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Project Description

The developnent of agriculturer the distributlon of
food, the provision of health gerviceg, rnd the
access to infornation through educational gervloes
and other forns of cmunic¡Èlon in rural regione of
developing countriea all heavily dlepend on transport
facilities. Àlthough rail and ïater facllities nay
play inportant rolea in certain à!êâBr a donlnant
and unlversal need iE for road ayatena that provide
an agsured and yet relatÍvely lnexpenaive neana for
the movenent of people ånd goods. the bulk of this
need is for lorvolu¡ne roads that gênerally carry
only 5 to 10 vehlcles a day and that seldon carry aa
nany as 400 vehlcles a day.

the planning, deslgn, constructlonr and nainte-
nance of lorvolune roads for rural regione of
developlng countries can be greatly enhanced rith
respect to econonics, quâIfty, antl perfornance by
the use of los-volune road technology thât fr avafl-
able in nany parts of the norldl.

In october 1977 the Transportation Re8eårch Board
(TRB) began a special project under the aponsorghip
of the U.S. Agency for International Developnent
(AID) to enhance rural transportatlon ln developing
countries by providing inproved acceas to existing
infortnation on the planning, dlesignr constructlon,
and naÍntenance of lorvolune roads. Yllth advice
and guidance fron a project steering comritteer. |IRB
definesr produces, and transnfts lnfornâtion prod-
uctE through a net¡¡ork of correspondents fn devel-
oping countries. Broad goals for the ultlnate
inpact of t,he project work are to pronote effecÈive
use of existing lnfornatlon in the econonic devel-
opment of tran8portation infraatructure and thereby
to enhance other aspects of rural developDent
throughout the rorld.

In addition to the packaging and distributlon of
technical infornatlon, [Þrsonal lnter¡ctions with
users are provlded through fleld vieits, conferences
in the United Stateg and abroåd, and other forns of
comnunication.

STEERING COMI{I TEE

The Steering Comlíttee fa conpoaed of extÞrta tho
have knowledge of the physlcål and soclal character-
istics of developing countrl.es, knosledge of the

need¡ of devclo¡rlng countrlcs for tranaportatlon,
krprledge of oxistlng tranaporÈatlon tcchnologyr ând
e:çerlerrce ln lÈ¡ usc.

uaJor furrctfong of thê gtcering Co@ittec åre to
âsslat ln Èhê deflnitlon of usêrs ânal thofr necdg,
thc dleflnitlon of inforDåtlon products thât nâtch
qgar ncedsr a¡¡d the ldlcntlflcatfon of lnfornatlonal
ând hunân reaourcea for dcvcloplent of the lnforna-
tlon product¡. lltrrough lts ncnbcrÊhip Èhe c@fttGe
provldea llal¡on rlth ¡rroJcct-rclâtêd actlvltle¡ and
provldea Euidance for lntêrrctlone wlth uaera. fn
general tbe SÈeerlng Comlttêc Elvas overvler advlce
and directlon for aII âspecÈs of, ÈhG proJecÈ work.

fhe proJoct stâff haa reqþnribillty for thc
preparation a¡rd trangnltÈrl of lnfornatlon products,
the develol}ilent of a correepondence nêÈïork through-
out thê user comunfty, ând interactions rlth usors.

INFON|ÀTION PRODUCTS

The tro naJor products of thls projcct are corlpen-
diuna of, previouely pubIfshcd inforn¡tion on rela-
tlvely nårrou topfcs arid Byntheseg of knoorledg. rnd
practice on sdÞuhat broader Bubjects. Conpendiuna
are prep¡rêd by projecÈ aÈatf,, consultântB ale
enployêd to prepâre Bynthes.s. In âddiÈion,
proceedings of internatlon¡I conferenceg on
los-rrolune roads are preparêd ând transDlÈtêd Èo the
projecÈ correapondenta. fn surû[rry, Èhia proJcct
aing Èo produce and dl¡trlbutG bêtween 20 ¡ndl 30
publlcationa that covêr nuch of sh¡t ls knorn rbout
lor-volune rord technoloEy.

rN'IERÀCÎIONS t{Im USEng

À nunbêr of nech¡nigua are uaed to provlde intcr-
actlons beteeen the proJect ¡nd ulers of thc lnfor-
nâtion products. Revlew forns rre ttânenttÈêd eith
each publfcatlon ao that reclplcnts hava an oppor-
tunlty Èo say hor the products are beneflclal and
how Èhey nay be lnproved. Through vfslts to dcvcl-
opfng countriea, thê proJect aÈaff acqulre¡ first-
hand auggeatlong for the projcct $ork. Mdlftlonal
op¡þrtunit,ies for lntcrâctlon wlth usera arl¡e
through intêrnâtional conferences fn rhlah thcre la
proJect partlcipatlon.
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CHAPTER 1

I ntrod u ctio n

À major factor in the economic status of any country
is the road netr¡ork that is available for the nove-
ment of people and goods. À wide range of road
structures nay be built and used in the neÈyrork. The
range extends from structures that serve very low
volumes of traffic to those that must acconmodate
high-density, high-Load traffic. Roads within this
range ¡nay be classified as follows:

(a) earth roadsi
(b) granular surface roads;
(c) granular pavements with less than I in of

bituminous surface;
(d) granular pavements with more than t in of

bituminous surface, general_ty with unbound
layers aLthough stabilization might be usedi

(e) full-depth asphaLt pavementsi and
(f) concretepavements.

The ability of a road to perform adequately under
high-voIume, heavy-1oad traffic over a 1ong service
life (15-25 years) increases as the road structure
progresses from type (a) to types (e) and (f). Cost
and engineering efforts expended in design and con-
struction also increase from type (a) to types (e)
and (f).

For purposes of this synthesis, types (a), (b), and
(c) are applicable to low-volume roads. The behavior
of type (c) is largely the same as for granular-
surfaced roads because thin bituninous surface is
normally a surface treatment rather than a higher
type premix surface. High-volume roads are then
represented by types (d), (e), and (f).

Although the progression from type (a) to types (e)
and (f) generally represents increased ability to
accorn¡nodate traffic, there is no universally accepted
traffic value that clearly indicates i.rhat type of
road structure should be used in a given situation.
Àn approximate range of 400 to 500 vehicles per day
(vpd) will be used to differentiate betvreen low-
volu¡ne and high-voJ-ume roads.

It. is not only the total number of vehicles per day
that influences the structural design and performance
of a given road. Axle 1oad, tire pressure, and gear
geothetry have even greater influence on structural
performance. This is particularty true for certain
types of Iow-volu¡ne roads that are built for special
purposes such as mine-haul and tinber-hauI.

