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Qctober 1952

THE RELATION BETWEEN QUALITY OF MATERIALS
AND QUALITY OF HIGHWAYS

F, N. Hveem
Materials and Research Engineer
California Division of Highways

A general discussion of the factors which influence the per-
formance and gquality of highway surfaces and airfield pavements
must necessarily touch upon a great many different phases--the
location, design features, climatic condlitions, type of traffic
to be carried, type of construction, quality of workmanship,
funds available, et cetera, A1l these factoré may have a bearing
upon the perférmance but one consideration will usually outweigh
all others, If the materials used are entirely satisfactory and
are properly combined, most of the other factors will have little
or no effect upon the performancse,

If a Bible were written especlally for engineers, it might
well start with an opening phrase in the first chapter somewhat
ag followss

IN THE BEGINNING, THERE IS THE
*===:I::] SOIL AND THE SURFACE OF THE EARTH [:::::::-
- AND ALL THE MATERIALS THEREOF,

There are few activities of the civil engineer that do not
require a consideration of the soil and the.materials of the-
earthis surface, These materials have been used by builders
and engineers since the dawn of civilizaticn 2213 the use of clays
for pottery is even more ancient, Svudies -f the scil or of the

earth*s surface have bean diwide: inmto different gpscialties: for
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example,.geologisés and thé students of soils for agricultural
purpoées. Givil engineers ﬁake a great deal of use of geological
inforﬁation and have adopted many of the mineralogical classifi-
cations, They have also drawn heavily upon the efforts of the
soils scientists working'in'the agricultural field, It is
necessary to recognlze, however, that while much of value can
be secured from workers ingother fields; nevertheless, the
classifieations'déveloped by geologists are not always in accord
with the engineering properties of materials, and the interests
of the agriculturél expert and his methods of =s0il classification
are also differenf from those of the engineer, As a resulit, civil
engineers and espécially highway engiheers must develop Gtheir
own methods to de%enmine the behavior of soils for engineering
purposes, |

While many téxt books have been written in the general
field of soil méchaniCs, meny such treatises rely heavily upon
the mathematical épproach which necessarily assumes that soil
masses are highly uniform and therefore represent an isotropic
mass, Most practical engineers who build highways are very much
aware howsver tha% the ideal soil of the mathematielan is rarely
encountered in actual highway roadbeds and whether he likes it
or not he must cohstruct the pavement over the scils that exist
and ﬁith the granﬁlar ﬁaterials that are economically available,
It appears that the materials of the earth were created to serve
a variety of purp@ses and all types are not suitable for the

specializedneeds of the highwey engineer,
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In laying the ground work for such a congtruction, it 1is
obvious that if the engineer or anyone else is to plan a
gtructure with assurance that it will carry the loads and perfopm
as was intended, he must know a great deal about the qualities of
the ﬁaterials and how they will act or perform during the years
in which the structure is expected to last,.

For the purposes of thilis discussion, a highway or airfield
pavement and its supporting base are considered to be a structure,
and the ubper surface of any pavement iz subjected to a variety of
destructive influénoes. Among these are the thrusts due to the
tractive effort of vehicles either in accelerating or decelerating
Which'may be described as a combination of abrasive action and
rolling friction. The surface of the pavement must also withstand
the effects of wind, variatlion in temperature and moisturs, in
addition to supporting the weight of the vehicle. The material
benesath the pavement 1s alsoc subjected to several influences among
which are the effects of pressures resulting from vertical loading
and the effeots of moisture. It may be argued that low tempera-
tures are also damaging to subgrades but the effect is an indirect
one as there 1s no reason to think that any damage would result
from freezing or thawing in the absence of water. O0f all the
factors or influences which affect the supporting power and load
carrying capaoity-of goila, moisture 1s by far the most important
variable. In the absence of water, virtually all soll materials
whether crushed stone, sand, loam or adobe will support any
vehicle load that can be carried on pneumatic tires and if the
soils beneath highway pavements could be prevented from becoming

wet, soll mechanics would have l1ittle meaning and would not be
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of much concern té the highway engineer: Therefore, so far as
practical applications are concerned, the very title "Soil
Mechanics"™ 1s migieading as the term makes no reference to the
most important aﬂé influential element; namely, water. When
engineers mix as iittle as 5 per cent of liquid asphalt with
mineral aggregate, the resulting combination is called an
agphaltic mixture. If 15 per cent of Portland cement and. water
is combined with sand and gravel, the comblnation is ecalled
Portland cement concrete but when faced with the necessity of
predicting the behavior and supporting p;wéf'bf g0il which may
contain as muth gé 25 per cent of waber, the engineer still

