in.o:ll. 

pene1,~a'tU.on. wtls taken a.$ th~ ~U v~u&e tot' tne paifftttJ~lall' 

st:>1l* A typ.i,o.e.l wo~k shee11 tor tne teat i s 1n A.Pl?fUtdl;.;t B~ 

Jk~1lt:>m~.t~.p f~a.~~·,..The qta.bilot:aErt•~ is a 

d.e'Vl<l'e .rot" 4eter.mt.n1mg tihe tnte.tm~d1ale Oil' mt.~~!f pt-1tt{)f;.pa1 

st.resa~s w:h:~n tne maj(l):r pr n41P!ll Elt:ress 1e ltaown. A 

l"$·$1:stan,ee vca.l~e W:$tS ~$t:$rmln~d by <t!-.~41fl! .,h:~· n()r!~~n ... 

tal p:resa\lll"e 1ndlt'HtteQ. ~n tile ~age Of t.h~ sti\~il.O~ter by 

the appl~td ve:rt!.eal pte seu~t and: thett su..b}•:rSleting thlt 
q.uottent fr~m unity*' This .t}~P.t'~ .ss10n !s 41~~·1t11 P:t'~*"" 

pol"tional k the .:!'a tio ot t~e mutm• she~1tlg stre.eut to 

tl'i& ~aJo~ Jl~lne1pal. :st.~e ila~ .and hae bee,m folt~~ by ooil'r:~· 

lat1on ot · tt•ld · da1.fl\ and e~por1men,a1 da.t~ te be a 



'(:' 

tsuta~'tl.~Hl of ~he ·1;b:;i.t}l!znluts {ilf t.oTta~ _.,$tl:lr11.;red -•.vs·r tb.<t $011 

a~"~o"tUng • -.o HYee~ and GQ~~mA~1 {l)} 1·949~ 

fhe r:ea1$\13t:it0e -.aiU>e 1$ EA-l ae· ~tf$<l·tad by the 

llli~1$t~e ear11ent; Att~li' r-n!ng th~ . Q)' ,~ .• ,.,;, tl\e· $'J>4!:'~1• 

- men. we,'$ l'ett\Q"V-ed t~om tb.~·- oyi~nd<iJ.V .a~A ~hfif. eQil. i'~~(i)lll4};).ti!i,t1i~·il 

ln ~ ~~1n~h ·~711nCiie~ tlsl~ tb.~ tt,at~~ ·flH)'Jltpat!ttv~ .ptto:rt as 

~as· u~ed t~ the ~~lljf>Q:~~lon 'tj:.e$t.. , !~e · 4""'!. -n~J!il ·til ~m.$tt~ 

$.p.~l\tn.en. wa$ then ·~ul Qff ~wl tt>imm¢d ~.lii) ~ ~ 1/2 in{)b 

~$1-flb.t, ltJI'liJJ~.t\ :2.fil: ·a tlil!.n tmtee t>t l'~t:~·; a~d. plaotd !tlil 

tb$ $'b~btlll)m.etE~r. ;tn s.Q. i~l~. M·W$''\f~;r;· .•. !t W3S p~o'b$~le 

~bat the ~~!l was nelt[ther ~~a.etlt a:u QlJ~Q -~:t t!U'!1at:ra1:1on 

m~iEtttr,e ~cm:tent dull'tn.i tb.:~-. tfar~ bEtean:e• af til• err tcit Qt 
' ' ' 

]Jel"m~a~!ltty or the $Ol1 .s_pe.e.1.rti~:ta: «:u..,!.ns 1-be: 4,..,~~1 sou~ 

tn@S' :pe~11)41- AB_ l ~ tl al. b:O~i. ~Qll1·$.1 p~e astt't:tit-. Q:t · tt v~ 
poun:is. 11~~ $·qnlllirtl 1 tt()b w.~~ S"l·~ £}~ the ,ep~~l~e~t 't·o 1tae:11l:~~ 

\ ' 

<llQ~ tt'tit!:~r Qt tbl ~tt:~el.il 41~--~~!lh, L:oet4~.l.li wa$ a·' · 

th~ -:11'-aifHJ ~r o .. OJ .1~tahite p~:r . ~1Jnut& ~M ~e·a4.1t\f,(ii w~~e 

talt~n e..1l 40:$. 8~ t 12,Qt and l.60 ptt V~1"":1ct,!i:l l~"a~- ~e: 
' ' 

t*(Hii~1Ags t~.s:M t}:o d$'t$rnt1l1Et tbit 'l't$S,lS'I$.a.eb 'V~l~,8 ~O~Ft.-~ ~ 

$pond to a ~~rttoal 1o·a,4f. of l.!O pOudcll p\11" tlqn,;~re i ·~-eb, 

P-. a.\unple w~.:r:Iu~nee'tl f'~w '~$ .stia)il~m.~t:tlr. 1i~$~ tt:nd . th., 

OBR \tt~t ta ~1uted !;~ ~pl)&Q,tlt!.< _ Bt 
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In tb1 a att,empt t() cbtt~rntine bow the ph;riiJ1C:$.,.. 

enemtelal· pJ"tope·:-t1es ot a.. so,;.l ttuluts ii;tfeO't .1 ts o.v~.tall. 

atiC'ength,: data wert\! o'bta.1n$tl by ·CaloulatUlg the a:peo1.t1o 

St:t:Piace area Of enoh ot th~l SOil syst.ems 1 and by making 

et,rengtn tt s'tuJ on etl~b o•t :;:h$: se111 sretems both bef~~~; 

AA4 a.ftel!' the ~rea.tmen~ to n.Ull1ty the phys~oo•onemtcal 
prQp~u~~1~s.. ifbe data, SU1al~$.d in tn1a. o:rut,pte:t undep 

he~<U.ngs, sim:t.la;r to 1Ul~se ustd when the pr"Qbl .. was 

an~1p,fd- are w:-ea. • . a,ed AtU <teterm1na:t1on ot ·surtaee 
a.r•a.t s1)~.,~~~ll ~~ ~11$ un'&realtd ao11 a.y•tem&, strfl.ngtb. ·~f 

the treate.d sQ11 syateme •. and .eomp~·e;ttve stre-~gth. 

_8\lJt·ta~t ar:~;a 

An. arhi tt'~~1ly dett:rm1.ned 'tfalue or· 'the aurt·aoe 

a~ett tfas oaletlla te·d tor each. aoil &Yll'Cem ba atil on per•· 

e·•nt~es ot the d1tferent .... s1~ed paftttolea wMefl c;ompase4 

that so11, 'the $l?Centages ot each dlftet'ent-.e.1zed 

parttole · g~on.th the ai~e :u.nd.''t$· to~ El$.Oll pari~ olE! s,~t.t9 ,1. 

and th6 Gonil"1..,ut1<>1\ ~o the -;otal .$p&c1·tle su~fattt a,e& 

bi eaob g:rou]) 1s lllhown. in Table 2. 

