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Introduction 

USE OF SOIL '.I:'ESTS IN THE DESIGlT AlID CONSTRUCTION 

OF :cL P ALlHTO D.AM 

by 

A. G. Cat1aval, Resident Engineer 

National Commission of Irrigation, Mexico 

The El Palnito Dam is located on the lfazas River, in the St2.te of 

Duranc:o, in Northern Mexico. Its ,.ratershect covers an area of about 7000 square 

miles on the east slopes of the ,·restern Sierras at an altitude betveen 5000 

and 10000 feet. From the dam site the Nazas river flows east for a distance 

fo 130 niles through mountainous terrain to reach the flat fertile valley of 

Torreon. Hero irrig~tion has been ~racticed for the last 50 years using tho 

flood ue.ters, 2.nci has been developed to such an extent, that at present the 

construction of this q.am ,-,as imperative in order to stabilize the finn.anci1:tl 

status of this region. 

The dam at prusent under construction will have a reservoir cap9.ci ty 

of 2,400, 000 aero-ft, which is oJJout 2. 3 tiDos the aver2.go yearly run-off. 

Rocorcls show, however, the.t occasion0,lly the reservoir can oe filled in a 

single yc8.r. A power r)lant with 56 1 000 hp. inste.lled capacity will bo ouilt 

at t:10 outlet of tho tunnels to furnish 1)owor to tho i·;Tig;ation dic;;trict whore 

more than 600 c1.eer, well pumy)s aro 2vt present in o::r:ioration. The1·0 is in addi-

tion a large market for po1.Tcr for mining and other industries. 

Dam Dosicn 

The sito is located in a formation of volcanic rhyolitotuffs. In 

the river '.rnd this formc'tion has a depth of about 100 feet, and is underlaiti 
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by successive 12.ye:rn of GecU.mentary volc2nic ashos [mcl rh;s,rolites. The two 

banks ar, mr·clo up of altorn,•to Liycrs of soft clec0;rmosecl. tu:ffs, rhyolites and 

rhyoli to-tuffs, ,rhich e;i vo a sommrhat loss str.blo form: 0.tion. 

Tnl:~ing into co1:..sic!.er2,tion this {;ooloric2.l formation, a masonry 

structure, vrn,s cliscarrled, h,wLv; in mind that this dam would have to be at least 

300 feet hich in order to store sufficient 'dater. A rock-fill dam uas 1')lanned 

with cln in1Jervious clay apron upstream, similar to S2n Ga1Jriel dam in Southern 

California, which at the time was uncler construction. This desiE,'n u2s soon 

aoandoned. after 0, more careful investi,c;ri,tion c1.iscoverecl. a rather broken con­

dition of the formation on both 1:i: nk,;, witl1 vor;;" soft clecomposecl tuffs in 

pl2.ces. This condition inclicn.ted the. ~~clvi,.\,:t1Jili t:r of 1.ridening the clay core 

instead of e;oinc into ela.bor2.tc and sore e:::pensive oanl: rirotection. This 

resulted ii1 chc.nginc the oric;inal rock-fill dam to an e;c:r;th d2m. The cla;7 core 

to have an upstre.JJil slo11e of :J:l c!.nd. clo,mstream of 0.5:1. 

At the time cor;structio:1 1.J:~s started, ,}., more clet2.iled survey 1,m.s made 

of all the nat(3rir1.ls available, n.ncl taking into consirleratio~1 tho relative cost 

o:f placi:1c clay and rock i:i.1 tho •1c'm, again a change in tho design 1 ms 1:iad.o, 

incrc,asin[; tho uicith of the clay core. This core as boinc; constructed will have 

a 2: 1 U1)stre0.m slope, and 1 :1 do,.mstream slope, as shoHn in Fig. 1. These 

cho.nr.;os in clesign vere })Ossiolo as the construction proceeded, and without 

ncc~o ciatin:; ui th contr:,.ctors as tho dam is bein,c; 1Juil t 1:iy direct aclministration. 

The 1:ierrn 164 feet wide E'.t tho upstream slope is intended. to J)rovide er-c;a.inst 

slicUng o:f the rock fill when the clay core of the u:pstrenm cofferdam becomes 

s.::1turat ed. 

Tho fo~·egoing illustrates tho reasons nccessi tating the revised 

closigns ,·1hich were dcvolo1)ecL as rnoro m mplete information was obtainerl pertaining 



to the geological characteristics. of the site and the 2,mount of ancl character­

i sties of the available materials. Data obt2inecl from the ls:1:ioTatory soil 

investi.';'atiuns contributed materially in determining the final design '\:Thich 

we considei· to be the mo st practical and economical. 

Si:cml k,neously ui th this chance, additional test hole driJ.linc on 

both river bed. and banks disclosed_ a very lirol:en condition of the rock forma­

tion; wc,ter Has invariably lost in the holes on both ban...l:s and shoired up in 

a')precia:ble ar;1ounts i:rj. those in the river bed. The rock is moderately h,n'd 

out light in ,rei,:ht and porous. In yilaces the roc~z: forms sound blocks out is 

generally very fracturocl, with many wide crev2,sses loosel;jT filled. With tllese 

indications tho numb or of cutoffs w2s increased. to five as shovm in Fi{~· 1. 

Lat or o.,s these cutoffs uere drilled for Groutins their necessity wns well sub­

stantiated by tho large amount of c;rout consumed_. Alonr; the main cutoff wall 

tho crout holes were required as close a,s one foot centers, a nu.moor of the'?e 

holes took ovor 1000 sacks of cement each in order to ,;rout them to refusa.l. 

All grouting vas done in stages; this method being k"Ilos1n cenera.lly 

e,s progressive grouting. Corn11rosscd air "UniQn +ron Works" crout mixer-injectors 

wore usod. 1 rna..'Cinrun pros,rnro 100 :9ound.s per sq.in., neat cement ::;rout. Tho con­

crete cutoff~,mlls extend 15 foet into rock, c:,.nd 2.ro drilled for grouting 80 

feet clee}) at cutoffs Nos. l and 5; 100 feet at Hos. 2 and Ll"; and 130 feet at 

No •. 3 •. For vertical hole drillinri; in the :dver bed tl,io most succcs:Jful machine 

,,,;::s found. to l:Jc the wcll-clrill 1:/ith ,; e.nd 6 inch bits. Besides ooin{; the most 

economical to o-r,ern.te on. those rocks, tho largo size hole also was nore effec­

tive in t2.kinr, tho r;rout. On the banks, for inclined d.rillint:;, tho c2,lyx, 

diamond drill, and pneume.tic machines were tried, obtaininc; tho best rcsul ts. 

with tho JJnoumc•.tic percussion machine oriuip~.lecl ui th inclc'J)cndont air rot,c;tion. 
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To date thorc has boon drilled a}J}JTOximdoly 250,000 lined foct of a_oop holos 

for r:-;routL1c, vt th an 2-voraco cons1-unption of o.bout half a half a SP.ck of cement 

v:r linoa.l foot. 

Tho s~oilhrny will bo locatoa. in a saddle one mile from tho clam,. 

constructed 1:rith a concrete fixed crest, for 2. cnpaci ty of 280, 000 soc-ft. 

Borrow Pits 

Within a two nilo rz-,clius upstroari1 from tho dam all the m,·/,; orial 

roq_uired for the impcrvios core can be o"btainod. On both sides of tho river 

there 2,r8 flat torri'icos of alluvi::i.l origin, hf'vin[:; an ,\Verago soil rle;)th of 

about 12 foot, which makos 2n idoc-.1 locC'.tion for tho oorrow lJits. Tho material 

from thcso terraces varies from uilt c'.nd fine s,,_nclo loams close to tho river 

to mor o clayey and ho[',Vicr lon.ms on hi:hor cround. Previous to ;Jesinning 

construction a ,<;cmcrC'.l soil survi;iy 1,rc-.s rn.ade to d.otGrrnino the amount of natcrial 

available 2.ncl its classificrttion. S;,.r.1plo nits 3 x 5 foot sq_uaro voro dug 330 

feet E'.pc'.Tt in. checkerbo2.rd patt e:rn, and 1'horc nocotrnC'.ry, .intormcdi:,to cl.deli tional 

pits 1:roro dug. Rcprcsontc:ctivo s~'.l:1plos wcr,c.obtaincd from er-,ch pit c,ncl classi­

fied :1ccordine; to their aechm1icc:.l onal:r;rns. Tho Proctor procedure w.r: followocl. 

to :ctud~r compaction vs. moisture content. 'i'he rogulr'.r Proctor c~rltnder n2,,s 

used dro1;ping a 5. 5 lb. r2mnor 20 tincs fror, o l:eight of 18 inches. 

Also many permorcmotor t...,sts ;-;.t conste,nt her.d 1.1orc mr~de to cover tho 

different varieties of soils. This enabled us to select frora all the mrtcrials 

avo.ilo.blo tho best f'ror:; the sk·nclpoint of uoif;ht, if:'.J'.)c,rnor.bilit~, end clistrcnco 

from tho d;,.m. In genorel e.11 tho m,,torials,,cVDilo.blo in this region arc 

r0,ther light in weight. Tho folloving trl)lcs 1.1ill illustro.to: 
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Optimum com:riaction ana_ permeaoili ty: 
---------------------

Classification Aos. density. Dry.density- Permeaoili ty 

lbs. -oer cu.ft. "K 11 ft, per year 

Proctor Permeameters) 
------ -·- ------···-----

Sandy Lozn,1 2,50 104 

Silty Loam 2.50 103 o.o4 

S2nc't.y-clay loam 116 

Clay 1 o clill 2.50 108 0.02 

Average mechanica.l analyses: 

Classification S2nd s I Silt % Clay~ 

Sandy loam 68 22 10 

Silty loam 35 55 10 

Sandy-clay loam 60 20 20 

Clay Loam 42 30 28 
---- --·---------

The above analyses are shoun in graphical form in Fig. 2. 

Enough material of the scmdy-cLw and clay loams are available to 

complete the impervious coro so that the mere sand_y and rJil ty loar.1s, vhich are 

not so satisf2ctory, can be discarded. 

At the borrow pi ts all these soils a:::·o underlaid by ,~ravel ancl sand 

bank doposi t G. This co,-1di tion has been found vory advantagoious fn obtaining 

a t;ravel-earth mixture for the fill, c.;iving a 1Jetter cxce.vatioh face for the 

shovels to work and_ reducing the haul inc.; distance to the do.m. It vlill be shown 

later in this 2rticle how tho fill hos bo0n improved uith tho addition of Gravel, 

and the smooth roller eq_uipmtmt 1Joi·fected fo:.~ this 1urpose. 
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Clay on Bedrock 

The over1mrclen in the river "bottom was sand ancl t:ravel to a ma:ximum 

depth of about 30 feet. This uas removed for the com:Dlete clay core zone, 

and the "bedrock clec;tred al).d surfc,ce cleaned \·ri th a. conprossed air ,jet 1-irevious 

to olc=i,cin[,; an;{ clay. Fig. 3 shows cleared bedrock. 

To seal all superficial cracks, inclined 15 feet holes were drilled 

at interv~J.ls of 15 feet for surf2.ce grouting. There uas however a zone up-

stream, 11i thin the clay core, where the rock was so ;Jadly broken and so mucl:1 

water filU1ering through, that more holes for surface r;routing wore rG(luirecl. 

Notwi thstancling, in places the rock Has so completely crackod and dccom,)osed 

tuffs so soft, that al though the main fil tro.tions had 'been sealed, there still 

remained a weqJing condition which made difficult the placin,; of the clay. 

Undoub'bedl~' at thes? ]Jlaces greater filtrations arc to 'bo expect eel uhen tho 

reservoir is filled. To insure a GOOd contact ~nd an i~pervious clay fill over 

these wet and soft 1)laces, it uas resorted to a stabilized soH as used in high-

way work, Ibi:d:mg clay 1.rith :,-JOrtlancl cement. Tc,sts were made in the l2borator;7 

using from 4 to 10 11ercent cement in order to soloct tho proper mix. ComDression 

and permeaoility results are shown in the follt;Hrinc ta'blo: 

Cement 
d. 7J 

0 

4 

6 

8 

10 

·--·-----~---------··------------
7-cle,y Comp. Test. 
lo. per sq_. in~ 

9 

121 

117 

145 

153 

28-day Comp. Test 
lb. per sq_. in. 

146 

138 

152 

169 

Permeability 
"Kif ft. ~Jer year 

0.21 

0.02 



For compression tests the ntaoilized soils were compacted in regular 

concrete cylinrler forms 6 x 12 inchos. To cxooriment :turther the lur111)s of the 

"broken cylinder 1,1i th 4, IJerccnt cement ',JC'rc im1:1crscd in 1Jat er and held to::;othor 

indefinitely without crumol int;. This shown hoir much a soil c~m :Je ir.1proved by 

the addition of a small p~rcentage of cement, where us eel for special conditions 

in e2rth dam construction. 

A.'1 adherence test w:=i.s also made to com~Jare uith straight clay. This 

test ,ras made compactins the clay SWU}lle in a 6 x 12 inch cylinder form over a 

porous ~0ercast cement "block, and tested after 7 days iri th a sim:1le homemacle 

apparatus. Results 1,rere as foll9ws: 

Cement% Dry density lb. per cu. ft. .Ad.herence lb. per sq_. in. 

0 107 1.5 

2 108 

4 103 23.0 
--------·----- --------

The 4 percent_ mix was selected. as being the 11ost economical 1.ri thin 

acceptaole req_uirements. Thi~; procesr.; Hns considerecl very effective in cover-

ing porous zones, thur; afforclini; a fil torinc rnediur.1 1 \'~1.ich, when so,tura.ted 

would be lesc, ,susceptible to IJipinf;. 

To further check the permecLbilit;/ of this sk,oilizecl soil, a field 

test Has raade while ouildinc; the cofferd2J.1. As shown in Fig. 4, two 4 inch 

oy 20 feet lon6 perforated piyier; 'rere laj_cl horizontally in trenches cut in the 

"bedrock a.nd filled around ui th gr2.vel. Ordinary cla;y was compacted. over one 

of th(} ·riipes, and a layer of clay with 4 percent cement 3 feet thick over the 

other. The clay fill 1,ms continued. up and tuo raonths later, when the cofferdam 

was com:plc ted, the pipes uere tested 1ri th 1,rater under 45-foot head from bo.rrels 
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placed at the crown of the. cofferdam. After two uecks of continuous testing 

filtr2tions became regular, and s1).owed. the plain clay to be twice as JJermea.ble 

as the clay with 4 percent cement. 

Hand TP.mping 

With such an uneven bedrock found.at ion as sho1:m. in Fir:;. 3, a. L .. rge 

amount of hand tamping ,ras necessary, Pneumatic tampers were us erl throuc~hout 

the uor!:, clay uas placed in layei's 2 iri.ches thick, running over the tanrnle 

four times. To check the 1 rod: of tampers, freq_uent samples vere tested for 

cnmpaction. Very good work can be clone with tampers as sho1.-m fror,1 the following 

results obtain.eel as an aver2ge of many s2m1)les: 

Gra.vel in sample 

% 

0-10 

10-20 

20-30 

Dry Density 
soil along· 

lb, per cu.ft. 

109 

107 

112 

Dry density 
soil 8; gravel· 

1 b. per cu. ft. 

112 

112 

118 

Compa.ction 

~ 

100 

107 

101 

.All material lar,zer than 1/4 inch is consiclered as gravel. Gravel 

is in percent of dry density, by weight. 

Hand temping is r2ther slow, and in many J)laces where work had to l,e 

done very rc,.::c,idly, a cheap concrete was used 'bo oven up the bcdroc:: found2.tion 

preparatory to running over the sheepsfoot rolleT. This concrete Has made with 

80 ~oorcont frtrly clean 1Jr nlc-run [;ravel, 20 }Jercent cL,y, 2.nd 2-1/2 sacks of 

cement per cu. yd. The settinf; of this mixtu:ce uas so q_uick that it 1.rould. 

resist a 15-ton truck vithout sinking, Gix hours .c:Stor being placed, thus per-

mi tting to follow up o~uickly with tho sheopsfoot roller. This r:irocodure while 

being a little more expensive, ml;l,y prove more economical in many tir;ht places 

or ,,rhero labor is more exponsi ve. 
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Moisture ApplicRtion 

The borrow pits arc Rt a low elevation with rofercnco to the river, 

and it vc1.s ,:iossible throuch tho oxistanco of an old irrigation a.itch to irrigate 

tho materials by t:ravi ty. This procedu1·0 not only betng more economical but 

has proved to bo effective for a good soil compnction. The averac:e of many 

com~0air.tion s2mplcs of m;:\torials irrigated in tho pits has shown a diffoTonco 

of about 5 ncrccnt higher in dry density ovor those sprinkled on the fill. 

After the 1,i ts are innundat ed it usu0,lly requires from four to six 

uodrn for tho moisture to roach tho optimum content reo~uirod, Sometimes on 

hot or uindy cla;irs a light sprinkline; on the fill with a ta.nk truck is nocossarr 

to coff'.Jonsato for moisture lost. ]csiclos tho incrORSO in dry (end ty, this 

system ho.s proven very acc9modc1.tinc for construction work, r;,s tank trucks ancl 

\Tat er hoses aro eliminated. Clay stickinc to tho shovel dippers a.t the ~)its 

has l;loc:n very much eliminated by mixing a certain percentage of cravol uith the 

clay. 

Gravel in Soils: 

As ,weviously explained,. oll tho soils o.t the ;oi ts are underlaid by a 

d.ee~J b'.'.nk of c;rn,vel. Sec figure 5. The proper oxJ.)1oi tdion of tho pi ts rec~uired 

a b2.nk oxco.vation as d.ee}_) as ~)ossible in order to obtain most of the m2.terials 

,,rithin a short distance from tho d.am. The llSe Qf a gre:1ter depth of material 

gave a higher ,'/Orking fa.co for the 2-1/2 cu. ;yd. diesel shovels, ,rhich w2.s very 

adva1:1-tac;eous as mixint~ materials uas sim2ilifiecl ancl 2. larger P'-°rconta;-;e could be 

used. 

Immedi2.tely aftor startinc~ the fill 2 certain p~rcontage of cr2vel 

was used in tho soil in the do,mstream s,Jcticn of the d[,.m. Grr,vel uas not all 

uniform nor sme.11 in size and it caused much trouble with tho sheoi)sfoot rollers, 
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breakin,c; the clecrners and wedging in bet\reon the feet. Since the impervious 

core is very wide, experiments wGre made in this lower section usine:; a smooth 

roller weig~ing 15 tons. This roller \2s made froo a shell of a used boiler 

5 feet in cli2,meter, filled_ ui th concrete, 2.ncl drai.m i.·!i th a tr~ctor. 3.esul ts 

irere very s~tisfying, showing dry densities obtained as good or slie:;htly ~otter 

for the so:il (excludin5 gravel) than those obtained with the sheepsfoot roller. 

The c~r2vel-soil cor.ibinc.tion of course f,;cve higher weig21ts. The ;;mooth roller 

in these e:_::::)eriments could go into higher rrnrcenk,ges of (;T2.vel ui thout any 

difficulty. As to the smooth surface ,,t.ic:1 the sr,rncth rollers usually lee.ve 

betueen com~;2.cted la:rers. it o.p,)e:i.rs th,:t Lcrger :;Jieces of ,cgrc,vel ,Jrmcture this 

plane ancl J:nea.d the h-ro layers tocether. 

Permeameter tests were ~ade in the leboratory for soils with gr0vel 

out they were not satis:f2ctory, even with the use of a larger perneometel'. 

Then practicDl tests were made in the field in order to obtain a co1~arison of 

perme2.bili ty with fills with less c;ra.vel rolled_ ui th sheepsfoot roller. For 

the .,mniose of this tests the cla;;r core was divided in three zones: Zone 11.A11 

u:rstroam rollecl 1:rith sheepsfoot roller in layers of 6 inches with 12 ,io.ssos; 

Zone 11 B", i;1idcile section, rollecl in 12,yers of same thickness uith 8 ;12.sscs of 

smooth roller cmd two ;,deli tion2,l ui th shee1,sfoot roll or to scarify; Zone 11 cn, 

d.ovmstro2.m, rolled vi th 8 passes of sr.1ooth roll er, without scE,l'ifyinc, 2,ncL same 

thid:nes·J of lcyers. Pormea-bili ty testc:; vere made using an empty 55-:-ge.l. gaeo-

line drm1 vi th the bot tor, cutoff ,mcl se-;; in the fill as sho1;r..1 in Iig. 6. The 

top of tho drum was J.eft covered to prevent evaporation. The excc·,vation all 

around the drun was ,.roll -,)n.cked_ with cement rriorta.r in order to lh1it the fil-

tra.tion strictly to the bottom. Results obtained are given in the following 

tables: 
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Pei'meability tests: 

IIBII 
I 

Zono "C" Zone IIAII Zono I 

.~I I 5 6 7 8 Tests: .? ¢ 4 ·I I -·-------·· 
Clay c1_ 2,4 2.4 3~3 3~4 I 3.9 3~0 ') Ll 3.3 IJ "'. ~ 

Silt c1.. 
;J 4:0~6 50.6 33.7 39.8 40.1 43.0 44.6 ~,5~ 7 

Sand (' 
/J 57.0 47.0 63.0 57.0 56.1 54.0 53.0 51.0 

Soil :Ury DGns. 
1 b. lJOr cu. ft. 110 110 116 112 119 llLL 107 114 

Gr;,,vel 1 30,5 38~7 ! 4¢.3 51,5 48,7 35~8 38,5 ·'.'cl,•t 

Filtn,.tion ( 11 ) 1.9 2.4 I 0.5 6.1 1 3,8 1.4 5.2 1.9 
---·---·--- ·-~--------~--·--1------------- ··- ·-~-----------·----- --·- --- -- .. 