" tends to deluds Himself by thinking that he is concerned only
with "tgoii" mechaﬁics@

As stated béfore, it was not many years ago when engineeré
generally paid very 1ittls attention to differences in soil
types. Most raiifoad and highway engineers learned long ago
that classified excavatidn is usually a sgource of trouble and
controversy between the contractor and the engineer and many
states includingnﬁhe Galifornia Division of Highways do not
clagaify sexcavation rﬁaterials° In other words, the contractor
is paid on the bagis of his bid price whether he is moving
loose soll or soiid rock. In spite of these simplifications,
engineers began to realize some 25 years ago that materials
kencountered along the highway routes were not always giving
equally éatisfactory performance and one of the first factors
to receivs oonsidération was compaction. The California
Division of Highﬁays were ploneers in setting up requirements

to control the compaction of soils during construction.

=y~
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- It did not take long to discover that in order to secure
the maximum efficiency with fisld compaction equipment, careful
dontrol of the moisture content was necessary: Hewever, wifh
the passage of time &nd increasing étudy.of the prbbléﬁ; it was
pvident that thorough'compaction alona was net emough to
guarantee satisfactory support in all types of seills and it
became_apparent that there was need for some laberatery test
procedure that would evaluate the capacity of the sell to sus-
tain loads when 1n its most vulnerable condition of density and
moisture content. Dating from Goulombfé time, (1736-1806) most
theoretical digscussions on soil meehanics reeognize that the
entire structural strength of solls rests upon two distinet
properties; namgly; internal friction and cochesion. 'The
gtability of slopes @nd embankments, the pfsssures against
retaining walls, and the ability to sustain veftieal loads, all
depend upon & combination of thése propertiesy namely, friet;gn
between thé roock or soll particles and any cohesive_fe:cas |
which may exlegt. The laws governing the frictignal'resiétgnee

between solid particles are probably very complex and it is to

‘be doubted whether the nature of this phehomenon is clearly

understood, even today, but for practical purposes variations
in frictlonal resistance maj be well endugh defined ih thé
terms used by.Amontons,who was one of the first to investigate
frictional phenomena. Amontons! law statés that the rés?sﬁanqe
to sliding between adjacent partioles in contact varies ﬁiﬁh
the nature of the surfaces, airectly with the greésuré whieh

holds the surfaces together and is independent of the speed and
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ﬁﬂgféﬁﬁﬁrent”ﬁféﬁyfn”€5ﬂ€§8t,“ fhe common definition of cohesion
ag uééd‘in*soil‘méchaﬂiés:Eéxts does not correspond to the
‘dictionary définition and it is generally stated that the
cohesive “resigtance in“goils is that part of the resistance

which ‘doss nét vary with the pressure. This is a rdther nega-

tive définition but apgrées with the observed behavior of viscous
1iduids as tﬁé'iﬁ%efﬁaiJffiction of liquids is virtually inde-
pendent of the pﬁESSﬁféTand the resistance developed by a film

of ¥iscolts materfal Between two solid bodies varies directly

with'ﬁhe’area'an&fwiﬁﬁ'the"speed of action but is largely inde-

pendeﬁ%fdf ﬁhe“ﬁféssuﬁeu

Nhiféhthe”dfﬁii éngineér considers that the term "soil®
ineludes all mﬁtéfialé of_the earth's mantle including gravel
and san&s; as'wefi“as"ﬁheééilts and loams, it is true that
virtudlly all'Suéh'materials contain a greater or less percent-
age df‘eifrémelyéfine partlcles having the special properties
offplaéti¢ity and mobility that are characteristic of the clay

minersls. If ‘tHére is a ocomplete absence of the clay fraction,

the miterial finéf“tﬁdﬁ aiNb.'h sieve is to all intent and
purpdééé“a‘éaﬂdﬁéVeh'ﬁhough some of the particles are very
amall énd of cbugéé'moét ¢lays possess properties that are not
soielj'éttfibutaéle to éméll particle size alone. It is not
the purpodé of this pdper to attempt any discussion on the

intimaté shape aﬁd"édﬁpos{tion of the clay particles. From

Lo
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the standp01nt of the hlghway englneer who is attempting to

evaluate the behavior of soile as an engineering material, it is

!

