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USE OF SOIL TESTS IN THE DESIGI AID CONSTRUCTION
OF XL PALMITC DAM

by

A, G. Cadaval, Resident Engineer

National Commission of Irrigation, Mexico

Introduction

The Fl Palmito Dam is located on the Nazas River, in the State of
Duranzo, in Northern Mexico., Its watershed covers an area of sbout 7000 square
miles on the east slopes of the western Sierras at an altitude between 5000
and 10000 feet. From the dam site the Nazas river flows east for a distance
fo 130 niles through mountainous terrain to recach the flat fertile valley of
Torreon. Here irrigetion has becn »racticed for the last 50 years using the
flood waters, and has been developed to such an extent, that at present the
construction of this dam was imperative in order to stabilize the finnancial
status of this rogion,

The dam at prosent under construction will have a reservoir capacity
of 2,400,000 acre-ft, which is sbout 2.3 timoes the average yecarly run—off.,
Records show, however, thet occasionally the reservoir can be filled in a
single year. A power plant with 56,000 hp. installed capacity will be built
at the outlet of the tunnels to furnish vower to the irrigation distriect where
more than 600 deep well pumns arc at present in operation. Therc is in addi-

tion a large merket for power for mining and other industries.

Dam Decesign

The site 1s located in a formation of volcanic rhyolitetuffs. In

[¢]

the river bed this formetion has = depth of about 100 feet, and is underlaid



by successive leyers of sedimentary volcenic ashes and rhyolites. The two
banks arc mede up of alterncte layers of soft decomposed tuffs, rhyolites and
rhyolite~tuffs, wvhich give a somevhat less stoble formation,

Taking into cousideration this geologicel formation, a masonry
structure wans digscarded, having in mind that this dam would have to be at least
300 feet high in order to store sufficient water, A rock-fill dam was nlanned
with an impervious clay apron upstream, similar to Saen Gabriel dem in Southern
Californis, which at the time was under construction., This design vas soon
abandoned after a more careful investigntion discoversd a rather broken con-
dition of the formation on both hrnks, with very soft decomposed tufls in
places. This condition indicated the advicability of widening the clay core
instead of going into elaborste and more expensive banl: protection. This

esulted in chonging the original rock-fill dem to an errth dem. The clay core
to have an upstream slope of 2:1 and downstream of 0.5:1.

At the time construction was started, o more deteiled survey was made
of 2l) the naterinls available, and taking into consideration the relative cost
of placing clay and rock in the demy agein a change in the design was made,
incressing the width of the clay core. This core as being constructed will have
a o'l upstream slope, and 1:1 downstream slope, as shown in Fig, 1. These
changes in design were possible as the construction proceeded, and without
negociating with contractors as the dam is being built by direct administration.
The berm 164 feet wide ot the upstream slope is intended to provide against
sliding of the rock fill when the clay core of the upstream cofferdam becomes
saturated.

The foregoing illustrates the rcasons nccessitating the revised

designs which werc developed as morc mmplete information was obtained pertaining



to the geological characteristics of the site and the omount of and character-
istics of the avalilable materials. Dsta obtained from the lsboratory soil
investigations contributed materially in determining the final design which
we consider to be the most practical and economical.

Simultaneously with this change, additionsl test hole drilling on
both river bed and banks disclosed a very brolren condition of the rock forma-
tion; water was invariably lost in the holes on both banks and showed up in
avpreciable amounts in those in the river bed. The rock is moderately hard
but light in weight and porous. In places the rock forms sound blocks but is
generally very fractured, with many wide crevasses locsely filled. With these
indications the number of cutoffs was increased to five as shown in Fig. 1.
Later as these cutoffs were drilled for grouting their necessity was well gub-
stantiated by the large amount of grout consumed. Along the main cubtoff wall
the grout holes were rcquired as close gs one foot centers, a number of thesge
holes took over 1000 sacks of cement each in order to srout them to refusal.

A1 grouting was done in stages; this method being known generally
as progressive grouting. Compressed air "Union Iron Works! grout mixer—injectors
were used, maximum pressure 100 pounds per sq.in., ncat cement srout. The con-
crete cutoff=walls extend 15 feet into rock, and are drilled for grouting 80
feet deop at cutoffs Wose 1 and 5; 100 feet at Nos. 2 and 4; and 130 foob ab
Noe.3e. For vertical hole drilling in the river bed the most successful machine
wag found te be the well-drill with 4 and 6 inch bits. BResides being the most
gconomical to operate on these rocks, the large size hole also was nore effec—
tive in taking the grout, On the banks, for inclin8d drilling, the calyx,
diamond drill, and pneumatic machines were tried, obtaining the best results.

with the pneumetic percussion machince equipned with independent air rotation.



To date there has been drilled apuroximetely 250,000 lineal feet of deoep holes
for grouting, with an average consumption of =bout half o half a sack of cement
peor linesl foot,

The spillwey will be located in a saddle one mile from the dem,

constructed with a concrete fixzed crest, for o capacity of 280,000 sce-ft.

Borroy Pits

Within a two nmile radius upstream from the dam all the meberial
required for the impervios core can be obtained, On both sides of the river
there are flat terrgees of alluvial origin, heving an average soil denth of
about 12 fect, vhich mekes an idenl location for the borrow pits. The material
from these terraces variss from gilt and {ine sende loams close to the river
to more clayey and heavier loams on higher ground., Frevious to veginning
construction a gemeral soil survey wes made to determine the amount of material

vallable and its classification. Sample vits 3 x 5 feoot square wvere dug 330
feot vt in checkerboard pattcern, and vhere necessery, intermedicte additional
pits were dug. Reprosentetive somples wero obtained from ecach pit ond clasgi-
fied according to their mechanical analvges. The Proctor procedurc wegs followed
to ctudy compaction vs. moisturc oontent., The rcegulaer Proctor cylindor vwas
used dropping o 5.5 1b. rammer 20 timcs from a height of 18 inchos.

M so many permcameber tosts ot constant head wverc made to cover the
different varicties of soils. This onabled us to selcet from all the mrtcrials
aveilable the best from the stendpoint of weight, impormecbility end distance
from the dem. In generel c£ll the meterials,oveilable in this region ave

rather light in weight. The following tobles will illustrate:



Optimum compaction and permeability:

6iassification Abs, density. Dry density- =~ ©Permeadility
1bs. per cu.ft. "K" ft, per yeasr
( Proctor Permeameters)

Sandy Loam 2.50 104 C.10
Silty Loam 2.50 103 0,04
Sandy-clay loam 2.55 116 0,06
Clay lcam 2.50 108 0.02

Average mechanicel analyses:

Classificabion Send 4 Silt % Clay %
Sandy loam 88 22 10
Silty loam 35 55 10
Sandy-clay loanm 60 20 20
Clay Loam 42 30 28

The above analyses are shown in graphical form in Fig. 2.
nough material of the sandy—clay and clay loams are available to

complete the impervious core so that the mere sandy and silty loams, which are
not so satisfactory, can be discarded.

At the borrow pits 211 these soils are underlaid by sravel and sand
bank deposits. This condition has been found very advantageious in obtaining
a gravel-earth mixture for the fill, giving a better cxcavation face for the
shovels to work and reducing the hauling distance to the dam, It will be shown
later in this erticle how the i1l has beecn improved with the addition of gravel,

and the smooth roller equipment perfected for thisg murpose.



Clay on Bedrock

The overburden in the river bottom was sand and gravel to a maximum
depth of about 30 feet. This was removed for the comvlete clay core zone,
and the bedrock cleared and surface cleaned with a compressed alr jet previous
to nlacing any clay. Fige. 3 shows cleared bedrocks

To seal all superficial cracks, inclined 15 feet holes were drilied
at intervals of 15 feet for surface grouting. There was however a zone up—
stream, within the clay core, where the rock was so badly broken and so much
water filbering through, thet more holes for surface grouting were required.
Notwithstanding, in places the rock was so completely cracked and decomposed
tuffs so soft, that although the main filtrations had been sealed, there still
remdined a weeping condition which made difficult the placing of the clay.
Undoubbedly at these places greater filtrations arc to be expected vhen the
reservoir is filled., To insure a good contact snd an irmpervious clay fill over
these wet and soft places, it was resorted to a stabilized soik as uscd in high-
wey work, hiximg clay with nmortland cement., Tests were made in the laboratory
using from 4 to 10 percent cement in order to selcet the proper mix. Compression

and permeability rcsults mre shown in the following table:

Cement 7-day Comp. Test, “gglday Egﬁp. Test Permeability
% 1b. per sq. ine » 1b. per sd. in. g £, ver year
0 9 - Os2l
4 121 146 0.02
5 117 132 -
8 145 152 ~

10 153 . 169 -




-

For compression tests the stebilized scils were compacted in regular
concrete cylinder forms 6 x 12 inches. To exveriment Turther the lumpe of the
broken cylinder with 4 percent cement worc immerscd in water and held togother
indefinitely without crumbling. This shown how much a soil can be improved by
the addition of a small percentagze of cement, where used for special conditions
in errth dam construction.

An adherence test was also made to compare with straight clay. This
test was made compacting the clay szmple in a 6 x 12 inch cylinder form over a
porous percast cement block, and tested after 7 days vith a simnmle homemade

apparatus. Results were as follows:

Cement % Dry density 1b., per cu. ft. Adheréﬂce 1b. per sd. in.
0 107 1.5
2 108 6.6
A4 103 23.0

The 4 percent mix was selected as being the most economical within
accentable requirements. This process was considered very effective in cover-
ing porous zones, thus affording a filtering mediun, vhich, when saturated
would be less wusceptible to piping.

To further check the permeability of this stabilized soil, a field
test was made vhile building the cofferdam. As shown in Fig. 4, two 4 inch
by 20 feet long perforated pives were laid horizontally in trenches cut in the
bedrock and filled around with gravel., Ordinary clay was compacted over one
of the nipes, and a layer of clay with 4 percent cement 3 feet thick over the

others The clay fill was continued up and two months later, when the cofferdam

was complcted, the pipes were tested ith water under 45-foot head from barrels



placed at the crown of the cofferdam. After two weeks of continuous testing
filtretions became regular, and showed the plain clay to be twice as permeable

as the clay with 4 percent cement,

Hand Tamping

With such an uneven bedrock foundation as shown in Fig. 3, a lorge
amount of hand tamping wvas necessary, Pneumatic tampers were used throushout
the worl, clay was placed in layers 2 inches thick, running over the tamnle
four times. To check the work of tampers, frequent samples were tested for
compaction. Very good work can be done with tampers as shown from the following

results obtained as an avercge of many szmples:

Gravel in sample Dry Density Dry density Compaction
% soil along soil & gravel’ %

1b. per cu.ft. 1b. per cu.ft.

0-10 109 112 100
10-20 107 112 107
20-30 112 118 101

All material larger than 1/4 inch is considered as gravel. Gravel
is in percent of dry density, by weight.

Hand tamping is rather slow, and in many places where work had to bve
done very repidly, a cheap concrete was uscd bo even up the bedrock foundation
preparatory to running over the sheepsfoot roller. This concrete was made with
80 percent fairly clean bonle-run gravels, 20 percent clay, end 2-1/2 sacks of
cement per cu., yd. The setting of this mixture was so guick that it would
resist a 15-ton truck without sinking, six hours after being placed, thus per-—
nitting to follow up quickly with the sheepsfoot roller. This procedure while

being a little more expensive, may prove more economical in many tight places

or where labor is more expensive.



Moisturc Application

The borrow pits arc at a low elevation with refercnce to the river,
and it was vmoseible throush the cxistance of an old irrigation ditch to irrigate
the materials by gravity. This procedurec not only being more economical but
has proved to be effective for a geod soil compaction. The average of many
compattion samplcs of materials irrigated in the pits has shown o differcnce
of ebout 5 nercent higher in dry density over those sprinkled on the fill.

After the pits are innundeated it usually requires from four to six
wecks Tor the moisture to reach the optimum content required, Sometimes on
hot or windy days 2o light sprinkling on the fill with a tank truck is nccessary
to comoensatc for moisture lost. Besides the increase in dry Censity, this
system hes proven very accomodating for construction work, as tank trucks and
vater hoses are eliminated. Clay sticking to the shovel dinpers at the v»its
has been very much eliminated by mixing a certain percentage of gravel with the
clay.