( 11 ) Inchos per clRy which Hater surfrco lowored. 

CoDpaction results: 

Sheepsfoot Roller - 12 passes 

Gravel I D_ry_Dons. ~-·lb. Com~act. 
_,ior cu. 1t. 

1
J - ·-- ·- -i:r .-·-·- -· ~~:-- -:::1-ri:0: Grev.lOO.G 

15.8 103 109 98!7 

25.1 104 113 102,6 

32.9 llO 119 103.4 

42.5 105 120 102.2 

Avg. 105.6 114.0 101.5 
---·---· 

Smooth Roller - 8 passes 
Gr2vel T Dry Density . . .. l-corn{).~Ct 

% j lb. per cu. ft. ______ 1_ % 
..§_~g__ J__J,_oir_=:Tso:£1:~-Grav. _____ _ 

s.o I 101 102 100.7 

26.2 

'±6. 3 

---

I 105 

1111 

1113 

I 112 

_l!_os.4 

108 

120 103.5 

122 105.? 

125 

115.4 102.8 

The above resultu 0an be sum,nc1rized as follows: 

(1) With the use of c;r0,vel in aJ!lounts u1J to 2bout 4:0 percent, the 

comoinecl soil ancl c;ravel a.r~f densi t;y incro2,ses an average of 8 nercent conpared 

with soil alone, fo1· both smooth ,md sheepsfoot rollers. 
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(2) .An increase of soil compaction of a.bout 2 percent is obtained 

ui th the use of a sheeiisfoot roller a11cl 4 percent for smooth roller, uhen 

1.,mo'._rnt s of c:;ravel were increaned. f:roo 10 to 40 percent. This corrr9action 'based. 

on ~:;oil alone, gravel not included. 

(~~) With the use of grr·.vel in q_uantities up to ,,oout ·1,0 pe1·cent mixoa_ 

with tl'w soilr.; 0vailaolo at El Paluito, there d.oes not a:rrn~,r to 1rn 2.11;{ increase 

i~ normo2~ility. 

The limit of grri.vel for Good. comIJaction work seons to 1.:ie aoout i,0 

percent. It also 0-,,:,)ears tho.t 1.1i th tho U:]O of r;r;:,vcl thn opti:r:nu:1 moisture 

content is louerecl. Fron the stcmd:point of collstruction the sL1ooth roller 

has othe:c adv,ntacos: It is easie1· to ;JUll, reouirill[; loss JJ0 1.,or, ancl con-

dd.eri11{: that foirer pa,rnes are rcquirocl to d.o t:10 uork, the cost of com~1action 

may "i-.,e rcd.ucecl as much 2.s one thircl; also the rolled s111·1: ce as le::'.'t l,? the 

smooth roller f,,cilitc,tos the movement o.f tho ho,11.lin?; eqni1_1;;1cnt. i~1ic rn:iooth 

surface is of ,:;rEJc1.t h1j'lortance in tho 1·;c,iny sc?.son sL1ce 1'i:"'.ter penot1·atcs nuch 

les:;, 2.ncl 2.lrY\ost i'J,1ecliately aftGJ' the 1·2.in ho,s :passed, ,rorl: c2.n ·oc rcsur.1ed. 

It ',ould. seem n2,tur2.l that in compc=Lcti.ne: ,1i th a s:aooth roll el' tho 

follov!ing r,'.r.Jlll t fl fror,1 sampl o t os ts: 

L!Jlpor half 

Lower half 

Soil Dcnsi ty 
Soil alone 

110 

110 

L:). per cu.ft. 
Soil c, Gravel 

110 

111 

Grave:l 
r1. 
/,J 

Co1rr,_mn;b-ion 
,-1 
"J I . 

It is not tho intention ibo acco:nt tho resultr. of tho above tc,sts in 

orcler to 11,rrivo at the conclusion thE.t smooth rollers ar,, proforaole to shoe~Js-
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foot rollers. These experiments are based only on the materials available at 

this loc2,tion and Fith the purpose of using higher amounts of gravel, and 

al thouch lJased on a la,r,r;e rnunber of experiments, these conclusions m~w not "be 

final if a-p-,1lied to rolling eq_ui1Jment of other t~rpes and weights than those 

enrnlo3·ed here. i'le Here confronted with the pro1)er employment of the mat orials 

as found in the borrow pi ts to be u2ecl in a wide clay core. From the st2md­

J)Oint of enc;ineering ancl construction, the use of gravel was of the -greatest 

ir:11Jort1:mce to increase weight and friction, 2,nd to lo'r?r unit cost :i;iei· cubic 

y;,rd of fill, kee1)inf; other factors such as :r_HJrme2J:ii:hi ty \'Ji thin acce~0t2,ble 

ljmits. For this ~urpose a s~ecial heavy smooth roller was desi~ned with 

two clrums 5 ft. 10 in. in diameter 2nd 5 ::'t. lone;, ivi th a 1-1/2 in. ue2.n11{; 

-plDte, A,ncl filled uith uote1', sand, an¢!; gra,vel. See figure 7. To r.1al:e the 

rollin{; equi1Jment as stande,,rd as :possicle the frane for this roller ,r,s made 

exactly like that of the sheepsfoot roolers that we are usinc, which are the 

:BureL:,u of Reclamation t~rps with tern clru;ns 5 ft. in cliameter b;1 f:i ft. long. 

See figure 8. This shee:psfoot roller ui th water o.na_ f,T<'Wel 1 .'eic;hs 19.5 tons, 

and the smooth roller with same ballast weighs 23 tons. 

As the 1;lacin,~ of the impervious core 1Hoceded and considerinc: 

information obtained from afore mentioned experiments, the clay core 1.ras 

alfproximately divic1ed into equ0,l parts for the purpose of distributing the 

WJterials from the borro 1.-1 }1i ts, In the upstreem zone the Si,.nd;y·-clay loam is 

used \dth a gravel content not to exceed 20 percent and rolled with~ passes 

of the_ smooth roller and 2 :9ar~scs Hi th tr.e shoe:ps:foot roller to scerify between 

layers. This material occurs at the ,1its in f;:ces up to 27 ft. in heic;ht. 

When this heir:;ht of face b_ the borrow ')it does not fJrovide a matm·ial with 

20 percent of [:;r,wel, the material as oacountered is excavated and used in the 
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upstre2Jil zone, but in this case com1Jaction is done vith the sheepsfoot roller. 

In the c1.o,mstream zo~1e the clay soil is used u:i.th a c;ravel content of 2J)'Jroxi­

mately 40 l)ercent and rolled 1.rith 8 riasses of the smooth roller without scari­

fying oet,,1een layers. This material occurs in the 1")its in shalloH frees :1ever 

over 12 ft. in height, thus it is 2,luays possiole to adrl. gravel. 

Our experiments with smooth rolle1·s were concerned chiefly L1 r8gard 

to increasing the amount of gravel in the fill, 'chere~JY raising the H8i{~ht 

without a1YDreciable loss in impermeability. These experiments, al thou:;h :10t 

ver:,r extensive, have been mention,e;cl hei'e with the idea of contriouting to a 

better knowlecLce of the us~ of smooth rollers in relc\tion to present cL,·,y 

practice of soil rnec:1anios. 

Soil Tests for Control 

Samples from test -Ji ts in tho fill are taken daily to check the 

moist"Lu'e content and COfD2,otion obtained. These tests are made following the 

usual Proctor :Jrocedure to corr.pare corrrp,),Ction ootained in the fill against 

optimura as obtained in the Proctor cylinder. For future reference 2, record is 

kerit of the locatio11 of each sn,m,,le in the fill :1nd. r,J.l its ;Jhysicr,,l ci1Rl'[Wter-

isticc. Also r;:,_:pid moisture ano; ;_-:;ro:-;;el -percent deten,inatio:ns a~·e dc·,il~r made 

as clesircd_ -:Jy the field ins1)8ctors for their c:-;uid:mce. AJ.J. the <iota obt2ined 

from these tests in the labor0,tory is c1Ji1~- passed to the in:spector to keel) 

thora L1formecl. Pen11c0.meter tests of the different mate'rials ar; o"btained from 

the bon·ow pi ts are also rnacle at reg1.1iar intervals to ascertain that m,,,terial 

use,· conforms with the S}Jecifications. 

Fill Settleraent 

As the fill is c-.;oing u:r, a telosCO}Jic ,,i·oe is "beini:;; loft to doterr.1ine 
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its sottlemont. This -ripe is r:12.do out of successi vo lcr.sths of -,i=;ic, one indd(3 

the o-chc:c', J ana_ 1""'1/2 inches L1 c_iar.10t0.r -;,;,,: rs foot lone;. Tho Rocl·,m:;,tio:1 

So1~vicc sounclinr; 2pp2xatus is usGC1, ,md elovatioc1s ,,,l'O tn 1con c't chc loucr cml_ 

o:f c-.ch 1-1/:;:! 11 },i:pe where tho s,,liont firg,:::rs of tho a;_pparntus _ C?.tch c\'.3 it is 

r:,iso(~. Fie;. 'J shoHs a r:ra::0h nndo frorn "chc records u-,, to date. It s:1oulr'1- bo 

incrousinc settlements ~s construction is ~rocncdinc. :~ sottloMcnt has boon 

o'cisc'Vco_ in tho boclrock. 

Bock-Fill 

Rocks nvailnl)lo in tho vicini t:: of tho c1.;_1n ar;; of volcrnic ori::h1, 

This ;_'ode i:' quarried and clurn::_)oa_ in the fill uoulct lvwo at lc,-i,st 351 voicls, 

civi:v; an 8/l~,aront clcnsity of onl~· 1.3. To incT02.:;e this 'Ti:_;ht river 1-r'1Vcl 

is A.clcl_ocl i:.1 the 0.ppro:x:imc,.to i'lroyio1·tion of 60 ::·oc~:: to 40 ,-;r:vol. i,I1Jto:c'i2l:, arc 

clu:r:roocl over the slope in lifts of c1bout ;_:;Li _ feet :1j_{)1 ;:,,nd sluiced do\m ,ri th 

fiJJ.L1c the, voicb vith :;,:c::.vol, incrc:isccl sottlomo:ct of the fill is 01,t,-, nccl 

throu(:h the luoricc0.tion actio,1. of tho ,,ator. ~Tater is r3"dcLcl (.t the j'atio of 

about ;:: cubic Yc'.rcls ,)or one of fill. 

Ci.12T2.ctoristics of l-'late:'ial:3 _ used in rock fill: 

So.ncl 

G-rrwol 

R.1--iyolito-Tuffs 

Abs. Density 
2~45 

?.43 

2.00 

',!atc1' a"bso:..'TJtion 
,-id_ --
C..1;,1 

2s 
I 
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Avnrace sru1rnle from Tock-fill: 

Abs. Dencity 

Apr:i. density 

1 Void:c, I 

)J So.nd 

;; Grrwel 

); Bhyolite-Tuffs 

1.8 

23 

26 
31 

43 

Grovel as used in this nrocess, besides reducini the voids, Gives 

also an incrc:,r,e in volume, which rrwl:os tho roc':-fill che,~rnr than if '112de of 

rock .,·lone on nccount 01:' the hi:";h cost of c11J_·,).'l'iocl :cocl~. This fil2. is non-

sliclinc; and hee.vier, ?ncl 1Jeinc tir:hter it to tl1c . 

0its of 1<oout ::_;o cu. ft. Volumer, ai·e leto:,'r,~_nocl b:r ner0.ns of clry se.:1cl 1rho:rn 

volrnaet:cic \rei,c;ht is l::::1.01.m. 

The uns+,re, m slope of the d.nm vill irn finishecl. 'Ji tl1. a lcc:rer 10 feet 

thic'~ of i: .. rce unifol·r.1 2-·oc'= care:c~l:i.11:r Dlr~ced. so 2s to .·:ivo ·,n evon ;:.u::::~'.".cc. 

On tho do,m:,trea:'1 slope :d-,-rap 1 .r:lll be 1Jl:.--.cec1. by lv.ncl. 

Ins~1ection Goller~· Undo:: DaL, -------·-· 

rock on bot~ banks. r,, . . 
J.J.1l 8 l 8 

of 'cilC a.·-m and the brokod con, 1.i tion o:. roclc in t:1.0 ri vor occl rmcl ':\ ,n]:s. It 

free 8.ccoss :i:'o;_· inspection. Scve;:,•1 ve:;.·tical drill :holes 11ill ·)c left , lo1;c; 
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Since this gal 1-Gry is not inte11ded for c1rainase, its outlet is at an elevation 

100 feet hic;her than its f1001·. At this olevat ioc1 an entrpnoo connection is 

mac1o fro:1 tho operatinG tunnels. .Arraw{ements are made for yiumpin5 out t:1rough 

this s.ame entr.".nce any draina,~e which may accumulate, this procedure bei:1g 

ncces::w.ry vl10n inspection is desired. Only, in very few places u:i.11 it be 

nGcessary to line the gallery ,·:i th concrete. 

Construction Process 
---------

Tno ro{_o;imen of the lfazas river is voi,y orTci.tic, 2ncl flooclc as lo.rr;e 

as 140,000 sec-ft. often occur. Furthermo1·e, flooc1-s nay 'be cxpoctec'- tuice a 

year; durinc~ the :cainy se~son fron JuJ.y to September end in ,·,inter c1.uo to run-

6mf ce:used 'by melting snow in the mon.ntaL1s. Those last arrivinb vory suclclenly 

when snou over the hich ancl stoe}, Siorrc.s nclts a.t tho arrival of t}1c warm winds 

from the Gulf. The can;:,ron is rather narrow from the vim-r point of. an earth 

cLm, i:i.nd. a ch2nnol foi· cli version u2.s e::cava t ed 2.lon,~,; tho 1 cft bank. s:'hi s channel 

permitcd the diversion of flood. ,.m,tcj~S vrhile construction of tho fil1_was in 

pro2;ress on the richt sicl.e. This sten is srw,m in Fig. l as 1st star;o. At the 

s;a.me thrn cXCil.Vn.tion Has a,d.vrmacin2; on throe 20-ft\~t circul2.r tunnelr, i;,, tho 

left ',c.nk, to ;)o used. :for d.iversion uhen tho chan:-1.el uould oe closed, a11d later 

foi· 01iorn.tioi, purposes. r::·ho fill at the ri,0:ht sicle u2.s "built 150 fnet high, 

and o.t present, with all three tu:cme1s ::ircishecl a"1d,linecl, thG ctivo~'sion 

chD.nnel is 'beinr; filled. This steD is shovm in ?ir;. 1 Dll. 2nd stage. Thirc:. 

stc,c;e uilJ follovr ir:ir.1cclio.t ely aftenmrcls a.s shov'n in Fig. 1. In tho closing 

of this channel there exists such a flood hazard., tho.t a scheme ,ms clevised 

wherob~r, in tho event a lc'S(:'.;e floocl. might arrive c'.urinc; const:•t;,ction, tho :;.'ill 

could be saved, end the cle"nr;or of flooding the touns end cul ti vat eel lends ·below, 
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averted; it mi~ht well bo cal1ed an "emorgoncy spill,ray"; and is built in the 

d_iversion cl1,·nrwl by 1inint':; ,.Ji th concrete the c~o,r11stre,3,r.1 slope of tho cla:· fill 

;;.s it is 00:i.1.:-c: car:l.'ieC. up. At ;,5 foot inter:vo.ls this lining is 1°un horizon.tdly 

over the fiJ.1 in -!;he form of a berm and :i--·rotectecl upstream ivith a c:1.tof:'' 1rall, 

thus 1,,,-]dn:; 2 :..·cgi.1.l21· s:pillwa;y crest, Ir: case of a flood, the t};.ree t·u.miels 

,Jill ta.s.o c.;:ixe of the !!later m, to a cert2h1 extent, beyond which, 1.:ro.ter uill 

:pa.:,s ovei· th,) emergency spilluay, cuttin,c; out some clay until its -~Hoper erosion 

c,,d h; formocl. For tJ,is fill a pr,.cticccl investigation 1.ras made to determine 

the ~dncl of r:c:,terjy]_ ,rhich should 1rn selected to ,.rithst2nd best the erosion 

in ca:::e of n flood. Test er,°h(-nl:ments uere i·olled. ,,i t:-1 diffe1·ent kinds of 

m,ite:cL·lr,, [·nd. vc1.ter run throuc;h ch2.:mels of sirnilc1r cross section uhich vere 

e::cr:.2.V?,tecl in en,ch class of uaterial. 'i'he ter;ts uere nm fro ,:5 minutes, nnd 

the best L,c<'.:eric::.l to 1rithst,md. erosion Hc:,s selec'~ecl. This was fou_nrl to lie tho 

o::H-3 cc:'.'.~;c,inii1f; the most cl?,="• 

Tot2i volu.L1e of tl1e. irJ~(}r,rious fill is -0:,000,000 cu. yds. r-.nd tl1r·.t 

of the rock-fill 3,500,000 cu. ycl;. 

:Five ;i-1/2 ;rel::;. d.iesel shovels aroused for e~,:c.:3,v2.ti0n in the l10rro1.; 

•Ji ts ,mcl c1_u:,rrios. ?or other 'rork four 1-3/4 and 01-,0 3/8 ~.-cl:. diesel s;:1ovels 

are ~'.Tilable. SoT,18 clr;-,.c;lL1e :-icd cla,111 sI:ell er·uh1,,1011t3 ,·.J·e awiL1,;Jle to L1ter-

rock n1~0 ,, 1/ieel Fi th clu,1.ls Oi1 re 0 r ,,:wels, 8 cu, zrcL scoo,l t:n,e ck .. rrP) :)ocl.i 2s, 

d.iasel notor. :?or concrete ancl minor 11ork, 3 ,•nd 5-ton C8.J:Jacity r2.soline trucks 

ctre in use. '\'lell-clrills r:1ounted or: t::e.cl:s nit:;. S-in. bits are usecl in tr_c T.::,c~r 

quartics. Power ai1cl compre,rned air i:J obtRinecl fc'o,,1 a central TJowor -olm1L :1::_ th 

three diesel-electric 365 kv-a cenorators 2,nd th.rec cliesel air coElprossors 
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1000 cu. ft. yier min. e!=tch. T:1ero a:ce o.lso two electric-driven ~d.r conJ::iresson~ 

vith a conbined c2.]Jacity of 1500 cu. ft. -per m~_n. Concrete in_ tunnels ancl 11,:,,jor 

r~tructl1.res is ho.ndlecl uith tHo Rex single 7-in. concrete ,,umps. 

Conclusions: 

'.L'lrn ,)ur:pose ancl encle.":cvor of this ~:ia,1_)er is to sho•i1 the in":_)O:ct~1.nce of 

c1. fielcl lc.boTatory. Prior to -;_,er;innins construction worl': an fo.vesti_-;.c tion of 

the r11ate:dal~, c1v2ilaole he'd. alrec.,d:1° ooen mac1.e in the Centr:d k;,bGj'?tor;r. ".}hen 

worl: 11e,s st:,.rted a more tlwrour;-h ~.nvestic2tion of these m2.terials ,-ms :.w.C.e 2nd 

the ex1,e:ciencc obt2inccl in the fiolcl la1)oratory en2J:ileo. the :rien uho j_n the future 

wo1-e to hr:.ncllo these nw.terials, to r;et 2 fil-st h2.nc\ l~noule11:;e of the1i1. It has 

lJeon ·-yossitle tlcro,1[)1 the aio. of thes,: labor2.tory investi1:;c1,tions to in-1rove in 

tho c'ccsi::;n 01· n1e c1.c?r.1, ancl. throw)1out the constructio::.-:. ·oed.ocl., to clcviso r,10thods 

fo:c the ~Fst use of the m~,ter:::.als. jJ_so, and not less ir12.·JOrt.:mt, has been tho 

v2.lue of all soil t o:st s to follo\·r up the constructioi-1 and as :::. c:10c1c on con-· 

:pletecl For':. The lu.boro.tory ,.:.t t:1is da,11 is a field L.,.bo::·1:0.tory ·,>rovic'.crl vi th 

nJ.l nccoss2r~r ecrc,..i;)nent for testin,· so:i.lfi, :::·ocl::s, r'.C:';re,-;2,tes, ;encl cn:1crote .. 