sufficient to recognize that when comblned with sufflcient water

mosgt elays are very effeotlve lubricants and when a sufficlent
quantlty of olay is 1ntermixed with the coarger granular portion

of a 5011 lubrlcatlon w111 develop whenever enough water is

PRI );' N

added. As the ablllty of SOllS to resist deformation depends

i

very largely on'the internal frletlon, wet clay has the effeet
of reducing or oeneellng out the frlctlonal resistance. It may
also be p01nted out that the eomealled gcohesive reslistance is
almost entlrely due tokthe olay fragtions and therefore ¢lean
sands are non~ooheelve. _Again we must note the important part
played by water as finely ground dry clay particles exh;bit no
'cohesive pnopertiee..'vawater ie added tona dry soil, tne
~ cohesive resistance will normally inerease with the addition
of molsture and in nost‘oaees the frietional registance will
'not be greatly inbaired until a certain amount of moisture is
added'_ Beyond- this point, the frictlon w1ll diminish but the
¢ohesive re51etence may. contlnue to 1ncrease up to some point
of hlgher moisture content after whlch both'values will
dimlnieh as the soll epproaohee a completely fluid state.
Ae the wet oieé f;aotlon.feduces the internal resistance
by 1ubrieatlon but may 1ncreaee\the re51stance by improving the

- . o o u 1 1 1 B ,;.,l B

ooheelon, it is neceeeary to determlne somethlng of the rela-

SEW AT o Lo

tive importence of thesge two propertleen As thle paper ig
_ TEY EN S SRl R -() O [‘ BNl '
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alleged to be o the practical side, I will not resort to
tneoretical discussion but simply p01nt out that both field and

\

laboratory experience demonstrates that of the two bas1c prop-

[

'erties res1stance due to friction is of the greatest magnltude

and therefore the most important when dealing with typical

IJ

s011s or granular materials. Beds of clean sand even when wet

_—
& 4;‘-1

have 1ong been known to furnish ex'rllent foundation support

provided a reasonable thickness of surfa01ng material is placed
above Crushed stone or gravels with no measurable cohesion
areJexcellent for base course constructlon and: are able to
withstand v1rtually any vehilole load if covered with relatively
.thin surfaces having the requis1te tensile strength On the
other hand plastlc soils or asphaltic mixtures hav1ng high
cohesive values but little 1nternal friction are rarely ade~-
quate to sustain vehicle loads, It is realized, of course,
that if the cohesive or tensile=strength could be made guffi=-

ciently high internal friction would not be necessary°

Metals are typlcal substances having little or no 1nternal

'friction and Where the resistance values are almost entirely
s -‘.-m - : (-i, .

dus %o the cohes1ve or tens11e strength However, ‘naetural

goils oontaining appreciable amounts of water are not capable
of developing such high cohesgive values and therefore the

E J.

internal frlction is the most important property.' Thls con-
clusion is in accord With the observation that an excessive

amount of clay 1s detrimental and soils or gravel containing
‘high percentages of clay 1nvariably become unstable and lack

supporting power when wet,
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Having recognized the generally adverse influenoe.of clays
it 1s pertinent to inguire whether there are differences in per-
formance due to the tyve of clay as it is well-known that there
are numerous types and ‘classes among the clay minerals, ‘While
specliallists and experts in clay technology must perforce recog-
nize many of the variants and peculiarities of clays, the high-
way engineer has gone a long way 1f he recognizes three mailn
groups; namely, kaolinite, 11lite and montmorillonite, - Again:
he is only concerned with their physical properties and it ié
well-known that most clays of the montmorillonite class p&ssess
a very high affinity for water typically showing considerable
expansion or swelling and when wet are very effective lubri-
cants, Kaolinite 1s at the other end of the scale having 1n
general a much lower capaclty for water and retains a greater
internal resistance due to friction than is the case with
bentonite, for examvle, leiﬁe clays appear to be somewhat
intermediate. In addition to the particle shape or structural
differences that are characteristic of each of these types of
clays, 1t i1s also evident: that the physical properties may be
markedly affected by small additions of water soluble salts or
other organic or inorganic compounds, A knowledge of these
behavior patterns and the effects of such elements on the
fluidity end plasticity of clays is, of course, one of the
eésential branches of clay technology and requires speclalized
knowledge which the average highwaf engineer or sven a well
equipped highway materials department can hardly hope to