Ooffp0§'1.t1 t)n Jlt the soJ;'l·· ... ,..!.!;I.e pe;roent;aa-es r:;t 
Jli , , ....• t- JL . ... ·~ I S .• ,- Q 
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. $1llteat we~e obtained from the pe.:rtt,cl.e: s1~e e~rves at· 

flgtlre lit ~hay snow 1hat ~~tu'sut g~$J.n ·so.1.ls C'El>ntatn Men 
. ' 

·pepe$:At.ageg ot la~;e s1,ze ·vartte1Et8 afld 1hat tin• grain-
' ' 

S·fd,ls ¢onta.ln lal'ge };rftlNi~~enta~4H1 ot ·ve'ty small pa~t1cltah 

Ooe.:~ae ~~a1n setla ~i-$ tndieat~d );y t;l'ie high etfeet1 v-e 

ai&$s; .o20 ·;; 1 Min ·(j~J'!r&aPQnda t.o tn$ coa;.r.s;st r.Jt-a.~nea 

otil tiyattem, and the foul"· tlrt&st g:ra.111'•~ 111$11s cont.e.in nP. 

~~~Ytl sJ,n.e·e Jill .(J).'f· t&.e pattt1ole.! wntch e~;a:R)O$t them 
pAss$4 'tn$ No. .• lO (1., ~$1 rom.) $ieve • 

. ~alcultla~ ·qs .tr . ~!l~ J!J!~Ol~i$ s"rf;aQ+) a~c!•~~,..!he 

s , et\1t1e a:r-ea was (u\l'Culat~d ~n the thee:re1i1otitl. as&umptton 

~ha1 ~11 p-a.r'l1eles l~r~e;r tl\s.i\'1 o,.oo_s mm al'tt ·$pbt:res anet 

all parti ol:t e small.~~ 'tht1ll; , that · &12'tfJ aJ-e <\1 aO...,$:haped .•. 

ifne ro~u,la used to d$;e-rmin:e the· ~ta~.u~ ~rta . ot a 1ln1't. 

w~,igb:t or un1tl):t"m spb~t'e~ wa~H 
2 . -~ ;, ,.. . D . 1 .... 6 

~<ar -'6-0·e area ~ ·-· ,. »'' · · x t. "!!f ~ ,.... 
wtlere fJ = cU.atne'ile~ · .ot the p~ttelEt a.tt!d G ::;. tJ_-pec1tt.e 

gPa.vl.ty~ 

' o.t & lll11 t wtai.gllt t>f un1:t()rm dlaos was.:: 

-Bpeettio suriae~ -~ ( ~ f .~ Y.rr il) ·f· 
wne:rt h # <11ameter and -~ # $peo1tle. g~att tr11 

!able 2 tlhOllls ~h.~ eomposl.J1Qn $1 th~ soil at14 

tbe methol.i or O·a.l«ul e.1i»g tne spc¢1 t1o E!Urfa()e arN~ar 
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T:tl~ ~&e'Q:.lt$ e>t the Oal.1ftn'"n1tt Bea)l'1>~ .Ra • . $kl· 

ief.'b &tld the Stia.biltlla:tete:r 1ifll!1t to;r eeAh. · aoll 1ys-;em .~1'1$" 

1.1-tlttet tt:l' t·t.tbl~ l· Ill 11gute 2, '\itu~$$ value.&. w~rtl also 

p1()"t4'd using st~t:n'tglb v-.1ueu1 o:ri an al't thm:e'i' :$tl;&l~ at, 

'th$ ar4in-.t• a..n,d .f.tp$e1t1·e ·. etU'·faoe a~t~ v~l1le$: on a n t~;J'1 t..h-

met!.t:; eoal.a as t:ne allt1h~11Sth 

Th-~ g•ne~el tr-e:ntt 'lio be- not.e·d is ·tha'· tn.$. 
a1t:r·•ngth ot ttl$ CQ$J'l$ef:it gl'.td.ned, wt11 gt:ta4ed. eao,ll 11! 

highEiet·, andt wb:en ·tne ao11 s,ste.rn~ s.~& · S-rl'~nrG-•:4 1n. tn• 
erde~ ot ttlel-eaatns &m$~U'$ ·lll!f SJmall p~ttttlee they a~f'l. 

al$0 arrang_&4 !n Q .e f.l>~<l~r· ~f de,or~e.t$!~g so:1l s'\l~~l'%fth •. 

Also 1([) \Je. nate<!l ·1s the ttMft that th.~ ist:ren~Ui va.lo.ea 
lndteatf.td by oath ttl~ C a1tt¢~rntt~t &eal"lns; .aa·u~l$) tetJ'f a-nd 

the· BtQ.'btloll.&t:er Ut) teat de;P$f,l.a~ 8ll't .a~ut th~ :l!t$JA• ~:at~h 

i'ba:b!1@.tn$\$r testa · we~• not Btfid.fl Qn th~ coa.io-s~,.t soil 
ayttffm be-Qiaus.e· of th~ 4Ut~$ wh1·~h 4{i)a~s•, $ncttlar 

pat>t1(11es do t~ tb,t rubber walls of tl\4-' $ta'b1l<t>.met-ell". 

frf)nf fable ) !. t l$ a:ta¢t tvti\tnt 'lu.tt the }le,~ 

.f>ttn,~gt or fiiw,ell and the p~rc$nt · ge ~t roo.l.srt14~?& tn 1he 
tlo._l -~;yg1em at the E;UI,d. ot ~ touJ9 d~y aoaiiU.ni p~n.od t.n"'" 

o~EHit.altt .fJ wh·en the e'o11 ayst4Mlt a.:re ~r~n~td ton ~,h$ Gri~~ 

()t ~~0~$.au.d.ng pf.Poen,~ges or small p~rt1¢le-~,. 

r~o:m ·f~ble ,, 1t should &l$~ t>e 'not$d tha\, i,;tt 
. . 

gerte1Nt1 ~ tlle ~rts.$1_, l$ad ta~HHHlsan 1~ o~mp~et. th$. gGil. 



.• 

} 

. Dao~. _ S'nll ~ ll0·1,&t,•llJ' ·4J.7 Wh r·-,ta~~-- .. t)Bi· value~---.. - > . #gtt , - lttn4 et ~Q . 
· (.Sp. · .. · (»,to~ tB•t'lu,•• ~atma~) BeteM lr .: {.let'G" : .: .Jlet<>~e:) TM&ta-eut stv•tbe ta•• · ... , " ._ ._ l_ ("*t~twr t:u-u~: ~·"~**'ti) > u• T!"l ·Attar. ·~-, t-Ar~e~tr· -~ aoll ftY'shlt--~•-~ · -AMal fto_.) ·· . Top o f r ottom o f · ' . . 

· · Specimen Specimen 

l t!l~ . I !=~~ 1::::: . ;m- llee4 S... 1 ... 15.Vl. I 153 .• 0 I .. ~~ ... , ~ad ot -.ate:r ._ ~or 
262 ._~ .10-4-.0 r·· •..v•- ~ e.n4 soakJ.Dg 

• II 
~ ·""" ,. .. . . . . . . . . . . ·. . . .,. 

·t~ 
. I 