S':'hc construction of this clam Wc!.S -Jlc1.irnec1. anr: is under the suoeryi;:;ion 

of tho lfa.tional Irrig;ition Cor:m,irrnion uit:1 centr;c,J_ offices in lfoJ:ico Cit~r. The 

Office:cs for this ComnLrnion 2.ro Enc;rs. Secrot2.r:r of _1\criculture l'Ic':.rto R. Col:loz, 

::w ·:-:sic] er,t, Aclolfo Ori vo JJ.. OP., e:::ecu ti ve cli1: ector, :0 ncl Ju2.n He.s, secret 2.r;.'. At 

tho Ce:,tr,l Office .Andrew '\fois,; is consul tine; en :inor:r, Antonio Co:·ia, t,,clnico.l 

.J. irccto1·, Ces~r JimeEez, chief of cJ.c s ir;ns, a!1c1. i':2r.uel :::,u.f!_, Te.r,m::.rc e, c}li of of 

c•Jnstruction. At the field l{. V. :R.. Thorne ir. ~;ene~"2.1. su:pe1-intc11clent, n.ncl the 

writeT, resident engineer. 
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Fig. 11 
Inside of one of three diversion tunnels 20 ft. in diam, 

lined with concrete. 



Fig. 12 
\'iew of the Palmito Canyon, looking- upstn,am. At left day fill and at 

,·ig·ht cliver,ion channel. 

Fig. 1:-l 
View looking upctl'eam. ,\t left dav fill. Cente1· diversion channel and 

tunnel i;t rig·ht. 



PLAFHIHG Alill E;TJ:1RPR::.o"'TETG- SOIL TESTS 

by 

Fr e,nk H. Van Auk en 

Chief of Soils and Concrete Laboratories 

U.S. I:ncineer Office, Denison, Texe,s 

Since the beginning of Soil llechanics, engineers have ende2.vorer~ to 

iL12Jrove ~)ln.,minc and interpretation of soiJ. test::;, so th,1t all coulcl have the 

benefit of sil1e;ul2,r and unifiod methocls of arrivin'.,-_; ;:,,t logical solutions of 

soils i)ro bl ems. 

:fo.n:r enr;ineers have become so accustomed to the uso of cort2,in 

practices involvinc; the princirJlos of Soil ifochanies, that they acco11t Hh2.t 

has 1rnen done as rE::-,lism. But L' t:10;y ve:,G to vio•.r mu:iorous soils theories 

with a h~r-,)orcritic2,l e~re, tho? i,roulcl rc,lize the"t uhat they hl:l,d 1Jecn <'.CCc,Jting 

as tho rc:al think, is ,)orhr•,ps only 1111 ini tation. 

A trul~r sciontific theory is one 1!hic~1. is vindicatecl b:' nl',\Ctico. 

Lairs of science arc rules or re:cipos for the com1.uct of -r:irc,ctical o,ffEdrs. 

Thora arc t1.ro 1r2,ys in uhich tl10y fulfill their use. Ono is to 1Jroviclo u::; ui th 

a larr;o Vi,iss of rlc,ta, in conclonso<l for11. '.rho other is to explore sinQJ.lar 

fen,tur,,s ol seemingly distinct occurrences. Tho first stop ;_';Onor?,lly lcacls to 

tho sccoiccl, 1Jut mc".~Y not be 2,bsolutcl;\r neco~rno,ry. Rcsc2.rch onc;inocrs, r;cnorolly 

follou 0ne of two methocls of invostir;r,,tion. Ono 01rnratos on a trial r'.ncl error 

basis, collcctinc; relev2.nt informL,tion )ioco by 1icce. '.L'ho other folloHs a 

htmch, but c,bandons it L,t onco, uhon it cor,1cs into cont2.ct with ol.:isorvecl f,1cts. 

lut there is no one method. ~ho unity of the principle rosidos in tho n~turo 

of the result, and tho unity of tho theory with ~rectice. 
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In orclor to fully ov; luc,to the; ')dncinlcs of ::;ilam,inr; ?, soil testing 

:'.)roc~r:m, it is necossc.r;/ to 11r,2:o use of c.ccu:nul'.Ltcd cbtn and to tnkc cocnizance 

of ,rhat reactionar;<' r1spects of the mroterials 2.re already 1:no 1rn. With ·chis in 

mincl, one can 1,lan a ,.,eries of tests th:t ,.,ill inclucle; (1) the effect of clis­

tur1)r,nce, (2) ceolor;ic2l consiclern,tions, (;5) tY}1e of test cJest suited to the 

mate:tL'lls bei:1g investi0;r,ted, (4) condition bounrl_2Tios of the test, (5) T)l'o,1er 

t eclrniq_ue of testing. 

E:F'::'ECT CF DI S'.::URil.PJJCE: E11cL1eers :11'.Ve long recocnizecl thd s::oeciali­

zcd l2boratory tests norformed on disturbed or ncrtially disturbed soils are 

not ire thonselvcs of c;rcat vn,:1..ue. ::Tai!' i 11t.E:r~orr0 t2.tio·1 of results is cUL'icult, 

cons0ciucntl;y, the d:cta [1.rP usually rolcc;c,ted to the 11 filesTT, ,1he1·e the;r uoll 

bclonr;. ]'ortunatel/ for tho soils Gnc;incer, onl;;' tuo rwjor tests ;1 re 11Gces­

s2ry to cl.cti.n1ine thE: effective c'tructural chcsrc"',cteristics of a soil. Once the 

consolicl.ation ancl streni::;th ch;,,,r,cictcristics o:':' a soil cHC conJ:iletcl~r ~:noun, 

al1 other tests arc inciclcntrrl crnd l,ocor.10 Dere :nauns of tho forr;ior. '.}hile the 

effect of disturb2nco is JJronouncod on the deteroination of the consolid2.tion 

char2.ctoristics of a soil, it is not a criterion th2.t, cxco~)t for cco:10r,1ical 

cn~c;i11oc1·in,::, vill vi tally 2.ffbct a consolido.tion study, vhich bcc,c,,use of tho 

num~ier of theoroticel assumptions, C.rninri~;o and bounrl,·ry cond.itions, is in 

itself only a fair estimate of antici~2.t:d settlement. This is one of tho 

reasons uh:' comyiuted sottlomcmts aTo usually creator than actual sottlcnonts, 

C.iscountL1:· the not too clear P.S}Jects of sccond,.ry consolide:.tion. 0:1 t}10 other 

hand, the effect of disturbance on th2 strcnc;th of soils is profound. Soils 

under vcrticDl stress undorf;o 2, c;r2.du2J. rcarrancemont of intorn2,l structure r:.s 

tho strosf-1 is slowly incro2scd, therolJy rosultL1{{ in volume chcmgo. As,mming 
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a sornevrh2.t floxi"blc, confinine; rcstn,int such ;::i,s W'l'..1.ld be 2.ffordcd a loaded 

element in a soil mass, ono notes t!l2,t c:1s the, vertic2l stress is incrc,,sed, 

we hr,ve tho anomoly of tho so.me forces 2ffecting_ consolicl_2tion th2.t :-.re :-.t 

the s2mc tir1 c tend.inf; to :wocluce cc shec1r frilure. Hcnc8, 2. semi-confinec1_, 

strossccl soil is onl:r in 2. trc.nsitory sta0 o, th,.-,_t ;::i,s ~Jrcssure is incrc,soci, 

F.:·ii,1-ly 2wogrc.:sses into fc1lly d.ovclo:riecl shc2.r rcnc1_ uhen no rnoro str,in c2.n bo 

tdrnn, suclc"i.cnlt ruptures or undergoes mctamor,Jhosis 2.nd frils in i-)lnstic flo 1.-r. 

:pisturb:-.ncc in s,~nplinr; or to::;ting r:1croly !llc'.CGS <'. soil uell 21onc; in thr,t 

vcguo b11t ncvorthelcs2. trr-nsconcler..tr·l stage in Fhich less stres,3 is roc1uircd 

to ~reduce f~ilur8. Tests th~t ~roused to measure tho strength of soils tdll 

therefore reg,'.rdloss of ty,·p or tcstin.~ technique sho1, r. corros:poncJ..in,; decrease 

is strcm:r;th if a materi2.l is disturbed cludni::; or after seE11)ling. 

;'Thilc solcctinn of tho test most c'.pJJlic;:i.blo to tho cloternination 

of the shoe.ring streD.gth depends c;reatly UJ)On the material tyi.Je, the deter­

mination of the effoct of disturlJance is aJ.lied to the test type re;arclless 

of m.~".:-erial class. 

Bvalu1°.tion of the effect of di sturlJP,nco by E1e2.ns of tho a.trect shear 

test is c~uostionalJlo bocc,use volune changes are hard to measure and the rlat2. 

obtained arc difficult to aTr,l;v. The simple corn1)ression test offers more 

possi'oili ties 1)8cause one c2.n --,lot a definite stros;"o-strc:'.in curve. Tho char-

acteristic shape and slope of the stres::.1-strain curve is often usecl as a 

criterion for evaluation of 11ossiole disturhance, but it is quite :pro1Ja1Jlo 

th2.t this holds true for only the sensibly !Jlastic materials, Unfortunately, 

tho orclin1::xy range of soils run,; the gamut of plo.stic to ~Jrittle m2.t8rials, 

h8;_1ce it may be ti1at internal 212rticl8 2.rra"1g8ment, pseudo structures eat Ul) 

by cyclic desicco.tion, relation of moisture co,1tont to ca::Jillary ancl/or chemical 
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forces have ,1,s nuch to clo ui'ch tho sha:flO of tho ::,'creJs-strain curve 2,s possi­

ble clistnr11a11co. '.i:ho si~.1,)l:: co:,J:I'l:c':~io:1 tc::;t is yiro1)r.ol:r a better ,c,J.l-r01.md 

test thc:,.n the d_irect she:- r t ost but sinc0 the a1:;~)licc1,tion of a primc:cry axial 

that the triaxio.l comlJre::rnion test uo: 1ld havo oore sic;nificc,.nco. 

'.i:he tria::ial corJ1roBsion tost ,1-ue to its flexibility of o,,0r,tio11 

1-ir·oviclo,; 11.s 1rith a tool th;:,.t C'\11 '·o of aicl in detormininr; the effect of dis­

tu:t',~mco on the ookdneo. strength v2luos. If ,,o assuno the.t a 11m·fcctl~' un-

clisturoocl s2i,1plo rete,ins Boro 012,sticity them a disturoon specimen; i.o., the 

stracture set u:r_) D? natu:·e hc,s not teem consioly altered, one c2-n uith a cer-

ta.in clor:roo of success a_otormino tho effect of clistur1)rinco lJy cyclic l9acling, 

provided tho strnin has not oxcocclcd 25 to 50 por cont of the ultiuato. The 

rosultinc hysto1·osis loo:, will. clo::,o on the: ccnoraJ_ troncl of the ritrcss-c,tri:dn 

curve if tho no.toria1 is tn1l;/ uncUsturooc: irncl hac; not ho,?n rirostl'os::::ml. Other 

triaxirJ. cc-nffer.c;io:n tccit series ·ncTformccl clurinr:; the dosic-;n of tho Denison 

D2.n hr,.vc ~:;hoi,n1 tilJ' t the 2.T>")aron t 1,ro :..,tr8:, :: c:·.n 1, o ,<::pproxima t cl~r Jot e:rrninod 

oy tho 1iro:i,or co,.:bi::.1ation of q_nick ancl slou t.;,sts if tho samples tJrc unclis-­

tu::::vcl c'.ncL tho t:;cblogic history is uoll known. 

G:EOLOGJ:C 00~:SID~ATIOl;': Proto.ol~r no one consiclerci,tion is of ri1oro 

im'..)ortancc L:, r,L,nnh1:,: a test 1 )ro,o;r2m, than a col7l~)letc reconstruction of tho 

GOOlo,;ic ~,'cstor~r of the soil ocforo it j_s sar1pled 0.nu tor;tecl. In fctct a 

Btraight formrd: do1)enc:Lonco on tho so-callo,l prc-consolicl.2,tion load as d.etor­

rninccl. ·u:r the consolidr,tion test ,Ji thout a thorouc;l1 knouledt:;e of :p,,,,,t [;eoloi;ic 

historr is as ·b,·,ct as not l:no,rninc uhother or not a c;iven m:.tcrial is cl.isturoed. 

Cc:.'k"cin cL;,:rs such as tirn volcnnic clays fror: tho oecl of Lake 

Tc-::coco, lfoxico, D.F. for which ,soolocic hiRtory is 1.1011 knovm c:cnd ,,rhich aro 
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compc1.ct,,'. to ab~1ormally hi;h void_ r2tioB, m2.ke perfect exami1les of the c1.eter­

min2.tion of the consolidation charo.,cteristics oecause of the 11 classic, almost 

yihotogre:phic enlare;urnent" of the c0nsolicl2tion test features. Other clays 

lili::e the ~;J.acial clays from the Great Lakes Region in which the goolo&;ic 

hi story i H Gore obscure, are.difficult to rt.1,te ui th respect to detormination 

of the conclition of the soil. Recently re-worked alluvial, ph,stic cla:rn also 

present yroblems in identifying sample disturbance. Other soils that present 

evon uore clifficul ty ir. the cleterr:iination of condition, are marly 2.ncl shaley 

clays. These materials, 11hile sor:rnwhat 'brittle in their initial c1b:1,te of 

consolid"tion, "become truly plastic when the structure is broken do~,m and the 

material romolded. Soils of this t;y-po have been laid dovm as a sedimentary 

dopo sit ancl consolidation effected b:0 t}le vroit:;ht of ma.t erial that t}10 forcc,s 

of nature may have lone: since removed.. It 11ay 'oe :probable that poriocls of 

rocornprossion have occured, caused by the deposition of adclitional m2.torial, 

,·ri th rc-o::cpansion upon its removal, so that tho 11umbor of compression and 

expansion c~rclos to uhich tho mat,,rial has boon subjected. is problomaticel, 

Ono may rn;,vor know whothor uo arc now livinc; in 8, porioc1 of compression or 

oxoansion. Evon with an accurn.to knoulodgc of that frsct, tho detor11ine.tion 

of tho p:eo-stress by mc~.ns of tho shapon of tho void ratio-pressure curve or 

intorsontion of Mohrs ru1,turo curves for q_uick and slow triaxial compression 

tests is pre.ctic0,lly imnossiblo, .Aclditional con1,liccitions arise when primary 

ox9ansion occurs, 

COlTSOLIDATIOlJ & EJCP.AHSIOlif TESTS: Tho consolidation tost is a menns 

of measu-dn5 relations botwoon verticc•l stress and volume change. Gcmorally 

it is assumed th,,.t nogativo volume chan[';os arc to be moasurocl, but on certa.in 

material tynos, posi ti vo volume chance 1.rill rcsul t oven under a consic1orablo 
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load. Tho gener2.l types of m2.terials r,usce1)tible to extreme voluJ11e changes 

rane;e fro1,1 the trul:r plastic clays to the somewhat brittle marly clays. On 

the basis of tests performed 'oy the writ 3r no trul~r plastic cla.ys1 have ov~r 

shown ;)rinary expansion characteristics when tested in their natuT2,l st::.,to. 

However, numorous ~,oorly consolidated shaley to marly clays have 

definitely shoim exp,p1sion qualities, Those clays, inw,.riably when air-dry 

shoi.r visible laminae. ThEJY ci.re barely perceptiole as expansion commences, 

but become :;irogrossively uiclor as time elapses. Their appearance ond extent 

coincicl.es with the begin:1.in;; and e:x:tent of expansion. 

The f1·a.cturo planes aro al·1ra;ys in a g~merally p2.rallol clirection 

and occur as frequently as 25 to 50 to the inch, The fact th,qt the planes 

follow a common direction, indicate that tho SOJ•aration of the pl;,.tty 1,hases 

is duo to mcchrmical or chemical causes. It ap1Joars that there a_·e inherent 

woik:nossos in poorly consolidated. marly to shaloy clays, Examin-1.tion of these 

frncture r,lanos often incUcates t1:J.c:i.t micaccwus silts anu. iron oxicles havo 

s ettlocl into extromoly thin layers and this stTn.tification coupled ili th an in-

heront but basal lardnc0,tion in the parent material h~,v~ produced a ri1atorial 

structuraJ.ly woak and especially rcacti 70 to expansion. That expansion is 

caused bz, p:rogressi ve separation alone: ,roll dofined :nlancs of discontinuity 

is apJxi,rent. Just whnt causes tho initial se1,aration is not so cort2.tn. The 

causes m:0 ~r bo IJUrely chemical, mechanical or a combination of tho two, 

.Ass1lr:1ing that capillary forces a1·0 developed, it is pr0ba1:lly certain 

that il:)dividual clay gruins will ,Jo undor stress nnd irill tencl to c:10.n;;e 

volume. Tho diff oronco in dimension for any one r;rain '.Till bo small, but the 

stres~, is present anrl it would lie relieved b;r failuro alon,::; planes of ucakness, 

1 Plastic clays obtainoc'c from Eastport, Maine; Chicae,o. 

Ill.; Ifoxico, D.F.; Columbus, Ohio; Woodwn.rd, Oklohom.'.l. 
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exhibited by the lamella:,· structu::.·e. It ic, Dl1}J2.rent then, that the ,,_sue.l 

testb.,c.: :1rocedures onrolo;,rocl on :,la·itic mnte:-::'ia.!.s cnnnot lie omployocl in ti?sting 

mo:L,rl'ir,ls tj_1/·t have clofi!1ite ;rim.r-,ry e:x;)ansion chu.racte:·istics. 

Fir::;• 1 show::: J;;lie n'sults o: a st0,ndarcl consolic.2.tion test 1,0:cforned 

on 2 volc;:-,,-'cic clay, Note the rc.picl chance o-f voia_ r2.tio with incrc0,,,o in vcr­

tic2.l ,·t:,·css ancl _how cle.~.r cut tho detcrrnin2.tion of the pr-.:;-conso1ic:,--,.tion load, 

lTo'·r r,_,fcr to Fj_G, ~J ,,,hich illustrates some of tho r,oscibilitios i:_--, 1,lanr:inc; a 

test ~,rocedurc for uso on oxpancivo m:·.torials, It is at once ap,,arent -that 

the onlr v··riationc. in tn:;tinr, technique c?:1 b0 a change L1 t:10 r2tc .c.~1ci ma[;ni­

tuclo 0f vorticr1.l str,,ss n;rY;1lic:;,tion, Curve (a) shews a tYJ:)ical ti st curve of 

void ::·,,tio ·.,lottccl ace.inst nros:m1·c on a lo;:ari.t'.nmic sc::i.,lo, Point 11 .A" cor:tos-

ponds rouchly to tho Yoio. rn,tio in situ c.nd point 11:gu rq,rosonts a ;lCW void 

re.tio obta:i..,,od after }JGr,,ittint"~ t11G test r,l)Ocimon to CX!•c.nd und.or zero :pros­

sul'c (,,~fccT i-oing; 2.vn.ilablo to tho SDccb10n.8t o.11 timos. ). Load incrornonts 

2.rc them 1p:.)lied in goomctric2l prot;rossion, It is olJvious th,t tho cho.ro.ctei~ 

of t}1c m:,Lrin1 h,,.s boon constclor,,1Jly o1 t orod, thorob;y chanr;inc; tho ,1,:ppo.ront 

conc:;o1id::.tion chm·pctorL,tics. Curvo ('b) roprosonts tho pressure-void 1·2.tio 

curvo of L:, s1,ocime11 ui th tho s 0,r;;o ini tio.l void. ratio, point nA" lo2ciocl incrc­

montall~r. Howovc,r, not o th,,t tho :ini tio.l load increments uoro insufficient 

to -rrovcnt o:;:pn.nsion n.nd thG void 1·2.tio incrcn.::rncl until tho verticic,l ,~tress 

ancl o:·:::r:;ancivo -pressure boc::1.rnc1 st,~'.,ilizocl ::1.ftcr 1-rhich consolidr.tio 11 cnntinuod, 

Ac:;n.in tho tost riroccduro has introd.ucocL con,;,lu::itics in tho structuro of tho 

m.-.torfr,l 1-,hich r-1c1.kos intorproto.tio;1 ('!.ifficult. Curve (c) showe tho m·cs:mro­

voicl r,•,tio curve: of o. spocirnlm in ,_rhich tho ini tir,l void Tl'.tio, ·,r; c~:cinnsion 

t cnclcd to cl cvolOJ), vras mo.int,·,inccl ~J_ntil vortic:-,,1 stress n,nc.1. oxpr,nsi vu ;rn·os-

snrcs vwrn or1un.lizod. r,ftor which tho conGolid,,tion ch,-:,.r,:cctoristics 1:rc:ro clot.er-
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r:linocl fror:1 data secured 'oy tho ;1,11plicn,tio11 of r1ddi tional loc,d. 'l:hc n:ppri.re1tt 

structure of the soil has probably not bocn grGatly nlterod since ind.ividual 

1 1,trticlcs hnvo boon r0strainod. from reorient[',tion. Ho'l'revor it is I>Osslble, 

thri,t ir.ter·nal ror,ri';ongoment may h,.,ve o~curred., Nevertheless; this t;';r:9e of 

tc:;tin.::; :procedure h[,,s rwrc to cp.12lify it,., justific2~tion tho,n 'll1Y oi' tlw ctn.ors 

consic.Lcrecl.. Curve (d) s~1.ows o. })lot oi c,, tYJ)ico,l test in which no free w,.,tor 

is r,v:·,il'.".olo to th0 m;::,,tE:.:ri2,l being testecl. Ho exix,nsion has occu1•red, since 

no cc:use hr,s been introduced. Eowover, since ue 0,l'o interested. in canses as 

vell ;:,.s rcsul ts, this t:r;)O of test has no particulc1.r r.ignificance,. ex.cent in 

cases whGro it is :mown that there will be no vzriations in natur.a.l uoistu.r-e-

content. 