Gravel in Soils:

As wreviously exmlained, 2ll the soils 2t the pits are underlaid by a
deep brnk of gravel. Sec figure 5., The proper exploitetion of the »its recuired
a benk excovation as deep as »ossible in order to obtain most of the materials
within a short distance from the dam. The use of a greater depth of meterial
geve a higher working face for the 2-1/2 cu. yd. diesel shovels, vhich was very
adventageous as mixing materials was simmlified and a larger pcorcentage could be
used.,

Immediately after starting the fill & certain percentage of gravel

was used in the soil in the downstream scction of the dam, Gravel wes not all

uniform nor smegll in size and it caused much trouble with the sheepsfoot rollers,
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breaking the cleaners and wedging in between the feet, Since the imper¥ious
core is very wide, experiments were made in this lower section using a smooth
roller weighing 15 tons. This roller was made Tronm g shell of a used boiler

5 feet in diameter, filled with conerete, end dravn with a fractor. Results

wvere very sotisfying, showing dry densities cbtained as good or slightly hetter

h

O
ct

the 503l (excluding gravel) than those obtzined with the sheepsfoet roller,
The srevel-soil combination of course gave higher weights, The smooth roller
in these exderiments could go into higher percenteges of gravel without any
difficulty. As to the smooth surface vhich the smocth rollers usually leave
between compacted layers. it apoesrs thet larger nieces of gravel ouncture this
plane and Imead the two layers together,

Permeameter tests were made in the leboratory for scils with gravel
but they were not satisfactory, even with the use of a larger permeameter.
Then practicel tests were made in the field in order to obtain a cormarison of
permeebility with fills with less grevel rolled with sheepsfoot roller. For
the nurnose of this tests the clay core was divided in three zones: Zone "AM
upstream rolled with sheepsfoot roller in layers of & inches with 12 nasses;
Zone "BM", niddle scction, rolled in layers of same thickness vith 8 passes of
smooth roller and two additional with sheepsfoot roller to scarify; Zone "CU,
dovmstreem, rolled with 8 vpasses of smooth rollewr, without scarifying, and same
thickness of layers., Permeabllity tests were made using an empty 55-gel. gasom
line drunm with the bottom cutoff and set in the £ill as shown in Fig. 6. The
top of the drum was left covered to prevent evaporation., The excavation all
around the drum was well nacked with cement mortar in order to limit the fil-

tration strictly to the bottom, Results obtalned are given in the following
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Permeability tests:

Zone MAM Zone "B" Zone "gM
Tests: I 21 3 I 5 6 7@

Clay % 2.4 2.4 5.3 B4 | 3.9 3,0 2.4 5.3
Sils & 20,6 50,6 | 33,7 39,8 40,1 43,0 44,6 45,7
Sand % 57,0 47.0 63,0 57.0 56.1 54,0 5340 51,0
Soil Dry Dens.'
1b. per cu. ft. 110 110 {116 112 119 114 107 114
Grovel & 30,5 38,7 | 43.3 51,5 48,7 35,8 38,5 41.4
Filtration (M) 1.9 2.4 0.5 6,1 368 1.4 5.2 1.9

(") Inches per day which water surfrce lowered.
Compaction results:

_Sheepsfoot Roller = 12 passes Smooth Roller — 8 passes

Gravel Dry Dens., - 1b. Compact. Gravel | Dry Density | Commact
_perew fhe % f | b percu T, 4
| s0il [Scil & Grav. ) Soil | 'Soil T8cil & Grav.

7.8 106 109 100,6 5,0 101 102 100,7
15.8 103 109 98,7 | 13.4 105 108 29,3
26.1 104 113 102,6 26,2 111 120 103.,5
32.9 110 119 103.4 35,4 113 122 105.7
42,5 105 120 102.2 46,3 i1z 125 104,9

Ave, 105,6 114.0 101.5 Ave. 108.4 115,4 1OB.§”

The above results aan be summarized as follows:
(1) With the usc of gravel in esmounts upn to about 40 percent, the
combined s0il and gravel dry density increases an average of 8 percent conpared

with soil alone, for both smooth and sheepsfoot rollers.



(2) An increase of soil compaction of sbout 2 percent is obtained
with the use of a sheepsfoot roller and 4 percent for smooth roller, vhen
amounts of gravel were increased from 10 to 40 percent., This comvaction based
on soil alone, gravel not included.

(%) With the use of gravel in quantities up to about <0 percent mixed
with the soils availadle at El Palmito, there does not aphear to be any increase
in mermesability.

The limit of gravel for good compaction work seems to be about <40
percent, It also annears that wvith the use of gravel the optimum moisture
content is lowered. From the standpoint of construction the smooth roller
has other adventages: It is easier to nmull, recuiring less pover, and con—
sidering that fewer passes are required to do the work, the cost of commaction
also the rolled surirce as lelt hr the

may ve reduced as mich 2s one third

H
smooth roller facilitates the movement of the hauling equinment. This suooth
surface 1s of great inportance in the reiny seccson since water penetrates nuch
less, end almost imediately after the rain has vassed, vork can be rosuned.

It wourd secm natural that in compacting with a smooth roller the
unper half of the layer would frke a higher desrce of cormactior that the
lower; nevertheless this does not appenr to be the casce as shown by the

Fal

following rosulds from sample tests:

Soil Demsity Ib. por cul.fh. " Gravel Compaﬂtion

Soil alone Soil & Gravel 7 %
Upper half 110 110 Lol 102,9
Lower half 110 111 4.2 1024

It is not the intention to accept the results of the above tests in

order to arrive at the conelusion thet smooth rollers arc preferable to sheens—
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foot rollers, These experiments are based only on the materials available at
this location and with the purpose of using higher amounts of gravel, end
although based on a large number of experiments, these conclusions may not be
final if amnlied to rolling equipment of other types and weights than those
employed here. We were @onfronted with the proper employment of the materials
as found in the borrow pits to be uced in a wide clay core., From the shand-
point of enzineering and construction, the use of gravel was of the\greatest
importance to increase weight and friction, and to lover unit cost ner cuble
yerd of fill, keeping other factors such as permesbility within accenteble
limits. PFor this nurpose a svecial heavy smooth roller was designed with

two drums 5 ft, 10 in., in diameter and 5 ft.long, with a 1-1/2 in, wearing
vlate, snd filled with woter, sand, and sravel. Sce figure 7. To make the
rolling ecuipment as standard as possible the frame for this roller wns made

exzctly like that of the sheepsfcot roolers that we are using, which are the

i+

Bureau of Reclamation typs with two drums 5 ft. in diameter by 5 ft. long.

re 8, This sheepsfoot roller with water and gravel weizhs 19.5 tons,

Hh

(fé

See fi
and the smooth roller with same ballest weighs 22 tons,

As the nlacing of the impervious core proceded and considering
information obtained from afore mentioned experiments, the clay core was
anproximately divided into equal parts for the purpose of distribubing the
materials frem the borrow pits. In the upstreem zone the sandy-clay loam is
used with a gravel content not to exceed 20 percent and rolled with 8 passes

of the smooth roller and 2 wasses with the cheepsfoot roller to scarify between

U1
w0

layers. This material occurs at the nits in frces up to 27 ft. in height,

When this height of face in the borrow »it does not provide a material with

20 percent of gravel, the meterial as encountered is excavated and used in the



upstreem zone, but in this case comvaction is done with the sheepsfoot roller,
In the dowvnstream zone the clay soil is used with a gravel content of aporoxi-
mately 40 percent and rolled with 8 passes of the smooth roller without scari-
fying between layers. This material occurs in the nits in shallow faces never
over 12 ft. in height, thus it is alwvays possible to add gravel.

Our experiments with smooth rollers were concerned chiefly in regard
to increassing the amount of gravel in the fill, thereby raising the weight
without eppreciable loss in impermeability. These experiments, although not
very extensive, have been mentioned here with the idea of contributing to a

better knowledge of the use of smoobh rollers in relation %o present dey

practice of soll mechanics.

Soil Tests for Control

Samples from test wits in the fill are baken dally to check the
moisture content and cormestion obtained. These tests are made following the
usual Proctor procedure to compare compoetion obtained in the fill against
cptimum as obiained in the Proctor cylinder. For future reference o record is
zent of the location of each samnle in the fill and «11 its whysical character-—
isticss Also rapid moisture ang gravel percent determinations are doily made
as desired Dy the field inspectors for their gsuidance. ALl the data obteined
from these tegts in the laboratory is dail: passed to the inspector to keep
them informed., Permesmeter tests of the different materials ag obtained from
the borrow pits are also made at regular intervals to ascertain that material

use’ conforms with the specifications,

Fill Settlement

As the fill is g

oing up a telesconic nipe is being left to determine
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its scttlement, This vipe is medec out of

the other, 2 and 1w1/2 inches in diameter by 5 feet long.
Service socunding apparatus is used, and elcvations arc tolten
of cnch 1-1/2" nipe vhere the selient fingers of the

"

relgec. TFlg. 9 shows a graph made from

successive lengths of

the rccords un to date,

Dipe,
The Reclamation
cnd.

2% the lowver

n

apparatus cetch as it i

It should be

noted thnt the fill has not been carried very Fast, and yet the sraps shows
increcsing settlements as construction is »nrocecding., o sctiloment has hecn
ohsgved in the bedrock.
Rock—FiE}

Rocks avallable in the vicinity of the don arc of volccnic orisin,
as exnleined above, mostly rhyolite—tuffs, with an average density of 2.0.
This vock if quarried and dumped in the £ill would have at lcost 35% voids,

giving an anparent density of onlvy 1.3,

is added in the

dumoed over tho slope in lifts of about 24 feet hig

hose., Sec Fig

h
[
(@)
.

wabtor uader pressure fron o

and carry the srevel which ©i1l the voids.

tilling the voide vith zravel, increasecd sebiloment
througlh tho lubrication action of the g « lator

To increase

epproximzte proportion of 60 rock to

river cravel

b JLg: PRSP |
aterials are

and sluiced down with
This malics the rock roll dowm
the meehonicel oction of

is add.d ot the ratio of

about 2 cubic yards ner one of Fill.
Charazcteristics of Materi used in rock £ill:
Abs, Density Vater absorntion
Sand 245 2%
Gravel 2.4.3 3%

J

ERhyolite~Tusrfs 2.00

one ingide
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Averagse samnle from roclk-fill:

Abs. Density 2e
Apn, density 1.8
3

% Voids 2
% Sand 26
% Gravel L

% Bhyolite-Tuffs 43

Grevel as used in this vrocess, besides reducing the voids, gives

o

also an increcse in volume, which nmalzes the roc i1l chenwver than i7 mnade of

)
2
s

rock lone on account of the hish cost of quarried roclk, This Till non-—
sliding and heavier, and being tighber it afords a ~ond nrotection to i
clay core agsainsd wave action and erosion fron drainz.e.

Field samples to determine oonarent density are obtained by digeing
nits of about IO cu. ft. Tolumes sre letermined by means of dry sand vinose

volunetric wvelght is ltaowne.

The upstresm slope of the dam will be finished vith a layer X0 Tect

thicz of lorge uniform rock carefully placed so a2s to ive an even sur’ncc.

On the deowvmstream slope rin-rap will be mlaced by hend,

Insnection Gellery Under Dan

This mallery is excavated through rock zcross the canyon ot o denth
£ 30 fect below the bedrock surfice »nd is carried un throush the orisinal

rock on voth banks, This is merhans a uniaue

~ture for =n carth don, but

in this cese it was considered necasgsry trling into cousideration the height
of the drm and the broked conlition of rociz in the river bed and b omls, It
will nermit et 2ll times to do allitional grovting 11 nccessary cnd afords a

frec access Tor inspection, Scversl vertical drill holes will Me left ~long

the floor of the gellery vhere dreinzge ond veter oressure cen e ncosurod.
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Since this gallery is not intended for drainage, ifts outlet is at an elevation
100 fect higher than its floor. At this clevation an entrance connection is
made from the operating tunnels., Arvanczements are made for pumping out through
this same entrence any drainege wnich may accumulate, this procedure being
necessary wilen inspection is desired. Only. in very few places will it Ve

necessary to line the gallery with concrete.

Construction Process

The rcgimen of the Nazas rivér is very erratic, and floods as large
as 140,000 scc~ft. often occur. Furthermore, floods may be expected tvice a
Year; during the rainy season from July to September and in winter due to run-
off caused by melting snow in the mountains. These last arriving very suddenly
when snov over the high and steep Sicrres melts at the arrival of the warm winds
from the Gulf. The canyon is rather narrow from the view point of an earth
dom, and o chennel for diversion vas excavated slonz the left bank, This channel

~

permited the diversion of flood waters vhile construction of the fill was in

w

progress on the right side, This stev is showvm in Figel as lst stage. AL the
seme time excavation wvas advanacing on threc 20-feet circuler tunnels in the
left henk, to be usedl for diversion when the channel would be closed, and later
for operation purposes. The i1l at the richt side wes built 150 feet high,
and at present, with all three tuanels firished and lined, the diversion
channel is veing filled. This sten is shown in Fige. 1 28 2nd stage. hird
stoge wvill follow immedilstely afterwards as shown in Fig. 1. In the closing

of this chaniel there exists such g flood hazard, thot a scheme was devised
whereby, in the event a large flood might arrive during construction, the 7ill

could be saved, end the denger of flooding the towns end cultivated lends below,

ey~
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averted; 1t misht well be called an Wemergency spillwey"; end is built in the
diversion chennel by lining with concrete the downstream slope of the cley 7ill
8 1t is Leing carvied up. At 725 foot interwals this lining is run horizontally
over the fill in the form of a berm and rrotected upstream with a cutof? wall,
thus weking a vegular spillway crest. In case of a flood, the three tunnels
will taize care of the mater uc to a cerszin extent, beyond which, water will

pess over the emergency spillway, cutting out some clay until its vroper erosion

bed 1s formed, For this fill a vnroctical investigsation was made to debernmine

the kind of materisl which should be selected to withstond best the erosion
in case of a flood., Test embenlments were rolled with different kinds of
materials, and wveter run through chennels of similar cross section wvhich were
excavated in each class of material. The tests vere run fro 45 minutes, and
the best meterial to withstand erosion wes selected. This was found to be the
cne cerntaining the most clar.

Totel volume of the immervious fill is 4,000,000 cu., yds. ond thet

of the rock-=fill 3,500,000 cu. yds.