Although traffic volu¡ne does not provide a definite
criterion for choosing between structural types,
traffic levels from 150 to 400 vpd generally result
in the use of a type (c) structure. In sone parts of
the wor1d, however, relatively thick (2-3 in) bit.u-
minous concrete surfacings rnay be used for these
traffic levels. Moreover, the use of thin bitu¡ninous
surfacings (seaÌ ioats and surface treatments) need
not be restrict.ed to low traffic volumes. For

exanple, Ner,¡ Zealand has successfully used the type
(c) category for traffic levels of up to 2000 vpd
over a l0-year design period and y¡ith Iit,tle or no
naintenance (1).

The ¡nain objective of this synthesis is to present
structural design concepts and methodology that are
primarily applicable to roads that serve less thân
500 vpd and that are composed of a granular layer,
with or vrithout a thin bituminous surface. Thus the
synthesis is concerned for the most part with only
type (b) and type (c) road structures.

Low-volume roads can be very important co¡nponents
of the totåI road network in any country. Table I
shows the percentage of unpaved roads in the total
road network of selected developing countries. In
nearly every country more than half of the roads are
unpaved. Even in more developed countríes such as
bhe Uníted States, a high percentage of the road
network is unpaved. Of 3.8 million miles of roads in
the United States, 2 ¡niltion miles are either unsur-
faced or surfaced with granular materials. Another
0.9 mi.Ilion miles have thin surface treatments or
seal coats. Thus approximately 76t of the total U.S.
network is in the unpaved road category (2).

The development of design procedures that are
applicable to all parts of the world and to all types
of materials, environnents, loads, and construction
quality is a very formidable task. Although a wealth
of information is availabte for thé design of high
type pavements, there is a lack of knoi,rledge about
the design and performance of low-volu¡ne unpaved
roads.

In spite of this missing knowledge, many design
concepts and engineering fundamentals are available
and applicable to a1I types of roâd structures. Much
is also knovrn about the basic design factors that
affect the performance of road structures. tn this
synthesÍs design and performance concepts are
presented in Chapters 2 and 3; design factors are
presented in Chapters 4-8. Design methods for low-
volume roads are presented in Chapter 9 and illus-
trated in Chapter 10.

Table 1. Percentaç of unpaved roadsa ín total road network of selêcted
countr¡es 1975 data (!1.

Country
Unpâved Road
(%) Country

Unpaved Road
(7o)

Angola
India
Indonesia
Kenya
Malawi
Mozambique
Nigeria

83
30
52
48
9l
89

89
65
'15

92
86
9l
83

Sier¡a Leone
Sri Lanka
Thailand
Tunisia
Upper Votta
Zaml¡ia

aRoads that do not have an all-weathe¡ surface of bitumen or concrete



Fundamentals of Design and Performance

CHAPTER 2

In many resPects the successful design of low-volune
roads is a far more difficuLt engineering challenge
than design of high-traffic facilities. Ehe ¡nain
reason is that low-volu¡ne roads invariably become

synonymous with low-cost facitities and are therefore
associated with severe econo¡nicr naintenance and
construction restraints.

In most cases the designer will nót find it eco-
nomically possible to specify materials or construc-
tion controls that are nornally used for neeting
high-quality standards and performance levels. The
designer nay not have the option of designing a

structure for a specific service life as is normally
done with high-volume roads. Rather design may

simply amount to a determination of the probable
service lífe of the road in question.

Regardless of the restraints imposed, it is the
designer's responsibitity to mininize the amount of
road maintenance that wiII be required ând to tnaxi-
mize the service life by proper use and aPplication
of engineering fundamentals.

The engineer should consider structural design as
one of several Phasês in a cycle that bê9ins with
design factor considerations and that ends with re-
construction or najor rehabilitation at Èhe end of
the design period.

DESIGN AND PERFOR¡,iÀNCE PHASES

In the first phase' four primary factors and their
interactive effects must be considered. These design
factors involve knowledge of (a) future traffic
(vehicle types and repeÈitions of each vehicle), (b)
the subgrade or natural foundation soil, (c) avail-
able pave¡nent naterials (granular base/subbase mate-
rial as welI as potential thin bitu¡ninous surface
naterial) ' and (d) the specific environmental condi-
tions at the design site. Due consideration should
also be given to the feasibility and possibility of
upgrading naterials to irnprove and extend the pave-
nent performance. These factors must be evaluated in
tight of rnajor restraints that are inPosed on the
structural design by econo¡nic, maintenance' and
construction capabilities of the road agency.

Although these factors âre inportant by them-
selves, it is also important to evaluate their
potential interactive effects. For exarnple, a clay
soil rnay or may not be a good subgrade. If it is
present in a fairty dry region' and has a deep ldater
table, and the structure has good drainage, then the
in situ soil strength may be adequate. But in the
presence of high in siÈu moisture conditions (shal-
low or high water table, poor drainage, high rain
area), this soil would probably be one of the
poorest possible suþrades.

Several structural design methods wí11 be dis-
cussed in later chapters. The designer should
enploy several methodsr thên assess the collective
results before reaching a final decision on the
nelhod to be used. It ís notevrorthy that no one
design procedure is universally applicable for aIl
conditions and locations.

Even for low-volurne road conditions' there nay be
several valid design co¡nbinations of thickness 'material quality¡ and construction practices. The
overall design objective should be to make economic
and engineering comparisons among several alter-

native designs. The cornparisons shouLd include
possibilities for future ¡naintenance, rehabili-
tation, or upgrading through stage construction.

Every effort should be rnade to develop structural
designs that are consistent with local construction
capabilities. In nany parts of the world, the use
of Labor-intensive construction and maíntenance
techniques is the rule rather thân the exception.
In these regions, it may be more realistic and
perhaps more econo¡nical to increase thê structural
pavenent thickness to accolTìmodate a Poorly compacted
suþrade than to specify a degree of conpaction that
could only be obtained by heary ¡nechanical cotnpâc-
tors.

Construction control objectives wiII ensure that
all factors assumed for use in the design Phase are
actually met. The designer should develop realistic
quality control specifications that are cornpatible
with construction capabilities.

After the road is constructed and opened to
traffic, a verification phase should begin. The
verification or feedback phase should be viewed as a

systenatic procedure for gathering experience. It
is necessâry because of uncertain accuracy of the
design method used and uncertain selection of proper
design input values. Although uncertainty nay be
reduced by conservative selection of design input
values, the economic consequences of Possible over-
designs should not be neglected.