SHE.ARING TESTS: Determination of tho_shoo,ring strength of soil.sis 

ancl -probably always will be subj oct to q_uostion. Tho strength of soils is 

usue,lly measured o:r moans of one or r,10re of tho follo,ring tests, (1) Punching 

shear, (2) Direct shear, (3) Simple comjwosdon, (t1:::) Triaxial co;.rrpres.sion. 

Unfortunately tho worth of the 1°os,;.ltn o1Jtained, o.e:ponds not only 'ttpOl'l th.o 

choice of tost o.ncl technique but 0.lso upon tho pa.rttcular materinl type, it-s 

history (prr;sont a,:-1d }Jast) anc'c ho,r it is to 'oe usocl., 

The1·0 are t,-ro broac::. t;rou1)ings L1to whic:1. a,ll soil tests c~n be 

placed; (1) tests to clotormino structural q_u2,li ties of undisturbed materials., 

and (:?) tests on s9ils th2,t are to 'oe rovorlrnd uocha.nically anu used as a con­

struction material. While there is a certain ovcr-lx,_J}Jinr;, tho sa311e tyno. o:t' 

test ctnd choice of techniq_ue caa not 'oc used. for both cairns. Tho :1roblor:1 i.s 

furtho1' cor..plic;;.to(l bzr tho f.c,,ct tl1P.t s2cncls, cla,ys, :r:i::crly or shaloy clays ,or 

combine:.tions of oach, require, separate and distinct ty·_:_)cs of test. The rlis­

c,1ssions ::_,resented heroin, arc lb1itod to undisturoed materials and no :r-efe1·enco 
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is naclo to rlanning and intorrrok,tion of tosts on remoldod soilt. 

TESti:S ON S.OOS: s~.nc1.s o.rc gonor0.ll~r more insonsi ti vo to va.riations 
----------

in choico of typo of tost and. tcstin5 tcclmiq_uo thcU. most soils. Tho strcnsth 

of sands is a function of the density and particle shape, hence rer;(;xd.lesr. of 

t~'J)e of test one can aIJproxir:1at ely determh.e that relation. Unc'listurbc,d sands 

1Jill ho..ve slic;htly higher stron:o;ths the1.n sarrl.s rcmolcl ed. in the laoorator:r be-

Cc"'.Uso n,~.ture has set uri a structure that c.crnnot 1rn d.uplicated in tho lc..bora-

tor~r. l;;,terials of this ty:po arc somewh2.t difficult to hnndle because of the 

lac~ of cohesion, therefore the choice of test is limited to tho direct shear 

or tria::ial 9om1Jression test which provicle fi:cecl and flo:dble confinement, 

respectively. E::pe:dments have shoun th~1t conparablo results can 'rn obtained 

1.vi t:1 ei thol' of tho above testing 6ovicos. Tho actual rrnlection of tho nothod 

d.e1Jends ;Tc~·.tl;y on the sizo and type of structure being built. For structures 

thc.t requL:·o com1,lete ond cor,1prohcnsive stress analyses, the triaxial to:,t is 

proforj~ d boc:1use the principal stresses ;_,_ncl.. clrEdnue;o conditions ca.n '.:;o con-

trollccl. The effect of po::co ,.,2.tor llros,0.u1·os can thero:E'oro oo studied.. Hoc:-

ever, :for sm2.ll o.nd unii:-ryJort::.nt structures whore soil tests ;:, .. re usocl only as 

a ,c;aido to comnon 1n'c.ctice 1 tho choice of test or tostinc: tcchniq_uo is 2.lso 

uniL1IJortant. SulJSt,-,11tially +;ho sc:tmo ror.ults i·d.11. obta.:i.n, whether tho test is 

r)Urformcd, s2turatod. or clry, fast or slou, if tho drainage conditions are 

simil2.r iti all casos. 

'.:'ES':::S OH CLAYS: Clays on tho other ho.nd o.rc extromol~,r s ... msitive 

to choico of test t:yYJo, toc:t c.onclitions, tuchniq_uo of test Olloration and tii:1e 

of testing. Tho history of tho determination of tho shearing strength of 

clays cim bo t:.'<'cod through progressive ycr'.rs of (1) direct shear tests, (2) 
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sriueoze tests, (3) torsion tests, (4) simple comnression tests (5) triaxial 

compression tests. Earl~/ investigators assumed that the strength of cl;;,ys 

CO"l:.ld lJe expressed in the terms of. two simple constants, i.e., the cohesion, 

and. the an";le of internal friction. Later investigations have shown that 

conception to be fallacious. We now knoi·r tha.t those 11 constants 11 are not 

consta..YJ.ts, cmd that depending. on tY2_)e of test and testing techlil.ique, we can 

get most any ans':1er we please. '11he pror,er choice. of test d.enends to a great 

extent upon tho t~rpe and mn.gnitucle of the pro"bler,1. Thus for tests to deter­

mine the stren§;th of a higlway s:ibgrade, ~rhether it be composed of natural or 

sta.'bilized soil, encineers might prefer tho punching shear test or some modi­

ficatio"1 thereof, while others might prefer the simple or triaxial cor:1pression 

test. If one is ctealing 1rith a soils problem in which consolidation tests 

hnve sho1:1n thd volume changes under tho imposed stre-ss conditions Hill be small 

one mi:;ht successfully employ the simple conmression test. On the other hand 

if ono is confronted Fith a soil that undergoes considerable volume chtmgo 

und(Jr stress , it is all ir:1port:1nt to er.rploy a type of test thc1.t vill enable 

one to determine the con.di tion strength, rmd at the same tirpe, :;;tudy tho 

stress-str2.in chnra.cteristics umlcr several varia'blo conditions. 

The triaxial COITlJ)rossion test is the only method devised so fo.r 

in which control of uajor 2nd minor principal stresses, strains, and drainage 

conditions is availaolo. Ono ~an also control tho time ancl tho oothod of 

ap0lyinc tho stresses. On Fig. 3 arc shOim the results of a series of tosts 

on a plastic clay ;rith tirno of test 'being the major v2.riable, the stress 

ratios being standardized at tho start of o.11 tests. It can oo soon, th2.t 

as t}rn total time of test increases, that there is a gi·aduc0 l transition of the 

ayrparont angle of internal friction to tho true o.ngle of internal friction. 
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This is duo to c1 1::;r2cdun,l transfor of tho pe,rtial stressos carriod by tho liquid 

phaso to tho solid phaso, or in othor \'lords fron total stross to offccti YO 

strcns. Thu~s ,,.,o 1'1.c:..,ve an ir.1.crcnsc of stro11gtl1 v1i th incronso i11 ti~~10, other 

thinc;s 1)0h1c; oqual, uh:i.ch mic.;ht uell correspond to a gro,dual mol)ilization of 

strength ;,,s accomplished oy nc:,turo during tho ae;os. Note that thow)1, theore-

tically the virc:;in she,',r curve should ct2rt ,3,t zero sl1earinc; and normal stress, 

this is rarel;;" the case. One ex])lanation is - - - that at the time o: samJ,linc 

(assumins an absolutel:,,- und.isturbed. material), we a:ce well along on tho scale 

of time, have t:1erofore an initial stren[~th, cor:r1only t e.rmecl "cohesion n, uhich 

may be ap:()roximately eq-qal to the lleffectivo" prc-consolidation.2 It iu 

obvious theroforo that we can determine tho totnl range of the stron~th of 

clays by. noans of the quick and slovr triaxial test for certain condi tio:is of 

moisture. Another variation of tho q_uicl: test i;;h,'lt 1.rill usually show slightly 

hip;hcr stren[,;thr, is tho consolidatod quick tost. Tho rel2ti vo positions of 

tho curves may 'JO used to illustrate the effective shc2xi.n{; strengths of the 

material. If tho curYos aro woll-crouped, '.TO havo an idcnl matorial, i.e., 

a ri12,teri2J. that has an initial ~itronc;th 2-y1proximatoly equal to tho ul tinato 

stron'.";th. 

TESTS o:r SH.ALEY CLAYS: Duo to tho lamollar and. i_;onorally horizontal 

structure of many shaloy clays and tho inhoront uooknoss of tho laminae, a t;ypo 

of sho2.r tost in uhich failure can bo ootainod alo1vo; planes of discontinuity 

is undouotodly tho best t;ypo of todt to emJJloy on material of this t~rpo. Since 

most shaloy clays haYo boon c1,lid. doi.,n in gonor2,lly horizontc.l str;:cta it appoars 

thd a t :::st in which tho i:ihc,,rinr; for co El crm bo rrpplied in tho diroction of the 

2 Unpublishod test d2,tc1, o1~tr'.inod duri;lg tho design of Denison Dor: 
(1939) by tho L,to J.P. Hartmnn, D. R. Ketchum anc1 the author. 
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laL1inao, ,Ii t}:l. a normol prossuro acting porpondicular to tho stratification 

is dosiro,blo. It is also nocossccry to dotormino v1hat offoct tho dirocti9n 

of tho principe,l :rarticlo oriontntion will h.,--,,vo oh the shoB,ring strongth. A 

tostinc nothod in which tho plecno of L:dluro cr.n ho fixed, is proviclod by til.o 

diroct sho'1r tost, which co.n bo successfully employed on m,,te:cir,ls of this t~1IlO. 

Tho simple com1Jrossion c°"nd triaxioJ. compression test in 1Jhich 

s1JocimonG 0,11 0 lond.od c1,xic1,lly uithout rend uith l:itorc',l supi;ort, rcsp,)ctivoly, 

usu:illy develops stress combinc,,tions t,ho.,t rosul ~ in a shor:.r fr,iluro occurring 

o,t some ,.,ell defined anr:;lc, with the major nxis. It follous thon, th2,t uhon 

the Tllnnc 01· 1;lc>,nos of fc'.iluro intorsont tho lc',minao, n hii::;hor strength v;,,luo 

results, tl11°.n is obtn,ined uhon fz0 ilurc occurs paro1J.ol to tho lnminao. The 

influonco of strc',tification of tho strength of sho,loy cL:t~·s ccm bo strikinr<slY 

shoun if test spocimons bo pr::::po,rod for tost ui th tho principil pLJ,11es of 

str,.tificr·,tion ot zero, 45 ;md 90 decreus to tho.ma,,_ior a,xis of tho specimon 

r,,nc1
. f~0 ilccl in direct shon,r or sinplo comprousion • 

.AFALYSIS .AlID IHT:Efl.PRETATION OF DATA: Tho problom of annlyzing uoil 

test cht;,, is clif.ficult, ovon ~,hon th0 tests h,c,,vo boon :planned to fit into r:, 

conver€_';in[; o.nd concirrn 2wo,;r;,.m; is c1oubl;y difficult if no yilanning is usod. 

Tho fact thr·.t r,;ront cli vorgonco oi' test rcsul ts u:;mally occurs, ovon in f,.i!'l;'ir 

uniform n;;.torio.ls, adds coi1fusion to tho TJicturo. .Avorr•,ging of scattered 

vdues cr·.rmot be directly o.ccompli shod by nri thmotical moans. A nwnbor of 

concli tions thr\t vi tnlly affect tho condensing of n nass of datc'c must lrn con­

sidorod: such :is, (1) distur'b:-nco durin{c; ~\,'.ffiJ)linc and pro~0,c,,ro,tion for t m1t, 

(;~) geologic history, (3) t;yrpo of test, (4) testing t8Cl'illiquo,(5) condition 

boundarL s of test. Each of these J;hasos should bo carciull;r OX['.minod ,,nd 

if ;,, prm1.omino..:ht recurring fe,.ture is noted, it mny oo t,,,lrnn RS a ,Jc1,snl f,..,_ct 
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thci,t m2y indic:\to 1:1, p2,rticul2r trend.. Uswi,lly a r:12ss of sup1Jorting d.;-i,ta aro 

obt2,inod d.ur:i.ng 2, series of. toGts. Those d.rct2, arc sumnarizod. in tabular forn 

for convcmionco in plotting., Every possible combinntion of plot cnn thnn bo 

m;,_do on '1,ri tbmoticnl, somi-log;0,ri thmic, or log-log sc;,,los. Usually, tho 

trend. of tho d[\t:, , if it follo1.rn so110 sot lau, cr>.n bo d.etorminod, and a 

curve or sot of curves d.r21,m to illustr;,,to p;r[\:phicr,,lly tho rosul ts of tho 

t osts. 

A roviou of tho vnrious prOIJOsocl nothods of dotonnining how much 

disturbance [\ffocts soil test values, inclic:·,tos that no inf;,,lliblo mothocls 

arc 8,".railable. Th:•,t d.isturb~i,nco nffocts 09th coi1solid:·,tion and. stronc;th 

:mil invostic;atio 0
,, the sco1)0 of tho 1woblo:r.i is often m.1ch th2,t only pilot 

to,/cs to clotornino ho·.r much disturb0.11co is oob.,:; c2,usod b;:r tho sawpling 

nothods, c,,n oo :performed. On tho oaoici of thoc;c tests one must oithor dis-

cnrd or inprovo tho s2,r1plinc; technique or rocognizo tho liBi tcctions of the 

soil tost dntn ootninod. 

Tho ecologic historj" of c1, soil ofto:-::. proviclos 2, guia.o t9 intor:pro­

t2,tio:1 of unusua.l 1iroportios sonotimos attributod to othor causos. In con-

siclorr:•,tion of ,,,11 tho factors £1,ffoctinf: tho o..ccurc.cy of soil tests, it should 

bo ror,lizod th;,,t it L-:; iu:po9si1Jlo to sot doun on J.),,,por m1 o:~,,,ct :procedure for 

h1torprotil1r; soil test d:,,to... In viou of tho conploxit;, of nan:,r JJl'OtJlor:1s 

o..ssoci;·,to<'L 1.rith soils 0,nd. tho f0,ct thr,t tho soils onr;inoor is ofton confronted 

with n1.1torinls the,t o,ro too uoll consolid.r,tod to CP,11 11 soil", but not h:0,rd 

enough to c2ll rock, it boconos noccssanr to 1;1ork out vo.riatio:1 of ,,ccoptocl 

to::itinr; :prc.ctico. Tho:rn testing vr,,::•i;,.tions, 1rhilo in tho nccturo of ro:1or,rCJ.'l, 

uill, if IJroporl? ple\:mod, proviclo tuiding dc:.ti.1- thnt could hc"\VO boon 00,sil;'/ 
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overlooked, if tho tosts uoro po:dornocl in tho usur-,l D['J.1nor, Tho prime f[\Ctor 

i:1 plr,,nning soil tests is the 1:ro:-s,rrc,ngcmo:1t of c, t,'csting progrn.n toHnrd n 

clofinito ond, ,'.',ftor hr,,vin.5 thoroughly studied oll k.10,m v,-,,rinblos before tho 

tests nro st~rtod, otherwise hours of effort will bo spent in tryinc to 

decipher U10 -:.isoless results of tests pcrfornod o,iEJlossly. 
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by 

Cc1.:0t;:dn Fr2,nk E. l;e1.·.rnam, ,T1·. C. E. 
U, s. Engineer Office 

Galveston, Texas 

Pro"babl;y the most important one fr,ctor involved L1 airport co11st1·uc-

tio:1 is the e::istilv:; soil coi1dition: the t:']_1es, chc-=trn.cteristics, and 2.rrange-

@ent of t~e soils on, 2nd in the vicinity of, the site. This, in turn, trans-

fsi·s a trer:enclouc in"9ortai1ce to t:1e :_1'~elirni:1ar:r soil s1.1.rvey. A1t:10ugh a rw.jor 

considoratio~ mist be ~iven to oany other factors and utilities, including the 

req_uirements of the A;:my Air Cor'.)s c'!.nd Civil Ae:.:onautics Aduinistr·.tion, in 

chosi:1~; a site, the :fh1al choice ,Jehreen several sit es is often ·weclicc1.ted 

entirel3° on the existin(~· soil conditior:s, In acLclition, a stud.:r of the scil 

re·Jort, i21 c,·:0 j1-121ction vi th a contour J:121;, will have a tremenclous influence~ 

on the choice of :pavemel1t desi{;:21, cost of constn~.ction, and time required for 

COft"l]_,letioc1 of t':1e project. 

Tl-1e st,-biJ.ity and o.raini,v: Jll'O•;erties of the soils encctmterecl on 

the r;i te hr.Ve a ctrong influence o:c1 t:1.e cost o~" constructing the finishecl. air-

field. re;:o,-,·rd.less of 1.l:ietl1er 2. hig~1.-t~'J.0e Derrnanent field. or a tem1"Jorc1.::.·;::r n.uxil-

L 0 ry :fielc.l is :rlc:,mrn::l., anc1- the cost or co,1Structicm is c1.hr::',ys cJ. rna.jor fD.ctor, 

J.. uimes of na.tional ernerr_;e:1.c;,r. The tremendous influence 

vri.ilin,; soil co11cli tions is iJro'oalJJ.~r eDph2,sized 2.:reatest in the construction of 

auxilL,,ry fielcls uhere the uininum anount of cons:ruction necessary for all-

i,rec:,.L1.e-." 12,ndinc; is desirecl. Tl1.e cost of constructinr; such a fiela. a:01_Jro::.i-

uatel;,r three-fourt:1 r,1iles sq_uare ma:r vary from $5,000 to $1,000,000, de:_Jem1..lnc; 

* Prer;ented b;/ Lieutenan"'.; '.2. A. Acl2J:1:.,, T., 
u .1.. 
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alnost entil·ely u~Jon tho avcilable soil and drainage. .A. factor which is 

lilcely to ,Je eve::i r::ore im1Jortant at tho present time is the speed. of constrc1c-

tion, th2,t is, the length of time requirecl to get the field ready for 0°,era­

tion. On scme sites the fielo_ can -oo 1,12de rec1,d:r fo1' use , .. rithin a feu ··ecLs, 

w:1ereas in ot:1er cases several r:1onV:1s ai·e re(l,:.ircd. 0,nd the ,;irog::.:ess ry,,~r cor:10 

virtually to a skndstill duriw; lo:1g ::ieriods of wot ue,9,t}1or because of t}w 

soil co;.1clitions encountered. After tl1e site is chosen, tho onsineer C.'>,:not 

be~in to intellicontly desiGn the T:1ost ocononic navement that will satisfac­

torily servo the :,,ur1Joso 'rithout a corn::ile-1:,e ~:nowled.ge of thG locatioll 2.nd 

chaT2,c'cori:?tics of the soils cw:1:i.lablo on tho site 211cl of t}10 high q-,w,lit~r 

Due to the difficul tzr of obk·,ininr; sufficic:1t b:ained icrnyiecto1's 

and fielcl Oll;').necrs a;.1cl the lo.,rge ar,10 1J_nt of construction in 1Jrocress 2t the 

-9roscmt tiEie, it is necessrar:r tl1r1,t the na:-::hmr,1 2L101mt of inspoctio:, anc;_ con­

trol bo hand.lee:. ui th a ninimum rn.,1.mber of r,en. :::'or this :;:et'.Son it is i:flossi-

ole for these nen -co m:,1-::e the ex-Jloratio.;1.s clu1·inr; the }Jror:,;ress of construction. 

The::;e ex;1lorp,tions ancl tests must be :Jacle in ad.v2,nce e.ncl furnished to t:1e 

fielcl ins1)ector in n, form re;,,c'cy for use at the st2rt of the project. 