command ,

www . fastio.com
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"Tﬁéieﬁgineérfs.inéﬁfééf,‘howéver, is primarily involved in
the question of the over-all effect of the particular clay when
the soil becomes“ﬁét and the primary question is the effect on
the structural stdbility which, as stated above, really involves
the possible'redudtion in Internal friction,

‘In order %o ﬁeasure thie ability of soils and granular
materials to sustain loads, many tests have been devised, one of
which is used in'fhe laboratory of the California Division of
='.I-Iig;l":m;ays.‘, This testing procedure makes it possible to prepare
“soil spécimens'by;first introducing sufficient water to £ill
the voild space, céﬁpacting to a state of density comparable %o
that developed in.host‘highWay,bases and basement soil laysrs,
and then t6 measure the redistance to deformation, The instru-
ment has been givéh the name of "stabilometer,™ Basically, it
is a form of plasﬁometer.and the tegt reflects primarily the
internal friction or degree of lubrication with cohesive
resistance playing”a minor part, When being tested in this
ingtrument, a compacted sample is subjected to a vertical load
.'which may be variea at will but for highway purposes is
typically 160 psi. The instrument makes it possible to measure
the lateral pressure transmitted by the specimen, Fig., 3.
FPigure 2 is a dha;t showing characteristic curves 1llustrating
loss in stability:br internal resistance of a crushed sandy
gravel due to the addition of increments of plastic clay, This
test is used asg a:basiS'for caiculating the supporting value of
the soil and by uée of sultable formulas it is possible to com~-

pute the thickness of cover courses of bases and pavement which

10—
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 will be necessary to support vehiecle loads of a given magnitude

and number of repetitions. Thess test procedures have been
reported in considerable dstail elsewhere and will not be
discussed further here. The stabilometer test and the elabo-
rate compaction equipment required to produce specimens that
are chdracteristic of soils in place in the roadbed méan that
this test procedure is virtually restricted to a fairly large,
well edquipped laboratory.

It is essential however, that the engineers in charge of
construction should have some ready and convenlent means for
detecting the pressnce of exéessive‘amounts of adverse clay or
fine materials., In view of the fact that the lubricating
effact_of clay or of any other material is dependent upon the
volume of or the thickness of film between the particles, the
most fundamental relationship depends upon the effective volume
of clay that exists in each soil. In order to speed up the
testing operation by avolding fha need for weighing the sample
and drying out in an oven, a test has been developed called the
"sand Bquivalent Determination.™ The test is applied to a
sample of granular base material passing a No. L sieve and the
relationship between the quantity of clay present and the amount
of coarser gand particles.in the soil is developed on a volume
basis and the test results indicate whether the volume of "sand”"

is either high or low - hence, the name "8and Equivalent."
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Essentialnglfhe Eest;is performed by shaking a sample of the
Tine aggfegaﬁé Vigbrousiy in a transpareﬁt eylinder containing a
spébial solution (?ig,'S) ahd noting the'relative volumes of sand
tand of the partiafiy sedimented clay after standing for 20 min-

utes, ' The ehtireﬁbperation‘oan be carried through in less than

Lo minutes, In ogﬁer'to‘sbééd up the sedimentation of the fine
clays or eolloldal partleles, a'flocculating agent was required
and a solution of’ calclum chlorlde was selected on account of its
relatively low coé%, stability and non-irritating properties, As
11lustrated in Fig, L, & small amount of bentonite is in lubri-
cating effect.eqﬁgl fo'a‘much greater welight of kaolinite and the
stréngth of thé Céﬁlg soiﬁfﬁon was édjusted to the point where