·fit o •• . 9.1? 9,.1? aa.u:o ·48.2 ·$9-..-.0 ,ratcl:iP.rooted wit h . 'I!"' .• 245· 
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t 
1.1~ u~u . 
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• 2414. J. ' ~ 14.14. 12.11 l.6~400 ~1.1 ·48.,.8· !!1'1: . 

.•. oow I s~~ 1 ~:: 117.65· I !l.,GOO 5'A!2' 21.2 tt\.:1 soU. aystea 
3410 1.:~ 30.!7'1 ~.Mo, 11.4.2 es.e PtiJd at l.GOO 0.-

l ~!:o 
·-· ;ro.eene --• t.-

•. 6013 la.,4f 1 a·~eo 1.2l .• ,Qf 1- '.B I 21"0 -,~, ·:t;r water :tor 
3831 ·0 ~-

___ ....,. 
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!.a l.es.e to~ soil eyatema wt 'Uh la~g-. llftlQ-Utrte of small 

part!.ctes lb.a.n it ! .til tor sQil sye'tH!HillS w1 th tm$11 amont:t1fs-... 

$"t~!§'bh f"i·f:' the 't£!§te&-
• 1 l . . t .;u;.. - . JL. . 

.!l<?~ i s;cs . &£!!§ 

itest1lta ot the tW"o _d-ltfElt-ent typ,e.s ot strength 
t~ets ~n the -.rea.t(tti soil $JS'b,eme at-~ g1ve:n 1n Table ·.s 

d1:r~etly :ud•r tl:l.·e en'nri~e tor tbe ·t-•s-u.lte · o:t 1he tetrC;:• 
on tn_:e untr.eate<i s~l,l.. Oet.tt\\1n QSa value-s a~e alsQ . . ' 

plott.ed tn .Figu~e 2.. 1~· be note:d are t'h~ h1~h :a~~er;wth 

valn$$ ot ¢ertat.n ·•~i'l ta.ne e;~ain a·o~ls Wh1oh ba'te btetl 

tr·eated. 1'he at:re-ngtb Val~es of the so1l EtYSt$nl$ haY!~ 

etfet!tt1V$ Sil l$• Qf 0~. 1:;0 mtlh O.,OO·f _fflfAt and 0-001, mm, tPl' 

ex.a..mple.. b~v·EJ n~arlt the t:Jame !\1gb v~l\Ut. . 

I ·t should al·so b; . .no1'l$Cl tha' t~eated soils 
sn~w&d ve-r·y lt ttle sw~ll. j nut in gene:ral th(t pf.Jroent. Qf . . . 

mo1s~ur-e ·in tbe s-otl e.tt~ a,oatlng wa-s. ~r~ate~ tor: t.,_ae .. 
gra!n sQ11:e: . than fQ:r o~a.ra~~·f.JXt8.1nei ,toil-s .. · 

'r~e s'trat10·· 1Q:Qtt; n.~'t~$S'UY.' t~:Jr- eQ-mpa~l.l.Qn ot 
. ' ' ' 

th¢ soil wa:~ v~ry hlgb .tG.l' all e:te$pt t~~ee &0.11 systems, 

A t(Hln.l load ot $6.,040 p ()U¥llic& COl"ir$S] H1'1JidS to S.pp Pf'Xl-""' 

11!Jat.e11 2 J, oop pound a per s~u-~:re i n;eh. 

;~·~aa.;r§'t,1f~ §.t:r,ng&tl . 
A cl)mpat-t·s·&n at tb$ a·tr$.tt;th data. o.f t~eu1t•t 

aoila wi~h tha t of th$ untrea:te4 tJo11s ~.bows tha t in 

eva<Fy oa.ee the trea-tment to n>u.ll.:tfy tb.t phys1•Q·•ehend.oe.l 



·so 
etfeete resulted 1n increased, S·t)'tength ot the ao11 syet.em. 

'rh$. amount wh1ab the strell£itb was 1ner:ea$e~ .1e cU.tterea1 
tor dtt'fel'e·nt type a of tr,atment, and .1n general the· so1l 

e~st~m& .ebQw1ng gr~.atest .\nerease. 1n s-trenrgth are the· 

so1l$ wh1oh were trea ted w1 ' h ke;rosene and t.hose W'h1cb. 

we·re heeJifH\ te lOO()O o. In. a-lmost. •very caee, tbe soil 

sys1HI~m Slf!bl.l~Hi l eas and ;c-&qQ1re.d a Jlte~ter ata\tlc lca4. 

to~ . C()mpaot1.on a.tte~ t t Ya.s t 1"ea ted., 

I n the ease ot avery so11 s.yll!tem !avett,iga:t~d. 

tb.e t ;r.e tment a.P~ area tQ ba¥e made l.11tle or no change 
1-n t he percentage .ot mo1 etur·e in the s,o11 at~e:r tlle tout" 

day soa.k1ng· period~ 



Cha.trt$~· v 
DISOlJSSIQN 

'l!he data p~eented 1n ChapteriV indicate that 

as the pt~een,age ot eme.ll p:a,Pt1cl~$ .tnc~e$ses 1n the · 
Ul'tretited so1l-·w&.t-r lilYSttlm~, thEt Q!:>:m,p•~ted a1rength tit• 

~refiees. In the trea~ed eystem•St however, tbe small 

p~t,1eles e used n:Q app•e~1a.ble ~eduotton !n . atrength~ 

5:1 

·In 41 aouselng the pl'Qblem undertaken ln this aatudy eertain 

otb~l" resul ta Qf' $h.:e ~est.s o.ow.e to light rega.tding 'tht} 

etteot of p all p~litlblee on the s1tre-ng·th ot soil. ~h•se 

resul ta w111 be d1e.-rua.sea u.ndeJ" thft aame genel'a~ he ditlgs 

tmcl in the order tba' was· t~.e.•d hEm true .PNb1em w~s 

~u'laly~ed in the 1ntr.odu.et1on ot this sludy. 

}~tt·~gt' ve ~ .AWl 
·§Y,t'fG.Q& f+~$~ 

'lUbe ette~ttve "ize and the surf~<H! area vere 

value.a dE'-ttirm1ned .to e. e. a1~t .in 1dentit1cat1on,. s1nee 
e&Q.h soil e:ratera oould. .have only one -etfeeti ve size and 

one a;rb1tr ar1ly ee.le~;ated a eQit'~c f'Alrf'aee area .. 
E(te<>jU~ .aLruh, .. ~'fbe ettectr!ve s1te. waa enoseB 

as Dzo, 1m~t~ead at Di'(h aa was usttd bf Ha.~en {10), 192"1, 