Eauioment

Five {~l/2 vds, diesel shovels are used for excavation in the borrow
pite and cunrries. For other work four 1-2/4 and onre 3/8 yad. diesel shovels
Some dragline ond clam shell eculipments are aveilanle to inter-—

~

ese shovels, excent for the %/8 yd. Truclis for hauling clay zud

1 A

rock are < vieel vith dusls on resr wheels, 8 cu, ¥d., scoon type dum

diesel movor. For concrete and minor work, 3 and B-~ton capacity sascline trucks

are in use., Well-drills mounted on tracks witli 6-in, bits are used in the rock
quarties, Power and compressed alr ig obtalned {vom a central power vnlani ith

three diesel-electric 365 kv—a generators and thrce diesel air compressors



1000 cue. fY. per min, each. There are also two electric-driven zir cormressors
vith a combined cepacity of 1500 cu, £t. ver min., Concrete in ftunnels and nmajor

P

~

gtructures is hondled with two Rex single 7~in. concrete numms.

Conclusionsg:

The ourpose and endeavor of this paner is to show the irmortonce of
a field leboratory. Prior to beginning coanstruction worls an investi-=tion of
the materials aveilable hed already been made in the Central Laberatery. ‘hen
worlz vas sterted a move thiorousgh investigation of these meterials was made and
the experience obtained in the ficld laborstory ensbled the men who in the future
were to hondle these materials, to get o first hand movledze of them. It has
beenr mossitle through the aid of thesc laboratory investigations to ilumorove in
the degizn o the dem, and throughout the construction period, to devise methods
for the bost use of the moterials. Also, and not less irmortant, has been the
value of ©0ll soil tests to follow up the construction and as a2 check on com
pleted vorike The luboratory at this dam is & Tfield laboratory wrovided with
all necessery equipment For testins soils, rocks, agrrezatesc, and concrete.

The construction of this dam was vlanned sn® is under the supervision
of the Wational Irrigation Cormigsion with central ¢ffices in Mexico City. The

-

dem 1s port of a vest program of irrisoticn conducted b the Federal Government.
Officers for this Commigsion are Enars. Secretery of Agriculiure Horte R. Gomesz,
nresident, Adolfo Crive Alba, executive director, ond Juen Mas, secretery. At
the Centrel 0ffice Andrew Weiss ig consulting cncincer, Antonlo Coria, toehnical
director, Cescr Jimerez, chief of dosirms, and Menuel Tug,Temante, chief of

construction., At the field H. V. R. Thorne is generel superintendent, and the

writer, resident enginecr.
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Fig. 11
Inside of one of three diversion tunnels 20 ft. in diam,
lined with concrete.



Fig. 12
View of the Palmito Canyon, looking upstream. At left clay fill and at
right diversion channel.

Fig. 13
View looking upstream. At left clay fill. Center diversion channel and
tunnel at right.



PLAVNING AID IGTERPRITING SOIL TESTS
by
Frank M, Van Auken
Chief of Soils and Concrete Laboratories

U.S. Ingineer Office, Denison, Texes

Since the beginning of Soil Hechanics, engineers have endeavored to
improve »nlanning and interpretation of soil tests, so that all could have the
benefit of singular and unified methods of arriving ot logical solutions of
soils problems,

UMany engineers have become so accustomed to the use of certain
practices involving the principles of Soil Mechanies, that they accent what
has hecen donc as realism., But 17 they were to view numerous soils theorios
with & hynercriticel eve, they would reclize that vhat they had bhecn acconting
as the rcal think, is werhsps only an imitation.

A truly sciontific theory is one vhich is vindicated by mroctice.
Lavs of science are rules or rceipes for the conduct of wnractical affairs.
Therec arec two ways in vhich they fulfill their use. One is to provide usg with
a large nass of deta in condensed form. The other is to explore singular
festur.s of seemingly distinct occcurrences. The first stop senerally lecads to

the sccond, but may not be absolutely neccssary. Rescarch engincers, ¢conerally

follow one of two mcthods of investis

>

stion. Onc operates on o trinl and crror
basis,y collecting relevant informstion nicece by wicces The other follows a
hunch, but cbandons it at once, vhen it comcs into contect with obscrved facts.

Sut therc is no one method., The unity of the princivle resides in the nature

of the result, and the unity of the theory with wractice,



In order to fully cveluate the nrinciples of mlanning a soil testing
nrogrem, it is necessery to molie usc of cccumulatcd date and to tale cosnizance
of vhat reactionary aspects of the materials are already lmovn. With this in
mind, one can mlan a veries of tests thot will include; (1) the effect of dis-
turbance, (2) geological considerations, (3) tyne of test best suited to the
materials being investigated, (4) condition bounderies of the test, (5) »roper

Mag

techunique of testing.

BFYECT CF DISTURBANCE: IEacineers neve long recognized that spmeciali-

zed leborntory tests nerformed on disturbed or nortizlly disturbed soils are
not in themselves of great value, Fair interpretetion of results is diflicult,
consequently, the dota are usually relegeted tco the "Tileg"m, where they well
bclong. Tortunately for the solls engineer, only two najor tests are nccesg—
sery to determine the effective structural characteristics of a soil. Once the
consolidation and sftrength cheracteristics of a soll are completcely known,

all other tcsts are incidental and bLecome merc pawvms of the former. thile the
effoct of disturbence is pronounced on the determination of the consolidation
characteristics of a soil, it is not a criterion theat, excent for cconomical
enzinecring, vill vitally offect o consolidation study, vhich bccause of the
numver of theorctical assumptions, drainage and boundery conditions, is in
itself only a fair cstimate of anticinatod settlicoments This is onc of the
rcasons why computed scettleoments are usually greater than actual scitloments,
eiscounting the not too clear asnects of sccondory consolidotion. On the other
hand, the effcet of disturbance oax the strongth of soils i1s profound. Soils
under vertical stress undergo a gradual rearrancemeont of internal structure as

the stress is slowly incrcased, thereby resulting in volume changc. gouming



a somcvhot flexible, confining restraint such as would be afforded a loaded
element in o soil mass, ono notes that os the verticel stress is increased,
we heve the anomaly of the same forccs affecting consolidetion thet are ot
the seme time tending to oroduce o shear frilure. Honce, & sémi-conTined,
strossed soil is only in a tronsitory stage, that as »ressure is increesed,
renidly progresses into fully developed shecr and vhen no more strrin cen be
telren, suddenly ruptures or undergoes metamorphosis and frils in plastic flowe
Pisturbence in seampling or testing mercly vlaces o soil well elong in thet
vegue but nevertheless tronscendentsl stoge in vhich less stress is required
to produce fzilure. Tests thot ~re uscd to mensure the strength of soils will
therofore regrrdless of tycp or testing tochnique shov o correspondin: decrease
is strength 1f a materiesl is disturbed during or aftcr sempling.

“hile sclection of the test most applicable to the determination
of the shearing strength depends greatly unon the material type, the deter—

mination of the effect of disturbance is allied to the test type regardless
.
of mrterial class,

Evalustion of the effect of disturbance by mesns of the direct shear
test is cuestionable because volume changes are hard to measure end the date
obtained are difficult to apnly. The simple compression test offers more
possibilities because one can nlot a definite stress—strein curve. The char-
acteristic shape and slope of the stress—stralin curve is often used as a
criterion for evaluation of possibvle disturhance, but it is quite probable
thet this holds true for only the sensibly wlastic materials, Unfortunately,
the ordinery range of soils runs the gamut of plestic to brittle moterials,
hence it may be that internal nerticle arrangement, wmseudo structurcs sct wp

by cyclic desiccation, relation of moisture content to capillary and/or chemical



forces have as much to do with the shape of the stresg—strain curve as possi-
ble disturbance., The simmlc compressicn test is probebly a bettor all-round
est than the direct shesr test but gince the apnlication of a primery axial
stress sebs up secondary streeses over viiieh we have no control, it eppears
that the triaxiol compression test wonld have more significonce.

The triaxial compression test due Yo its flexibility of onerstion
nrovides us ith a tool thet can ™e of aid in determining the effect of dis—
turbance on the obtained strength velues., If we assune thet a perfectly un-
disturbed sample tains more elasticity than a disturben specimen; ile., the

tructure set up by nature hes not hecn sensibly altered, one can vith a cer—
tain degree of success determine the effect of disturbance by cyclic loading,
provided the strain has not excoeded 25 to 50 ner cent of the ultimeate. The
resulting hysteresis loop will close on the goneral trend of the stress~strain
curve 1f the material is truly undisturbed and has not been preostiessed, Othor

tr cempression test serics porformed during the design of the Denison

;._l.
;,.4.
As
L—J

Danm hove shown that the apnarcent prestross eon he epproximately determined
by the promer conmbination of quick and slow tests if the samples ore undis-

turhod end the geblogic history is well kmowmn.

GECLOGIC COUSIDERATION: Probably no one consideration is of morc

importance in planning a fest program, than a commlete reconstruction of the
geologic history of the soil before it is sampled and tested. In fact 2

4.
L

straight forvard dependence on the so—called pre—consolidation load as deter—

mined by the consolidation test without o thorough knowledge of past gedlogic
history is as bod as not lmowming vhether or not a given meterial is disturbed.
Certain clays such as the voleanic clays from the bed of Lake

Tcxcocos Mexico, DeF. for which geologic history is well known and vhich are



compacts<. to abnormslly high void ratiom, make perfect examples of the deter-
nination of the consolidation characteristics hecause of the "classic, almost
photographic enlargement! of the consolidetion test features. Other clays
like the glacial clays fTrom the Great Lakes Reglon in which the geologic
history is more obscure, are difficult to rate with respect to determinagtion
of the condition of the soil. Recently re-worked alluvial, plastic clays also
present nroblems in identifying sample disturbance., Other soils that present
even nore difficulty in the determination of condition, are marly and shaley
clays. These materials, vhile somewhat brittle in their initial state of
consolidation, become truly plastic when the structure is broken down and the
materiel remolded, Soils of this tyve have becn laid dowvm as a sedimentary
deposit and consolidetion effected by the welght of material that the forces
of naturc may have long since removed, It may be probable that periods of
rocompression have occured, caused by the doposition of additional meterial,
with re-cxpansion upon its removal, so that the number of compression and
expansion cycles to which the material has been subjected is problcematical,
Onc may never know vhether we are now living in o peried of compression or
expansion. Even with an accurate knowledge of that fact, the determination
of the pro-stress by meons of the shapes of the void ratio~pressurce curve or
interscation of Mohrs rupture curves for quick and slow trisxial compression
tests is nractically impmossible., Additional compnlications arise vhcen primary

expansion occurs,.

COUSOLIDATION & EXPANTSIONW TESTS: The consolidation test is a means

of measuring rclations betweon verticsl stress and volume change. Geonerally
it is assumcd that negative volume changces are to be measurcd, but on certein

material tynocs, positive volume change will rosult cven under a considerable



load. The general types of materials susceptible to extreme volume changes
range from the truly plastic clays to the somewhat brittle marly clays. On
the basis of tests performed by the writer no truly plastic claysl have ever
shown Drimary expansion characteristics when tested in their natural stete.

However, numcrous noorly consolidated shaley to marly clays have
definitcly shown expansion qualities. These clays, inveriably when air-dry
show visible laminac. They are barcly perceptible as expansion commences,
but become progressively wider as time elapses. Their appearance and extent
coincides with the beginning and extent of ecxpansion.

The fracture planes are always in a gemerally parallel direction
and occur as frequently as 25 to 50 to the inch. The fact that the planes
follow a common direction, indicate that the separation of the nlattiy phases
is due to mcchanical or chemical causes. It appears that there arc inherent
weaknesses in poorly consolidatcd marly to shaley clays. Exemination of these
fracture rlancs often indicates that micaccous silts and iron oxides have
settled into extremecly thin layers and this stratification coupled with an in-
herent but basal laminetion in the parent material have produced a material
structurelly weak and especially rcactive to oxpansion., That cxvansion is
caused by progressive scparation alons well defined nlanes of discontinuity
is apparent. Just vhat causes the initial separation is not so cortain. The
causes may be nurely chemical, mechanical or a combination of the twoe

Assuming that cepillary forces are developod, it is probadly certain
that individual clay grains will he under stress and will tend to change
volume. The difference in dimension For any onec grain will de small, but the

stress 1s present and it would be relleved by failure along plancs of wealkness,

1 Plastic clays obtained from Bastport, laine; Chicago.
I1l,; iexicos DeFe; Columbug, Ohio: Woodward, Oklahoma.



exhibited by the lamellar structure. It is epparent then, that the vsual
esting »rocedures employed on mlastic materiels cannot Le employed in testing
mateoriels thot have definite primary exvansion characteristics
Fige 1 shows the results of a standard consclidetion test perforned
on a volcenic clay., Wote the repid chanse of void ratio with increase in ver-—

ticel rtrees and how clenr cut the detcrminztion of the pro-consolilation load.