Simple periodic condition surveys, conducted in a

systematic nanner, can either verify or Point out
the necessity to modify the design method used.
This, in essence, is the basis of all empirical
design procedures that have developed fro¡n localized
experience. Eithout this phase, agencies nay
continue to use design ¡nethods that are not appli-
cable to local conditions. The best design proce-
dure, especially for low-voLu¡ne road conditíons, is
one that has been verified through local exPerience.

The combined effects of traffic and environment
will- lead in ti¡ne to the deterioration of any road
structure to the point where even increased routine
maintenance activity will no longer inprove perform-
ance. At this time, major naintenance activity in
the form of either restoration, reconstruction' or
rehabilitation is necessary. If the original design
was successful' then this failure condition will be
reached at the time that was seLected as the design
period in the design rnethodology.

Although the designer must take all of the
foregoing phases into âccount, this synthesis deals
mainly with only the first tr1'o phases. The phases
not covered in this synthesis are treated in detaiL
Ín other publications that are listed in the inside
back cover of this report.

STRUCTURÀL VERSUS FUNCTIONAL FATTURE

The term desiqn, in an engineering sense, usually
imptíes analysis of conditions that lead to the
failure of a structure. The analysis must take into
account the losses that failure will bring and also
the costs of repair or restitution. When designing
structures, such as bridgesr dams, and multistory
buildings, the loss facLor is nornally very high.
Historically, engineering practice has been to
design these structures so that no failure will



occur. This is generally accomplished through the
use of relatively large factors of safety.

In contrast, the failure of a road or highway is
seldom catastrophic with respect to loss of life or
extensive property danage. Because of this, the
design of a road structure is basecl on a design
period that optimizes the economic investment in the
road structure. It is understood thât the structure
will be in a failure condition at thè end of the
design period. A good pavement design is one in
which failure occurs in accordance vlith the design
period that eras selected by the engineer. Thus a
failed structure does not reflect an unsuccessful or
poor design unless the failure occurs long before
the design period has ended. If the road lasts
Ionger than its intended life, then it has been
overdesigned relative to the design period and is
probably an uneconomical structure for the perforn-
ance that was required.

Al-though road structures have been designed and
constructed for ¡nany years, engineers stilI differ
on the definition of failure. At present, there are
tvro general types of failures associated with road
s tructures.

Structural faiÌure is defined as a collapse of
the structure, or â breâkdown of one or more of the
structurâI componentsr that. is due to vehicular
traffic and that ¡nakes the structure incapable of
sustaining the l-oads inposed on its surface (3).

For flexible pavementsr load-associated pernanent
deformation (rutting) is the primary manifestation
of structural failure. when the structure has a

bituminous surfacing (regardless of the type or
thickness), cracking distress must also be consid-
ered. For high-volune traffic conditions on major
roads, an average rut depth of about 0.5 in (roughly
10 to 20 nm) has usually been defined as a failure
condition. Hovrever, for low-volune granular roads'
a greater degree of rutting is usually allowed if no
bituminous surfacing is used. Most design proce-
dures for these road types are based on faílure at
rut depths fuom 2 to 3 in (50 to 80 ¡nn) (A¡ 5) .

The use of a structural design procedure obvi-
ousJ-y involves comparisons of stress vtith the
strength of the structural- ¡naterials. Because of
the inportance of this design concept, the next
section of this chapter presents fundamentals of
stress theories that relate to structural design.

The use of functional failure concepts for
pavement design formally energed from the Àmerican
Association of State Highvray officials (AASHo) Roãd
Test that v¡as conducted in the United States during
1956-1961. The basic function of a road is to carry
traffic from one location to another in as snooth
and safe a manner as possible. Functional failure
therefore occurs when the structure beco¡nes unduly
rough and unsafe for the traffic it carries. Thus
the primary manifestation of functional failure is
road roughness.

The tern serviceability is used to denote the
ability of a pavement to serve its intended function
at any particular tine. A pavement that has
recently been constructed should be relatively
snooth and shoul-d therefore have a high level of
serviceability. !{ith the passage of tine and
traÊfic, road roughness will ordinarily increase and
serviceability will be lowered.

Functional failure occurs when serviceability
drops below a predefined value selected by the
design engineer. This failure value is calLed the
terminal serviceability.

Performance is described by the serviceability
history of the road structure as ti¡ne and accumu-
Iated traffic increases. Figure I shows the hypo-
thetical serviceability histories of two different
road sections. By using these plots, performance

can be defined by Èhe length of time, or accumulâted
amount of traffic, for which serviceability renains
above the terninal serviceability (failure) value.
Thus road A has perforrned perhaps tnice as well as
road B.

A significant feature of functional failure
concepts is the recognition that structures can fail
either by structural or by nonstructural distress
nechanis¡ns such as environ¡nentally induced rough-
ness. Because design procedures can rest on either
structural or functional failure conditions, it is
inportant for the design engineer to understand the
failure conditions behind any particular design
procedure.

FI'NDA¡4ENTALS OF STRESS DISTRIBUTION

HistoricaJ.ly, altnost all flexible pavenent design
rnetho¿ls have evolved from viewing the road as a
structural systen. As a result pavernent structures
are designed so that stresses caused by vehicle
Ioâds will not exceed the strength of any structural
conponent.

Each engineering material such as soilr ti¡nber,
concrete, or steel has a specific set of physical
properties and can sustain differing types of
stresses to varying degrees. For exarnple, steel can
tolerate a much higher tensile stress before failure
than can concrete. Most soils have Iitt1e or no
tensile strength. In addition, a particular
material nay fail when the tensile stress exceeds
the tensile strength, when co¡npressive stress
exceeds the conpressive strength, or when shear
stress exceeds the shear strength.

For the subgrade soils and unbound granular
subbase and base materials that nake up flexible
påve¡nent structures, the norrnal failure mechanism is
shear failure. That is, the structural rnateriâl
fails by slippage of particles over each other.
This occurs because shear stresses are greater than
the shear strength of the material.

The failure move¡nent is a downward and outward
dísplacement of the material and gives rise to
deformations or ruts at the surface of Èhe struc-
ture. Each vehicle will câuse some increnental
rutting or surface displacenent. Thus vehicle type
and load repetitions must be viewed together as
major sources of rutting failure. Rutting of
pavenents is sometimes referred to as a repetitive
shear failure. This is the basic structural design
factor. FinaIIy, because the structure rnay be
constructed of layers of different naterials,
failure is possible in any layer.

Figure 1. Seruiceabil ity perf ormanc€ concepts.