and otbers.jl The pal"'t1e1e· sl~e C'Ql"vea on Ftgu:re l make 

. 1t possible to obtain the D1o val~e toP eaQh aoil 
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syat-em 1f d~HJit'ed. 

~llrtBs;e·. !/!!.i~-· Soll systtma tha t "toe pr epal'e4 

a.ec;o:rd1ng to eff$ottve ;at"tiole . s!~ee t"'ang1ng rrom 1 mm 

~o 0 .. 0013 mm were tound to have apec1tlc am-taee arean 
Va.PJing :rr~m abou.t 250 squar• oen1U.m•te·rs per gram to 

~square oent~mete~s per gr am. From the ~eview of 
11.teraturei. 1 t was obseJ.Oved. that man1 1nvest.1gs. ors have 

used a theoJ~"etieal means "t aeterflllt\tng aurta~e area. 
1h$ values used 1n thi a &tudy correspOnd. re a. a~nably well 

with those of the s~e $1ze l>a:rt1cl~H~ p:rev.t()ua.ly r-e c;u,ied 

1n the literature • 

. O~t'"ac)ei~IJ J!t <'it 
i#(~@~tt? :;:1 txa;erao 

Figure 2 1ll~~t:rates the ebaraoterlstice and 
the var1~ttona 1n atrengt.h of · t he untt:te.tlte.d soil aystel'l\a .. 

Yana~).o,n RI.. strsng:tp ~- et,recttte _s1_ie• .... 

'.rhe ourv&a repr(HHU111ng th~ s.tre.ng'h valu·~a obta1n.ed :r.or 

eacla type ot strength test ind!:ea ted. a f airly ~Jont1nucn;ts . 

:fu~ot1o.n t n the t-rulgt! of aoil aysteme up ~o fU:l e·tfee~ive 

s1·ze ot e.p .ronma:t·e.ly O~ 074 .mm. At th1$ oint the 

ew-ves, r ;ep:l'$sent1ns the strength at the· so11 for both 

the stab1lomete:r nd. th$ csa tests~ ~oa• r apidly and b~* 

came nearly vert;t.cal 1f1 the vtoi%11:\fl:y ·of -the l • e. rt~at~'Q• 

1-ve· s1~e. In the ltgbt ct what was rene -ed in l.it&ra..:. 

t'U.Pe r t1g·BJ'd l!flg the b'e~~rtiPr of the soil syst•m when 1 t 

is pr -edominantly composed of s mall pallftiill&s~ 1 t may 'be 



. "' 

53 

o$tt1d ~a1i ~b:e br~ tn th~ eU:rv• at th$- uppe" ~Wi ()t 

t.hts al.mo$1 hel'\1zo;n~al 1 S"~:Fal_gb.t ltne, 1nd1ta.'t.et tbe A:P• 

p~o:nJp&t.e oon;pcs1.1il0lll of a. et>ll. syt1te~ •~,_. ttmall p~t1+­

ol$ $ a~e p;re.se.~t 1• ,elll~ll M ·e.x.Jemt •at tbetf"· ~t'ta·at l .a. 

gJ-·&&1:t1' th~Jl Ju.st 'thAt Gt ee, .. el't.ti:nl tbe lara• pa~t1-e~-tll~ 

:ae;$w 'this: ~1rt1 the GQ~~~ ps.Jt11el.~,, ~e . $0: few tb:l\t ~be 

1n't$t:"n$l ·tMe11·0A ~ ~·.Qg•r. "~-~~l,$ t~e '1't~$~f£1ih o:t the 
$l:f$'l$ii. 

Ind,._c~tlol1l f!Jf -t>~n ·-Ts%1#~ tt;Jfi* :aate ~-~:taaa.e:~.~· . 
JJi)~'il . ·. Lfl_e:n . ~-~_jf@ .(> '~ ~ · " - : · . -· ~ .,., -~-- flt,. "'C · ~; "t ~ :t e·. 

Aee{l~¢1t.ag ~·- <.\ea:t,srt Jrtil}·'e~~&t: :ta .-.,e l>r ~&~ atgbw:a; 
t'Le~J~"-e~$t:1 ot .Ctllltl~$4()J C:aUf$rnla• · al'ld Octll$~ "'~:atiee. , $ 

ttati w11h a: ttil valt1,s 0:ve~ ~S ~qttlrea . no balltt:$t: ·tto 

~ I"Ote(\l t:~ dll Mt ·~fa l~ WJ,tl$~;\,Ji:ng· $~!!1~$-~·ttHi t:Oitlii 
. . . 

It 1\ may {;)t as~~<il tb.at $0.11$ w~tb , tJI:r~q~ &bfll'V&· ·tlitt.il 

veJ.na .fU'e _flttelleat b'atie~ f(\\)f lU.ghWa.1'&1 ff.l::ir l.l!'r.l~~1U.b:& 

and fl~od. o()ntt'i'-1 ·$.1~\u~·,v••• 1 t mt1)at ~eQ_ lHl· ,~ut\4 . ~!lttt 

:t.t~ th~ pa_}1'~tu:,c:ulq tJp,f! ;a.t &Q~l ~mve.siit«.at·ed , in 1th1.s 

s't~ii;t, the -et fee ~tv e. stze D2o ~r t1. tt$.~' . ~'b•e• shr,)ullfl 
W ·P.,t10: nu~ (}~· h.igller.~. 

~1e1i.hod..e. tfl~ .m:a.:a1.q -all soil pii.U'tl.olas !li• 

actuv~ 1~ t:b.t ee\,1 :S.if·etem •e~~ 1nd1o~t.e4 la 1tht .~~view 

.ot· ll't-ttrattU"~. Ot th$" ~-us ~~?1-ew-•4¥. 1" aJ)Phre4 that 
tn~ee Qt th~m· W<>~tt. b~ sa.11efao '\Q~·y t<ti1! U.se !.a thi a ~.ll~ 

V$t~1g.a"1ott. 'h$ttr mertbtfda 'Jie~e t&~~·tbe4 13 Cbap,tJ"· !II. 
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ttglu.•e :l lllu·str~te:s. tbe cb.a~&'<r~e;rtst-ic:u~ ot 
tb.e tt-eatEti so11 $J·e,ams as lndtoat~4 'P-3 ~he O:BR atreng~ 

tt)$t~J. fh;e ·res.ul.ts of 'both strengt"h te$'& on. e h 

t,reat~ fioil SJStem are l!ated 1n fa:tJ1:e ,. 

I{~rsui »~ ~tt~~A, iOU<f!. ~··SQ·t\l sy1;1tems· !d$ntt..~ 

tl&i by a D2·0 of l ~tm 1 t).-001 m.m1 and Q'"'O&l;; mm we:t"e. 

m1Jte<i w1 th a vo.lwne. ot :te~oau~ne equal ·tG the. volume tiit 

wat-e~ previously uset in the sta od$l'd Slr&ng~h tests .• 