Tow re to Pig. 2 vhich illustrates some of the poscibilitices in vwlanning a

test procedurc for use on expancive materials, It is at once apmarent that
the only veriations in tosting teclimique can be a change in the rete and magni-
tude of vertical stress opplicution. Curve (a) shews a typical test curve of
voild ratio wlotted ageinst pressurc on a logarithmic scale. Point "A'" corres-
ponds rourhly to the void ratio in situ end point "B® represeats a new void
ratio obtained after peruitiing the test gpocimeon to cxpend under zero pros-
sure (vater heing available to the speeimen at all times. ). Load incrcments
arc then roplied in geometrical progressions. It is obvious thet the charactex
of the matorial has beoen considerably altored, thercby changing the opparent
consolidation characteristices, Curve (b) ropresents the pressure-void ratio
curve of & specimen with the same initial void ratio, point "A" looded incre-
mentally. However, note thot the initisl load incremcnts were insufficicnt

to nrovent cipansion and the vold rotio increased until the vertical stress
and expansive pressurce becomo stehilized after which consolidation continued,
Agnin the tost procedure has introduced complexitics in the structur: of the
motorisl which mekes interprotation difficult. Curve (c¢) shows the nrossurce
void ratio curve of o spocimen in vhich the initial veid retio, ns expansion
tended to dovelop, was maintoined until verticel stress and cxpensive preos—

surog were equalized after which the consolidnation characteristics were deter-



nined from dota secured by the applicntion of additional lord. The apparent
structure of the soil has probably not boen greatly altered since individual
varticlos have becn restrained from reorientation. However it is pessible,
that internal roarrengement may hove orcurred, Nevertheless, this tyne of
tosting procedurc hes more to qualify its justification than ~ny of the others
considered. Curve (d) shows o plot of = typical test in which no frec wober
is ovailoble to the meterisl being tested. Yo oxpension has occurred, since
no csuse hes been introduced. However, since we are interested in causes. as
vell as results, this time of test has no particular significance, excent in
cases where it is Xmown that therc will be no veriations in natural noisture

content.

SHEARING TESTS: Detormination of the shearing strength of solls is

and probably always will be subject to question. The strength of soils is
usuzlly measursd by meams of one or more of the following tests, (1) Punching
shear, (2) Direct shear, (3) Simple compression, (4) Triaxial compressions
Unfortunately the worth of the results obtained, depends not only upon the
choice of test and technique but also upon the particular materlal typey its
history (prosont and past) and how it is %to be uscd.

There are two broad groupings into which 211 soil tests can be
placed; (1) tests to determine structural quslities of undisturbed materialss
and (2) tests on soils that are to be revorked mechanically and used as » con—
struction material. Whilc therc is a certain over-lanping, the same tyve of
test and choice of technique can not be uscd for both cases. The nroblem is
further complicated by the Tact thet sands, clays, marly or shaley clays or

4

combinetions of cachs; requirc scparate and distinet typos of test. The dis-

cuasgions »nrescntcd hoerein, arc limited to undisturbed matcrials and no reference
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is made to planning &nd intcrpretation of tests on remolded soilsd.

TESTS ON SANDS: S-nds

)

ro gererally more insensitive to variations

I

in choicc of type of tecst and tosting tcchnique than most soils. The streangth
of sands is a function of the density and particle shape, hence reqgordlesc of
type of test one can approximately determine that relation. Undisturbed sands
will have slightly higher strengths then sands remolded in the laboratory be-
couse nature has set up a structure that cannot be duplicated in the labora-
tory. llaterials of this type are somevhat difficult to handle because of the
lack of cohesion, thercfore the choice of test is limited to the direct shear
or triaxial compression test which provide fixed and flexible confinemcnt,

-

respectively.  Euperiments have shovm that comparable results can be obtained
with either of the above testing devices. The actual selection of the method
depends zrently on the size and type of structurc being built. For structurcs
thet rcquire complete and comprchensive stress analyses, the triaxial test is
preferrod becouse the principal stresscos and drainage conditions cen He con-
trolled, The effcct of pore weter pressures can thereiore be studicd. Hove
cver, For small and unimmortant structures where soil tests are uscd only as

a guide to common practice, the choice of test or testing technique is also

w0

unimportant. Substsntislly the same results will obtain, vhether the test i
performed, saturated or dry, fast or slow, if the drainage conditions are

similar id all cascs.

TESTS OF CLAYS: Clays on the other hand are extremely sonsitive

to choice of test typey tost conditions, tochnique of test oneration and time
of testing. The history of the deotermination of the shearing strength of

clays can be treced through orogressive yeers of (1) dircet shear tosts, (2)
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squecze tosts, (3) torsion tests, (4) simple commression tests (5) triaxial
compression tests. Early investigators assumed thaet the strength of clays
could be expressed in the terms of two simple constants, i.es, the cohesion,
and the antle of internal friction., Later investigations have shown that
concention to be fallacious., We now know that those "constants" are not
constants, and that depending on type of test and testing techmique, we ca
get most any answer we plesse., The proper choice of test depends to a great
extent upon the type and magnitude of the prodlem. Thus for tests to deter—
mine the strength of a highway subgrade, whether it be composed of natural or
stebilized soil, engineers might prefer the punching shear test or some modi-
fication thereof, while others might prefer the simple or triaxial compression
teste If one is dealing with a soils problem in which consolidation tests
have shown thet volume changes under the imposed streds conditions will be small
one mizht successfully employ the simple compression test. On the other hand
if one is confronted with a soil that undergoes considerable volume change
under stress , it is all important to employ a type of test that vill enable
one to determine the condition strength, and at the same timge, gtudy the
stress—straln characteristics undcer scveral variable conditions.

The triaxial compression test is the only method devised so far
in vhich control of major and minor prineipal stresscs, strasins, and drainage
conditions is avallable, Onc can als@ control the time and the method of
apnlying the stresses. On Fig. 3 arc shown the results of a serics of tosts
on a plastic clay with timo of test being the major veriable, tho stress
ratios being standardized at the start of 2ll tests. It can be secn, that
as the total time of test inercascs, that there is a gradusl transition of the

apvarcnt angle of internal friction to the true angle of internal friction.
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This is duc to a gradunl transfor of the partial stresscs carried by the liquid
phasc to the solid phase, or in other words from total stress to cifcetive
stress. Thus we hove an increasc of strength with inerease in time, other
things being ecqual, which misht well corrcspond to a grodual mobilization of
strength as nccomplished by naturc during the ages. Note that though, theore-
ticolly the virgin shear curve should start at zero shearing and normal stress,
this is rarely the case. One explanation is — -~ ~ that at the time of sampling
(assuming an absolubtely undisturbed material), we are well along on the scale
of time, have therecfore an initial strength, commonly termed "cohesion", which
may be epnroximately equyal to the Meffectivel prc~consolidation.2 It ig
obvious thercfore that we can detormine the total ronge of the strength of
clays by means of the quick and slow triaxial test for certain conditions of
molgture., Another variation of the quiclt test that will usually show slightly
highcr strengths is the consolidated quick test. The relative positions of

the curves may be used to illustrate the cffeetive shearing strengths of the
material. If the curves are well-grouped, we have an idcal material, i.c.,

a material that has an initial strength approximately equal to the ultimate

strenesth,.

ESTS O SHALEY CLAYS: Duc to the lamellar and generally horizontal

gtructure of many shalcy clays and the inherent weakness of the laminae, a type
of shecar test in vhich failure can be obtained along plances of discontinuity

is undoubtedly thoe best type of teut to employ on material of this type. Since
nost shalcy clays have been 2l1id down in generslly horizontel strata 1t appears
thet a tost in which the shearing forces can be applied in the direction of the

2 Unpublished test dnte obtained duriﬁg the design of Denison Dan
(1939) by the latc J. Pe Hartman, D. R, Ketchum and the author.
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laminac, with a normal pressure acting perpendicular to the stratificeation

igs desirebles It is also necoessary to determine whot effect the dirccetion

of the principal particle oricentation will hnve oh the shearing strengthe A

testing nmethod in which the plene of failure can be fixed, 1s provided by the

dircct shenr test, which con be successfully cmployed on meterisls of this typo.
The simnle compression and triaxisl compression test in which

spocimens arc loaded axially without and with laterel support, respectively,

usually éeveclops stress combinations %hat result in a shenr failurc occurring

at somec well defined ancgley, with the major axis. It follows then, that vhen

the nl

s}

me or nlancs of failurc intersent the laminae, a hisher strength volue

)

(@]

roesults, then is obtained vhen feilurc occurs parallel to the laminae. The
influence of stratification of the strength of shalcey clays can be strikingly
showm 1if test spceimens be propared for test with the principal planes of
gtrotification ot zero, 45 ond 90 degrecs to the major axis of thce specimen

and foiled in dircct shear or simple comprossion.

»

AVATLYSIS AYD IUTZRPRETATION OF DATA: The problom of analyzing soil

test dota 1s difficult, even when the tests hove been planned to fit into o

converging and concise nrogromy is doubly difficult if no nlanning is uscde

N

The fact throt great divergence of teost results usually occurs, even in frikly
unitorm mnterials, adds confusion to the micturc. Averrging of scattered
velues crnnot be dircetly mecomplished by arithmetical means. A number of
conditions thnt vitally affect the condensing of a mass of dnta must he cone

sidered: such as, (1) disturbrnce during sempling and preparation for tost,

Q

(2) geologic history, (3) type of tost, (4) tcsting technique,(5) condition

1]

boundarics of test, Each of thesc phascs should be carefully exemined ond

if o precdominant recurring ferture is noted, it may be token as o bHosal fact



thot mey indicate a particular trond, Usually a mass of supporting data are
obtained during a series of tests. Thesc data arc summarized in tabular form
for convenience in plotting. Every possiblc combination of plot can then be
mode on nrithmetieanl, somi-logrrithmic, or log—log scalcs. Usually, the

trend of the date , if it follows some set law, crn be detcrmined, and o

curve or sebt of curves drawn to illustrnte graphically the results of the

A review of the various proposed nethods of determining how much
disturbance affects soil test values, indicetes that no infeollible methods
arc avellable. Thet disturbonce affects both consolidntion and strength
valucs 1s o fact that cennot be overlooked. However, during any completo

s0il investigntion, the scope of the prodbleom is often such thot only pilot

tests to determine how much disturbance is belnz ceused by the sampling
rnethods, con be performed. On the bagls of these tests one must cither die-
card or improve the sempling technique or recognize the limitations of the
soil test dnta obtained,

The geologic history of o soil often provides a gulde to interpre-
tetion of unusual propertics sonctimes attributed to other causcse In cone
sideration of ~ll the factors affocting the accuracy of soil tests, 1t should
be realized thot it is impogsidle to sot doun on peper an exnct procedure for
interpreting soil test data. In view of the complexit® of many problens
associntod with soils and the faet that the soils cngincer 1s ofton confrontod
with materials that are too well consolidstod to crll "soil", but not hord
cnough to call rock, it boecomes necessary to work out variation of nccepted

testing practice. Thoese testing veriations, vhile in the naturc of research,

will, if properly plaaned, provide guiding date that could hrve beon casily



overlooked, if tho tests were performed in the usuel nmanncer. The prime fector
in planning soil tests is the nrenrrengement of -~ teosting progran toward o
definite end, ofter hoving thoroughly studied o1l knowm varianbles before the

tests arce storted, otherwise hours of offort will be spent in trying to

decipher the useless results of tests performed aimlesslys
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UTILIZIIG AVAILABLT SOILS I3 AIRFPORT COUSTRUCTION*

by

Captain Frank X, Fewnam, Jr. Cs E.
U. S. Engineer Office
Galveston, Texas

Probably the most important one factor invoived in airport construc—
tion is the existing soil condition: +the typmes, characteristics, and arrange-
ment of the soils on, and in the vicinity of, the site. This, in turn, trans—

fers a trerendouc immortance to the »nreliminery soil survey. Although a major

4L

congideration must be given to many o » factors and utilities, including the

requirements of the Army Air Corons end Civil Aevonautics Administr- tion, in

chosins a site, the final choice between several sites is often nHredicated
entirely on the existings soil conditions. In addition, o study of the scil
revort, in cerjunction with a contour mav», will have & tremendous influence
on the cholce of pavement design, cost of construction, and time required for

corpletion of the nroject

The stebility and draining provwerties of the soils enccuntered on

£

the site hove a strong influence on the cost of constructing the finished air-

field regordless of whether a high-type vermanent field or a temporary auxil-

lery field 1s »nlenned, and the ceost of counstruction is always & major factor,

even 1n times of naotional emergency. The tremendous influence cansed by ore-—

ek

veilin: soil conditions is »probably emphasized grestest in the construction of

-

auxiliary fields vhere the ninirnum amount of construction necessary for all-—

+» The cost of coustructing such a field anwroxi-

1

vestaer landing is desire

dl
nately three-fourth miles square may vary from $5,000 to $1,000,000, derending

-

*  Presented by Lieutenant T. A. Adanmu, Jr.



almost entirely upon the aveilable soil and dral
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tion. On some sites the field can ve mede read”
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The second stoge involves the utilization of field parties in
locating end samwling the eristing soils and base meterials ond the vitilizes
tion of the District Laboratory in testing and classifying these moterials
and commiling a soil report. The organization of the U, S, IEngineer District
contains two comnlete field crews, whose duties consist of making comnlete

Pal

soil surveys of the proposed airfield sites. The nractice is for one off these
crews to commence explorations using hand augers and other hand-digoing
nethods in advance of the tonogsraphical survey crews and well in advence of
any design of pavement types for the project. If the seneral location ol the
runveys, btaxivays, aprons, etc., are not lmowm, vhich is ofter the cose, the
field i1s merked off into a gridiron and a larce number of holes are duge. The
number of holes depends upon numerous Factors such as the uniformity of the

devosit as shown by the preliminery wide—spaced holes. As experience is gained,

these field crews are able to use a considerable ameount of judgment in the

4

number of holeg to disz and the deopth to vhich the individual holes arc dug.
As a rule holes are dug to a denth of at least three fect below the exmected
runvay gredc. Occaslonally holes are dug to a deopth of cight or ton feetb.