High
Pe¡fomance

Tine ånd Traffic Repetitions



The general relationship between stress and depth
within a flexible pavenent structure is shown in
Figure 2. stresses for a typical vehicle are
Iargest near the surface and quickly decrease with
depth. At depth t1 the stress caused by the
vehicle is ol and aÈ a depth f; the stress is
o2. If the pavenent rdere to be constructed on a
very strong subgrade soil erith a strength greater
than or equal to 61, then the total thickness of
pavenent required would be t1. In other words, at
a pavement thickness of t1 or greater, the stress
in lhe subgrade soil is less than or equal to the
strêngt.h of the soil. Likewise, if a weak subgrade
soil with a strength equâl to a2 is encountered'
a thickness of at least t2 would be reguired to
prevent shear failure in the suþrade. As a result,
it can be seen that the total thickness of paveÍìent
is significantly affected by the strength of
subgrade soil over which the pavenent is to be
constructed. In general, the factor of subgrade
strength is most significant in affecting the total
pavement thickness requirenents for flexible pave-
ments. This factor is discussed in detail in
Chapter 5.

since stress decreases with depth, the highest-
guâIity rnaterials should be placed in the upper
portions of the pavement near the surface. Lower-
quality materials can be used in the loerer portions
of the pavenent near the subgrade.

Frorn a basic structural viewpoint, ã road struc-
ture should be designed so that layers of materials
with increased strength or quality are placed fron
the subgrade towaril the pave¡nênt surface. This is
conceptuall"y illustrated in Figure 3a. If the total
thickness of pavenent above the subgrade is quite
large, it will be ¡nore economical to use a lower-
quality layer (subbase) directly over the subgrade
along with a higher-quality upper layer. The
higher-quality layer becones the base course for
pave¡nents with an asPhalt surface; it is t.he surface
Iayer for granular surfaces. Use of the high-
quality material for the total pavenent thickness
would be unecono¡nical as shown in Figure 3b.
Figures 3c and 3d illustrate suþrade failure and
base failure conditions, respectively. The role of
base/subbase layer quality and properties in clesign
is discussed in detail in Chapter 7.

Figure 2. Typical d¡stribution of stress with depth for flexible payement
súuctures.

Stress (ù )

Distribution of stress is a direct result of the
particular characteristics of the vehicle wheel-
load. In stress theories' both the total load (P)

and contact pressure (p) directl-y influence the
resultinq stress pattern.

Figure 4 shows the effect of both of these
paraneters on the resulting stress. Figure 4a sholrs
stresses from two different wheel loads at the sane
tire pressure. Stresses in Figure 4b are for tires
at different pressures under equal. loads. The
figures show the following:

I. The effect of load changes extends into the
Iower layers of the structure. Thus an
increase in wheel load magnitude normally
will necessitate a thicker structure and
perhaps a higher-quality material in the
subbase layer.

2. The effect of tire Pressure changes is
greatest in the upper pavement layers. Thus'
increasing vehicle tire pressure will
necessitâte higher-quality Iayer naterial
near the Pavement surface.

Natural soils and unbound granular ¡naterial used
as subbase or base materials can be strengthened by
one of two major v¡ays, by physical stabilization
through conpaction or by chetnical stabilization vrith
Iine, cementr or bitumen additives. As a general-
rule, chemical stabilization is nuch more expensive
than physical stabil-ization and may not be eco-
nomically feasible.

In generaL, the addition of various additives
will increase the rigidiLy and strength of the
naterial when these mixtures are properJ.y designed.
The increased riqidity tends to reduce the dis-
tribution of stresses with depth throughout the
pavernent as shown in Figure 5. At a given depth

Figure 3. Flexible pavement süess-strength considerations.

(a) 8alÐced Design Condition (b) Safe but Perhaps Unecononical
Ðesign condition
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Failule Zone
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(c) Subglade Failu¡e Condition (d) Base Failu¡e Condition



Figure 4. Effect of tire load and pressrre
on lless dístribut¡on.

Load: P1

Figure 5. Effect of stabilization on stress distribution,

_ St¡esso1

(t1) there is less stress in the stabilized
material than in the corresponding unbound granular
naterial. Thus better perfornance and longer tife
cân be expected fro¡n stabilized materials.

An alternative way of viewíng Figure 5 is to
consider a constant stress condition, suóh as
dl. The figure shows that less thickness (t2)
of the stabiLized material is needed than for the
unstabilized tnateriâI (t1) when both are at
strength level oI. This fâct obviously justi-
fies an analysis to determine if it is economic to
stabilize unbound granular materials. Chapter I
discusses further the effects of improving materiâl
quality.

SERVICEABILITY AND PERFORMÀNCE CONCEPTS

General concepts of pavement serviceability and
performance vrere introduced earlier as a basis for
defining functional failure. In addition, service-
ability neasurements can be used as a quality
control tooL in the construction process. They can
also be the basis for periodic evaLuations of road
perfortnance during the design life of the road.
Serviceability can provide a basis for setting
¡naintenance priorities and for projecting future
maintenance needs.

nitude (b) Effect of Tire contact P¡essure

Two broad rnethods have been used to evaluate
serviceability, one is through Present Service-
abil-ity Ratings (PSR) that are nade subjectively by
a team of raters. After observing and riding over a
given road section, each rater gives a numerical
serviceability value to the section, generally on a
scale of 0 to 5. A rating of 1 or below irnplies
that the road section is failing completely to carry
out its function¡ a rating of 4 to 5 implies that
the section is quite smooth and safe for use. The
PSR for a given section is defined to be the averâge
of all values that have been given by the rating
tean.

A second and more commonly used method for
evaluating serviceability is through a Present
Servíceability Index (PSI) whose values are calcu-
lated from ¡neasurenents of road roughness and other
distress factors such as cracking and rutting (6).
Formulas have been developed for converting the
¡neasurements into PSI values. In all such formulas,
more than 90t of the PST value cones fron the
roughness measurement. Thus for alL practical
purposes, PsI is inversely related to roughness.
That is, Iow roughness is equivalent to high
.serviceability and high roughness is equivalent to
low serviceability. In sunmary, present service-
ability can be evaluated through subjective ratings
to obtain PSR values or can be calculated from
roughness measurements to obtain PSI values.

Road roughness as experienced by the road user is
a function of the road surface profile, speed, and
vehicLe characteristics. The most significant
factors are the road profíIe and the speed. The
road profile, in turn, is affected by the longitu-
dinaL variation, transverse variations, and horizon-
ta1 alignments of the road. Of these three, the
most significant is the longitudinal variation and
its result,ing influence on roughness.

Numerous devices and procedures are available for
measuring road roughness. Included are the follon-
ing:

1. Rod and level surveys,
2. Profilograph (rolling straightedge),
3. Profilo¡neters (slope and CHLOE),
4. BPR roughometer and TRRL bump integrator,
5. Surface Dynamics (SD) and ceneral Motors

profilometer, and
6. Car road roeters (PCA and Mays meter).