It appeared that wen th$ small pa.~·t1c1es ere- unable to 

rea"'" o.s tney. do ':11th a. polar .l..tquta ;.. the :et~ength or a 
s·atl s-yate·m;, even. ttl(:)~b eolllpQ.se.d o~l7 of Vtfi"Y small 

:p$.tt"t!(Jles, was <:u:nnp~l':$ble t-~ that ot a ver¥ 4Qa~se • wal1-

gJ~a4ed S01l ~ Th:$ phys1e"l ... Qbem1cal etf'-eet Gf tba $lll$.ll 

pa.~tiele1;1 p .e.a.red to have been N~sponaible for reduelng 

~e OBR value t-rom 94~1ib to ,4.8% 1n the oa.~e t;)f the 

t'inest ao1l •retem t~veatlttat·EHll"' ie~~e.~$& t.ne CBa -v·,al9~ 

ot a:bot\t 94% liS$ (!)bts.tned for bo~h th& '>.007 mm. a.nd ~& 
o .• OOlJ mm k*'·ros.,ne trea.~ed. $oil syst$ttts, 1t appeara tha'"G 

"tl1.e QBR val-ue-s b.e:~o.•" tndependen~ of tbe pa;rt1ole s1ee 

a-n.d 4:ist.r1 bution . As a m2ttter Qf tac1 tht!t· materials 

mti\ld.~ 'lP tbest '$wo aotl . $1S·t&raa b~avii>d ii!lnt1la.rly dll,lf...-

l!ll the CaR test. J:elh apetd.m~na t:•es1s1led penetJ;"a\toll 

stronglf fo:r the fi~st 0.1 1nch. Th$tt the top a~r-taee 

of' both g · ve w y ve~f g:rad:ual ly and tttluffed 11 wh!le r~ 

a1stlng the· enetrat1on te~ the l.aat 0.4 in~h. It 1s a 
/ 



common tendency for non-plastic materials~ sueh as blow 

.s1and ,and a1lt 1 to l:H~h&:Y• tn 'thie ma:nne:o"' It :1$ ev1d$nt 

fll'"Om th$ ab<>"e cit fOUJJston, the:t-etor:e; th t k~N>aen~ i. :tll 

ette¢)'011'6 1n ull,\fying the physu.co....~.hemio~tl. etfeetl!h 

~9!la l)e.~~ -~~eit~~ ,a! 4oo·o A* -'i'he soil syata'a 

b.eated a~ aoout 40-0·0 ' C tor eight ,b,.crur's ats.owed a CBR 

v~l17e: f/f 'otily 24·8~ 4•ap1te the r~l.a.ttvely coa~ae s:tt~ 

ot · l!»ll"11~l.ee of' wld.Qh t t . w e -eompQsed. ~ Eys.tiently. too·t 

t:empera t .ur-e -. s not h!gl) enough to J'lande~ the smn.ll 

:9al't1clee totally 1ru~<Jt1ve. Tnt~ ~e.aul t m.tgl\t have been 
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red1Qted as a res.u.lt ot the de,hyd~a'fiion t-est performed 

on the ola.r 'Qet·en th~ .efl-r~ngth te s1aa we~e "n. In th& 

tem-p$ratu:re range be:'hre~n j ·Q0° C a.nd 6ooe 0 th~ speeimt:jl 

lotlt about s.6% mo.tstu~e to 1nd1eate 1fhat it tock.tempet-• 
atu~s oons1derabl y above- 300° C to 4~tve otr the 'lttatet' 

ot eJ-ystal l1ze.t1on. '!l¥ie obse~v . t1on 1e support d bW 

Be~:telnam«~ CH ,. 19'*-li. 1-lho tJt ted tna.t a. temperature Qf 

,5·00° 0 1~-l ne-0easa~y t~ Hle~•• the ~f$1ia1 woa.ter. tr-on\ 
kaQ11.1'U. t.e. 

§~~lf )Jeit tte, ,~ei J!1 ,lOQ,q~ Jl.,-. ... ! he s-oil 

sys,tems 1dent1t1ed 'by :o20 ~· 0,.1JO wn and D2o = o. o~as mm 

lil$~t)' n:eatea.. to 1000° o· ~ 'J!.ne· ~tteet1v,enelis ot tbita at~ 

tempt to tn.tll1fY the· pl;\;ytd .. c$•chem:te:al. p,;'&pe.t11e a ot tbe 
small art1c1~s- was .r~ad1ly o·bae~ved when the a e-e1al$A 

nrlutfe&" dUring the st-l'en,eth tests. Jl~•:rthtnnore,. the 

CB:R values ¢>bta1ned. were nea.rl.y the same as the CBR 



val.U$$ ~btf:a_in,(td ·stt ·•"'~:ngth $&stlit $'1 , lt"t;t~·(l)t·en•,~t~aatei 
' 

ftt~1 8fS:te.n:t6h· 1/he axo•gttoaal.ly hia;b C3R v:all'Ae sh.oa. ~y 

~- t>2o ;; 0:; OOl.S mm· $01.1. Qfsrt&f!t -$ n~ it>Jtib~ ~~:rt1r tt~• 
. -

'tO t~alc,n Of the ·. ~nt~l~a •.. ?iS ,hi$ lf'lit.~ thi· .$.f4.l Sf4f$Jn 

Wh:\~h • ·a deaorl':le.d lli On~\ltt;f1r l!J ElS_ b$.Y~ng btfgft au~ 
. . . 

3~et.e<t t~ tla J.Ooo• ~ . t$cl)lpe~aw.lil~_, tirt~. QlUt la$ta~ 4~1n~t 

·•r-:e~tme~'t.\~ 

, SA!l! t~~e.:!tA. :n\V' 1tl!IUJiiaet1M· ······r~e- s011 4 ~.#.rili .. ~· _,~ .t»i ~ · ·' . c - ,_,. . • • • 

s:y-a:~~ l4ent1:t"1$d. ., 1)2() :¢ o~~~ 1Ml ~·a ~e • o. oozs tnm 

Wil:t~ tft.ea.v:e-l w1 u . $iWll1n-wn •'eua:t~. An !.n4tt.e~\tton of 

111.~ i~et'feo'i1V'e'J:l$$;~. at un~ ·~ . -'thGd it&$ ap;Pa~$~1; fl'"'Qfn 'hf 

:stn¢A~l ia£t.r$• ae t~ ·rt:lfre·~~tb. tJh~wn e.tiE~~J' t::f"'(l~1~en:1. . Ot~&:r . 

~'Vl:aiJln~e nt ho 1Jle:tf4teti1t"ltl -.e . t~e.a~e~·fl Qullttt~d ~e 

p.la~al.::e<J .... -:e~t·rol.eal .a.ettv1~7 t/,f th-e maealt ~~tt:.t'li;l$ tfiMl 

:al\0·\ffl s.n tne ~&'let~:tl(ln ~t l)lat~t!J~: p,op<e·~tt-ett tty ~ae a<ll11 