SOL S-J?.VIJY 

The first stage in the Drelirnin~ry soil survey consists of o., 

thoroue;h utilization of all o.voil:,'Jle in::"on1;:,,tion. In adc1-ition to a Yisr.o.l 

insDectio,.:!. of t)1e entiTe site usilF· o ccci,sion!"d ~'Jreliminn,ry borine_;s, :-,ll loco.,l 

en[-;ineers shoc1.lll 'Je co 01tactec1. ancl soil su:c.'V":?~- rqaps 2.:10. 1Julletins, :,re1Jared. by 

tl':e Soil Sr.rvo:r Division o:2' the U. S. :Bureau of C;iemistr? c, Soils, shoulcl be 

s tuc1-i eel. 
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The cecond str·.t";e involves the utilizatio:1 of field parties ho 

loc2.tin,'; 2:1d sc1,m::)lL1g the e:~istinc; soils and ~,Ei,se L1,0.te,:ials o.nd the utiliz2.­

tion of tho District Laboi·ri.tory in tostin,,; 2.ncl cle.ssifytng these rn;·.to:·ials 

and com1,iling a soil report. The orga:1iz3.tion of the U, S. Sn;inec1' Jist:cict 

cont:1 ins t,.ro cor:.:'.)lete field crews, ul1osf' duti8s consist of maki:1c; conr1lete 

soil su:i.·veys of the pro:nosecl 8.irfield sites. The TJrec·cice is for or>.c of these 

crews to co1,11;1eic.ce explorations usin:; hand augers ancl other lvmd-clir;::L1c 

methoc:s in aclvance of the to:::iot.:ra:rihical surver crevrs ancl 1rell in ar1.v,1 :1ce of 

2-IJ.Y uesicn of po_vement types fo1· the project. If the enoral locc1.tiojl o: tlrn 

runu2.ys, tri.::duays, aprons, etc., 2.re not ~=no':m, ,,rhich is ofterc the c:0 .,rn, t~1.e 

fielc1" i::i l'l.,?.rkec:L off into a [::ridiron and a 12.rce rn.11'.ll)er of holes are ckr;, The 

nuJ11.'ber of llole8 clm,ends c,pon numerous factors such as the unifo1·r;1i·c~r of the 

ue:ic;osit as c,ho,.1:1 1Jy the prelimin2.ry wicle-8Tlacea_ holes, As e:nJeriencc is r>c:i.ined, 

t:'leso fielc1 crE.nrs are a1Jlo to use a consiclcral,lt:, 8L10unt of juc1.r;r:10nt i:1 tho 

munlrnr of holes co cE:c; 11.ncl the depth to 1rhid1 t;w indiviclual holes 2rc cl''J.['• 

As a rul8 holGs n.1·c due; to a clenth of ::i.t lcn.st t:n·eo l'cct belo1r tho o:;.;:ncctccl 

run1·my c;rc'.C1.o. Occasioc1.r-ll;r ~1olcs a}'O due; to a dci,th of oic;ht Oj: te;n foot, 

lfoccUoss to s;:i.y, those holes a.Tc, d.oo·,rni,t in tho Lii)l ·,1oints 1rhich uilJ_ l:;o t:rn 

cnt 2.rc2.s clur~_nc; constn1-ction. 

A sc.1.rn_Jl<: is tr>kon of 02,c:1 c1-iffc,·cnt strc\tum of ::;oil oncount. roiJ. and 

the c:cetct clonth rc:9rcsontoc'.. lJ~r tho s2.r.rJle is rccorclGd. Ec:c 11 of thDrc >,oles 

2.1'0 s,Jot.tccl 2.nd r1arl:::cxl 2_ncl the elevation of chc s1i.r, ace o:P the hole is obtainecl 

lc.1.tci· lJ/ t:w cre.r mEJ.!..:inc; the to~,oc;r;c.~)hic2.l surve:r. A r.12.jori ty of the i,!'.:lJ,lcs 

a.re of th::: r:1inimun size nccossar:r for naking the Atto:·ocr[; Lirdts tc::;t:: or 

tho ::cc}12nic2.l A:1al:rscs, 'rhilo ,,, lr~rc::o s2rni:ilo is tc,~~on of o,•.ch of the cliffor­

ont ty-pos, of soil cncountol."cxl on th1; fiolrl. ':i:hoso lorGO sanT_:;los r1.1·c ,1socl for 



ma2:ins t:1c Proctor Test nril c:ny other tcc-,+s thc.t nr,.y oe 11oces0ary 2t 2. 12.tor 

elate. 

Invcsti~~ttio"1s 8.:cc also made of sources of r;;atcrial in the: vicinity 

uhich ha7o ::_')ossioilities for use as floxiolo or;,so material in tho rc1Yl'":T con-

st-ructJ.on. One of tho c:ceus ongaccd in those tY.:_:ics of invcsti:_·;::.tio~1:1 er rd.cs 

t~1c a,·10LJ.nt o:C ,,ortr•.olo tustinr:; oq_uipmcnt nccesr,2.r;{ for ootaL.1inr~ the JeTc:ent-

c:,r_:c Oi soil bil1clc::c ancl. the lino2.r shrinkc:,ge of tho soil bL1dcr. '.L'hc ti ,~oil 

binc1-cr 11 :wrtio,1 contains o.11 p,,.rticlcs snallcr than L.l:Q-uosh in size. r::'hcse 

tuo soil tests 2.rc used e.s a :_;uido L:1 c1_otorriinin,:; uhich of tho c\Vc;llr.olc 

sources sho·.,s the gro2.tor 1,osr;ioilit37 of prod.ucinb suitable bo.sc nntcri<",L3. 

A lP·.rr;cr 1,:JJnocr of sar::1Jlcs c:,.ro te.':en from the no.3t ::_:ironisinr sources ·,nc., 

uhorocver -po s si11l c, the hol cs cover :0.n arc2. co1~.s iclore.ol~· lr<.l'{;or them is con-

t m,1:;:JL.tcC. to 'lC jhJCoss2.r;:r :for finn.l use. C[•rci'uJ.ly chosen rq)rcscn-'., ti Ye 

scr:nlcs of nll :iJOssi 1Jlo sources ar2 subui ttccl to the., District Soil::; L:::.ooratory 

fol' tests. 

li:dd out 2.ncl o:cc.minccl_. Con1,lote tcs'cs 2rc n,,,J.c on ;:, lc.TGO nuubor o:f :ccprc-

T.:::st ancl tl10 :;Lchc.niccl An;,01.ysis, ,c,,ro m,::i,clo on tho rcuC'ining sc.mplos. 

coT11:i_mrinr; the vis1.1r,l £·.:9·1c2.nmco n1d results ol tno ic1.ci1ti:."yinc; tcds 1rith 

those of the s ,r,ml~s uhich 2.ro con-:-Jlot.:::J.~r test eel, the e::;,:,.cntiecl test co;.rntants, 

such 0,s ··llasticit2r incl.ox, ;:1::c cstir,12.tccl for 211 of t;-io SD:JfJlos, 1D.1n,. :-,11 

tests r·.rc cornJ,lotc, ,, soil ;_)l.,n is dr2.un u1J L1 tho District Lr.borr.tory 1:hich 

shous the Dlot of each ~ole at its oxnct location on the ~1211 of tho 2irfiold 

site, t}1c osscmtic.l c~~C'.rrctcristics, such (•,s lic~uid limit, plc1sticit=· iEdo:c, 

:901·ccnt of soil bind.or, c•ncl cl.oi,th limits of ca.ch st1·,tun of soil encountered. 
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pletel~r testod for all of the tests incluc1cc1 in the oase oater:i_al s~wci:'.:'icn,­

tions. T~iese testu usually inclua_e the J1ercent soil cinder (1J0rtion ~ia::;sL:1c 

40 mesh), Liquid Limit, Plasticity Index, Linear ShriJ:1.kaee, 2,nci_ a cor;-lete 

or ·)rc.rtial w,ch,cnical 2,nalysis. If 'c11e materi2,l 112.ll have to lrn cru:·he,1
. for 

use in constructinr-s a base, the sarnpl0-s ri,re crushecl 1wior to l)ein~; t,,:;t:ocL. 

usec'. by the Tex[1,s }{it:;hw::\y De1_J2rtment uhich consists of 2.ir clryinr;, slc1.kiiv.;, 

,1:c1.a_ then rer10vinc the soil 1iinclcr ,>ortio;1 (~·Rrticles sm2.llnr than L20 r.: 0 :.;h in 

sizo) from the samrlle by w:::shinc. It hc=i.,o been found tk·.t tl-:.is ic1 t:ic 011.ly 

ma.rm er in which all of the soil binder n,ct:..1_2,lly 1Jre:c;ent in the m2.Jc cric1.l c2n 

be reDovecl and testecl. 1I1ests :1rvo been macle vhich sho1.r tl-1,,t 2ven 0 ro:1c~ 

screonL1c 1irocess 1woctucing ::, :i-_)lastici t;_r i:1clo:: of, for e::2.ml)le, sovo:1, the 

Sc,ne ::;ravel well sla1ccd. ancl ,_,nshecl 11ill :::Jroclucc slic:}1tly more soil 1,Lyler 

witl1 ;__1. 1Jl2.sticit:, index of ::,ossibly 10 or 11. These adclitiono.l p2rticlcs of 

co0,ting the larr;er snacl Emel gr2vel c;r,~ins, ·,nil, unclor 211 ir1:9c::vious to,), 1rill 

2,bsor\) enouc:;h noisturc b~r c,1Jill2.ry ;:,ttr2.ction to help lubric,0 te the mis. In 

tho c2.se of rn2,toris,l such as calicho, it is iEFlOSsi"ble to tell -:rhich of tho 

p2,rticl2s w:·tic:1. look lib:, c;oft roe~= 1.'ill lJrove to be soil "binclcr in t~·i,:, -ore­

s enco of •.re:.t er ~·.ncl which uarticlos a:co o.ctually the rocks. 

After tho tests results arc con1Jletod, cri,ch hole is stucacc. scoo.­

ratolJ, c:mcl th...; d.OJ:)t:1. aml test results o:f:' the natcri:,.l in c2.cJ1 s'0r2,tur1 ['.l'O 

considerecl in choosin,:::' tho clo;;th limits botuocn "hich the dc:;:iosi t c:0 ,Y; i1c usocl 

durint; construction. If rio s".mYJlc ,,2.s tdrnn ro:1_;rcsonti~1;"; this fnll c:.c-)th, 2 
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com:i,osite s2,mple cc1n oe mo,de ancl testecl usinE; 2.n omo·c.nt of each stra,tum 

'.)roportional to its cl.enth in the deposit. A loca.lity na:p is dra,m shc11ing 

the locc1tion and extent of the av2ilable oase r:iaterials. The location of 

each :1ole is ri1arked and a log of the hole is il1cluded uhich sho,·rs the cle1Jth 

of strc.tum rcpresentecl and the essenti2,l test const2.nts. 

DESIGN 

After the to_110
0
:;;ro.phic,0l survey has oeen completed 2.ncl ;:,, contour 

ma1J is clrmm, the rum12.y cracles 2.nd locations 2.~·e chosen, It is ·oos~0 ible in 

certain c;:o,ses th2.t a study of the soil nlP.n Fill assist in locrcting the run­

vays or choosing the grades. Due to the large 2.rea of earth excc1.v-ation cJ.nd 

grDdL1ro; involved., and the relatively flat 2~rc..cle recuired for finished F'ir­

port construction, the rummy elev2.tions 2.re usually chosen in an effort to 

ook ill. a oaL:nce oetueen cut and fill in the final gr2,ded field. 

The ne:± step in choosinc the desicn of the pavement to be used is 

Ft d.etailecJ. study of the o.vailable soil thot will 1rn exc2,v2.ted, th2.t c211 lJe 

excav~ted, and that will be normally in place at the proposed subcr2de ole-

vr·,tion. ~1he first considor2.tion is oot2,inL1,; :,. st.:,_ble sub;;:r"'.de, uhich is 

consiclfcrec. c;ener2.ll;y to ::ie soils he.Vlll[' a Liquid Limit less than 35, FlasticitJ 

Inclex less thon 12 ancl 2 Linear Shrinkage less th2n 7. 1. stud.;· of t:ie soil 

J_)lan in conjunction vi th the cr,ntour n;ap 2.nd runuFty oxcc,,vations uill sho1: 

1-1hether this type of stc1.'ole suor:;r0-de will be automatic2lly in ":_"Jl2ce or 

whether it will be necess;.:ry to P,ctually specify a 1,-o,yer of this ;;12.terial or 

suo-bc,se. It v.ril:!_ also oo 1Jossible to determine uhether thero is sufficient 

q_u2.,nti ty of this selected m2,terial on the site c.nd vhethor it cr·.n be hc:.1:dlod 

oy the contractor in such a oanner 2.s to produce the desired quonti ty of 
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select m2.tcrial undor the fL.1ished rummy. If suffici8nt select ~ranular 

w.['tcric1,l is not 2vailablo fron the sito, it ~.s :.10coss,0xy to locate 2:1d. tost 

the closest sources of borrou materia.l suit2.olc for t:1.is r,urnosc. 

11herevcr possible, this staole r::ranula,r m2terin.l shoulcl ')e on the 

sun>ce o:C the finished subgr2.de roe:;2rclles2, of ,,hether the fin.::,.l de2ir;n is 

to be ?, flexible o?.s8 or ~\ concrete n::.vement. In the c2.so of flexiclo :)r'se 

c,m be usec. Sinco th,; cost of sclc,ct cd r:r:,nuln.r soil is oi1ly r-,, fr:·.ction of 

tho cost o:i.' :~lE::~:iolc oaso rn,,tcrfrl, this clcsic;n usu,".lly nsultG in 0, consirl-

cr::olc s;::.vin;·; in the totn~. cost of tho proj cct. '..r:10ro n co:1cr,::to '),'.'Vemcnt 

is to oc: TJln.cocl, the s1:;,b,c;ro.dc :Jroblcm is usu:·J. not one of st~bility, bcc~use 

the hi,::;h flc:rurrl strcnct~1 of concrete docs :10t :c·cci~uirc ,",S s'Grblc :, fcum~rtion 

[,s ,·'.o lllost of tJ:10 flc:dolo t~72Jos. ':'he br: .nulr-.r m torir>l on th:: surf·cc of 

l)lr-nkot for ,)r.;;crvin-: tho noi::;t1,1 re in the cln~r undcrsoil, thus minimi";Li[: 

the ct~nc;or o:Z ur'r,)ccl j oi:yt s 11hich 'Jill rosul t 1,1~1on tho clr,.y soil is :·llovcd 

to rlry sli ;htly ·)rior to :,)r,,vin:-;, fol1ouocl b;y [', sub:]cquont r1 1Jsor,,tion of ',rr.tor 

throuc::1 the joints C~UriE:: :C['.infrll, thus ::_Jl'OCl.UC"-DC; P. }liC'l 8 1 ,rcllinc; forcG. 

For ,~.11 t~r:,os of 1~c-.Ycmcnt closis;1, tho Jnovision of 

on top of tho subcr:do ,,ill tend to TJrcsorvo tho ~.wisturo in the unclo:d;ying 

cl;-,;; 1Joth clurin:; r,.ncl nft er constructioi1, : nc1 ,d.:.l -,,rovido r-. su.r:c';-,co on 1rhich 

construction cr·.n b o r,J sur.,::cl norc q_ai cl:ly folJ.o,,ir: -; .,, cffi ocls of r~ L1f · 11 • A 

survey of th:: soil m:i stL1:: o:, tJ1.c sit c [ll1Cl ii::. the vicinity of tl1c sit c u,~,y 

c'..isc1oso the fret tlv.t thcl'C is ;10 r~ri.nclJr soil i,itl':.in ,", clist"nco of oconomicnl 

}v,ul of tho <'.irfiolcl, ,"nrl if n, flc:dolo l1:0 so is closip1od, t:1c c-:ra1ml,''] l(.;ycr 
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is omitted and the depth of oase increased, This case, however, is (l"l,ite an 

exception; at many of the airfield sites along the Gulf Coast where no s2.ndy 

soil was known to be in the vicinity, a diligent search has um.1ally uncovered 

sufficient q_uantities of nearby material. 

The first type of design usually considered. is a flexible DP,se ui th 

a fr.iily thick asphaltic surface. If sufficient q_uanti ties of satisfc>.ctory 

q_u;:iJ.ity flexible 02.se materials such as gravel, crushed rock, caliche, ircn 

ore, oyster sheel, etc., can be fo·und near the site, this type ofdesic;i1 will 

usu2.lly be more economic2.l than any desi:;n of eo
0
uivalent strength. :?or this 

reason a dilicent search is made to determine the location and q_uantity cf 

each possiole source of flexiole base material ,dthin an economical hauling 

distr0nce of the field. '\·There a flexible base mc=tterial is not available thc1.t 

is corn1_1letely satisf2ctory in its natural state, a study is made to cletermine 

whether some of the deposits ca.n be rn2.de satisfactory by any one of several 

methods, the most common of ,iliich consists of adding a fine sand or silty 

soil for the }JU.rpose of reducin{; the soil contents, such ri.s LiC'_uicl Limit, 

Plasticity Ind.ex, c1nd Linear Shrinkage, of the final mixture. If there a~·e 

sever:::,l sources of flexible bose material ,.rhich CE\n be eco:10mic;:,lly obtnined, 

but some of iiliich are considered. bet er than others, and effort is made to 

urite the syiecific2.tions to inclucle only tho better T.1c\terial. 

Where no flexible b;ose r:1n.torials are economically av,cdlaole, some 

other type of design, such as Portl,mcl ceuent concrete, asnhc1.ltic concrete 

bla.ck base, or soil strrbiliz2"tion must be consiclerecl. On certain r.irfields 

where the JJresent and. future im1Jort£1nce of the c'il'IlOrt is (;reat, 1:Joth from 

the stcrnd-ooint of volume of traffic and expected loads, a high t~Je _p2vemcnt 

may bG chosen even though other m,,terials are 2.v,dlf'ole. Each airport presents 
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a separ2.te enr;ineering ~problem and all factors uust be considered before the 

final design is chosen. To d2.t e no airfields in vol vins soil stabilization 

have been constructed in the Gal vest on District, but it is believe thd for 

future Fork some soil stabilization :oroj ects vill be designed, based on the 

rcs11l ts of :prolininary investigation tests mad_e in the District Laboratory. 

FIELD CO~JTROL OF Q,U.ALITY DURING COi~STRUCTIOiT 

The mo st complete ~oreliminary explor2 tions, :preliminary t ostinG 

and vell chosen design uill be of little benefit if the field cQntrol c1oes 

not 1woduce a :i;iavemcmt uhich corresponds to the original design. This aJFJlier. 

"both to obtPcininr, the desired q_u2ntity ancl q_u2lity of m2.terial in each layer 

but also to obtaining the maximum 2:)0Ssiole st2.oility in each one of these 

n2.terials. No matter hou Hell chosen tho clcsi{:;n may "be, the final success of 

the lJn.vcmont rests on the s}loulclers of tho field en[~inoers ;:,,ncl tho field 

inSIH:'ctors. A Soils Ifanu2.l has "been irri tten coverinc; the exact tostinc; J:iro-. 

cedure ancl the methods of control, ancl co1:.1ios ::urnishcd the field insroctors. 

This Soil~ f!I2nual has 1)roven an invaluaole aid to the relatively inexperienced 

:persom,el. Due to the largo construction 11rogr1ccm c:.ncl the rGlativcly smc,11 

n1J.rnb er of tr2.incd ins:pc ctors, it 11 cc;c,.ue ne ccs s2r;;r to train the field fore cs 

2.s c~uicldy as possible i:1 ord.er E1at the inspectors may be 2.1)10 to lc,i'rn tho 

use of these tests 2ncl their a:;0-,lic2.tion. Ec'.c'.1. of the lJrojects 1wovide for 

2. field 12.bor,,tory and enough field_ lc,bo:;,·cJtor7 testin::; cq_uipment for mi<!dnc; 

the desired tests. 

A..11. effort has been mad_e to 2llou for part of tho oxriectul incxpori-

once on the part of tho inspoctin3 forces by providinc a safety f2ctor in 

the s:::iccific:,tion limits over and 2.bovo th2.t which would oe used ,_ri th a hic;hl;y 
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tro.inecl inspection force. .Also, a very com1Jlete )reliminary soil survey 

2.nc1 re-;iort is preparec1 with this thoue;ht in r.1ind. Tho completcnes:c; of this 

pr.,li 0.1iE2r:- report rec:uces tJ1e ::-.mount of tests tr.at ;1ust be r11 2sle 01· the field 

durin~ construction. Soue airJort sites cont2in onlJ two or throe distinct 

ty,,es of Joils which c2n l:Je rc2dil;r distinguish~c1 l:Jy eye s.ncl t:1e cl1ccT,1 ctt,r-

istics ol:Jtrinccl fror:1 the 1)relimin2ry soils JJlan. In these c2ses ver;,r fov 

ci_unli t:' tests need to lie 112.de 1:J2r tlrn :i:'ield ins:)ectors durinc; the coc.1rse cf 

cons 1:rl1_ction, uhic:1 is vonr desirable i~1 thP.t the ins:'rnctor is free to o:u?T-

cise closer control of co~structio~ methods 2nd tho ~lacin~ of the soils. 

Whe;_'e ntrn1~1er01.,s t;r:,os of soil nre encountered, the Bc,r Linoc1.r Shririkn::e Test 

is uscc'. by the ins::)ector to identify tho soil 2nd thus cl_etern!ine its 21er­

miss:0J1lc locc1.tion in the :Cinishoa_ j_)roject. A :few 11rojects hc1.ve t1'c::.iirncl 

ins-.,ectors 211cl soil t cchnicians w~10 ,:,re ccpa.1,1 c of naldnc· the Lie:_nicl Lini t 

ancl PL Gticity Index ~csts, but it :1as been four1a_ th2,t usltr,,inocl inspectors 

lfuore a flexible base is used, the borrow areas arc selected irom 

the 1Y·-'elirnin2,ry su:cvey doscri'ooc1• 11bove, l~o uattor ho1 .. · cor;111lGte tLo -,rolimin2ry 

survc:r 011 a flexible Dc\SO material })it, it is o.lu,,:'s ncccss2r;., to exerci20 

co11,:ta,1t testing ;:,.nd control o.\U'i:12; o·oor1,.tion. Uunorous la~rers and ~·rc·,s of 

thc0 :pit ,'.l~'C Ul1COVGrea. \!l,icll Fore not a.iSCOVOrcc1 DY t 11.o :J~'Oliuinor:· tcstinz; 

2lso, the cftoct of tl1e cl'usl-cin,:_; action rneJ al tor tho q_1.1;:1.li ty nncl C1_Uanti t:r 

of soil l1inclor thri.t 1:0..s cxpoctecl from tl1.o 1)rcliuinn7 tests. On Gome pits 

it is nccessarr to add and r:1ix a s,,nd:r s0il in or(lor to 2)roo.uce a s2.tis~'cctory 

fi:1:11 :-irocluct 2i1cl this c:,.lJ.s for col1stnnt control, tcstin:; and juclc;;wnt en 

tho 1)2:i:t of the in:oyiector. 1if.f1orcver nossHilo, c: tre;i~1ec1_ soil tcc 1,nicic1r is 

us~d in the fielcl control of fL,:xiblo oa'.30 ::1atorial so that tho Percent Seil 
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Binder, Liq_uid Limit, Plasticity Incl.ex ancl Linear Shrinkage Tests can all be 

made and. compc:.red a;32.inst the S}Jecification limits. ·w1:erever a tr2.ined soil 

tec>nician is not av2.ilable, the method of "1')rep2.ring 2.nd removinc; the soil 

oincler is used as desc:dbed a'bove 2nd the :Sar Linea.r Shrinkage Test is used 

to control the q_uality of the soil binder. 