Y a.

Wecdless to says, these holos arc deonest in the high voints which will e the
cut arcas during construction,

A sammle is teken of each diffcrcnt strabum of soil encountored and
the cxact depth ropresented by the sammwle is recorded. Eech of thesc holces
are snotted and nerlked and the elevation of the surface of the hole 1s obtained
later by the crov meking the tovogravhicel surver. A nejority of the saumles
are of tho minimunm size nccessary for neking the Atterberg Limits teste or
the ilcchenical Analyscs, while & large sample is talen of each of the differ—

: -~

ent typcs of soil cncountered on the field, Thesc lerge semples arce uscd for



malzing the Proctor Test and sny other tests thot mey be necessary at o later

date,

Investigatio arc also made of sources of matcrial in tho vieinlty
which have poscibilitics for use as flexible base material in the runvay con-
L

stmiction. Onc of the crews engaged in these types of investisations corvics

tho anount of worteble testing equipment necessary for obtaining the nercant-

azc of soil binder and the linear shrinkege of the soil biader, The "soil

binder™ nortion contains all porticles smaller than 40-nesh in size. Thesc

al

o soll tests arsc usced as o suide in detormining vhich of the availeblo

sourccs shows the groater possibility of producing suitablc basc naterialse
A lerger number of samplces are talzen from the most wHromising sources and.

whereover possible, the holes cover an arce considerebly larger than is con-
tompleted to he nccessary for final usc. Cerefully chosen rcoprescnictive

somoles of all vwossible sources are subnmitted to thoe District Soils Lnboratory

Unon crriving ot the District Soils Leboratory, the samelcos ore

L S

laid out ond exemincd., Complete tests arc male on o lovge number of repro-—

@]

sentative scmples, while identifying tosts, such as the 3ar Lineor Shrinkrge
Test and the licchenicel Anelysis, are mode on tho romcining semples. 3y
comnaring the visucl gpoicarance and reosults of the ideatifying tects with
those of the somplos vhich arce commletcly testod, the essential test cons
such as wlas Lty index, arc ostimatcd for all of thoe samnmles. Vhen ~ll
strict Leborctory vhich

shows the plot of each hwle at its oxnet location on the »lan of the airficld

uid limit, plasticity index,

]
He
o)
<

cach strotun of soil cncountered,




Zach of the somples token from tho base meatcoriel scurces ore com-
pletely tested for all of the tests included in the base meteriazl specifica-
tiong., These tests usually include the nercent scil binder (nortion nassing
40 mesh), Liquid Limit, Plasticity Index, Linear Shrinkege, and a corrlete
or partial mechanical enalysis. If the materisl vwill have to be crurhed Tor
use in constructing a base, the samples are crushed nrior to being tested,
The »nreparation snd testing of flexible base materials follows the procedure
used by the Texes Highwey Devertment which consists of air drying, slaking,
and then removing the soil binder portion (narticles smeller than 40 nesh in
size) from the sample by washing. It has been found thot this is the only
manner in which all of the soil binder actually present in the matverinl can
be removed and tested. Tests hove been made vhich show that even o rond
gravel vhich ashencrs to be easily sevarated from its soil binder by the dry-
screening process producing e wlasticit;r index of, for exammle, scven, the
sore gravel well slaked and vashed will vnroduce slishtly more soil hiader
with o nlesticity index of mossibly 10 or 1l. These additional particles of
clay, vhich azre revesrled only by washing the semple, actually arc in the mix
coating the larger snad and gravel grains, snd, under an irporvious tovn, will
ebsorn enougn noisturce by cenillary attrection to help lubricate the mis. In

the cese of meberial such as caliche, it is impossible to tcll which of the

particles wiich look lilte soft rock will prove to be soil binder in tho pre-
sence of wator cnd which pariicles are actuzslly the rocks.

After the tests results arc cormpleted, cach hole is studicd scpa-
rately, snd the depth and test results of the material in cach stratum arc

considered in choosing the denth limits betwecn vhich the dcposit cean be used

during construction. If no samnle was teken renresenting this full denth, o



composite sample can be mede and tested using an ezmount of each stratum
proportional to its depth in the deposit. A locality mep is drawn shewing
the location and extent of the aveilable base materials. The location of
each nhole is marked and a log of the hole is included which shows the depth

of stretum represented and the essentizl test constents.
DESIGIT

After the tonogrephicel survey has been completed and a contour
map is drawn, the runway grades ond locations are chosen. It is vossible in
certain cases thet a study of the soil plen will assist in locating the run-
vays or choosing the grades. Due to the large area of earth excavatlion and
croding involvéd, and the relatively flat grede recuired for finished a2ir-
port construction, the runway elevetions are usually chosen in an effort to
obtein a balence between cut and £ill in the final greded field,

he next step in choosing the design of the pavement to be used is
a detailed study of the aveilable soil thet will be excavated, that can be
excavated, and that will be normally in vlace 2t the provosed subgrode cle-

The Tirst consideration is obtaining o stable subgrade, vnich is

considered generally to be soils heving a Liguid Limit less than 35, Flasticity

Index less then 12 and a Linear Shrinkage less than 7. A stud;” of the soil
plan in conjunction with the contour mep and runway excavations will show
vhether this type of stable subgrade will be automatically in nlace or
whether 1t will be necessery to actually specify a layer of this material or
sub-base, It will alsc be possible to determine vhether therc is sufficient

quantity of this selected meteriasl on the site and vhether it can be handled

by the contractor in such a manner os to produce the desired quentity of



sclect material under the fiaished runwey. If sufficient select granular
netorial is not available from the site, it is necessary to locate ond test
the closest sources of horrow material suitable for this nurpose.

Wherever possible, this stable granular meterial should e on the

-

suricce of the finished subgrede regerdless of vhether the final design is
to be o flexilble base or o concrete vpavement. In the case of flexible Dose
design, the wresence of a layer of stoble grenulsar material in the ton loyer

of the subsrade will moen that o shellower denth of flexible bosce neteriol

cen be useC. Since tho cost of selected granular soil is only a froction of

.

the cost of flexible basc mabtcricrl, this design ususlly rosults in a consid-
crovle saving in the total cost of the nrojoct. Wiere a concrote novement

is to be mlaced, the subgrede problem is usuclly not one of stebility, becouse
the high flexurerl strongth of concrete docs not require s steble o foundrtion
es fo most of the flexible tymes., The gronuler moteriel on the surincce of

o -

the subrrnde, in tho cose of concreote novoement, serves princivally os =
hlenket for proscrvins the moisture in the clay underscil, thus minimizing
the drengeor of werned joints which will result wvhen the elay soil is nllowed
to dry slijhtly prior to »oving, followed by o subscquent absorntion of wrter
throushh the jointg durin-: roinf-ll, thus »nroducing o high swelling force.

For ~11 tymes of povement desizn, the provision of o stoble sronulnr leoyer

[

on ton of the subgrade vwill tend to wreserve the nmoisture in the underlying

e
[y

cleoy both during ond after coastruction, rnd vill »rovide o suricce on 'hich

construction crn be vocuncd more quicily followin~ neriods of r-~inf-11l. A
survey of the soll oxisting on the sive and in the vieinlty of the site nay
Cisclosc the feet thrt there 1s a0 eendy soil within o distonce of economical

aeul of tho clrficld, ~nd if o flexible bese is designed, the granular leoyoer



is omitted and the depth of base increased. This case, however, is quite an

exception; at many of the airfield sites along the Gulf Coast where no sendy

s0il was known to be in the vicinity, a diligent search hes usually uncovered
sufficient quantities of nearby material.

The first type of design usually considered is a flexible base with
a faiily thick asphaltic surface., I sufficient quantities of satisriactory
quality flexible base materials such as gravel, crushed rock, caliche, iren
ore, oyster sheel, etc,, can be found nesr the site, this tyvpe of design will
usually be more economicel than any design of ecuivalent strength, For this
reason a diligent search is made to determine the location and gquantity cf
each possible source of flexible base material within an economical heuling
distence of the field. Where a flexible base material is not aveilable that
is comnletely satisfactory in its natural state, a study is made %o determine
whether some of the deposits can ge nade satisfactory by any one of several
methods, the most comnon of vhich consists of adding a fine sand or silty
soil for the purpose of reducing the soil contents, such as Licuid Limit,
Plasticity Index, =nd Linear Shrinkage, of the final mixture, If there are
several sources of flexible base material which can be economically obtained,
but some of wvhich are considered bet er than others, and effort is mede to
write the specificetions to include only the better material.

Where no flexible bese materials are economically aveilable, some
other type of design, such as Portland cement concrete, asnhaltic concrete
black base, or scil stabilization must be ceonsidered. On certain airfields
where the present and future importance of the eirport is great, both from
the standnoint of volume of traffic and expected loads, a high tyve pavement

may be chosen even though other materials are available., Fach airrort presents



a separcte engineering problem and all factors must be considered before the
finel design is chosen., To dete no airfields involving soil stabilization

have bteen coastructed in the Galveston District, dbut it is believe that for
future vork some soil stabilization vrojects will be designed, based on the

results of vrelininary investigation tests made in the District Laboratery.

FIELD COUTROL OF QUALITY DURING COWSTRUCTION

The most complete preliminary explorations, preliminary testing
and well chosen design will be of littvle Tenefit if the field control does
not nroduce a vavement vhich corresponds to the originel design, This apnlies
both to obtaining the desired quentity and quality of material in each layer
but also to obtaining the maximum nossible stability in cach one of these
neterials. o matter how well chosen the design may be, the final success of

the navement rests on the shoulders of the field engineers and the field

o

inspectors. A Soils MHanuel has been written covering the exact taosting pro-—,
cedure and the mecthods of control, and conies Turnished the field inspectorse
This Soils Monual has proven an invaluable aid to the relatively inexperienced
personnel. Duc to the large construction program and the relatively small
nunber of traincd inspcctors, i1t became necessary to train the field forces
a5 cuickly as pessible in order thet the inspectors may be ablc to lcern the
use of these tests and their apnliceticn, EBach of the projccts provide for
e field laboratory and enough field leboratory testing ecouipment for meking
the deuired tests,

An effort has been made to allow for part of the expected inexperi-
ence on the nart of the insncctinz forces by nroviding a safety factor in

the specification limits over and above thet which would be used with g highly
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trained ingpection force. Also, a very complete nreliminary soill survey

s

and report is prepared with this thought in mind, The completceness of this

prolininery report reduces the smount of tests that must be made orn the field
during construction. Some airvort sites contain only two or three distinct

tynes of soils which can be resdily dictinguished by eye and the charachber-

tics obtrined from the preliminery solls »lan. In these cases very Tew

[=R
0

cuality tests need to Ve made by the Field insvectors during the course of
constroction, wvhich is very desirable in that the inspector is frce to oxer—
cise closcr control of construction methods and the nlacinz of the soils.
Where numberous tynes of soil are encountered, the Bar Linear Shrinkase Test
is uvsel by the inspector to identily the soil and thus determine its ver—
migsable locetion in the finished project. A few »nrojects have trained
insnectors and soil technicians who ore cepable of nalkins the Licuid Limit
and Plocticity Index Tests, but 1t has becn found that untrained inspectors
can attcin nore accurate results by malking the Linear Shrinkage Test.

Whore a flexible bese is uscd, the borrow areas are selocted from
the preliminery survey described sbove, Yo matbor how commlete the ~reliminary
survey on a flexible base material pit, it is always necessery to exerclce
constant testing and control during operstion. IMunerous layers and nress of
the pit are uncovercd vhich were not discovered by the nreliminery testing;
2lso, the cffect of the crushing action may alter the guality and cquantity
of soll Dbinder that was oxpected from the preliminary teets, On some pits

it is neccessary to add and mix sandy” snil in order to wnroduce g satisrectory

)

finnl »nroduct and this enlls for constant control, btesting and judgment on

trained soil technician is

the nort of the 1nspector., Whercver nossidle, o

uscd in the field control of floxible basc matorial so that the Perecont Scil
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Binder, Liquid Limit, Plasticity Index znd Linear Shrinkage Tests can all be
made and compared agsinst the specification limits. Wherever a trained soil’
tecnician is not availasble, the method of nreparing and removing the soil
binder is used as described above and the Zar Linear Shrinkage Test is used

to control the cquality of the soil binder.
FIELD CONTROL OF COMPACTIOW

Producing soils and base materials of satisfactory quality is only
the first step in the construction of navements, The moisture content of
these materials must be carefully controlled before the highest final stabil-
ity of esch meterial can be utilized. Practically all engineers using soils
in construction ere now familiar with the relations between the compacting
moisture and the density obtoined, and the fact that a given soil, under a
given comnactive effort, will have one optimum moisture content, i.e., the
noisture content which vproduces the highest "dry density'. It is now aluays

realized, however, that the control of moisture content after compacticn

is equelly important and that this control is entirely different for clays
than for granular matoriszls.e A brief review of the reasons for compacting
solls will explain why this is true.