and t h, 1-oW' ·s1;at1• 1~-~l ~ec*t-s~r ~~ t:omptt~t. l t.~> h~t.lae.r-. 

tn\)%t-'e 1: thel'·• wa-s. tto •tlurr~~, &Ci\r~lo.n ~t -~~ . Ja\ai:t't'ace o-r 
tb-t' f!P.~O:tmtlt d~l"'lng p~s.~tJ'aiJ;lf.ln. 

· 1-'be s:1U."fl~th at '!lbe a-1:111 "7&l$rtHJ t~eated t ,o 

t1t1eet1vely Pttprea.s ·tA;e pllr•t~•""'clletnlttial.. reqtion.s: et 
&m$U ~r,lol•s apje·e;lt'e.d to ~ wetil $l1$'ff) thti •Jl!t~t~tt-1 

' 
CD "f'a.tue ~:; ~s%· · ita tac.tt· the OM ta.lJlUUJ a•olU'ld ·9)% 

ap-pe&_. to \a ln. lt.n• W'ltb tflt we-tt~-vate4,.;; t:(t)e..ratJ-g~ata..tl 

ao!1. eys·t.eJUs ba1'-t•• t-tteotlv~ e1zis ~~ 1 mm aad Q •. 24' mm. 
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The tv:tt.enei& at~m:s t~ trul11l,~$t· tlUtl 11' l .tt wtH not to~ 

lbe :Ph:J:ld,eo•·dltolld.41ll a<J·ttV~1 tr i.),,f' tn• e.nt~1l J)ar"t:t:el~:st' 

ew~ ~be s•l.l st$~-.ttllt -to-•-s•·a etr•tr·el;y ot the VB\lff . dma11 
~ . . . 

;pa~Jttttes w•ll14 h~t• ·tu.gb o/Crtniftn •. · ~ti a p~•tloal •¥ 
' 

Wt"s 4"Yi.te4 'tf.ll!' .-tft-ot-1nl1 . ,a~tr-tN~~~Jtns t~.tae $ma.l1,.. 
. . ' 

pa:rtlele vta~1ll.fUl$~ ~,a,~ ~b.t b~ ft\:e;«,t of all $Qil.a ~$ 

ge·d tG~ft4tt't:1ott l).&s••~· 
- . ' . ·~ . 

!e.tta ·matt" 'WI. ta t'i·& Otl" ~ti~u.t~ t;v,pe ot 
aot1, 1'«1wt:Y'e.:r ~ s!" tV'11i6lln~u~ th. ·t · wh.it»> an lt!t;Jt~aa11lg . ~~ 

,, 

b~:r '()$- .arti~ll p.~tt~ltfl ttl'e !4l~.e4 ·•11ib lttl'{t~i- pa;rt14lle:.e~: 

tn:• u1,.-·$$.1l-d &Qi~ sr$tcem !~e•l1· $~~e~stl!.l _,e.~\411 to ~ 

l»'"' wh•r• t h$ etf~:~ti~~ a.t~• 1~ ap,,o,.&~'tt•:1r ·0,~- 014 tnt'l.t:. 
. ' 

T'h&~•~tt"~-• ·•$ sre:Jitnt .ceA:tt~lt~H\· t~ l:ts& $1l~•n•tll tmt at 
a 4.~e:r~filt -~ ~ate,!· 

'J.: 

5? 



Otf.ptel"" Vt 
S~t 

a'hia ttentpt to d&te.rornine how ·un.e phyai.C.O• 

eham1e · p,r'opert1t$ . a.:t e. so1l mas a s,tfe":e1 lfHJ l;)ver~.ll. 

· s-tarengtb. reawlted fPGnt the P.eali~a'tilon ·that otl te·tt't$ 
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1n u.& .. at the preae:n'; time re ·quite ~:tpensl'V-& nd time 

co-nsuming. Furthe~#)Pe, greater use might be m de or 
in!orma·t1.011 ft*am hutlCllNl·dQ of th0\1 _ an,dta of testa pt-ev1.oU.' iy 

maA-E! ()fl all types ot. BQils t..r 'Petter tlle'lhode o:t !U\lyz1.ng 

tlHt resn,al ts el!'e d.t>V~l•ped •. 

fh!s a-~y iif< s pe formed ~S>.n oA$ al:"tieul~ type 

ot so1.l fot' the u;r -$EJ of inve t1g '1U:ns th rela t · a.n 

between trength nd a~J tola. s1 ze Whtr~A tJ t.her vari bl~s 

1ntluene1ng uo11 ~b; :tl~r ~-te:re held :eon$ts.r:rt. 

The m 'ho4 ~s«t wa..S: on~ ot .~M1.s,:rtbu.t1ng tn., 
.Pa.r't!cl' ot the wif!in. sotl 1nto e:1gll:b srstema "'filt·r·· 

' 

1ne; from a co ree•graine<J. eo!l tD a ~ry t1ne""f!Ta11ied 

eoil, Eae'h soil system was tee·ted l;Jy- two 9 '$ ara.t typ:es-

Q! stfreng~h t:(!)s~$ ~.f'O.l"e nd at'te-r ~-eating them to n.ul~ 

'ltty- th&1r ph:_ys c-Q_,.-q)f.•mtt' l pro el"'t1e$~ A e·O'nU>ar'l ac~ ()f 

the , s·t-rength ltetp:oe· and tte~ t~e,a.ttne-tl' lnd1ea:teQ. tne 
etf$c·t ot tne1r pb,j"al'Qo~ohemical p:ro ertle& and suppl1iJ4 

1nf<>:rma t1on as t o how the strength vari&d 1 th v .tattons 
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ot part .1Cl$:-.slz$ C¢Jtnpostt1on~ B<>'th 'he etfe<>t1V$ stze 

llto and the a:peettl!-~ 8--ut'te.c& are~ ve:~~- :us•<l ~G .tien.titl 
tbe. a~t1t.1otally p"pe.rect S:ffil-c!trnt.s. 

!be 1ntorlJ1s.t1on g!4f$fl. tna.¥ ~e ~arte•O. aa 

1.. ne s:~eettle· eurtat:e aJ"ea of tbe ar-~ttt.;..­

eiallt pJ'-epatitd a<:>tl $~&ten;l' tn~rea~Jel $ l)ld1y \\fit.n 
1nc~e.';trLUng •atn~\l,ttts ot · tif»Utll. pa~t!ele ·• tn the. sll'>11 

syst.et$• ·aince the s~t.ace are-a contr1bu1et by the 

par-tt'Clle$ ot ·t1~2~·& 0.,00$ tnm q:d .le-s:a: t& "r' l~~-e~ 

2'~- When ·tne attemp' was Wl:de ·t.o nullity t-.e 
Phra:tto•cham1o~l ·tff'ee·t$ Q.t ;m~:t.l pa"1Ql.~th 'b$ 
nQn~polar llctt.tif4 trett!timeat e:n~ 'tfh$ he·a'ff 'il:t'es. t~&nt 

at 1000° o s:tH:l-med eq~eJ.ly ettect1ve 1n npl"esalng 

the a.ttiv! t'7 Qf Jtnal1 put1ole$. 