FIELD COHTROL OF COMPACTION 

Producing soils ana. base materials of. sJtisfci.ctory q_uality is onl;y 

the first ste}J in the construction of ~;avements. The r10isture content of 

these m2terL,ls must be care::ully controlled before the hic;hest final stabil­

ity of each m~terial cnn be utilized. Practically all encineers usinc soils 

in construction a.re now fa.miliar Hi th the relations betueen the corn:i;iactins 

moiGture a.nd. the density obt;-,.ined, ana. the fact tha.t a :~iven soil, uncler a 

given comi12.ctive effort, uill have one optimum moistm.·e content, i.e., the 

moisture content 1.bic11 1)roduces the hichest tlcJ.1o;\r densi tytt. It is no'.r alua~rs 

realized, however, thnt the contra]_ of moisture content after compaction 

is eq_ually irnportant and thci.t tl1is control is entirely different for clays 

thc>n for gr;:mular m;:i,t::rials. A brief revieu of the re2.sons for compacting 

soils uill explain vhy t}1is is tru0. 

There has been consicJ.or2.ble rese2rch clo:ie in the n2.st feu yu,rs con­

cern.inc t:1e factors influencing suell in the clcy soils, uhich teds have been 

corrclc1,teu. in many inst2,nces vi th field behavior. The results show clefinit ely 

th2t the swell v2.ries in l)ro:portion ~ the ~Jercenk:ge of air voids pr8sent in 

the compacted soil prior to being alloFed to absorb water and suell. In ever;/ 

instc>.nce the condition of minimum r;uell \ff s fou.ncl to be consistent , . .'i t}1 2. con­

dition of minimum n.ir voids. Thus, tho contributing condition tourcrcl soil 
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swollage is neither L1.oisture content nor state of comlJE<ction singly, but tha,t 

cor,1bination ivhich resu+ts in the minimum 2ir voic's in c1, given soil coniJ2,cted. 

under 2 ,o;iven pressure. If two specimens 2re molded at different r,1oisture 

contents ancl different -cressures so that both specimens have the s2.me -,)8r-

centoge of air voids, but the one molded at the highest pressure has the 

greatest density, this specimen of highest clensi ty 1.rill hcve the highest final 

staoili ty after a -cieriod: of absorption. Therefore, if ue 11ish to obtcdn the 

hi[c;hcst fil1al st,,bili ty, as irell as the minim1.1J11 future suell, it appears hie:;hly 

desir2.ble to com1J;:,ct the soil at or ne2.r the O}Jtimum r.1oisturo content an( 

rekdn this com1Jacting moisture. Tests hose been nade which s~1ou th2t ii the 

s~1ecimens nola_ecl at oDtimum noisturo are a_ried before bein:; subjected to ca".:'-

illr".ry Hater, the rcsultine; swell \·rill be c9nsic'.0rabl~.r c;re·tor than for the 

s2.mo SJ)eciL1cns which ::,:,,·e not ,",llo,,red to a_ry. This is :02rticuLcrly true of tho 

plostic soils. Irumorous tests ~1ave been macle uhich sho,·r that if s:::iecimens 

are molded ;,t various uoisturo contents under the s2.mo amount of com:1[\ction, 

then subj octecl to cn.:riillary action i.ri th 01· ui thout being clri ed, t:18 s·oecinwns 

molded 2,t, or slightly wetter than, the optimum noisturo content vill 2bsorb 

tho least amount of ,rater and Hill retain tho hif;host final sk,bili ty. 

In tho ca,se of the plastic clays, thoroforc, it a})IJ8Ecrs that ;ifter 

the soil h,wo been com·,)2cted at its o:ptim1un moisture, or sli{~htly uotte1·, the 

highest final ste.oili ty, ss iroll ci,s tho i;1inimum future swell, will be obtP,ined 

in th;',,t ma.t orial if it is not r1.llo1rncl to clry but is covered uhil e it still 

retains tho com})e,ctine; raoisture. 

In tho constructio1;. of :;isvements tho more gr;,nular t~rne of soils c1.nd 

br~se 112.terials Hill usually be :;,,laced near tho top of the ro2_d:1ed. In this 

caso, ~articularly in flexible base construction, vo know that tho Granular 
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soils will not be subject to 0,pYJrecie,ole c,nounts of s·:rell; therefore, our 

principal concern lies in obkininsS the greatest amount of final st2,oility in 

these soils in orcl..er that they may satisL\ct.orily oo aolo to su1)1Jort the unit 

prcssu:'c thc:·.t is tr2nsmi ttod to thcr.1 f:tom tho load 'at the surface. In those 

types of soils it 2));:io2.rs thd a hir;hor find st;-oilit;r micht be ootained oy 

comc_,actin.r; tho soil 2.t, or a little uottor t:,an, tho O})tir:mm moisture content. 

Tl10 'Jr,se mrcterials should. then be ,"llo•.Jod to J,f'rtio.11~/ or totc0 ll;y dry before ~- -~- --·~ ~ . ~ ~-
o.n i1:1pc1·vious toyJ is :nL·.cocl. Tho Tox2.s Hic;hu2.y Denz.rtmont conductecl 2. series 

of tc;sts thr01..1.cho1.:t tho sti"'.to in ,_,hie~, r:10isturc contents Fore tc,kon ,0 t nonthly 

intc::..'v,ls for th:reo ~"oars from su1,,c_:r2dcs c1.ncl bases under olcl aST)l,alt ,,p.voments. 

A mc:jori ty of those ro,,cls hcd served as o:ion-r:urf::,cccl roac1.s for sovoTal ycc'<rs 

c.ncl thus h,c1.. a.n OlJI)Ortuni ty to dr~r out TJrior to 't.10inc surfri,cod. It u2s fouml 

th,,t ,.11 of tho ;ran.ular soils rncl ~Jpsc m2tcri2ls (uith P I v,-lucs lcs::: than 

12 or 15) consistently m2inkd.nc:cl 2. r.10isturc content considorn.bly less th2n 

their o;_Jtinwn r:1oisturos. Since tho st~,bility o:f o. ,-;ivon comp2ctC'd soil is 

lerco;ol~r ~J. function o:;_' itf, rnoL;tU:'c, content, o,•ch of the ::n,rn1ln.r m8.torif'.ls 

rnr,.int~'.inccl ,•, st;:-,bili t:r co:r:isiclcrably in CXCO'.: S of t~1.oir sb.bili tzr o.t their 

o·,ti~iurn noisturc contents. The r10clorn ·,woctico is to include the lJ,,se construe-

tion ,·nc:_ tho 2.sphc·l t surfaciiv: in tho sc.mo contr,'.ct, ;0 nc-:. numerous inst:. ncos 

All of tho 1Jrovious cliscusGions T)Oint to the ::. ct th:·t it irill .Jo 

vor;/ clesir;..blc to com~,:-;.ct :·11 soils r,t the ortirimm moisture content, or 

slic~htly ircttcr, for th.; com11active effort bcil\o; usoc'.. ':t1his o:nlios ror:nYd-

loG;..; or ' .. ,hether tho moisture is to iJO C:-'rofully 11°cserveel. or the r:ixtu;·c- is 

to 1Jc clricd. 'lThorc tho r10isturc content is to be ce::c:Zully :rircscrvcd, the 
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mixture uill contain loss oir void.s if comp2,cted 2t or slightly 11cttor than 

tho 011timum moisture, cmd vill riroduce less s,.1.bscq_uont m.,oll, ;:\ louer final 

moisture content, and z, hic;her final stability. lJhero the misturo is allo,}ed 

to clry, thore will be a groat or rcsul ting cain in d.ensi ty in tho mixture 

com::,actcd. vet tor th;:m optimUJll. This in turn vill produce 2. hiGhcr fin2l 

st::,bili ty. 

If for the :purpose of ado11tL1t; a rule-of-thumb lJrocedure, a 11 [;rrn-

ulo.r mn.t erial tr is defined c.,s a sandy soil ,,i th a P I loss th2.n 10 or ,'"'. bn.se 

matorinl uhoso soil binder h2.s a P I loss thr1 n 15, the follouing schcd.ulo 

should bo followed: 

Unclor Concrete Po.vcnont 

Gr2nular Soils - Com1x,ct ot o:;:itimm1 moisture - then moisture hl<'.:Y bo 

either prcsorvod or lost 

Plnstic Soils - Cor:1p::i.co rt OYJtimum r10isturc - rircsorve tho cor,1=02ct-

ini:; moisture 

Flexible Baso Construction 

Grri.nuln.r Soils - Con1J::i.ct r.t o•Jtiuum moistur,::; - r.llou to dr;/ lJofore 

Pln.stic Soils - Comnc1.ct ;-,t o:;:itinum noisturo - i-n·csorvo tho con1;nct-

inc; moisture. 

It is r;one:i.·r.lly rcc1.lizecl thrt t}K clonsi t~r 0~1trined b? :collL1g is 

rnent, size :·ncl S]Jn.ci1v; of feet i:0
." sheep's-foot roolo:::, rle·ntJ, ol }Jen.t~":·.tion, 

clo~Jt)1 of lift tJein:: i·olled, n;_:mber of c)n,ssos, uniform c:istri1mtiori of ,wisturo, 

o.:1d. tine n.t .rhich the densi t;r is chocked. It is vor~; cL siri'ble th;-i..t the ,.n-

ginecr :,nd inspectors bccoae thorou3hly f,-,rnilin.r ·~th these f,-,ctors boc:,use 
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this kno1rlecl·-e ,till erc.;:,.ble him to obtrrin a better job ,:rith less trouble, ,1ork 

It is unfortunate th2.t the rnaximur.1 uGicht of sheeps-foot roller3 is 

someuh:---t limitecl ii: this str,te, bcc21.1_se the e2.rly specificcttions for rollers 

usccl "n ::,Rvement construction set the st2:r1d"1rd, and 2,ll pavement contr2ctors 

01rn rollers 1;ith uhich it if difficult to obtr:in greater thc:m 200 or 2::15 j_)ound.s 

yier sr1.uc:0 re inch pressure on the feet. The stoncl2xd Proctor test is u:::ed, 

ernT>loyinc; a 12 inch dro:r of the 5} pound h2mri1er, because this corrpactive effort 

a-;T.Jro:x:ircwtes very closely the compactive effort of the sheops-foot rollers now 

in use. 

All 11fill 11 materio.ls, all flexiole b2.se m?terials, 2nd the top layer 

of all 11 cut" sections must 1·e com:pactecl uncler the s1.mervision of tho soil 

i:ns-pectors on the job. The usual spocific2tions require d least 05~ of tho 

density obk.incd in the stcmdard Proctor test, and further provide that tho 

comp,'.:'.ctinc; noisture must be ret2.inca. in tho l)l2.stic clay soils. Tho uore 

rec8i1t S}•ecificatio~1s include a clause to tho effect that all flexible lJ,rno 

m2.torials must oo tot2.lly or JJ2rtially dried ;1rior to tho ~1l2cing of 2.n 2.,mhalt 

surf2.ce. 

The inspectors ar0 oq_uip:;:iod 1ri th a field labor,,.tory 1Juilc.1ing loca.tcd 

on the :projc ct and all tho field testing coyipmont necoss<".ry for m2.1':in~; the 

Proctor tc:]ts ancl for checkinr; tho r:1oisturc pnd d,msit;,: of the com·,cwtcd 

matori2.l. The ruboer bo.lloon density ::i.p:pa.ratus is used on rnost of tho l)rojects 

for chocking tho clensity of the compacted r;1atoric,l, but cort;-,.in soils 2.ynoar 

to lend thomsolvos ~ore satisfnctorily to the use of other methods, such as 

tho s::-incl funno1 method 01· tho use of a small hancl-dri ven monel rnot; 1 l c;vlindor. 

Wherovor it is possible, with the aJnount and t;rpo of ins:,::,cction 
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personnel available 2.nd the tyl)eS of soil encountered, the usual stcnd2,rd 

method of controlling compaction is employed, This ~rocedure has been discussed 

full~' on r:1any previous occ2sions 2,nd. will ,Je nentioned here only oriefly. This 

:Jroced.ure consists of first r;1nlcing a prelimin2,ry Proctor Curve, ui th the minus 

l/"1-inch :oortion, of every soil encounterecl on the :rroject. .An c1ttenpt is then 

made to comr>2-ct e2ch soil 2t its oDtimun r:1oisture and octain a chosen i1in.imur,1 

percent of the Proctor maximum clensi ty. Frorn the Proctor curve, illustrc,ted 

on Ficyre 7, the ninimum required density would ;,e 110.7 lb. per cu. ft. for 

this soil. If the m2.terial cont2,ins nlus 1/11:-inch n2rticles, ;:,,ddi tio:·,21 tests 

crnd c2lcuL?.tions must 'rn made along uith the density check tests in orc:.er to 

ccilcul,,_t o the density of the minue 1/1'0 -inch po1·tion. Due to the r2~1idi ty of 

construction of the present contracts and the small size of the insnectint 

forces, ver:· fcu Proctor tests can be r,a.a.e during tho progress of the job. The 

moisture-density curves used by tho inspector are those uade in the District 

La~oratory on tho s&~Jlcs tnken in the preliminary soil survey. These curves 

?,i·e incluclco. with the other test clata in tho 1 r,.1:Jorotory soil rc~-:iort; a c0 1J~' of 

which is furnishecl the inspector 2,t the bec;in::,inr:; of the :project. 

The method of control described obove is fund.ament,1 lly sound ;mt has 

tuo -,w"cticol cl.ravbac:-;:s vhon ,·.pplied to field cori1p2.ction 1rl1cre n1J.n8rous sh:'.llow 

cuts r-.ncl fills .:o.re encountered. Due to tho rapid ch,mr__;e in the t~(l_Jos of soil, 

2nd tl:c 1__1_ncxy·ct,Jd type;s cncountersd, it is often difficult, if not irn1)ossible, 

to ;- ccurc·t cly m2.tch e2,ch soil ui th the -oropcr Fro ct or curve for thc\t soil. If 

inco:c·~·cctly r.1:,tchcd. the inspector may either (1) be r.ttcmptin; to o·,it:-in 2. 

densit;y thc.t is })ractioally i;:-rpossiblo to obtr,in for l:is cmlJanJ:ment, or (2) 

lJo co1,sici_ed.nb s2tisfnctory c:. clcnsity that is below 95~ of the tn1c Proctor 

m:::dm1m clonsi ty of his soil. 
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The second C:.ofcct of this rc1et:1cd of control is thc1.t it consid_crs only 

the cl8si:tecl c~ensi ty for a soil ::rncl cloes :r.ot t;-0:ce into account the 2r1ount of 

air voids YJl'esent. It is quite !JOssible to ~2.ve two different sections o:C the 

soil Pho,,n on Fif;Ure 7 con1:2.ct ed to 2. density of 113 1 b. per cu. ft., \ri tr_ one 

scctio;-i cor;nactGcl at 8% moisture and the other ,;ection conpactGcl at 1L1<; ,11ois­

ture. 1·n1en judced b;,/ density 2,lone, these tuo sections ,g,p1rn;:;r to iJe of eci_ual 

v2li.1e, 1 rhe~-82.s, the sC'ction con::iacted at 141 r:10isture cont2ins 2. much lower 

perccnt,c;e. of ;,1.ir voids and is actuall:r much ~10re s2.tisfactor? in ~'Jl':-ctic;il2-y 

ever:r cc1.se. If the soil h2s 8 hish pl2.stici ty, this lower ;,ercent"-:·;e of c'ir 

voids uill i'Osul t in a much lover d.ogreo of S\'!811 ':Thon sutj ectccl to c2:pillriry 

w:0 tcr ii1 the roadboc1. If the m2tGrial is a :;ranuL,r soil or b,sc m(,t ri,l, it 

s:cc11.ld 'be :i;i,.rtially or tok,11? dried before bcin~; covcrecl, "'l1C'. the lil;; section 

In order to ovcrcor,10 the ctrcuboc:cs nentionecl above, the Toxn.s High1·2y 

Dcn2:ctT:1cnt h,-i.s recently devised 2. r1ethod of controllinc corcTr_x.:ction h? deter­

mininr, t~1c ncrcent of ,,ir void.s in tho COFitJ2.ctcc'l mixture. This mctl-\Ocl of con-

trol is :~::trcmcly useful in tho 1)rescnt ::drport construction i)roc;rr'r., 1_1cc,.usc 

b;y its use tho smc",11 ins1'Joction forces, often contDining J'lcn of lil'li t eel tr.0 in-

ing :--nci_ ezpcriGnce, cc•.n obtcin tho ma:x::ir.c.1_;:, 2IJ01x:1t of control over the ,'"'.ctu,0 .l 

soil cor1p:0 ction. This mct~10c1c 2p11c 0 rs to ;Jc tho sir1plost rncthod of ccntrol and 

h2.s tho very r;rtori!,l ao.vrnk·c:o of controllinc; tho tuo fc~ 0.turcs ch,sircd in n 

corrnc-.ctu1 sotl; n,.mcly, (1) "- rcc-sonc,bly ;-:i{;ll c1_ensity ,na_ (2), lou perconti"c['O 

of :-.ir voic'ts. Also, it is T)OSsiblo to control the density of n2tori2.ls contain-

h,0 viw: to sc2'J,rato, n.nd ndcc cc'.lcuh.tions for, the J:1inus 1/Jl-inch 1Jortion of 

o,,ch density dotcrmin."tion. This fcr,turc uill ;:,c ci.iscussed lf,tcr unclcr 
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3'i5uro 7 shous tho Procto1· r;urvo. for :,. soil uith :0.n o:9tirnun moisture 

of 12.5~ .~j1d ,1. mnximun c.Lensity of 116.5 lo. Tier cu. ft. 

At this moisture, the zero air voids clensity equals 12!1.:. 11--' 19,/cu. ft. 

95~ of Proctor ma:::imun densit~.r - .95 x 116.5 = 110.7 lb./eu.ft. 

Therefore, th(, -:,oint A ( cont.'."ininco; 0"0ti::n:1:1 coisture 2nd 95% of Proctor Density) 

Air Voicls equal to 100 (1 - 110.7) -
124.4 

L the line of ocp12l 2ir voicls (1 in tlci s cc'cse) is drcnm th1·ou.c;h 

this ~Joi:1t, any ::_-ioint on this line ' .. ,ill ~1".Ve a clonsi ty GC1Ucl to 89'.', ( 9r 100-5; 

A~r voi~s) of the zero air voids density at the snue moisture content. This 

1 t . 1 . . d t 1 -'- t'l,. l' " 11/ ' . ;i re a 10:1s11r is use o oca0c 11C 1110 Oi ;c air voi,,s. 

arbitr2rily chosen on the zero air voids lino ond, for each point, the noint 

rG}Jrcscntinc;_G9~ of that clenGity is plottccl. lJcnco.--ith t:10 lino D.t the snrno 0ois-

turo content. If the co~1actcd soil is then rcquircd to have los~ th2n 11~ 

c'.ir voids, . it F:ust fall in the shn.clecl c,rce o.1::ovo the curve cf oquaJ ,·ir voids 

(?i,~urc 7';. It is pos::.dl)lo to uoot tho r.,inicum rdr voic1.,; rcq_uircmcn:: 2nct. s,cill 

not lvvo 9 of Proctor ~onsity if tho soil is cornJRctcJ at a mois~urc content 

consiclcro..bly hi,c;hor th2,n the o-,Jtimum. It is 'believed tlJr.tt tho cl1oc:: is some-

,,hat Pntouatic in this direction, however, bccruso P soil consi~orcbly wetter 

then tho 011timum Hill usuall;r bo too stic\:y or too m:stable to be 1!or'~ccl. As 

more d2.t2 is ,c.ccur:m.l:,.tocl., it should bo '10ssil,lo to set a minimum st.~.b::.lit~r, 2s 

tcstccl by tho Proctor neccilo or simil;-,.r mettocl, ,:llich 1·ol1_lcl 1,:·cvent tho cos-

:")action of soil·s 1 •ith c:~ccssivo moisture contents. 