5 percent of bentonite would give an S,E, reading approximately

equal to that produced by 21 per cent of kaolinite after a sedi-

mentation perlod of 20 mlnutes This relationship appeared to be
best eSVaollshed by uging a °0251\1 CaCl, solution., However, the
strength of the sdlution is not critical for most natural soils
therefore = worklng solutlon of ,05N has been adopted and will
be used untll aecumulated experlence may warrant a change, Af%ter
soﬁe experlence w_Jh the calclum chloride solution, 1t was fcund
that the addltlon;of a small amount of glycerln produced a

stab11121ng effest and te~3 resuits were more readily reprciusi-

ble when made on care“u]*y quar,ered gampies, Finally, it was
“noted that the calclam—ch4orldemglycerlr sclution was not sterils
and ceruaLn moulds t,“ded to ngNo In order t¢ steriliize the

solution, formaldéhyde wes added,

1P
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When the Sand Equivzlent Test was first developed,.it'was
hdped that it would furnish a good indication of the over-all
registance value of the soil, A corrélation does exist but it
is not shérply defined throughout the scale, The reasons there-
fore are not difficult to understand if it is recognized that
the ability of a mass of soil or granular material passing a
No, u sieve to resist deformation will depsnd upon the following
factofsg

Summary of Factors Affecting Resigtance Value of Soil

1. The amount of lubricant mixed with-
- the sand fraction; i.,e,, asphalt,

claytwater, etc,

2, The effectiveness or efficiency of
the lubricating fraction, (Wet
" bentonite 1s 2 better lubrlcant
than kaolinite, for example.)

3, The degree of roughness or irregu-
larity of the sand grains or rock
particles,

. The amount of void space in the
gand fraction of the =o0il,

5., The amount of intermingled coarse
rock retained on a No, l sieve,

We readily perceive that of these five variables the Sand
BEquivalent Determination is primarily an indication of No, 1.
It attempts to compensate for'No. 2 by means of the type of
golution used, It cannot indicate the variation caused by
Jtem 3, and as presently performed does not make allowance for
No, l although it seems possible that means for making this
correction may be worked out. Allowance for the effects of

No, 5 need to be made if the coarse aggregate exceeds 25 or

~13-
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30 per cent of the total Therefore, in order to evaluate the

Y :

comblned effect of all factors some test such as the

‘f"" — 5’,

stabllometer is necessary. However, experience has shown that

oneg of the prlncitel.varlables 1s the amount of clay present

and it may readily be determined that when the Sand Equivalent

value is greater than 30 the clay:fraction is not sufficiently
- large %o have much 1nfluence on the resistance value of an

Y

= untreated soil

Applleatlon and Tentatlve 3.,E, Limits

Gt € 5l

Very small amounts of clay may be detrimental to the per-

- formance of bltumlnous-mlxtures egpecially when the clay
exlsts as a coatlng on.- the surfaces of the sand grains. As
the Sand Equlvalent Determlnatlon ‘furnishes a. ready means for

'gdetectlng the preeence of such fine materlals, a tentative

'.seale_of values-hge been set up to permit rapid testing and
‘quick determinat"igh in the :-field

A comparlson of sand equlvalent test values to other test
results 1ndlcates that the majorlity of solls showing high

‘expansion under sgeklng may be identified by means of the sand

equivalent, It hgs been the general practice to consider that
any soils showingian expansion of greater than 5 per cent when
tested in the Gaiifornia Bearing Ratioc Procedure will be un-

suitable for placing in the upper levels of the road bed. It

appears that the same clasg of goils could be identified and

segregated by stipulatlng that any soils having a sand eguiva-

lent less than 10 should not be placed in the upper layers as
they are also likely to develop excessive expansion when

saturatedb-

_14&
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In conclusion, it may be stated that the suitability of
soils for engineering purposes depends largely upon theilr
ability to remalin in place and to support whatever loads may
be ﬁlaced upon them either by a permanent sngineering structure
or by transient vehicle loads, A study of the propertieé which
distinguish the more satisfactory from the less satisfactory
solls indicates that in the majority of cases clays are_detri—
mental to stability and 1t is apparent that wet clay has the
effect of a lubricant in diminishing'the natural resistance due
to friction that would otherwise exist. It is necessary that
thercivil engineer responsible for construction of any Form of

earth work should be informed not only concerning the quantity

of eclay minerals that are present but also ghould know some-

thing of thelr nature and their potentlal influence on the

engineering properties of the.soil,

~15=
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