'· Whea th~ emall particl•s did t\('J't 11ngage 1n 

pnya1~$·tlhem1ca.l act~v.t17 tn.e $\t.J"$6$th Qf thEt soil 

t-~malned 'fi$W':f h1gl\\ tt'tta ·we;n the $011 trs.ttm ~s 

~nti~el, oomp.~aed ot ~ par,J.o.les. 

4. '1'¢~ lh& p.al!'t;.t~.Ul.a.r sc11 lftV•$tS.ie1led 1 a 

eom · a~·$. son of . the- $1·r-ength Q<t thfl trea:t-.d soil 

rutemst w·1 th: 1h.e. unt,rt'u~ted -sy:et.t :ms, e.nC>wed tina\ 

tb.$ Jkf.S1oO ... Qh6tn1 (lal a~t1 V1 t 1 ~a r.et1-)Q'B s.1 ol.e tor. 
4lmo·'Ot all ot the loes o.t stre:nstn. 
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~dra•ter lle'e-han1cal Aa:~lys1s en a 50 gram aam,pl.e of the .. soil traction . sma~l•~ t1lM th• 
"o-200 s1ey,:•:·.~tt0• · t;~••tl-c to- .1000 Q. F1gur•s · l'n pareuthe.s '1e a:re tur the same s~U artJt•J> 
heatitlg .· t&.l'' 2:0 -·ii1Jill._ts. .. · .~ · 

!Period o~ ,xt4. Tqp.. Correct-ions t % in Oor.rections. C:or:r. 
t~ ~- ~ ~j . ,:;:· .. =:wd :i:=n- !'4.4:c1e DeP~jsp.Gr. ~f:~a 
nrs.-: Min-A. :flit.. - - · ead.iag IDI s1z• 

48.0 6'1 47 .. :0 94.,0 
o. 2/~ · - ·- .98 o .• l .4& .9V .ow& 

{48.0) ,,.,_.&) (94-,.-0} ·( .04-l·&) 

4:v •. $ 4e~e 9.5.2 
o 1 &9 - - .9's o.O'I.e .• 4& .t,. ~0348 

_ (47 .s) (46.-6} {95~2) t .o34a) 
A;S 43.& 87 .2 - . - . 

0 2 6'1 .... - .98 0.-055 .46 .9'1 .-0.245· 
{-) (--} (-). {~) 

4:1,. o 4-0.-.-2 .s:0•4 o 5 ~ · 67 .9e _,., o.o;ss .4:t • ca? · .olH 
(.i! .• G) .... - · ·,(:te•a) {'1·&.4) ( .~o~s9) 

l5 .()? - - .. 98 ()..020 +48· e97 
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Bio :~''l:~§Ri ;· :a : h,,:i.it~ '~1~~,~r~.1z!l"i; 1o'ki~n~~·$'-'7~i1~~-l· = 

Sp•oitio G"rav!.ty#2•73t Hyg:110 J4Q1st•l.S4. 

OAlautA!IONS tor OBR !EST 
.o?SI X l.U,l:S.G922~ . s~G92~ X _ l,Ol843:e.s5~l lblleOft,: eo&l 

e.e~aa . x .• 13'1 ... 1.1 .. to~ .. 1 .... 1 ... 19oa .... 1eoa = 1~0! I _lbs.if ~2o 
453.0 1 1.0306 ::: ~6"1 t~ 90 HeO. This lliX"\lre ot soil. aa4 . 
'dter ooapa.etod to & lt!ghi of 4 • IV3 1nche s in • 6 tach 4ta ,. . 
oy-11ader 1& the sp•ciaen ooapac·ted at $~ ot C)Jtimwa. 

Ste.tie load of ~.soo l)?a .•. neoessai7 to oo•peo~. 

SWell ot 0 .. 1,0 t-o~ 
OJ?iainal heisbt ot 
4.V~ 1nch•s le 3,19~. 

mn .s·am:t§fMi 
''l.'OJ ot apeeiraen .. 2l.t~ 
Bo' ot spectm.en~l7.e5~ 

$fABlUlli4ETD Tlil6'1: 
6 lb speoi•n oo.mpao1••- .S:h 4 ln.oh d1a~ aold w1\h 10 lb, 
ra_.r by 25 4rops tl"()ll la ._.ell heisht on eaoh. ot 5 layers 
ot e~a.ked soil tl'Om <JD eyl.!Jtd«n:-. s~e!Mn: i;hen tr1Dec:l to 
2.1 1-.oh .be1,gh'b an4. pla,oe·d in. HT••m Stebilo~Ute.r. 

500 40 28 .vo !50!' 
1000 eo It .70 eo 
1500 .120 90 • '15 25 
2000 160 126 •. '788 21.2 
2100 ~ ·· .... ·. @QO ·. til,._ ·. , 11 c \ 1!1! . ~: . : .• • · \Et1. i .T,. .· w 1_! · .. . r .c , . ·. . :;II , , i r. · 
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BaJWke~~ G, J .• ~~ 'l'~uog .; tmtl,, Im z:-o'\f':enu~nt (Jf 
:a.tltf ... ·mu4 ·tll ._ ~~ ~A:to'*~h pH: Q·ontre.1~ Ameu.~i·•· 
()·at} Ceram1·• soet.t·t~* J ou~xta;L,. 21; '24~29, 
!er _ t~mber 19Se. 

Jflavert L. D. . S$11 p~ya!es. . Nav Yl.?ttl., J~bn 
. Wl.ley ntt. fl<?ns ,: 1940~ 3?0 .P.~ 

s ,;rk$~m.~r .1 ~ .. H... ~~byd~at1o~ $tu4y of ~le.S"s. 
A~:r14an O.t~~un.to Soel,ty. Joul."nal t 
26tlzo-a,_ April 1.'?)~ •. 

C<:;ugl:'l1l;nout-1 W, . L. and tl'trteP 1 _ J-~ t., C:a:~a;Phore.t&~:B 
o:t · l"'1f'1~dt f . o1U .. orrated k~ol1ntte p,ertJ.el&.fiJ.. 
Amel'10&ll C'tl",unie· Sii>~:l.ety. ·JoarM1. 1 27: 116~20; 
I!J>t-11 1944.-. 

Euat141, J, !l~. ff-r Sb~~~ley W.. '~ ·• ~~tt:lr.t~'US wa'b$1!' 
~•pellente ·.·ott ao!,la. !:n:terna:t1·on&l 
Cont~rreru~~ ~n Soil Keahant~s a.nd foqadattan 
Eng1neel-1n$-l!o J:70;(:J:$$d.1.ng$ 2:·4:,os~16~c 19"48. 

Gatdn.er-,. H~ A~ l'a1llfts., v.~n1a~f .la-oqutt$ and' 
o().lo:¥e. v. -~h1~to_•, D. a. fi In.at1'tu;te ot 
Pain:t and V~nisb. .R,~aear¢h, 19~7~ l5:t3 p . 

Gl'itll~ a~. ~ . .le1$t1tnr or th·e e()~c·ai t1on to ttte. 
p:;r,(l)pel"t1<ts . ot ~la1" A!lle:r1Q:e.n QeP$tn.l,:(:) 
Society~. Journal" t?tl41•$l 1 lay 19)9, 