\J:'1c;11 tho "Ed.r voiclsll W;thocl is used for controllin,-: clonsit;y, the 

.~.nc'. "rnfoT· the r:1ixtUJ"G has n chr,nce to lose ~.1oisturc. :Soforc the ,,rojcct is 
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r::;tc1r·c0d., :;itand.e.rd Proctor curves should be 1'.leJle on the nredoeinc:mt ty)es of 

soils 2nd. '.J}1en these soils 2.re encountered, the inspector c2.n chec': hi;; c1oili ty 

to esti:1."te nnd control the onti11um moisture, 

Once the rollinc; :proceclure h2,s ,,ecn adopted., a twjority of tho riois­

tui~c content control Hill 'ue 02sed on the observation and eX11cricnce of tho 

ins:9cctor, chocked oy froc:_ucnt air voids cieter11ination. When the cl.en;;it~, 

choc~::s show too hi,~h a per cent air voicls, either tr.e rolling woistc,re or com-

p~,ctive effort must DO incrcci.socl for thi=:.t soil. 

It ''2.s hoped th;:,t 2 dcsiraolc r:1inir.mm n-.~rcent cf ;cdr voids coulcl be 

chosen th~t coul~ be used for all the soils encountered in Tcx2s, but this 

r;-,.ctical. FL;uro 8 shoi.rn tho 1~lottin~ 1:1y tho Texas Hi1:;huay 

Dc;"J,~,rtncnt of 01,timum woisturG vs. Proctor rr,2ximum c~_cnsi t~: for 101 soils 2nd 

::ir,so f'.1,"tcrio.ls of v,·rio,,s t;y,-ics ond from v,,rious locali tL·s on uhich tho Proctor 

results Horcc nxailablo, On this chart tho lJlottins nunl:c'' l'l;~)r,::-scnts the PI 

of tho rrtorial. OUrvo A rrn)rcscnts o. lino of oc.~u,".l 1:ir voicls (::i.3;;) 1 .. ,hich is 

0.1, aver;:,f_:;o lino for n larc,;c num1Jcr of tho ~0oints. If tho s~)ccific.'.'tions nouiro 

9 of Proctor density, then curve :3 is cfr2.1rn r0.t 95~; of tho clonsity of ·1oints 

on Curve A. Curve n is n. line of equal e,ir v,,icls (10~), ;,ncl tho soils used. in 

cstelilishin:; Curve A must be cora1)n.ctcd to 18:::s thcen 10'_~ oir voicls, i. c. 1 their 

cor1mr.ct eel uoisturE:: vs. clonsi t;r r;mst ~,lot above Cnrvo ·s. 

A :;rou1J of the frirly clco.n ;3;:ncls, identified ny tho 10 1.r }'I 1 s (11lot-

The;:,o s,ncls sl10uld bo con~Jc,.ctcd to f· 11 ;:.1Jove Curve D, vhich is 9 

C r'.nc1 n. r,iniwm1 ;,ir voi(s content of ll3.3;~, Thc~'C rlTC r-lso S8Voro.l cloy soils 

( hi,;hPI 1 '") in thco loucr ric:ht h.~nd ,Jccrt of tho ;r;,:9h vhich ,rould. rcc1uiro n. 
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It is believed th,,t) for tlw r,vorr:';o nrojcct, ::-, curve of oqu;,1 ,.ir 

voids e,n be ch·r0 vm th,t uill be :·.n ,n5er:·ge ror cll or ,:10st of tho soils on 

thnt TJrOj cet, ,ncl ,, ninimun nir void::: rccrJ_ircd thd uill insure 95~; of Proctor 

clcnsi t,-r. One or E1orc u11us1.1~l soils r1cy Cc encou_11tcrccl t}:~-, t \Iill roquiro r\ 

s O';), r· t c nininum :-.ir voicls req_uiTcnent such (l.S Cun·c J Imt these c::ccptio,1s 

c::-n be noted ,nd identified on the project. 

~his aothod of control is, of course, subject to errors, It c::-n bo 

soon t:1- t the -r;oints th: t f:.11 belo,r tl~o :-vcr,{:e line of cq_u;,l n.ir voids 

(c3.r,.,un thr01_:";'h the points of r.ri,xicun density) nust be coqi,,ctecl to slichtly 

e:Jc tor thr,.n ~) . of Proctor clensi ty in order to f:-.11 ui thin the rcc:_uil'(.°Cl nin-

inm1 (1 ,.iT voids, Likewise, the points :,oovo the ori,:;ii1,.l lino C-".n neet the 

;,_ir voids rcn_uirenents uit:1 slit';htl;r less th,nn 95)] of Proctor clensity. The 

sb-nc1."rd_ nethod of conJ),rin:;; C."Ch soil •.ri th its origin."l Proctor curve is sub-

j·.::ct to tho s:-no or :;rer•.ter errors, houovor, been.use of the difficulty in 

choosin:: the correct curve for e"'.c:1 soil th:·t is encountered, ichich 1rill often 

incluclo soil tYJ)cs not :previously tostecL ,i\,;n-1lic,ntio11 to D,".tod:cls cont ·ini11i': 

l.,r,;o £;:.rc~·,to: Assuno th,.t the Proctor curve shoun on Fip:uro 7 rq,rcscnts 

the tests r,: clo on tho ninus 1/4-inch 11ortion of ,. 110.so ,,,"tcrir,l ~ncl the :_,oint 

A cont".ins 95;; of Proctor density :-na_ 115; :'ir voids. Il' tho c; of n,~tcrir:l 
I 

rJ" 00 1'n~ 1/A-i'nch l_--' ( ,~) 0 .J.--~::, ~ J. , tho bulk GJJecific ;-;r,vity of tl1c 1)lus 1/4-inch !)ortion 1 "11d 

the JJerccnt;.,_(_:;O of ir:•.tcr ncccss: 17 to "s".tur,,to surL-co-clr~r 11 tho 11lus 1/'1-inch 

1,ortio:1 : re ::novn, tho thcorctic:'.l ,,oisturc n1cl clcnsi t:r 01 the tot,"l n·tori::i.l 

C"n 1,e c~lculcc.tecl 1ri th tho follouing :cssuued conditions: 

(1) The 11lus 1/4-inc>. }'JOrtion is s~t-ur:·.tod-surfrco clry. 

(2) Tho 0 ·inus 1/4-inch ·0ortion is ,,t O'.,tirmn ~10isturo :·ncl 9 
of Proctor r:::1.xinun clonsity. 

(3) The ninus 1/-1-inch portion fills dl of the voids in tho 
plus 1/4-inch nortion. 
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':i'his thcordicc.l uoisturc ,ncl clcnsity of the tok.l r1ci.tcrL·.l Hill lJe 

at sor1e 1)0int such CtS? on FitSllre 7, rmd will 2.h,c:)rs cont2in les.~ 2.ir voi(,s 

thc.n the ;.Joint A because Fe h2.ve assumed no air voids in the \,lus 1/4 - inch 

;1ortion. This 1.:onlcl indicate th'lt a. 101.,er rfmininur:1 r)er cent of ,,ir voic1,s II 

shon_lr:_ he cl1osen for checkin,·: the totn1 material. 

A lc"'rGe n:unber of an2.lys es hc:ve been nr:cle lJy the Tex,,s Eir)1,;,-n2' Depart-

::iont of actup,l r:1oistures ,":ncl ,lensi ti,,s obtr,inec1. in sever2l ty-pes of cor:rr12.ctod 

hc"'.se n,ritc-rials :encl it ho.s lJeen founcl thrst the 1)0.rcent 2ir voids in the totc1.l 

m~·t e:ci2l r· r8 :,-p-•roxin'"c.t ely the S8L,e ,c, s the nor cent ai':' voicls in the minus 

ljt!, 11 n;-;torie.l. These 2nclyses c1lso s'.101red tlrt, with feu excer,tio:rn, the 

mr·te:_·ials th;,t tcc,ted rlclou 95;; of Proctor ,'ensity in the minus l(i-inch TOT­

tion r0 lso shoi.rGcl a ;; 2ij~ voicls in the totc:l T:vtcri2l th2t \'c-s ,-;rc,--,ter t:-wn the 

rr:iniu1.1.i;1 !-lir vcids requirement c;10son frori prolir:innx;.' Proctor tc-sts on tho 

ninus 1/1-inc11 ,ortion. ':i'his slic;ht cliscre92nc:,· hetvecn theory ond actu2.l 

bch,vio1· is undoubtedly duo to the f; ct th2t tho three nsc;umed co:1dition:;, 

lisi eel in the scconcl -p2.r2,-c:rn.ph ,-:,liovc, 2rc not ·,11 .::-ttcined. in .-. co:T,,~1ctcd soil 

S'l:L:; is c vcr:r fortun:-.tc cor.clition in th-tit en0blcs the folloFing 

mct},ocl of control to lJe used in the cor:111actio:1 of b2.se rF,tcrinls, c::ccyit d,cro 

there i::; -_w:: ctic:-lly no r:iinus 1/~-inch portion ,_,, in .-. slcd:;e stone 1•,.sc or 

rod: fill: 

(1) Mn.kc prcliminPl';'{ Proctor tests Oi1 th8 T:1im1s ljL',-inch ;'ortion of 

severe 1 f1:-i.rn-1les of the P,tcri.,-..ls to l::c usccl, i"'ncl 11lot the 01"Jtimum noisturo vs. 

m;o.ximum c'ensi t~, for ::,ll sz-mplcs on tho s,,r.10 sheet. 

( 2) Dn:r,:r nn :-vo~·-~cc llline of oqu2.l i"',ir voi,;_ s 11 throuj.1 tho, e po int s. 

line rcnrcsentine; 95<:; of cc.ch of these clensitics; this line is ~,1so n. 
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line of e(l_uol n,ir voids c.ncl this minimum ~ ,,.-.ir voids is chosen for use with 

the tot:11 mcteric,J.: to be used froril tho cloposit, pit, or project ceS the CP,se 

(:~) Immcdi;,.toly (cftcr e2.ch section is rolled, m;-,ke 2. o_ensity test 

on the total mnteririJ_ nnd either plot tho )J mnisture vs. dry c1cnsity 0,1 tho 

ori::;inril sheet or C".lculdc the )J dr voids in the totn.l mc~tcriol. If tho 

per cont rdr voicls i;:; loss th,'cn the reciuirocl i:1inimum or the plotted point 

f".lls ... bovc the llninimum .~.ir voids II line, tho r:1.~.torii"'l is s"tisL.ctorily com­

p, ... ctccl. c;:'hc me thocl of chcckinc; tho c.ctu.~l density in the ninus 1/"2.-inch 1JOr­

tion nccc1c be usccc only Hhen ~lcnsity tests ,~,re mt·.de .~fter tho cor:,1vctinc:: mois-

turc hns been lost by dryir~. 

Tl1e enormous s,~,vinc; in tine, c.:x11on.s:e, ,".ncl convenience of the ".ir 

voids ncthod of control is self-evident. In n,d~ition, the climinction of tho 

Il'L1E!,)l'ous C'.',lcuL-,tions involved in clcterr:iir:ins the ninus 1/4" density rcr10ves 

, potcntiol source of errors. 

If the ii1Spector 1.Tishos to :~no1-r Fhothcr ~ .. :,iven uett 

v,:;:b or too dry for rollin;~,, the follo·ling procedure.' ct<n 'oe Uf;ed: 

soil is too 

(r) Uclce n Proctor snccinen of the soil in its cxistinc noisture 

conclition :c.nd obtr.in the 11e:t clensit;;- • .Also exaninc S)CCiTJen for std1ilit~/• 

(u) O'bto.in ~10isturc content of the ,Yteri,,l by the Hquic:: clr;r 11 

Dcthod, usin:; t~1e correction f ... ctor o1it~,LKcl fron :rirclir:in;i.ry co::mo.r .. tivc 

tt;sts ui t:1- strndrxd dryin:; nroce;durc (c1cuick clry ricthocl requires 15 to 30 r:inutes,) 

( c) C,,lcuL,te the dry densi t;{ ( 1:1cight of oven clry soil per cubic 

foot) of the Proctor spcciuen rn;ildec1" t<1Jovc. 

(~) Plot noisture vs. density of the 0oldecl succincn on the chert 

,"nd c,lcul,.te the percent cil' voids or conp,'1,rC uith the line of desired uiniJ:mrJ 
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2ir voic:s. 

( e) If snccimen shoHs too !1ifh a ~ air voids (nlots oclo1, the 

2:;e sha;necl or1tinmm moisture curve throu;h t~e ;)lotted :ioint, the ins1,ector 

c;:o.n estimate the n 1Jrcent of ec1cli ti01rnl noisture neeclecJ .• 

(f) If the percent n.ir voicls 2re lov (plots 2bove tho dosL·cd mini-

~ULl ~ir voids line) but tho molded specimen is obviously unst2ble 1 tho moisture 

content sho1.1lcl be rcci_ucecl oeforc the compact.in;-; equi1Jm(mt is ;:i.lloucd. on tho 

nP-t cri2,l. Ins1'Jcctors c2_r, so9n 1 e,qrn to juctr:;e the st:',bili ty of a nolclccl s1,cci-

men 1 :it l'.. sur,Hi s i nr: ac cur," C~{. 

( ;) If hoth of the 'J ,"tr v0i1is. 2.r.d st2.bili ty arc s2tisfrctory, the 

L1P t L:ri [:_l is r 

':'}ic "riter is often queried conccrninc; the cliffcrenccs boti,e,.n ,"ir-

rort -,J,vcr1cn :.~ 2ncl hi~:hu0~' ::xvemcnts, "ith 1·cspcct to l)oth dc.,sir:;n 2ncl co;1struc-

.L. 
t,lOll, 

fo:· 

of ,,,sc r;rmirul unc'l.er; ;-:1Ycn 101,,clinc;. '=1ho '.iriter 1,clicves th,"t 
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none of the present methods p,rc s,. tisfrctory oc c,,usc tho c;rc,'ct est controlling 

factor is still the so-cnllccl llbcnrin,:0; v,~luc" of the suogr,·.dc ,,ncl 'c::.,,sc 0,,,tcrie1l 

.'.'.fter they h,vc bGon unclcr :·n im1Jcrvious surf.,.ce for scverri.l yc,.,rs. '::he 1115c!'.ring 

v,luc 11 or shc;crill{~ strength of ,. ;ivon soil ry::y v,TJ p·cvorcil hundred ·0crccnt 

1rith onl;'/ :.' sm,.11 ch,rnf;c in noisturc content, 

'L'ho c.ctu,l co,rntruction of .,ir,nort Jl,,vcmcnts hfl.S one distinct pclv,n-

t".[0 over the construction of hi:·;hu,.,ys in th,.,t the O]JCl'c,.tions :::cc confil,ccl to 

:,. sr:i,,1~ er f"TCti,. This on,J)lcs th:::: inspectors to ;:-:ore ·-~".sily ,nd quic::ly Dove 

fror1 one oricr,0tio"1 to f'.nothcr 2ncl. thus n better control over the job. As 

,. rule th2rc nrc not nccrl~ of soils cnco·cmterccl i:;_1 the ccm~truc-

tion of r,n: ir2Jort :·s uoulcl 110 encounter eel in ,n cc_uivc.lci1t sr~u'"'.r'- :,-r.,rcln~:c of 

hi:_;h·J,;/ :n:vc:nont, thorcforo the ins:1ccto:r c:-n norc (lUickly 1:icconc f n:ilfrr irith 

{~rdcs c,1countcrcd in [',ir1,ort construction often :.~rc.::cnt ,. eorious ~r]1(licr·1) in 

tr.c /ori:, of :. clr.~inf"{;C r;ro1Jlen; clurin(; constructicn :·s 10cll :·s :·C er construction 

One of our ,"i11,ort yirojocts ,,hich F:·s clolf"ycd ,1orc tho.n :--nyotlo.er the 

r,.inf:·11 in 19,n conk incd foot of uncorrp,.ct cd s,;ncly A-2 soil unclcrl:--in 1.'i th 

One lJOint th."t "11 types of 1rvencnts still h.-1.vc in corn10,1 is the 

f~.ct th t the est cco1:.on;y of clcsir.;n c,,n lJo 11sccl :nc1. the a~:x:iUw'TI fL1::l 

st,~ility oht,inccl in tho chosen dcsi~n "pro~or utiliz~tion of the ,v··il-

th,.: a_, s i:_;ninc s 'c "c:;o. 
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\ RE.LATION BE.TWEEN ZERO AIR ' 60 \. VOIDS DENSITY AND THE. 

' PROCTOR DENSITY AT OPTIMUM 
l MOISTURE FOR VARIOUS TYPES 

' OF TE.XAS SOILS IOI SAM?Lt.5 MA¥ 1.194() 

" 
50 ' 

[ach plottinj number represents the Plasticity Index 
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DISC1JSSI01T OF 11LHiE:AI1ION 01!' ':i:H:8 FI:iJLD 10.ADilJG '.i;EST" 

1:iy 

H. S. Gilette 

Senior Eigbray R.'1gi:1eer, Public Roads Administration 

S:·he "Field. Loadinr; Testn 'rhich 1.12s conceived in a.."11 o.tmosjJhe2~e of 

1:Jris~c: s;enerc:\lization c1.ncl u:-:;hered into the eni::;ineerin{:; literature ,Ii th optirnis-

tic r,ronises lrnfore the advent of soil mech2.nics as ve now underst;cnd it has 

lin::;ore,:_ too lon,:~ in our field 1wactices vi t:h a perdstence thr,t is m,12.zing 

1;ritl1.out a frank analysis of its shortcomincs. Durinc; this interirc1 these short-

cori1inc;s h2.ve left much that is on the rod ink side of the ledger o:~ ensineerinc 

1,r,~.c-~ico. Your courpgoous 2.112.lysi G of its ;rorthless sl;lortcorlin.~;s ueri ts uide-

Gjir,;i'l.cl enc;inooriw; approval and hoe.rty con,,:;ro.tuL·.tion::-,. I am i::i full nccord 

1ri th the conclusio1rn c:x:prossocl in :rour pa})Or lfLirnito.tion o:f tho Piolcl Loading 

For a lon,c; tir10 I he.we bo0n of the oninion th2.t the loaclinc; test on 

cla;:rs c:·.n 110 1wodictod fron tho in,)'.:\.1)0nsive unconfincc1 con:oression tests if 

the strc:dn ratio (-De 
Du 

= J i'3 known. 

rcry recently I consicleroc'l_ thri.t it ,_r:=w possilJlo to determine this 

r2.tio by tho sir:11,lo unconfined comTJros~-;ion tust ,'.lone Pncl clicl so ,JXJJrcss my-

self in th,,t ua,y in tho discussion follouin:_; ~rour m1per at tho ?ound;,tioE noot-

ing. In rcviouinc tho li tcro.turc subsequent to tj1is a_iscussion I h2v0 fo1..1..11.d 

tk,.t others lw.vo been ini tia.11:r of the sarpo mind. Q;uoth1s from i0Ir. Austin ?. 

Hason, Ros._.2:i.0 ch Associato's Da.poj' Ell Vol. II of tho Procoodine;s of the 

Int,Jrn:1.tional Conferunco on Soil Mochanics and Foundation Enr,;L10orin:c:: At first 
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it Uc'.S consido:i.·cd possilllo to clotcru:bo tl1is ratio De 
(-Du 

J) by sir:1:plo un-

confined coqJrossion tests 11, 

At tho time o:: tho i;1octinc I ,,ro,s of tho oJiovo 01,inion but subsoq_uont 

c:10c':: Oj1 my ai1.alysis hc1s imlic;:,,.tud. tLat D;v enthusiasm u11s pr.omaturo 211cl in error. 

Prosuntl:' ,tt lc,ast tho ::,rocos,: of o1)kdni:1c tho sti·cdn rn,tio vill roquiro tho 

utilization of tho ui1confinocl com,:,r:,:'lsion tor;t in pp.r,,.llel ccnd o.lon6 ui th sur-

face lo:1.dL1r; tos'.;r, to dofino tho str,dn ratio. In tho o}Jsonco of o,::act ~::novl-

ocl::,:o of the str,•,i'1 1'.·1tio for ;,, 1)··,.rticular case ono c2:1 c:,ssumo tho str.,in ratio 

for .~·.n oL;i.:;tic-i:~ot~·cn,ic m:'.t orir,,l, ,;l·.ich ~1.f',SUHptio:1 s:.)oms to be D.l 1 rays on tho 

s.-do siclo, T:1ic ,,ill :11wo to lo t}10 r:,j'Ococluro for tho tino 1:Joinr; of tho 

en{';inco1·in: yn·r.ctitionc:s.· 11itl1out ,), lc\l\';o lc1borz,,tor:, ,l':; his command. Of course, 

wcll-eq_uils,,od lc,,~,ol"'.torics '::ill ,.ic ,·.bl,, to ut:i.lizo tho tri-o.xiaJ. ci~:r,,ar2tus to 

PROFILE. ·.ri thout Guch r cc~ur:,;i;o <l.: tr-,., ·nroclictions ,'.,,TO 1~,uru f;t1oss1ro:c·k , nd rulo 

o/ thur:11.') 1mrk. I ui~1h to roor:phr,r:d.zo thhi o:1,,e:,1tio.l :10cossi t;r - th2,t 1;.ntil o.n 

,·, 1 1 
' ,.L. -

, , . 
. .l. ~) 

:ouncl,·tio:i ;-,,n,o.lyso:., uil1 r,;;-,1r:.in in tho cnto,";Ol'Y of rule of thuml1 2:.rocoduro. 

co:·.!.ti11uL1~; field. L1.or,::mrcmonts of sottlc,monts of stn.1cturos in tho fielc .• 

Ur .. loss n cooJ)Orr:,tivo of:'~ort i~.; mr,.cio to ,c:;n.tho:t 2.~1cl t,o record this much needed 

clcctr,., ;wor;ross in tho fl.iroction of rmb:.,t:·.ntin.t oC. thoo:c7 ·.nd still more oconouic.'.11 

coincident Fi th S[1,fe dosite;n ·.,ilJ. l:::o doL:,yed .• 

~ho two :·;bovo ossontinls ut~na. out as ~)Oc',CO::i lirhts for our c;uido.nco 

to ~re ,,tor security in.our on,:,.l~rsos rmcl "')'O.'.'.tcr oconom;r in the ultir1,",to 01:Jjoc-

ti vos in tl1.o or,·, c1hoad. 