Specifics for these devices and methods are
beyond the scope of this synthesist however,
discussions of then will be found in other works (3,
7, 8). Since definitive correlations betldeen

St¡ess

Load: P2 (greater than P1J

P¡essure: p2 (equal to p1)

I

Loadt P2 (equal to P1)

P¡essure: p2 (greater thü pÍ)

(a) Effect of Ti¡e Load Magnitude



Surface-Treated
Roads

Gravel-Surfaced
Roads

Su¡face-T¡eated
Roads

299',l
1245
r067

Gravel-Surfaced
Roads

927
to29
813

1803
27 t8

I 776
12751
9 855

t2 649
l4 986

8 179
8 001

l0 820
4 394

15 s96

roughness devices are not availabler it is not
possible to comPare roughness values from a
particular device in one region with values froÍt
another device in another region. Each roåd agency
should attenpt to build its own experience base with
rr¡hatever device or technique is most appropriate for
that agency.

Recent studies on najor projects in Bolivia,
Kenya, and Brazil have indicated typical roughness
values for lovr-volume road conditions. Table 2

surnmarizes road roughness readings taken with the
llays meter roughness device (a portable car road
meter) on surface-treated and gravel roads in
Bolivia (9). The output of the l'lays meter is in
millimeters of roughness per kiloneters (or inches
per nile). In essence, this value represents the
sunmation of roughness (deviations fro¡n a true
plane) per unit of road length.

As can be seen, for surface-treated roads,
roughness values (R) vary fron âbout 800 to 3000
m¡n/k¡n; values for gravel-surfaced roads vary from
about 4400 to nearly 16'000 nm,/km. In the Bolivian
study, the highest R value recorded within a
granular-surfaced section was about 22r000 mm,/km.
In the Kenya study (19, 11, L2, 13), roughness

Table 2, Typical road roughness values for Bolivian roads (!}.

R (mm/km)a R (mm/km)a

measurements were conducted with the TRRL (5th
wheel) bunp integrator device that is sirnilar to the
BPR roughometer. For gravel-surfaced roa¿ls, the
range in roughness was foun¿l to be 2200 to 20'600
mmlkm. It r.ras concluded that a good gravel road had
a roughness near 5000 mvkm' while a Poor road had
roughness values in excess of 10,000 mm/km.

Significant changes in measured roughness occur
between wet and dry seasons for gravel-surfaced
roads. Results fron the Bolivian study are shown in
Table 3 and clearly indicate that road roughness is
greater in dry seasons than r,¡et seasons. Thus, the
effect of seasonal clitnatic (rainfall) conditions
should be taken into account vrhen roughness neasure-
ments are made.

crading is an integral" part of routine nainte-
nance for granular-surfaced roads. The effect of
grading on roughness is generally quite signifi-
cant. studies have indicated that granuLar roads
will return to the sane roughness level as before
grading within two to three weeks. Table 4

illustrates the effects of grading on the l,lays rneter
roughness value (!).

The combined effects of both grading and seasonal
conditions on roughness or serviceability can
produce relatively large deviations about the
average trend line of the serviceability-traffic
relationship. This effect is shown schenatically in
Figure 6.

DISTRESS MECHANISMS

Distress factors that lead to structural or func-
tional failure conditions are shown in Table 5 for
granular surface and surface treatment roads.

There are ¡nore individual distress nanifestations
for granular surface roads than for surface-Èreated
roacls. Because of its relatively thin layer effect
(0.5-1.0 in) and in-place construction, a single
surface treatrnent layer does not significantly
increase the structural rigidity of the road. Thus,
the value of this layer is not to increase strength
but to accomplish trdo inportant functions. They are

L. To provide a wâterproof seal on the surface
to ¡nini¡nize the effects of surface ytater
infiltrating into the granular base/subbase
layers and subgrade soil. The strength of
most pavement naterials, especially fine-
grained soils, is significantly affecte¿l by
noisture. Thus, while the surface-treate¿l
layer ibself does not increase the strucÈural
strength' it nay effectively increase the
in-place strength of all pavement lâyers and
thus increase the service life of the road.

2. To protect the unbound granular base,/subbase
materials frorn the various distress mech-
anisms associated r¡ith the dísruptive effects
of traffic and environment.

Figure 6. Variat¡ons in low-volume road serv¡ceaÌility.

Table 3. Sea¡onal dimat¡c influence on roughness ($,

Dry Season Ra
(mm/km)

Wet Season Ra
(mm/km)

Roughness
Chanee (%\

8776
7 500

12751
7 140
9 85s

l4 986
8 179
7 990
5 610

l0 820
4 394

58 37
3795
4621
3385
1184
58ó6
7 164
581 I
5662
6201
3774

-49
-64
-53
-27
-6t
-t2
-27
+l

-43
-14

aMays meler roughoes values,

Table 4. Effect of grading on roughness (Q).

Mays Meter Roughness (mm/km)

Before Grading After Grading Time

t7 272

4 318

13 843

I 306
9 627
8 255

18 288

2 540
3 962

to 262

8 839
t2 929

Same day
24h
48h
20 days

Same day
24b
20 days

Same day
20 deys

¡

aMays meter roughnes values

Traffic Repotitions



Table 5, Maior distress typæ of low-volume roadsl

Distress Factor

Applicability for

Effect On GranularSurface SurfaceTreatment

l. Dusting
2. Surface looseness
3. G¡avel loss
4. Surface deformations

a. shear displacement
b. layer material densification
c. layer material intrusion

5- Surface heaving
a. frost heave
b. expansive clays

6. Corrugations (washboarding)
7. Surface erosion (gulleying)
8. Potholes
9. Surface cracking

Safety, envi¡onment
Safety, roughness
Structural deformation, roughness
Structural deformation, roughness

Roughnessa

Roughness
Roughness
Roughness
Structural deformation, roughness

Yes
Yes
Yes
Yes

Yes

Y",

Yes

Posibly

Only if cracked area not maintained
Yes

Yes
Yes
Yes

E8

6

ac¡eatly increased if surface profile changes a.e highly variable in the longitudinal direction.

Figure 7. Depth of loose mãtefial for granular surface roads in Kenya.
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One of the major advantages of surface-treated
roads is to eliminate the need for periodic and
extensive maintenance grading operations. However,
a surface-treated layer j.s a costly addition to the
pave¡nent structure and is not maintenance free.
when surface-treated Iayers are present' routine
tnaintenance activities rnust focus on keeping the
surface free of cracks that would self-defeat the
function or purpose of the l-ayer.