There has been considerable research done in the vpast few yeors con-—
cerning the factors influencing swell in the clay soils, which tests have been

correlated in many instances with field behavior. The results show definitely

that the swell varies in proportion to the wmercentage of air voids present in

the compacted soil prior to being allowed to absorb water and swell. In every

instance the condition of minimum swell wes found to be consistent with a con-

dition of minimum air voids. Thus, the contributing condition toward soil



swellage 1s nelther moisture content nor state of compaction singly, but that
conbination which results in the minimum 2ir voids in a given soil compacted
under a given pressure, If two specimens are molded at different moisture
contents and different pressures so that both specimens have the same ner—
centoge of 2ir voids, but the one molded at the highest pressure hes the
greatest density, this specimen of highest density will heve the highest final
stability after a period of absorption, Therefore, if we wish to obtain the
highest final stebility, as vell as the minimum future swell, it appears highly
desiveble to compect the soil at or near the optimum moisture content anc
retein this compacting moisture. Tests have been made which show that if the
specimens molded at opntimum moisture are dried before beinz subjected to cap-
illary water, the resulting swell will be consicderadbly grenter than for the
seme specimens which nre not allowed to dry. This is particularly true of the
plastic soils, Tumerous tests have been made vhich show that 1f specimens

are molded »%t various noisture centents under the same amcunt of comvmoction,
then subjected to cevnillary action with or without being dried, the snmecimens
molded at, or slightly wetter than, the optimum moisture content will absorb
the least amount of water and will retain the highest final stability.

In the case of the plastic clays, therefore, it appears that after

the soil have becn comnacted at its optimum moisture, or slightly wvetter, the
highest final stebility, as vell as the minimum future swell, will be obtained

in that material if it is not allowed to dry but is covered vhile it still

retains the compacting moisture.
In the construction of pavements the more grenular tyme of soils and
base materiels vill usually be placed near the top of the roadhed. In this

cascy merticularly in flexible base construction, we know that the gronular
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soils will not be subject to apnrecisble amounts of swell; therefore, our
principal concern lics in obtaining the greatest amount of final stebility in
these s o0ils in order that they may satisfacteorily be able to supvort the unit
pressurc thet is ftrensmitted to thenm from the load mt the surface, Ian these
types of soils it avnears thet a higher final stsbility might be obtained by
compacting the soil a2t, or a little wetter than, the optimum moisturc content.

The basc materials should then be ellowed to partially or totelly dry before

en impervious ton is nlaced, The Texes Highuey Dencrimeont conducted o scries
of tests throughout the state in which moisturc contents vere token at monthly
intervels for three years from subgredes and bases under old asphalt nevements,
A mejority of these roads had scrved as onen—-surfaced roads for several years
and thus hod sn opportunity to dry out wnrior to veins surfsced. It wes found
that 211 of theo granular soils snd base meterials (with P I velues lese than

12 or 15) consistently maintained s moisture content considerably less than
their optinum moistures. Since the stability of a given comvacted soil 1s
lersely o function of its moisture content, cech of the sranular materials
nainteined o s¢tability considerably in cxceoss of their stobility ot their
ontirum moisture contents. The nmodern wractice is to ineclude the base construc—

4

tion end the aspholt surfacings in the seme contracts and mumerous instonces
of "shovinz" hrve occurrced in o ood brse matorisl vhere the base metorind
ras not olloved to dry after beins commrcted »nd before beins surfaced.

All of the vrevious discussions moint to the Iret thot it will Do
very desirable to comwnet 21l soils at the ontimum moisture contont, or
slightly wettor, for the compactive effort being uscd. This avoalics reosard-—

less of vhether the moisturc is to be ecorefully Hreserved or the nixturce is

to be driced, Vhere the moisture content is to bo cavefully prescrved, the



mixture will contain less alir voids if compected at or slightly wetter than
the optimum moisture, and will »roduce less subscquent swell, a lower finsl
moisturc content, and a higher final stability. Where the misture is allowed
to dry, there will be a greater rcosulting gain in density in the mixturc
comnactcd wetter than optimum. This in turn will produce s higher final
stability.

If for the vurpose of adonting a rule-of-thumb procedure, o "gron-
ular moserial is defined as a sandy soll with o P I less than 10 or o base
material vhose soil binder has a P I less then 15, the following schedule
should bo followed:

Under Concrctc Pavement

Granular Soils - Compact ot ontimum moisture - then moisturc may be

=

either preserved or lost
Plegtic Soils — Compace ot onbimum moisturc - preserve the compact—
ing moisture

Flexible Base Construction

Grenular Soils - Comwact ot ontimum moisturc - ollow to dry before

topning.

Plogtic Soils - Compact ot omtinum moisturce — wreserve the compoct-

ing moilsturc.

It is geonernlly renlized thrt the density obiteined by volling is

(S

1

influenced by many fectors, such as, the trne ~nd weisht of commacting cauivn—

nent, size r~nd spocing of feet in n shecpls—foot rooler, denth of penctrotion,
denth of 1ift beins rolled, number of wmasses, uniform distribution of noisture,
and tine ot thich tho density is checked. It is very desirnble that the on~

ginecr o~nd inspectors becone thoroushly frmiliecr vith thesce frctors becouse



this knovled~e will enszble him to obtain a better job with less trouble, work
and exnense.

It is unfortunate that the maximun weizht of sheeps-foot rollers is
somevhet limited in this state, becouse the early specifications for rollers
used in pavement construction set the stendsrd, and all pavement contractors
ovm rollers with vhich it ie difficult to obtnin greater then 200 or 225 pounds
per stuere inch pressure on the feet. The standard Proctor test is used,
employing o 12 inch drop of the 55 pound hammer, because this corpactive effort
anvroximates very closely the compactive effort of the sheeps-foot rollers now
in use,

AT "fi11" materials, all flexible base meterials, and the top layer
of all "cut" sectlions must be compacted under the supervision of the soil
inspectors on the job. The usual specifications require ot least 95% of the
density obteined in the standard Proctor test, and further provide that the
commacting moisture must be reteined in the nlastic clay soils, The nmore
recent specifications include a clause to the effect that 211 flexible base
meterials must be totally or partially dried nrior to the nlacing of an asvhalt

surface.

-

The inspectors arc cquipped with a field laboratory bullding located
on the projcct and all the ficld testing ecuipment necessary for maliing the
Proctor tests and for chedking the moisture and density of the comdracted
materiesls The rubber balloon density apparatus is used on most of the projects
for checking the density of the compacted matcrial, but certoin soils epoear
to lend thoemsclves more satisfactorily to the use of other methods, such as
the sand funnel method or the use of o small hand—driven monel metel cylinder,

Wherever 1t is possible, with the amount and type of insncction
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personnel avallable and the types of soil encountered, the usual stendard
method of controlling compaction is employed., This nrocedure has been discussed
fully on many previous cccasions and will be mentioned here only briefly. This
procedure consists of first making a preliminary Proctor Curve, with the minus
1/4-inch vortion, of every soil encountered on the project, An attempt is then
mode to compact each soil at its optimum moisture and ottain a chosen ninimum
percent of the Proctor maximum density. From the Proctor curve. illustrazted

on Fifure 7, the minimum regquired density would he 110.7 lb. per cu. ft. for
this soil. If the material contesins plus 1/4-inch verticles, additional tests
and cclculations must be made along with the density check tests in order to
calculate the density of the minue 1/4-inch portion. Due to the ranidity of
construction of the present contracts and the small size of the insnecting
forces, verr few Proctor tests can be rede during the progress of the job., The
moisture-density curves used by the inspector are those made in the District
Leboretory on the semples teken in the preliminary scil survey. These curves
arc included with the other tcst data in the lrboratory soil renort; a cony of
which is furnished the inspcector at the beginning of the project.

The method of control dcscribed sbove is fundamentelly sound Hut has
two precticel dravbacks vhen cpplied to field compaction wvhere nunerous shallow
cuts end Tills sre encountercd. Due to the rapid change in the tyves of soll,
and the uncixmected typos cncountered, it is often difficult, if nct impossible,
to nccurstely match cach soil with the oroper Proctor curve for thaet soil. IF
incorrectly metched the inspcctor may either (1) be attompting to obtrin a
density thet is practisally impossible to obtain for his embankment, or (2)
be considering satisfactory a density that is below 95% of the true Proctor

meximun density of his soil.
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The sccond defcet of this methcd of contrel is that it considers only
the desired censity for a soil and does rot tele into account the anount of
air voids present., It is quite nossible to have two different sections or the
soil shovm on Figure 7 cormmacted to = density of 113 1b, ver cu. ft., wvith one
scction commacted at 8% moisture and the other section compacted at 14ﬁ mnois—
ture. When judged by density alone, these two sections appear to be of etual
velue, vhereas, the scction comvacted at 14% moisture contains a mmuch lower
percentoge of air voids and is actuzlly much more satisfactory in preoctically
every case. If the soil has a hich plasticity, this lower mercentase of oir
volds will result in a rmuch lower degrec of swell when subjected to cepillary
weter in the roadbed. If the matcerial is a granular soil or bese mot:ricl, it
should be pertially or totally dried Dbefore being covered, =nd the 145 scction
will Lave & srestor gein in density and a higher finel stobility.

In order to overcome the drawbocks mentioned zbove, the Texns Highway
Deportnent hes recently devised o method of controlling compection by detor—
mining the percent of air voids in the compactoed mixture, This method of con-
trol is catremely useful in the vresent airvort construction nrosrem because
by its use the small inspection Torces, often containing men of limited troin-
ing ~nd expcrience, cen obtain the maxirun amount of control over the acctual
soil compretion. This method apperrs to be the simplest method of control and
hes the very moterliel adventege of controlling the two features desircd in a
comaected soily nemely, (1) o rcasonably high density ond (2) = low percentage
of sir voids. Also, it is mossible to control the density of materinls containe-
ing lerse aggresate by choecking the density of the totel moterisl, io., vithout
heving to scperate, and neoko celculcotions fory the minus l/é—inch vortion of

encn density determinctions This ferture will we discussed later under
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TaA-mlicobtion to Materisls Contrining Lorge Agsregote's

Figzurc 7 shows the Proctor curve for » soil with »n ontimum moisture
of 12.5% rnd o maximum density of 116,5 1b. mer cu. Tt.

At this moisture, the zero air voids densiiy equals 124,44 1b./cu. ft.

957% of Proctor mawimum density = .95 x 116.,5 = 110.,7 1b./cu,ft.
Therefore, the noint A (conteining ontimum molsture end 95% of Proctor Density)

bas & & Alr Voids egqual to 100 (1 — 110.7) = 114

124,.4
I° the line of equel air voids (115 in this case) is drawn throuch

this noint, any vnoint on this line will hsve 2 density ecusl to 89% {or 1®O~ﬁ
A'r volds) of the zero air voide density at the seme moisture content. This
rclationship is used to locate the line of 11% alr voids. Several points are
arbitrerily chosen on the zero gir voids line and, for cach point, the noint
resresenting 899 of that density is plotted beneath the line ab the same mois-
i

ture contente If the compmacted s0il is then required to have less than 115

2ir voids, it rmust 211 in the shadcd orce above the curve of cqual nir volds
(7

not heve 956

sure 7V. It is possible to meet the ninimum air voids requircment »nd still

1

9

of Proctor density if the soil is commacted ot a moisturc content
considerpbly hicher than the ootimum., It is belicved that the checit is someo=—
vhat eutonmstic in this direction, however, bocouse - soil considerably wetter
then the ontimum will wsuvally be too sticlyy or too unstable to be workeds As
more dete is accurmuleted, it should be mossible to set a minimum stability, as
tested by the Proctor necdle or similer mbthod, vhich would prevent the com—

Fal
4

nactlon of soilg +ith cxcessive moisture contents,.

Waen the "air voids" mcthod is uscd for controlling density, the

noisture and densgity tests must be mode irmcdlotely ofter compaction is completed,

andt befors the nmixture has a chance %o lose moisture, Refore the »rojcct is
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staried, standard Proctor curves should be made on the predominant tynes of
soils =nd when these soils are encountered, the inspector can checlt his 2bility
to estinrte and control the optimum meisture.

Once the rolling procedure has bheen adopted, a mejoiity of the mois-
turs content control will e based on the observation and experience of the
insvector, checked by frequent air volds determination. When the density
checlzs show too high a per cent air voids, either the rolling moisture or com—
pactive effort must be incrensed for that soil.