Pia.rman, 0. G.w ~!A F:rau1in1 r Fel);.~~ . . Prtlp~rt1ea 
~t lt.ael..1~te af! ~ ftl.nettoll at t ·~$ pQttt;i~le· 
. .... Am~.ti'l.O$tl flf'O'r•1e. SQ.e1ety. Jo~raa11 
2) : z 52~;'. · Septemb$-~ .1940. 

gauaet",; E., A.. Oollo'd. chemlatUtf tn ce,-arail3s .• 
Ame~1ean O.t:t>a.ntic So~1ett~ lo~:rrtalt 24 .179~8,, 
i'fll;ne 1941. 

Sa;;: en .t All.e:fl. . Syd~st~11~ ftll 4-.atn$. ~r1. oa.n 
$~-~~e·tt ft'..t tl1Yil ~~t~e~r.~. 'trlltu~a~t1Qna. 
S) tl '?l. ,.174$ • l-91 ~-.J.92ll. 



l.l .~ 
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H1lga.rd., E.,. W'" S();l.s~ the1~ f~~a.'t10Bt ;pl'Ope~ 
'lea- and ~t)lltlXHal. 11q)·n, lilew l~k, ·T~e 
~-~"k1llan tJ_Qmpany ~, lJG6 •. !$9.3 P11 · 

RGe;entogl~r, C, l'h .. Eng1ne$t--l~e; _pt'a:pt~~1$s ~t 
~1.1. . N'~w Xa~k l!Ut(\, ~5>nd~~~ - ~c~~aw"'B1ll 
S'Ook Com ~Ulf;. lno .~; 19)7, 4:)4 ~ 

liveem,. F. N, G>~ -0-~~ny, .R.. M. ~e tae1iors 
untl~u·l11tifb ~e ~a't1~·nal d$E$1gn 111.-t pavem:en1;$, 
1ial;Q~P. tUliftQ: _, State Qt Ga.11t~rua • .f.ii/f~ ~t1 on 
t.t N1enwaf$t 194>9~ 4~ p-1< 

J~hl\~cm .- il . l._,.., t,t~4 fl~Vld$oil. . t):~ t ., . 0l6tf . 
tftebn-"le>lf 8.-~d: 1. 1h~ e.- - ~lt~:utt1¢)n '$· $(:):11 
stQ,b11liS-$'$~on-... , .1!1g.bwe.:r R~$EtM"Oh toa~. · 
:PMoe~r~:U.ng$~ !7t4!5-'0 l .1947. 

Johns&th A" . L. f.l4 Nqr.t..onJ· F. i• ft:m~am&ntttl. . 
. &tud.: qf' ~laft detlo-acul~ tt-on l'A o:Lat wate•)'l 

BfJ)Jtem, AmeJii.{tall Q,·&r. mie Soote;t~· 
J!i'-Ul"'nal 1 !4t'lS9,.~.Q)~ JUtif!i 1941. 

t~·7nta• 1 n. .P -~ sota $$:Chtltt1·"'•l> N''~~ Toli'lt, 
· lteG:ta.w""Rill. Jookt Qt.!1t!:J>.&.n1t 1941· $11 p. · 

Mo~e * e f 4 q i''t';t t w. s. * ~n~ Ml4d.leton;1_ H, m. 
)hlth()ds t>t d.ffterm-1!lllng th:i' at.ttstLnt or ooll01.da.1 
tti&t$r1 itt $'i)l14$e~ Jot.ltnal or lnda~.J~1al 
a~d Snwi~~-~1ng G.hemtstrty~ 1:)l527'1!!<30 .. 
Jun~ 1921-t 

l\anltln>G- 1 ~~ . J)i Ji. . lU.,fCal.l.aneQt,ts $e;.en't1f1e, 
J~?e~s~ _ - ~~~-~at_ 0ha:rl&fl G:r,tfttm a-nd 
Q Ontl)A:Rl/, l8el . $~1 P • 

btnaon,,., Gil'ba~·t .. $o1l·.a; ·~et~ Ql'!gtn. 
· con:st1 tut.to¥l llt.nd e·lails!fi •e~vtott. N.ew I-orl, 
D~ V~n NQ tr - - ~d. O:Of~Watlf)' '19,!-. ~?0 · . ., 

falbQ-t ,. A. N:,, •. . ·!flle at~ength ()1. tono~ete • 1, t$ 
"ls.t!l;)n 't'O the , G:~unerrt, a&i Hga"es. and 

· wat•~· I.lllrJ.Q~a. Uni\"erl!l'l~ . _ Bni1nee-~tn'fi 
ex.pfn?tmE~a1 -l,atl.f.Q.n. hll~ft1n 131tl•aS;· 
1~2). 2) <£.h . 

ta,yl.G·r, Portal« 'tt- Fm\'dam· ntds. ot s:ol1 Ine~han14Uh 
. New Yo-l"kl J.ohn ~ftl~y f!.nd f5~rt•, 1946.. ?OO p., 
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're~UJghi, KaJ!'i ~ F.eek" R. B. - Soil mechanic a, 
1n: $Qgin>tett1Jig praQ'tU.c.e. . New York, Jobn 
Wiley and !Ott$, 1-fi#B. ,566 :P• 

Tu~nbul.l , J. M.. Tbe shear-log resistance ·ot eo1l.s 
a& de:tet-mined by \itreot sllea.~ te&t:a at a 
t.10l\st .nt 'J!S.te of s'QrAin., Int,ernatlonal. 
Oonreren~e Qn So11 M~ob~l;()s and F~u.llt\atiol\ 
Eng1nee:ring~ Proee~~d.!ngs~ g:lt2ll,.-l?, l9ii-8. 

1h1tn~.Y~ }filtcl'l. Some hya1ca.1 p:rope~ties of 
!lt>.11a and tbe:tr "lation t:O· mc>l ·E&,ure and · orop 4t·ctt!b-ut1oth u.s. Ws,athe:t e~eau. 
Bullettn 4 l li""9(), 1a92" 

tltaker, H. l!;ft,eo~ of p~t1~l:e st.ze on 
pla.~t.1c1 ly or ,. :O:l1ri.i, t ·e •. l-itll-e.rtctan Gere.Jn3.~ 
Soetety; · Journal~: '22·:16 ... 2:h JanWttJ'7 19)9 ... 

wi.nterkorn, H .. F. Fundamen:tal s1m1l.s.:r1 't1ea 
pet e n ~lebtroam t1c e~d thermo-oamot1o 
pl\enom,na.t Highway ReaES$J'Oh ~a~%'4.. 
P;r·o~eedtag~ .. 2?J44,'i'!'55, 19t}.f .. 

Winte·rltorn, H~ F. . Fh7e1 Q-oh_&tn1oal. p;r-opert16s 
of ao1l~h Int:erne:t1onal :O:ont~renc;e of Soil 
~e¢hanif?~ and F¢~dat1.on ~ll-glneerimg . 
P~oeesdinf$• ~nlt2,<+29, 19-4-~h 

W1nte-t-korn- H~ l, ~ng1ne.et.;l\1ng loklea ana li:rJ. t a ..... 
~!on£, ot pedology for r~gional ex_plora t1on 
f>t ao.ils~ In.te,na.t1onal Qqat•.rtnce of aoil 
M~~h nio.,s aftd round.at1-an E~in-ee.rtng. 
,P~ooe:ed.tnus, 2' 1~ a .... l.2, 194$ if . 
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