For granul-ar-surfaced roads' permanent deforma-
tions of 2 to 3 in are considered to be a failure
level from a structural viewpoint. rn surface-
treated roa¿ls this nagnitude of rut cannot be
toLerated without extensive cracking danage to the
bituminous 1ayer. Thus¡ higher Levels of base
material quality, stricter construction control, and

higher design standards are generally needed for
surface-treated roads.

For granular-surfaced roads Table 5 indicates
that nany distress factors nay act on the granular
surface to increase roughness t,o a level of func-
tionaf failure. As a result' an overall design
philosophy is to protect against excessive rutting
due to shear displacements. Granular material for
the base,/subbase layers should be selected, and a
sound maintenance plan shoul¿l be used to minimize
the other possible distress modes. For bituminous
surface-Èreated pavements tnore reliance nust be
pl-aced on the structural design to ¡nini¡nize or
control the rate of deformation. Sealing and
patching naintenance activities are necessary to
control roughness and ride quality.

Dusting of granular surface roads is a foss of
fine material that is brought about by the abrasive
action of traffic on the road. Significant environ-
rnental problems may be created by the settling of
fines in adjacent land areas that are used for
agriculture and live stock. In addition, dust
clouds caused by traffic create a danger to trailing
vehicles. The problern of dusting is severely
aggravated by dry weather' soft and highly abrasive
aggregate, poor gradation of the granular material,
and high traffic intensities.

The abrasive action of traffic on granular
surface roads wilI eventually loosen the larger
aggregate particles fro¡n the soil binder. This
Ieads to dusting and loose aggregate particles on
the surface of the road. Studies in Kenya (I,!) have
shown that both the depth of loose naterial anal
noisture content affect safety and fuel consunp-
tion. It was found that a speed reduction of about
I.5 to 3.0 kn/h \das obtained for a 10t increase in
moisture content.

Predictive equations for the depth of loose
materíaI on granular surface roads have been
developed from research studies conducted in Kenya
(I0, !E). The aggregate types studied were later-
itic, coral, quarÈzitic, and volcanic Aravels.
Graphs that represent these eguations are shovrn in
Figure 7.

The figure shows that depth of loose material is
greâtest innediately after grading, then decreases
quickly to a relatively constant value. For the
lateritic and coral gravel-surfaced roads in Kenya,
alrnost 95t of the measurements were below I mm after
200 vehicles even though the initial readings after
grading were as high as 9 nn. Studies Ín Brazil
(få) have also shown that the thickness of loose
material within 2 ¡n fro¡n the road edge is consider-



Figure L Gravel los¡ relat¡onsh¡ps for Kenyan conditions,
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An¡ual two-way traffic (thousatrds of vehicles)

ably greater than at other transverse locations
along the road.

The loss of gravel is a significant alistress
nechanism for granular-surfaced roads. The need for
regraveling roads ¡nay be viewed as equivalent to the
need for periodic resurfacing of high-tyPe road
structures. GraveI loss is significant because it
leads to premature or accelerated structural pave-
ment failure. rn visualizing the significance of
this distress, it is well to recalL the fundarnentals
of stress distribution discussed earlier in this
chapter. The loss of gravel reduces the effective
pavement thickness in ti¡ne, so that stress (and
hence rutting failure) increases in all structural
layers. Reduction in thickness $rill thus lead to a

shorter life than v¡as assuned in the design analysis.
Tvro ¡najor research studies on granular-surfaced

roads have resulted in predictive eguations for
gravel loss. In the Kenya stualy (I0, l3) annual
gravel loss for a particular type of naterial r.ras
found to depend on the annual traffic volume, annuaL
raínfall (R¡) r and verlical curvature (VC).
Selected plots of the predictive equations are shown
in Figure 8. The figure shows, for example' that an
annuâI loss of about 95 mn of volcanic gravels can
be expected Ìrhen the traffic volume ís 400 vehi-
cIes,/day or 146 thousând vehicles/year' rainfall is
I m/year, and the vertical curvature is 6t or 60
¡n / km.

Figure I indicates that rainfall, ¡naterial type,
and vertical curvature are the nost signS.ficant
factors affecting gravel loss, especially for aver-
age daily traffic (ADT) values greater than about
150 vehicles/ô,ay oÊ 50'000 vehicles/year.

The Brazilian study (¿å) produced predictive

Figure 9- Gravel loss relationsh¡ps for Brazilian conditions

68

N@ber of Bladings

equations for two types of ¡naterial (lateritic and
quartzitic Aravels) in which gravel loss is dePen¿l-
ent on traffic volume' horizontal curvature,
vertical grade, ând number of bladings per year.
Selected plots of these equations f.or various
conbinations of traffic volume, horizontal curva-
ture, vertical grade, and type of material are shown
in Figure 9. It can be seen that the gravel loss is
somewhat si¡nilar to that found in the Kenya study
for 6 to 12 gradings within a year. The average
Kenyan rainfall conditíon was 1100 mm/year.

Both stualies show that rnateriaL type' traffic,
and vertical curvature are co¡runon factors affecting
gravel loss. Hoe¡ever' the Brazilian equation
excludes the rainfall term that vras found to be
significant in the Kenya study. The Brazilian study
includes both the nu¡nber of bladings (standard of
maintenance) and a horizontal curvature factor.

Surface deformations can occur from â variety of
câusêsr but the nain causes are repetitive shear
rnovenents within the struct,ure. Surface deforma-
tions rnay also be due to tlensification that results
fron repeated traffic loadings and the intrusion of
aggregate particles into the subgrade soi1.

The inherent variability in naterials and
construction along the road leads to differential
deformations that significantly alter the road
surface profile. Thus unifornity of both materials
and construction has a direct bearing on the
roughness of any given road.

In contrast to defornations of the road profile,
heaving of Èhe surface may also result in increased
roughness. In general, heaving is not associated
with vehicle loads but is usually due to either
frost or highly expansive clays. These two Problens
must be considered in the design stage.
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The developnent of road corrugations is a signi-
ficant roughness factor on granular-surfaced roads.
These high-amplitude, short-wavelength profile
changes can induce vehicle resonance at speeds that
are nornally associated with l-ow-volu¡ne road
conditions. The corrugatíon is often accentuated as
the vertical rcad grade increases.

Erosion of a granular surface generally occurs
vrhen the granular rnaterial lacks a plåstic binder
and is subjected to periods of high-intensity
rainfall. Proper attention to pavenent cross-
ection slopes and drainage is necessary to control
this type of distress.

The developnent of potholes is due to localized
erosion or raveling of the granular surface. with
continued traffic, the loose naterial is expelled
and the area and depth of the hoLe increase.
without proper maintenance, this type of distress
can cause sígnificant damage to vehicles.