It was hoped thot a desiredble minimum peorcent of air voids could be
chogen thrt could be used for all the soils cncountered in Texas, but this
proved to be impracticals. Fizure 8 shows the nlotting by the Texas Highway

Dovartnent of ontimum moisture vs, Proctor maximum density for 101 soils end

[

noter

o

as

(@]

nls of verious tyncs and from verious localitics on vhich the Proctor
results were availables, On this chart the plotting nunber represents the PI

of the mrterial. Ourve A renrcscnts o line of eouel sir voids (5.3%) vhich is

N

an averasze line for a large nmumber of the nointse. I the specificetions reoulre

(29 [

95ﬁ of Proctor density, thon curve @ is drowm ot 95% of the density of »Hoints
on Curve A, Curve B is o line of cqual air voids (109), ond the soils used in
ceteblishing Curve A must be compacted to less than 10% oir voids, i.c., their
comnected moisture ve. density must nlot above Curve B,

A proun of the fairly clenn sends, identificd by the low PIts (plot-—

tins numboers) have an aversge curve reprcesented by Curve C (14; alr voids ).
A - " d

These sznds should be compacted to F711 above Curve D, which is 955 of Curve

C rnd o minimum cir voids content of 18.3%. There arc olso severcl cleoy soils

PI's) in the lower right hrnd part of the groph vhich would require o

scoerote minimum & oir volde.
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It is belicved thot, for the avernse orojeet, a curve of cquel oir
veids ern be dravn thot will be on averrge for oll or most of the soils on
thet nrojoct, ond ~ minimun sir veids regquired thot will insure 95% of Proctor
density.  One or more unusual scoils mav be encounterced that will require o
seporate nindrum ~ir veids reguirement such as Curve D but these exceptions

cen be noted ~nd identified on the nroject,
This nothod of control is, of course, subject to errors. It con De
scon thrt the noints thet {011 belowv the cvercge linc of eguel alr volds

(drrwm throu~h the voints of moxirunm density) rust be corpacted to slightly

PR o . . . . . . . »
groeoter than 95% of Proctor density in order to Tall within the required nin-—

inun O rir voids, Likewisec, the points above the orizinsl linc con ncct the
clr volds reoulrenents with slightly less then 95% of Proctor density. The
strndrrd nethod of comprring crch soil with its originnl Proctor curve is sub-
Joct to the seme or grenter crrors, however, becouse of the difficulty in
choosin~ the correct curve for ench soil thet is cnceuntered, which will often

includce soill types not previously tested. Anwlicetion to motcerials contrining

loroe gorresrter Assune thet the Proctor curve showvm on Figure 7 reprcsents

5
1

ne tosts mede on the ninus 1/4-inch nortion of ~ basc natcrinl ~nd the noint
A contning 955 of Proctor density rnd 11% rir veids. IFf the % of noteriel

possing 1/4-inch, the bulk specific srovity of the nlus 1/4-inch wortion, ~nd

ore
the percentage of vwter nccesscry to "saturste surfece-dry" the »lus 1/4—inch

portion ~re kmown, the theorcticrl moisturc ~nd density of the totol nrterial

crn be crleculrnted with the Following assuned conditicons:

(1) The plus 1/4-inch portion is srturnted-surfnce dry.

o

1, L] . . ! . . . —
(2) The ninus 1/4-inch nortion is ob opbirun noisture ond 955
of Proctor maximun density.

(3) The mimus 1/4-inch portion £ills all of the voids in the
plus 1/4-inch nortion,



This theoreticel noisturc snd density of the totel materisl will be
at some point such as T on Figure 7, and will =2lwsys contrin les: air voids
then the point A because we have assumed no air voids in the plus 1/4 - inch
portion. This vould indicate that 2 lower Mminimum per cent of air voids™
shonld be chosen for checkinz the total material.

A lerge number of analyses hesve been made by the Texa
nent of actual moistures and densitics obirined in severel types of compacted

bese naterials and it has been found thet the nercent air volds in the total

neterial rre apnroximately the same 2s the mer cent air voids in the minus

ol

1/4" materiel., These anclyses olso showed thot, with few exceptions, the

moterlals that tested belouv 95 of Proctor Censity in the minus 1/4=inch por=
tion also shoved a % 2iv voids in the total moterinl thet wves greoater than the
4

minimum sir velds reguirement chosen from prelininary Procter tects on the

9]

o

ninus 1/4-inch wortion, This slight discrevancy betwecn theory and actual
behovior is undoubtedly due to the feet thet the three assumed conditions,

acted soil

listed in the sccond paragraph above, are not nll atteincd in o comw

or basc mrterial conteining courescte lerger then 1/4-inch.

15

1

This 1s o very fortuncte condition in thet it enables the following
notinod of control to be used in the compaction of base materials, creopt vhere

there ic »rectieslly no ninus 1/4—inch vortion as in o sledre stone bose or

(1) Yake prcliminary Proctor tests on the mims 1/4~inch vortion of
scevercl samnles of the moterisls to be used, ~nd nlot the cotismum moisture vs,
moximum Censity for all srmples on the same shoe

(2) Draw an svercge "line of equal air voidg" throush these points,

Drew o linc representing 955 of crch of these densitics; this line is olso a

s Hichway Depart-—



line of equal nalr voids cnd this mininum ﬁ ~ir voids ig chosen for use with

the totnl moterial to be used from the deposit, pib, or project as the case

4

night he.
(3) Immedintely after cach section is rolled, meke o density test

on the total materinl and either plot the & moisture vs. dry density ou the

Nal

orizinal sheet or colculete the & oir voids in the totnl materinl. If the
per cont air voids is less than the required ninimum or the plotted point
fr1lls ~bove the Minimum ~i ids! 14z he nn icl is satisfrctoril -
~11s ~hove ¢ "minimum ~ir voids" line, the motericl is satisfrctorily com
poctods  The method of checking the sctunl density in the minus 1/4—inch nor-
tion need be used only wvhen density tests arc mode after the compocting mois—
ture hag becn lost by drying.

i

3

The cnormous s~ving in time, cxpensc, ~nd convenience of the
voids method of control is self-evident. In ~ddition, the climinction of the
numerous colculntions involved in determining the ninus 1 /4" density removes
o potentinl source of errors,

If the inspector wishes to lmow vhether o ~iven wetted soil is too
wil or too dry for rolling, the following procedure con be uscd:

(~) Meke n Proctor spccinen of the soil in its cxisting moisturc
condition ~nd obtrin thc wet density. Also cxamine sbecimen for stobility.

(b) Obtain noisturc content of the neterial by the "quick dryt
ncthod, using the corrcetion frctor obtroined fron »relindinary commoarotive

ts vith st-nderd drying nrocedurce (cuick dry method rcequires 15 to 30 ninutes,

tes
(¢) Coleulnte the dry donsity (veight of oven dry soil per cubic
foot) of thc Proctor spceinen molded abovaos

(d) Plot moilsturc vs. density of the molded specimen on the chert

ond crlculete thoe percent cir voids or compare with the line of desirced ninirun



v “ e . .
(e) If specimen shows too iigh a % air voids (plots below the

desired ninimum & a2ir voids line) more water should be added., Passing an aver-—

ool

;e shaped oplimum moisture curve through the plotted voint, the inspector
cen estimate the norcent of sdditional moisture needed,

(f) If the percent air voids are lov (plots sbove the desirved mini-
muni ~ir voids line) but the molded specinen is obviously unstsble, the moisture
ent should be roduced before the compacting equipment is allowed on the
neberials Inspectors can soon learn to judse the stability of a molded sneci-
men with surnrising accurocy.

() If both of the ¢ nir veide and stebility arc satisfectory, the
meterisl is resdy to be cormpecteds
“he writer is often quericd concerning the differences beotweon oir—

port wrvenents and hishwuay »evements, rith respect to both design and censtruc—

tion. They avpeer to be very similcor in »nrrcticelly every rosncet, vith very

1 55)

for minor ecxcentiongs Various trmes of »naveanonts arc uscd in both croes,
devending uvon the cxpectod usensey, loods, @nd the aveilable materinls. The
naximun unlt pressures ot the surfrcecce of the povemont ~ro sooroxinately connl
for the comnrrrble closses of velilelces, The lerzest Hlrnos »robobly hove o

crester orea of tive contret £hirn the leox tracke ond, thoroforc, o ventir

L1y

denth of broe mrtoricl snd etrblo subsrede notorial is rooulred.  The denth

of brsc used in both crses is still bescd leorgely unor oimoericnce goincd

the nroven west verformence of milor netericls.  “umcerous formulns, somc
combincd vith tests on the modoricls to be uncd, hove beoen offerced for deosign—
ing the depth of hosc recuirced vnder o siven locding.  The writer belicves thet

»n crecelleont stert hes bhe n mede townrds the golution of this problaom, but that



nonc of the present methods nre satisfactory bocouse the grenbtest controlling
factor is still the so-coalled "bearing value' of the subgrade and bose metericl
after thoy heve been under on impervious surfrce for several yerrs. The "Berring
velue' or sheering strength of = given soil mey vary scveral hundrcd norcent
vith only » smell change in moisturc content,

The ccturl construction of airmort povements has one distinet e~dven-
t~ge over the construction of hishwsys in thrt the operations arc confined to

nosmellcer crea. This ensbles the inspcctore to more corgily -nd quickly move

2

from onc opcrabion to rnother snd thus keen o Letter control over the jobe As

£

Hh

oo rule there ore not nearly ~s mony types of soils encountered in the censtruc—

tion of an sirvort ~s wvould be cncountered in nn couivelent scunre yerdage of

highvry novement, therefore the insnector cron morc auickly becone ©imilirr with

0
w
o]
e
=
6]
-

the chrroctericetics of the verious The larae orcos ~nd relotively flat

gr-des cncountered in airoort construction offten wreosent o serious hendicen in

the form of o draincge problem, during coanstructicn ns 1¢ll rs offor coastruction
One of our sirport nrojects vhich s deleyed nore than cnyother by the hich
reinfs11 in 1241 contrined » foot of uncormpacted sendy A-2 soil underlein vith
an lrmervicus cloy.
Onc vpoint thrt ~11 types of prvencents still have in common is the
- | l -

fret thet the grentest ceononmy of design enn be nged ond the nexipmm Tinal

stobhility obtrincd in the chosen design by o prover utilizetion of the cvell-

&

oble moterislsse  These aveilerble meoterinls crny, in turn, be nroperly utilized
only by r thorough prelimincry survey ~nd o prelinminery testing neocde nrior to

the dosigning strge.
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RELATION BETWEEN ZERO AIR
60 VOIDS DENSITY AND THE
PROCTOR DENSITY AT OPTIMUM

\ MOISTURE FOR VARIOUS TYPES
OF TEXAS SOILS o sampLes may 1.1941)

Each plotting number represents the Plasticity Index
of a given soil, and the number is plotted at the op-
timum moisture vs. the  Proctor density for that
soil for any given point on this chart
S actual density e)
\ % Air voids = 100(1- oo vords denisity at That X moistur
\

ABCD ARE LINES OF EQUAL AIR VOIDS
A = 53X air voids = average for 100 X Proctor density.
B =957 of A=102Z air voids = gverage for 957
< Proctor density.
] C = /42X air voids= avercge 100 X Proctor density for
£ a few sands.
D=95X% of C =183 air voids
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DISCUS3ION OF MLIMITATION OF THE FIXLD LOADING TEST!
by
He S. Gilette

Senior Highway Engineer, Public Roads Administration

The "Field Loading Test" which wes conceived in an atmosphere of
brisk generclization and ushered into the engineering literature with optimis—
tic nromises before the zdvent of soil mechanics as we mow understiand it ha
linzered too long in our field practices with a persistence that is ame2ing
without a frank analysis of its shortcomings. During this interim these short-
conings heve left much that is on the red ink side of the ledger of engineering
prociice,  Your coursgeous enalysis of its worthless shortconings merits wide-
snroead enginecring approval and hearty congratulations. I em in full accord
with the conclusions expressed in your paper "Limitetion of the Ficld Loading
Tostt,

For a long time I have becn of the opinion thet the loading test on
clays con be predicted from the inoxpensive unconfined compression tests if
the strein ratio (23 = J ig knowm,

Du

Very recently I considered that it was possible to detcormine this
retio by the simple uncoafined comnression test slone and did so cxpress my-
sclf in thot wey in the discussion following your naper at the Foundation ncet-
ing. In roviowing the literaturc subsequent to this discussion I heve Tound.
that others have been initially of the samc mind. Quoting from Mr., Austin R,
Uason, Roscerch Associate's mopor E11 Vol. II of the Procecdings of the

Intcrnational Confercnece on Soil Mechanics and Foundaiion Enginecring: At firgt



1% wes considered poscible to determine tials ratio (__ = J) by simple un-
Du

confined compression testsh,

At the time of the moeoting I was of the above ovninion but subscquent
chccr on my analysis has indicatod that ny enthusiasm was prematurc aad in crror.
Presoently at least the nrocess of obteining the strein ratio will requirce the
utilizatlion of the unconfined comprossion test in parallel and along with sur-
face loading teshts to define the strain retio. In the absence of cxact znovl-
odoe of the sirain ratio for o prrticular case one can assume the stroin ratio
h assumption sooms to be alvays on the

.

for =n elastic—isotronic maoterinl, whic
safe sides Thig will have to To the nrocedurc for the time beiug of the
engincering proctitioncr without o lersze leboratory at his command, Of courso,
well-cqulpoed ladorstorios will be oble to utilize vhe tri-axial apnarctus to
their advantase.

Tour nepor very definitcly discloses that the first essonticl ncces—

gary to prodicy tho benring wower of a Toundsation goil is an ACCURATE SOIL

PROFILE, “ithout such cccurnte drtn, mrodictions arc murce guesswork :nd rule

thumo works I wish Yo recrphasize this essontinl necessity - thet until an
accurate goll wrofile becomen o port and nercel of proliminary investigetion,
~11 Toundrtlon anelyscs will romein in the cabtesory of rulc of thumb vrocedurcs
The second nccessity easentinl to nrosress in the theorctical analyses
is continuing ficld mensurcmonts gottlemente of structurces in the field.
Urnless o cooperntive ofort is mrde to gather and 3o rocord this much needed
dotn, nrogress in the direction of subgtontiated theory ~nd still more ccononical
coineldent vith safe desien +ill e delayod.
The two ~bove cssentinls strnd oubt as bencon lights for our cuidance
to sreater scourity in.our ennlysocs ond grentcr economy in the ultimete objec—

4

tives in the ern ahend,.