SOIL COliP ACTIOE 

Sp enc er J. 3l1_chanan 

~he de:.1i 6:1, construction and ultim2te "behavior of earthe:.:-"1. i;tn.,1ch,_res, 

rer;;~xc.lless of the -mr_:_,oses they are to se1·ve (that is, 11het~1.er they aro ci,:·1s, 

in:,~J.ccnced tv the co:imaction of the soil used in them. The original co~1.c8·,1tion 

and ar\i trei";- stamlarcls for compaction, as ~:ot forth uy Hr. R. R. PToctor* in 

1933, ho;ve forr:wd the basis for r;re2.,t iL(i1°0-rnracnts in the clesif;n ancl com;truc-

tion -EE\Ctices for ee"rth,.-rork:s. The e:.'.'fect of corcr,J2ctio:1 on tho major fe.ctors 

e:c::j:ilorcd_; fo1· exa,.1il:atio11 of engineed.nf; li teraturc s:1.ows this effect has ~.l8811 

ind.icatcll o:1ly up to the 1wcsent, except for cohesionless m2.teric1.ls. :8:f:c'icient 

consb:nction is vital. For a. structu1'0 to sorvc its intenclod :puriJoso to 'o,,st 

aclv2nt2::,~o, houGver, the twJ 1wir;1ar:' eJ_ ement s - c1-esign ancl cons t r1 . .1cti on - rnur,t 

lc e uell oc:•.lancecl. It is thG JJUrpo,rn of tl,is :Ja})Ol' to show tho reJ2.tion;:;hiJ, 

bet,rncn tho Di"jor factors of design ancl corinaction and how thLs relatimi,3::ip 

maz, 1-l8 roflocted in the cOfil))letod structure. 

Before goinc further, let us rovio,.· trha,t ha1;-,e:1s to D.. soil as it is 

C0ff02,C t ed .• SeveTal e=-:plano..tio;.-1s l1ave boc:_, {;ivon ::o:t this action, a,ll of 1. 1~1ich 

T:1e cor,;vction of soils is 2.cJlievcc1 oy forcL'.1:_: tl1.u fino [::'a.ins into the voiC:_s 

of tho coa.rso ,~rains to :increase the (ej_1P,itzr of the n2.ss. The frictio,1 ,iet\re1..m 

* t!Fu.nd.'-1rnental Principles of Soil Cor,:)action, rr R., R. Proctor 
Four r,rticlos in :S. F. R. Vol. 111, Hos. 9, 10, 1,3 2.ncl 13, 193~i. 
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the c~ro,ins :nmst be overcome to accoDT)lish this com:9action, ?or 2. relatively 

dry soil; the resist2nce 1:etueen the E;r2i:i:1s to a tendency to re1u-r;:,nger:~e:;.1t is 

l::tr:;e, for the t:1i11 irator films on the c~rn.ins provicl.e little luoricatio;:1. 

Alc;o the effect of surLc,ce te:i.lsion is ~'.wo,1ouncecl, 1°esnlting in the COiT;:>ac+,inc 

force ,mine: partia1ly neuti·a.lized so that limited d.ensification is accor,rnlisrsed. 

Inc::cc2.sL1c; t 11e moisture content ir:mroved the luorication anc: 11Emtr2,lizes the 

ca11ilL·,ry ,J_ctio:1 to increase d.ensific::1tion. This action ~oroceeds until a cri-

tic,•,l ·-,oint L; roa,cl1ecl a,t which a ma.:ximuE1 of the fines have ')8811 forced L:..to 

the voicls of the coarse c;r2,ins and the bulk of tlle re,:1aining voicls al"O fiJlecL 

with 1 ,,ter. le2,V]115· a ninimu.m of residual ,ii:;:·. Increase of the moisture teyond 

the cTi ticc~J. 1,oint cl.oe:, not further luoricE,te the uass, but 1woviclos an_ excess 

of 1,•r.t ·r in the voicls tr..ilt cannot 1rn cl:ci ven out b:r the cor.1p2-cti:i:1[; force. Con-

:~cq_ur;1tly the c:e:r.sificr,tirrn is dt:;crcasocl as tho r1.05.sturc content is increased. 

ancl a r;rc:-iteT plasticit;.r results. 

S.':1e i-1icb1re of the lJehQvio1· of soils nnclercoin~; coLr,)actio:1 just 

sketchecl fl11"'.Y ~Je cln,rifiecl. It ic, L1e Hritm:ls O>"linio:1 tha,t not o:c1l;r ,?,re t}1e 

fine c~ains forced into tho voids of the coarse [rains as co~~action proceefs, 

'.:mt also tha,t a ge:10rr'.l interlockin:; o::: rc2.c1.justme;_1t t2,kes ·112,ce for c1ll of 

ten+:'"' tho ,rate-c fihrn on tho crci1rn 1Jincl. tl1or:1 toe-etl1e:t into se:tic:::; o:i:' soil 

cccl1os or cr01.1ps, lil~e flocculotccl r~edime::1t OJ." oul::ecl sand. ~l'leirn 2.rch0s or 

g:::ours, arc arranced L1 nuch the 8ame r:12,nner a c• 
" the structure of ;;,arino cloy, 

tents, the suTfc',CO tc;.1sio11 is so :;rmit ,,nc1
. t:1e a,rc,.l.c_j1G action so 1Jro2101°ncecl, 

t l1c1,t the cor.Fw,ct inc; fo }:co d.o o c :10 t caus c tlcci :c collr·,p so. Lini t eel cl ens ifi c2,t i 0~1 

------------ --------·--------
* llStructurc of Clay c'ncl It,~. Lrno::t2.nce in :;;'om1cl_1°tioi-:c :;.1c;L1cc'ij\:;, rr 

A. CasacrrnJc:le, :Soston Soc. C.E. Jour113.l, Vol. XIX, l::O. 4, A-),"il, 193? 
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thus is 2cconF:ilished. Accom1x1nying ;:m increr1se of the v.oisture content, the 

effc,ctive surfa.ce tension and the strenc;th of the arches 0,re reclucec1, reriultin.g 

in incrua.secl. clensific2tion. At the cr:i.ticc-1.l or llo~Jtimumtl r:ioisture contm1t 

the su::_)1:il;y of water just is sufficient to ne11tralize the surface te:1sio11; the 

fnll ef;~ect of tl--1e com~Ja.ctin:; force is 1.,:tilizcd i:i.1 l'e2i1.justir .. g the relative 

positions of the c;rains to form a dense mass. The description prevtously 

~;iven :;:'or the s·cibseo_uent n.ction fror,1 tl:is point neecls no repetition. 

'.2he a1'chL1c within the soil ic; i:!.h1str.c:,tec b~" e::tencli:1{;_ the usual 

co1:1=')c.ction c1-nve, Ficare 1, to tt.e :00L'.t of :rnro moisture conte:1t. Li this 

instance ~he soil was ove~ dried to start 

the fir st vo:i. sture the archhw or 1:rnlldn6 is :i;-,rononncecl, as is indic::ctecl b:t 

tho alwunt decrcaso i:1 clonsi t~r or u!li t ,re:i.r;ht. As the rnoisture is fm,ther 

incr0:0 .::.·.ed, t:w filmf; of 'Te.te:c on the 0·2.ins lJeco1:1e. thicker and it :i.s nctu:'al 

th,,,t ·cho cc1;pillary action effectin:c; tho oel1avior of tho grc1ins and 2.rchL.Lc 

uoulcl clinini sh. 

fiecl b:,- uic"_e 1n';:,.ctice ha,vo been extended, as illust1'2.te:l by Hr. L. H. Ha.::iilton,~ 

to Ghou t:12.t the clonsity of a cor:rpactecl soil varies not onl~· with the floi,1ture 

co:c1to:1.t out elso with the amount of cl?namic ene1·1:;y appliec1 i1:.. the com0_,actinc; 

OIJeration, as shown b:v the furdl3° of t3r-pice.l curvecl, Fir3ure 2. If tho livjo1' 

~actors of design shear, coi:soliclr,.tion, 2.ncl ;1ccn1e;=1.biliVr - vary ,·ri th cle1csi ty, 

c1.s they ooviously shoulo_, tl10:1 it follous that t>e cl.on[;i t3r or coLTpaction na;;: 

oe ~djust3d to raeot the requirements of efficie~t design rather than oe held 

tl'w success of a structure. 

---------~-------
* "Compaction of Earth s,ba..'1kments," L. W. Hanilton, P:.0 0, :iJj_-,-:1tc0nth 

.An:mal Meeting Highi:ay Reseai·ch Board, 1938. 
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The shear strength of a soil shouia. 'oe increased by the extent of 

corn])2,ctioi1 1 for the r,;rains are forced into L.:tinate contact, il1te,:lockinc iLue 

to densific2,tion is increasecl, ancl greater friction results. ]'Luther, the 

voiclf; "'"'e rec1-uced, p2.rticularly for cohesive materials, so that the inho:ce:1t 

shG, 1.r streDgth of the material is increa.sed. 

'.Lo s1)ecificc1.lly illustrate the effect of conp2,ction on the shl;!:1.1' 

strength of a soil, a se!'ies of direct shoa,r tests was L1ade of a clayey-silt 

( seo J'i~;ure 3 for gener2,l char2.cteristics) whose compaction char act el'isti cs 

axe s:10,.-n by Fie;ure 4. It may Je :10t od that tlle aroi trary stanclarcl. of 25 

Tulows , ·as not followed. in this inst0-11ce, ::iut the co,,1p2,ctj_ng force 'fP,S V,'.'.l'i eel 

fron G to 60 l:llo1c,s. S:he speci::,rnn.s for tlrn c;he2.r tests uere at the Oj_)tinun, 

density and moisture content. The results of the shear tests and effect of 

connaction a1'e sho, .. m :Jy Fis1..1.re 5. Rcamin2.tion of the fil'st curve o:f the :fn.mily 

sl1ows tho stl'engt~1 u:dned duri,1e; the first sta:::.;es of coupactioi1 is ra:,i~'- '>.1t 

~ t' " ,. J.. J..l · · 11 I· J.' · · · J.., 6°(1 o.f' +'"'"' ~t-,0·1cr11t IOl" 118 ~LC\V8I' SL·C\s;es Li1C b2Jln lS STJa_ • .L1 t.,_1lS_l.tJ.Suc3,l1CG, 0;J .L __ ,.,_J.i..> 0 .L J.t;, ... 

at tho a1~bit1'ary standarc:_ is p:coclucecl by 50)) (12.5 010,.rs) of the con,)action; 

hoveve1', "by cloublinc; the coIFiaction (50 °1)lo,rn) a ~;ain of only 231 is 2,chievcd.. 

The L·nil~r of c1-1.rvos sho,rs :further that the l)oint of maximu.r.1 return varies as 

the normal load; for c\ normal loact Q.5 tons/sq.ft. tho :ooint corrcs,)oml:J to 

aboui, 25 blows; for a normal load 1.0 tons/uq.ft. the point is a1Jout 27.5 

olo,,s; ancl. for a norr,1al loac1_ 2.0 tons/sq.ft. the •loil1t correspona;s to ::32.:S 

ac.ljustecl to tho condii tions to w::ich the L1atorials in question are su;Jj octocl. 

The lJenefi t, Lrnofar as st,~ensth is co:1ce:tned, of cm:pactioi1 in thin 

instance is sho1:m "by coirnid.erL.1c; tD.e inc re, .se froD t:Oe initial point ( 6 1Jlows) 

uhich is co:rniJ.erecl to cor:;.·eq)orKl to tho cle:
0
;reo o:~ coL11x1,ction procl:wed L 0

. 
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placement alone 1.rithout a.n:r rollin{'; or other attention to C.ensification, such 

as dra::;line construction. A relativel? lirc1ited. amount of compaction (12.5 

lJlo 1-rs) proLluced b;r hanlin5 equipment, causes t:1e strenghll to incre;::,,se ,1:c,,,cti-

CD,ll2r 100:, for a ranc;e of ~1orr.1al pressures from 0.5 to lc.[5 tons/sr1.ft anc-:. oJr 

devolo,Jint; a conpaction equivalent to the c:fbiLoar;.r ata.nclard. of 25 olo11s t:1e 

incr,,~rne OJ~ t,l1e strenc;th ar:iom,ts to 215 to 2455S foT the same ranu, of 102,d.s, 

Thie; f,:,<;t l'as not '.wen Given the D.ttention it so uoTthil;/ clese1·vos, in n: 0 

2,vaila~Jlo. ':'he uso of the arr:itrar:.r stanr.artl ( eqai valent to 25 blous in soL1e 

instc.::1GOS ,,~1(l 40 in ot!iers) clictatec: one o:pt:l.wu::1 :IlC>isture content arnJ clend ty. 

Iri the case oi: a lc·v·oe system or lou c;.aJ:is in a flat river valle:: uhero t~rn 

cround v2,te:r is ne:w +;he surff.ce, the 0,vailable construction nate:,~ials rno,2° 1Je 

event, the co;-1i::i8,ction of suc:1. mate:i.'ials, ,·rhen coi1siclered onl? in the li::;.l-,t of 

co1rn';;ruction irnriour.ly in tir.10s li):::e tl1e ·n'.~sent. 

However, oxar.1ination of the tuo IE\T,1ilies of cu.rves, Figures 3 and 
_, 
'±' 

noisturn contont is ex)cn'iencod while an a,:l·-ireciablc •_)ortion of tho s'.1,·c:,,:-

stre11c;th in retainecl. For ztructu:cos in ~_r}1ich flat Glopes ai-·e c1ictatoc1. 1J:;-

ccmdcleratio:1r; such as rn2J.nte~1ai1ce or ,roa": founc'.1-,tions, the reclucocl con:;_)action 

cost ::Jroyicled t:ho rec;_uctio:: i,; i1ot ;10 c;rcr,.t as to -ierrni t clet1'inente,l shrin~aco 
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of th:; s·cructuro to occur. ':ho ~)roacloni.i1t; of tho lir,1itc: Oj_"J. com1Ktct:i.on ,:-ncl 

c011::,cqnc11+1 i:1cr8?,sc o:: t}1c e,1,llotra~Jle l10:-:..st1.11~e cor-11)i11e to ~Jl'"'oaclen t}10 lir.1its 

is to rJJ.:v::e the ri1ntc:tio.l i:1 the concU tioc'. that ui:'.l 1.'.l tim2,t elz,. dovclo·,-, U}JO''-

tho cor-,,)lction of the structure. r;:·110 con1iaction of ~;o:i.l causes ·cho natorir,1 

to 1: o r1·c1con,:olicla,-:~ocl. The equi vr:,,lc:::i.t static 10:.1,cl ,,hich 1 101:.lcl :pro,iuce tlie 

:,:=1.nc ,, oi1';ific,'"'tion corr,,s:poj_"icls to the p1·oco,,.solLL:,tio:: J.oacl ,3.G d 1,i'inecl 

the, 8 1 ,0L1 in~~ cl1arc1,ctori~,ticu of tho ,,10..terial :i.,woJ.-.roa.. ~o ill.u·::;tr:,to thia 

:'=;~'ade to 1:c r,1air.taii1ec1.. t}-;.o con,-rol 9:f cor.rn::cction on th,, 1,asis of l1Tccon,:,olicla-

ti(m :,Jrocuecls '.mder tho Jll'os:rn.rc ii1 c~zce,;· of tha,t "'.:n;dl t in. Eo·rov,:,1', c'.S 

indico.tcc;_ :i_-, tl1is inritaj_1Co, the shrinkar;r, i:; li~.1itccl. 

Fol' cohoGivc soils, the ha:,;,~_nl f:,:or' ovo1' co,.me,ctio:1 D,nc~ tj1c cri;1:,r,-

quont oxnamiion upon satur~ttion or shrinkac;e LlDOll c~_:i7in,:; must co {;LL'cl'clG(~ o.f_;oi:rnt o 

* 11Procoec1in:;n International Conference on Soil !!ocl""a:1ics an;l 
Founclation Engineerin,:;," Arthur Casar;rrincle - Vol. III. 
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S'he trco.tmcnt o:f this l;h2,se of the :nlar1i.1int.; of ·i·ho conpactinn of o. soil, ac 

c:;i v2n ii,. the Rc-iJort of Sull-Commi tt ec Ho. 2 of t:10 .Arnc:cicLtn Sod:iety of Civil 

The third c:ti tic2.l fau::tor of clesir;u ac"fectc<l lJY the act of co,~1T)E'.ction 

is tho ~ermc~bility. It ~as ~ener2lly boon concede<l that because t~o voi~s of 

uhic:1 ·. ·r>tc~, :.n the form of secpac;e nust pass, thc:co wo,:16. oovicYl..1.:::-l~r .w a T.1c1:d:ecl. 

m}," • 
~1. ...... l 8 lS :~ Tl't e 1>u t i10 t 

to tl1•c ext o,l'.:. ordL1arily visualizerl. Tho yarclstic1
: for ne;,.surinr~ l)cnneabiJ.i t;c 

billionth of a r:entimete;· lJer :,econd or throu.~;:1 a Tc\i.1{;e of eloven C:.:ic;i ts, for 

The nornal J.im:its of tho c:12.nc;e of :·)erTile2.bili ty :orocLuccd 

'oy coni)action 'Jill seJ.dor.1 involve r,1oro than two o~· F1c eleven c1.i,·;i ts (El tho 

scc1.le. The 1rnnt1ea"bi1ity of the_ silty-clay ur;ecl to i1lustr8,te othol' :)ri:1ci:i_JJ.es 

the corres1)ond.i:".g r:or,11ic:•.ctio~ 6 to 60 lJlows. Huraeric~,J.ly, this ch:mf~o is 

sizeable; :1owever, upon ~'-::cnlicc'.tion in the d.csi[;n of a cl_; j-, or levee Urn diL0
01·-

ence is actun,l quantities of se.:,pa{;e involvod uoulcl. ~)O so small a,, tn 'Je in-

sibnificant. To moGt this Jal1se of the dcsicn for a structure it 1,10;,ld '..)c far 

better to resort to elononts furrnccl of i.i,,te;'iaJ.s irF)Ol'viour1 oy n2.tnro rcJ.ilhor 

than c':.e;)endin,2_; upon clmrnification. 

TJ.10 coi@action of soiJ. related. to its staoiliz2.tioa should be 

clirect rego.rclJ.osr·. of the form of stabili~ation; that is, mechanical or chonical. 

* 11:Roport of Su'l:i-Conu:ii tteo Ho. 2 on Conrrnliclation of Er:1~Jatll:r,1ent:3, 11 

P:tocecdincs of the .Ari1eric211 Societ~r of :Elivil, Vol. 62, No. 8, 
P.c,.r:c 1L1.:91. 
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In the first case, that o·? rnechanicnl stabilization, the clen,dfication ~r:csult­

i1:.::o; fron coB:)r>,ction causen the inte:'locking of tho gnainn so that thn oii1cJ.L1g 

ar;ont (cornont or 2,s:)halt) is in close contD.ct uith the a,e;c;rec;a;ce. This Game 

:;Jn,.cticn is folloued in aork ,,ith concrete in that 1 lq v:i.oration of tho :.~a,ss, 

de11Sificat:Lo11 results uhich is refloctocl in an L1c··ease of strcm,et11. Ecscnrc}1 

in t:,is m2.tte:t ha::: alre2.dy indicated thir, t:anclenc:r :f0 r· stcJiiJ Lrnd ,·ollc;. T}ie 

criteria for the compactior. for sta1.:lilizer1. soils 1,;j_ll no cloubt continue to 1:Je 

a moJ.'c 01· less arlbitrary r:iatter until mon:i defL1itt:i methods fol~ IJavcnent cleuic;n 

1Ja:.rnc1. '\•)On suoc;rap:e be:1c1.vior are clevelo:pecl. Eowo're~·, the heart of an~, ut2.bili·­

zecl s1;_:,:t'c1c0 or paYoment is it,; founc1atio11 or su1y:rr;_de, the ~om11action of uhich 

{~oen a low; H",Y toward tl1e prolonc;aticm of the life of both. 
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