The development of cracks ín the surface layer is
a failure condition because the layer can no longer
serve its intended function. Surface water wilL
i.nfiltrate through these cracks and significantly
accelerate the deformation distress adjacent to the
area. If not sealed, the cracks will enlarge,
become interconnected, and eventually for¡n po!-
holes. If this occurs, patching of l-arge areas'
rather than simple crack sealing, will be necessary.

Predict.ive nodels for rutting in the vehicle
wheel paths have been developed from the Kenya and
Brazil studies on granuJ.ar-surfaced roads (10, 13,
15). In general, the outer wheel path nearest the
shoulder or pavement edge is more deeply rutted than
the inner vrheel path. Studies in BrazíI, for
example, have shown that the mean rut depths in the
outer path are about 9s greater than that found in
the inner path. Rut depth values usually refer to
the outer wheel path conditions. In the Kenya
study, rut depth equations were developed for two
types of granuLar surface naterial as shown in
Figure 10.

Figure 10, Rut-depth predictions for gravel*urfaced roads ín Kenya.

In the Brazilian study, rut depth neasurements
were nade with a 4-ft straightedge on l-ateritÍc and
quartzitic aravel-surfaced roads. Predictive
equations that were deveJ.oped shov, thât rut depth
depends on type of gravel, climatic season (wet or
dry), vertical and horizont.al curvature, Èraffic per
day, and accumulated traffic since t.he road has been
gracled. Tab1es 6a and 6b show predicted rut depths
for selected values of the Brazilian conditions.

The tables show that the dry season ruttinq
occurs at a relatively slov¡ rate. However, during
the wet season, a substantial increase in rutting
can be seen. This is probably due to the signifi-
cant influence of moisture on material strength.
Fron an engineering viewpoint¡ th'o significant
factors in rutting are not incorporated into either
of the predictive models presented. These are the
type of subgrade soil and the type of vehiele loads
that occur within the traffic mix. More definitive
predictions of rut depth would have to take these
factors into account.

PREDICTION OF ROÀD ROUGHNESS

Both the Kenya ånd Brazilian studies deveJ.oped
prediction equations for road roughness. In the
Kenya work, the TRRI bump integrator device was used.
The Brazilían equations were developed for the
ceneral Motors prof ilometer.

Separate equations were found in the Kenya study
for different types of surface naterial, depending
on the gravel surface type. Figure 11 shows how the
two equations predict roughness as a function of
traffic that has accumulated since the road was
graded.

The Brazilian study v¡as based on data from the
General Motors profiloneter whose output is counts
per kilometer, cãIled the quarter-car index (QI). A
general interpretation of the QI values can be made
by noting that a very smooth, newly constructed
asphaltic concrete pavement would have a QI value

Cuulative two-hay t¡affic since last grading
(thousands of vehicles)
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Iess than 30 counts/km. î{o separate regression
equations were developed. The first predicts
roughness as a function of time within a blading
period, given the roughness imnediately after
blading. The second equation predicts the roughness
after blading. The general nature of the equations
is shown in Figure !2 for a selected set of condi-
tions.

There are significant differences betgreen the
Kenya anal Brazilian studies relative to the factors

Table 6. Predicted rut depths (mml in outer wheel paths for Brazilian conditims (151.

that affect roughness. The Brazilian relationshiPs
predict greater roughness increases with tirne during
the dry season than during the wet seâson. In
contrast' the Kenya study found no influence on
rainfall (although the rainfall was less than
400,/m¡n). In any event, the major factors influ-
encing roughness apPear to be gravel rnaterial type,
traffic, road alignment, environ¡nent and the level
of maintenance activity (grading) accornplishe¿I.
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Figure 1 1. Road roughness relat¡onship w¡th ûaff¡c for Kenyan conditions.
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Figure 12. Predicted drangp in roughness with time-.
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CHAPTFR 3

Design Philosophy and Economic considerations
The influence of local conditions is of paranount
importance in the design of low-volume roäds. The
design engineer ¡nust carefully evaluate locally
available materials, construction equiprnent capa-
bilities, availability of local Iabor, technical
skills of individuals connected to the projecÈ, and
the level of maintenance that r.vilt uItÍmately be
part of the design, construction., and road-use cycle.

Linitations inposed by loca1 conditions nay make
it inpossible to construct roads whose design
specifications require a given leveL of service over
a predefined design 1ife. In such cases, the engi-
neering effort should be directed to determining
what design life can be provided for the structure
under the best of local conditions.

It should be recognized that different designers
of lor+-volu¡ne roads will often differ 'in their
design philosophies. For example, sone believe that
structural thickness is a relativeLy unimportânt
desÍgn consideration and that all engineering effort
should be placed on the evaluation of pavement
material properties. In contrast there are design
nethods that concentrate al¡nost entirely on struc-
tural thickness and minimize the inportãnce of
¡naterials quality. Roads can be buitt v¡ithout any
level of engineering activity, but, if resources are
to be used efficiently, road design and construction
must be engineered. Accordingly, the overall
philosophy of this synthesis is to present a variety
of engineering nethodologies and fundamentals that
can lead to optimum use of resources.

As a general rule, the level of engineering
effort to obtain input values for design methods
should be greater when increased traffic volumes and
loads are expected, especially when poor subgrade
conditions are 1ikely. Thus, it is generally

cost-effective to increase the engineering leveL as
stronger structures are requireil.

Engineering effort should also be consistent with
respect to all design variables. For exanple, it is
not sound practice to develop expensive traffic
infor¡nation if soit tests wilI not be perforned to
evaluate suþrade strength.

It can be expected that an íncreased level of
engineering actívity will increase design relia-
bility and hence make the nost efficient use of
avaiLable ¡naterial and financial resources. Design
reliability is measured by the difference between
the predicted performance and the actual perfornance
of the road under traffic. Large differences
indicate that the design engineer has not analyzed
fully the local conditions and available resources.

Another design consideration is Èhat all
materials and construction processes have an
inherent degree of variation. For exâmple, Figure
13 shows the distribution of subgrade strength
values that were obtained from laboratory tests on
soil samples from an area of relatively uniform soil.

If the structural design were to be based on the
Iowest strength value, then virtualLy 100t of the
road would be overdesigned and more costly than
necessary. On the ot.her hand, a design based on the
highest strength vaÌue would imply that loot of the
pave¡nent would be underdesígned and would experience
premature failure. For low-volu¡ne roads it is
recornmended that average test values be used for
design paraneters such as subgrade strength.