SOIL COIPACTION
by

Spencer J. Buchanan

The design, construction and ultimete behavior of earthern structures,
regerdless of the murnosces they are to serve (that is, whether they are dens,
levees, highway embeukments or the bases for airport ruaways) are sbtrongly
jinflvenced bv the commaction of the soil used in them. The original concentlon
and arbitrer;” standards for compaction, as set forth by Mr. R. R. Proctor* in
1925, have formed the basig for great improvements in the design and coastruc—
tion »nractices for earthworks., The elfect of comvaction on the major factors
of design - nemely, shear, consolidation and permesbility - hegs not bHeen Tully

explored; for exanination of engineering literature shows this effect has veen

5. Tmicicient

-]

indicated only up to the present, cxcept for cohesionless materia
construction is vital., Tor a structure to serve its intended purposc to bost
adventage, however, the two primary elements — design and construction - must
be well belanced. It is the opurpose of this naper to show the relationshin
betwesn the mejor factors of design and comvaction and how this relationship
may be rceflected in the completed structure.

Before going further, let us revievw what hanens to a soll as it is

fal 1

compected. Several explanations have becn ziven for this action, sll of viich

are essentislly that offered by Procior, which is described briefly ss Jollows.

&

The cormaction of soils is achievod by forelns the fine ¢rains into the voids

of the cosrse grains to increase the Censity of the mass, The friction bebtwecn

¥ "Fundamental Principles of Soil Cormaction," R. R. Proctior
Four articles in . ¥. R. Vol. 111, Fos. 9, 10, 12 2nd 13, 1935.



greins must be overcome to accomnlish this compaction, TFor a relatively

dry soil; the resistance hetween the grains to a tendency to rearrengement iso

largze, for the thin water films on the grains provide little luvrication.

Also the effect of surfoce tension is wronounced, resulting in the compacting
force helny partially neutralized so thot limited densification is accomplished,
ng the moisture content improved the lubrication and neutralizes the
capillary actlon to increase densification, This action proceeds until a cri-

ticsl woint 1u reached at which a naximum of the fines have been fowrced iuto

L
T

the voids of the coarse grains and the bulk of the remaining voids arc filled

with veter, leaving a ninimum of residual oir, Increase of the moisture beyond

5

the criticel moint does not further lubricste the mass, but provides an excess

of vator in the voidsg that carnct be driven out by the compacting force. Con-

sequently the censification is decrcased as the roisture content i1s increased

and o srenter nlasticity results.

The picture of the behavior of soils undergoing commaction just
sketched mey be clarified, It is the writer's oninfon that not only are the
fine grains forced into the voids of the coarse grains es compaction nroceeds,
but also that a general interlocking or readjustment tazlies nlace for oll of

-

the 7raing, both fine and conrse. Further, for low moisturc con-

tents, the water films on the groing bind them together into series of soil
erches ov groups, like flocculated sediment or bullted sand, These arches or
groups.ard arranced in much the same nmenner as the structure of marine clay,
described by Dr. Casagrande.® UWhen the Tilms ere thin 2t the low noisture con~—
tentas, the surfoce tension is so zreat ond the arching action so pronounced,

that the commacting force doss not causc their collspse, Linited densificeation

¥ UStructure of Clav and Ito Immortance in Foundation 33:110 ring, !

A. Casacrande, Boston Soc. C.B. Journal, Vol., XIX, Fo. 4, Aoxil, 1932



thus is accommlished. Accompeonying an increase of the moisture content, the
effective surface tension and the strength of the arches are reduced, resuliing
in increassed densification. At the criticel or "ontimum!" moisture content

the gsupnly of water just is sufficient to neutralize the surface tension; the
full erffect of the compacting force is utilized in resdjusting the relative
positions of the grains to form a dense mass. The description previously
given for the subseouent action from this point nesds no repetition.

The arching within the soil is illustrated br extending the usual
comection curve, Figure 1, to the noint of zero moisture content. In this
instance the ©90ll was oven dried to start with. Accomnanying the addition of
the first noisture the arching or bulking is vrorounced, as is indicated by
the abrupt decresse in density or unit weight., As the moisture is further
ilncreaged, the filme of water on the greins becomes thicker and it 1s natural
that the capillery action effecting the behavior of the grains and srching
vould dininisgh,

The basic princinles demonstrated by Proctor zad subsequently veri-
fied by vide practice have been extended, as illusivated by lMr, L. W, Hanilton,¥
to ghow that the density of a compacted soil varies not ondy with the moisture

conteat but 2lso with the amount of dynamic energy apolied in the comacting

e

-+~

operation, as shown by the family of typical curved, Tigure 2. If the nsojor

Tactors of design - shear, consolidation, and mermeability - very with density,

EN

as they obviously should, then it follows that the density or compaction nay

be adjusted to meet the recuirements of efficient design rather than bve held

to an arbltrary standard that disregards these Tactors whlch are so viital to

Fal

the succeses of o structure.

—

*  UCompaction of Earth Erbankments," L. W. Hanilion, Pro. Si-hitcenth
Annual Meeting Highvay Research Board, 1938,



The shear strength of a soil should be increased by the extent of

compachtion, for the grains are forced into intinate contact, interlocking due

to densificetion is increased, and greater friction results, Purther, the

voids are veduced, particularly for cohesive maberials, so that the inherent
sherr strength of the material is increassed.

To snecifically illustrate the effect of compaction on the shear
strongth of a soil, a series of direct shear tests was made of a clayey-silt
(see Tigure 3 for general characteristics) vhose compaction characteristics

are showa by Figure 4. I% may Ze noted that the arbitrary standard of 25

blows ras not followed in this instance, it the compecting force weas varicd
fron 6 to 60 blows. The specimens for the sheer tests were at the optlimum
density and moisture content. The results of the shear btests and effect of
cormaction are shown by Figure 5. IExemination of the first curve ol the Tramily
shows the strength gained during the first stages of compaction is rapil butb
for the later stages the gein ig small. In this instance, 62% of the strenght
at the arbitvary standard is produced by 50% (12.5 dlows) of the commaction;
however, by doubling the commaction (50 blows) & ~ain of only 23% is achieved.
The femily of curves shovs further that the point of maximum return veries as
the normal load; for a normal load 0.5 tons/sy.ft. the woint corresmvonds to
about 25 blows; for g normal load 1.0 tons/sg.ft. the point is about 27.5
Tlows; and. for a normel load 2.0 tons/sc.ft. the neint correspends to 52.5

blows, thus indicating that the criterion for ovtimum compaction should Te

adjusted to the conditions to which the materials in gquestion are subjectod.

IS5

s}
fe3

The benefit, insofar as strengbh is concerned, of compaction in th
instance is shown by considering the increcse from the initial point (6 DHlows)

.

vhich is considered %to corrvespond to the desrec of compactlion produced in



placement alone without any rolling or other attention to densification, such
as dragline construction. A relatively limitedl amount of compaction (12.5

blows) produced by hauling equipment, causes the strenghh te incresse onracti-
call;: 100ﬂ for a range of normal nressures from U.E to 1.5 tons/éq.ft aad by

develoning a compaction equivalent to the arbitrary standard of 25 blous the

)

increase oif the strength amounts to 215 to 245% for the same range of loads.

¢

This fact has not been given the attention ibv so worthily deserves, in ny

opinion,

-1
-

planning the compaction of the soll for a structure, advoatuse
cen be taken in both the design and construction oF the relabtionshin belweon
compaction and shear strength to make the most effective use of the meterialsg
aveilable. The use of the artitrary standard (eguivalent to 25 blows in sone
insteaces end 40 in others) dictates one ootimun meisture content and density.
In the case of a levee system or low dams in a flat river valler where the

Kl

cround water is near the surfoce, the avallable construction materials may be

£
U

ct

too wet wvaen comvnarcd to the "opntimum" indicated by those standards, In

event, the compaction of such materials, when cousidered only in the light of

'

the one gtenderd, may not only He both imoractical and costly dbut also delay

Ja

construction seriously in times like the Hrosent,

9

curves, Figures & and 4,

o
by

However, cxamnination of the two families

.1

shovit thet by reducing the criterion of compaction an increase of allowable

noisture content is experienced while an aoreciable meortion of the shoar

th ig retained. TFor structurcs in vhich flab slopes are dictated by

=

considerations such aos maintenance or weal: foundations, the reduced comaction
allowable would e particularly alvantaceocus from the standnoint of roducel

cost provided the reduction is not so grest as to mermit detrimental shrinkasc



of the structure to occure The broadening of the limltc on compaction =nd
conrequent lacrasse ol the allowadble moisture conbine to Hroaden the linitgs
on the usable materials aveilsadle with economiecs in costs as well as to nini-
mize delays in construction,

One of the vnrine »urvosszs of cormactinzg the soil in an cmbankrent
is to place the material in the conditiorn that will ultimatelr develon upon
the completion of the structurc. The compaction of soil causes the natorial
to Te preconsolidated. The equivelent static load which wvould produce the

seme densification corresponds to the preconsolidation Joad on defined by

i

It 13 apnaren

that the eqnivalent »reconsolidntion load

ification »roduceld by the dvaemic compacting encra and

the ovellin~ characteristics of the mabterial involved. To 1llustrete this
relationshizm consolidation teuts vere nade of gnecimens ol the clay—-silt

nreviously referrcd to which hod Deen compacted By using a range of tlovs

.

varying roi 6 to 60 and the preconsolidation loals for cach were deteimined.

the tests are showm graphicall; tovre 5. Tor situations

o

b

N
-7
O(/‘

o ) . )

ray embanltments, bases for runveys or the lile where 1% is desiv-

able, for ecconomic ruagong or due to the limitaticns of time, for the finished
grade to be maintained the control of compaction on the basis of preconsolida—
tion nroduced thus epvenrs feasibles TFor lorge erbeniments such o Lascs of
damg in vhich will be developed pressures in oxcees of the precounsolid
7 compaction some shrinkacse or settlement should occur as consolida-
tion nrocceeds mnder the pressure in excess of that built in. EHowever, os
indlcated 1z tals instance, the shrinkase 1o limitod.

For conegive soils, the hazard from over action and thc coaso—

guent exvansion upon ssbturation or shrinkage upon Civring must Te guarded ageinst.

*  Wproccedings International Coaference on Soil lechanics and
Foundation Engineering, " Arthur Casaszrande - Vol. III.



The treatment of this v»hase of the planning of the compaction of o soil, as

given in the Report of Sub-Committec No. 2 of the American Sotiety of Civil
Tnoinesrs® is so comolete thet further remerizs relative to the matter are not

worranbed at this time.

gl .

The third criticel faetor of design alfected by the act of commaction

ac

is the permeability, It has generally been conceded that beceuse the voidsg oF

a compacted nmaterial ore reduced, and as these volds gerve cs nipes through
.

vhich vater in the form of seepage nust pass, there wovld ovvicusly we o narked

reduction ol the vermestility accommenying compdsction, This is true butbt not

ordinarily visuadlized. The yardstic: for measuring permenbility

is o very long once, erdending from one hundred centimeters mer sccond to one
pillionth of a centimeter per sccond or throush a range of eleven disits, Yow
the four basic tymes of soil used for easineering constructiony nomely, sravel,

saand, silt, and clay. The normal Jlimits of the chenge of wermeability produecd
by compaction will seldom involve more than two ol the eleven digits on the
scele. The permeability of the silty-clay used to illustrate othor nrinciples
o b - - -9 -9 . nd Py

in this wmaper ranged between 13.0 = 10 snd 2,8 x 10 cn, per seconl fox

the corresponding compaciion 6 to 60 blows., IMumerically, this chonge 1s

sizeable; however, on ap iication in the design of a dem oy levee the dif7er-

5

ence is actual quantities of secpage involved would he so smgll as to be in-

<

~

gsignificant. To meet thig nehse of the design for s structure it wonld ue far
better to resort to elements formed of materials imnmervious by nsturce robher
than depending upon densification.

The compaction of soil ag relatcl to its stabilization should be

direct regerdless of the form of stabiligzabtion; that ig, mechanical or chenical,

*  MReport of Sub~Committec No. 2 on Consclidation of Imbhentmonts, !
roceedings of the Americen Society of Bivil, Vol. 82, Mo. &,
Page 1491,



>

In the first case, that of mechanical stabilization, the densification rosult-

L

ing from compaction ceuses the interlocking of the grains so that the bindiag

agent (cement or asvhalt) is in close conbect with the aggresste. This same

o]

wractice is followed in work with conecrete in that, by vidbration of the nass,
densification results vhich is reflected in an increase of streangth. Rescarch
in this matter hag already indicated this tendency Tor stabilized coils. The
criteria for the compaction For stabilized soils will no doubt conbinue to be
a more or less arbifrary matter until more definitc mothods for pavement design
based mwon subsrade behavior are developed. Fowever, the heart of anr stebili-
zed surface or pavement is its foundation or subsrade, the commaction of vhich

goes a long vy toward the prolongation of the 1ife of both.
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