Another important consideration is that it may be
practical and cost-effective to develop a roail
structure in stages. The initial design can be for
a less expensive structure (shorter design life) if
it is planned to strengthen (or replace) the struc-
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Table 7. Costs to be considered in economicanalyses of ahBrnatíve structural
designr.

Major Group Subgroup Remarks

Figure 14. Principlss of wconomic andys¡3 appl¡ed to !êlect¡on of de¡ign pave-

mènt 3ect¡on,

Pavenent Design Altemates

one of the most significant steps in structural
design is the appraisal of aII costs associated with
the construction and use of the structure. Method-
ology for econo¡nic analysis is the subjeet of
synthesis 5 (see the inside back cover of this
publication) .

Economic analysis can provide answers to ques-
tions such as the following: How can the benefits
of layer stabilization be justified on a cost
basis? Is it better to construct an all-weather
road in frost-affected areas or to lirnit loadsr or
even to close the road systetn during the weak
support period? What is the nost cost-effective
design among a variety of convent.ional pavetnent
structures that have differing combinations of
thickness and material quality?

ÀLl costs over the design Period should be taken
into account in Ìrhat is called a "life-cycle cost
analysisn.

Four types of costs enter into the econonic
analysis that should be rnade to decide !¡hich of
several alternative structural designs will be
used. These costs are shown in Table 7.

Às shoÌ¡n in Figure I4a' initial construction
costs increase with designs that specify greåter
structural strengthr but maintenance costs are
expected to be less for the stronger structures
(Figure 14b). User costË are also expected to be
less for thÊ stronger designs, rnainly because such
roads are smoother and safer than those with weak
designs (Figure 14c). Final1y, the total costs for
some designs can be expected to be less than for
other 'designs (FÍgure I4d). Thus the econornic
analysis can determine which ilesigns have the least
total cost. costs that are conmon to aII alter-
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Initial cost Pavement
Earthwork
Site clearance
Drainage
Signposts, road markings,

fencing, etc.

Maintenance Grading
cost Regraveling

Crack sealing
Patching
Overlays/surf ace dressing

User costs Travel/delay time
Fuel and oil
Vehicle pa¡ts
Tires
Vehicle depreciation
Interest

Salvage In situ materials

All layers above subgrade
Embankment/subgrade

Unpaved roads only
Unpaved roads only
Pâved roads only
Paved roads only
Paved roads only

Added user costs
Pa¡t of vehicle operating costs
Part of vehicle operating costs
Part of vehicle operating costs
Part of vehicle operating costs

May be viewed as negative cost
or asset

ture no later than the time of failure for the
initial structure. Àdditional strucÈural strength
in the second stage is generally provide¿l through
stabilization of the structural naterials anð'/or
through increased thickness of the road structure.
Thus' for example, the ínitial design thickness
rnight be sonelrhat less than required for the desired
design l-ife if additional thickness will be added in
a second stage before the initial structure has
failed. If ¡sarranted by traffic conditions' the
second (or later) stage mlght involve stabilization
an¿l surface treatment for the initial surface
Iayer. Principles of stage construction have been
presented in Synthesis 2 (see the inside back cover
of this publication).

Pavene¡t Design Alternates
Pe¡ceût Underdesigned
Percent Overdesigned

Subg¡ade st¡ength
Most Econonic
Design St¡ategy

Pavenent Design Alte¡nates
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native designs need not be considered. For exanple,
if only the alternatives for base stabilization are
to be analyzed, then costs associated with sub-
surface drainage, earthwork, and suþrade prepara-
Èion need not be considered since they rrould be
conmon to all base alternatives.

It has been found that for nonbiturninous-surfaced
roads, the leve1 of maintenance is at least as
inportant as the initial construction standard in
deternining the leveI of service provided by the
pavenent system. Thus, user costs and maintenance
costs are very important elements in the economic
analysis.

Iuaintenance costs âre frequently categorízed into
two classes: routine maintenance and major main-

tenance. For paved roads, cråck sealing and
patching frequently are of a routine preventative
maintenance type. Major maintenance affects the
entire pavement surface and is either a surface
dressing or a bitu¡ninous overlay. Routine mainte-
nance of an unpaved road is generally represented by
grading operations. Major maintenance normally
results from the need to regravel the existing road
because of gravel losses, or nay include the addi-
tion of gravel layers in a stage construction p1an.

User costs may be categorized as those associate¿l
with travel tine (to include delay) and vehicle
operating costs. vehicle operating costs are dis-
cussed in detail in Synthesis 5.

CHAPTER 4

Traffic Factors

Traffic factors for structural design are those
characteristics of vehicles that lead in one way or
another to structural distress and damage. Two
general factors are vehicle loads and vehicle
repetitions. However, the ãmount of distress caused
by accunulated repetitions can be much different for
one type of vehicle than for another type. Thus,
another traffic factor is the traffic mix, that is,
the relative distribution of different. vehicle types
and loads.

For a given vehicle type, the major factors that
relate to pavenent damage åre the axle and wheel-
spacings, the magnitude of wheel load, and the tire
contact pressure. General effects of tire load and
pressure were discussed in Chapter 2. Chapter A
deals with the combined effects of different vehicle
types and their respective traffic repetitions.
Methods of analyzing the traffic mix are also
p resented.

Traffic factors ptay an i¡nporÈant rol-e in
structural design procedures, particularly when both
Ioads and repetitions are relativèIy high. For
exampler ¡nuch less structural thickness may be
requÍred for a design leveL of 100,000 repetitions
than for 10,000,000 repetitions. However, the range
in design thickness from 50r000 to 200,000 repeti-
tions may be rninor. Thus for low-volume roads with
traffíc levels less than 500 vpd, detail-ed and
highly accurale traffic data and co¡nplex analyses of
traffic effects are seldo¡n justified. Nevertheless,
an attempt should be made to obtain realístic
traffic data for the specified road that is being
designed, particularly if so¡ne of the vehicles are
quite heavily loaded.

Te¡o 'conmonly accepted ways of analyzing the
effect of traffic on pave¡nent structure are (a)
¡nixed-traffic analysis and (b) equivalent wheel- load
analysis. Mixed traffic analysis is the most
universally accepted way of characterizing traffic.
Each country or roâd agency ¡nay have its own
techniques for obtaining and analyzing traffic dãta,
but the same general approach is foltowed throughout
many parts of the world.

Equivalent wheel load anâlysis is especially
useful when designing road structures for a
relatively smaLl number of repetitions by relatively

heavy vehicles. Exa¡nples include roads used for
industry access, dock facilities, and hauling of
timber or agricultural products. The equivalent
wheel- load approach generalJ-y ignores the effect of
all other vehícles in the traffic mix and bases the
traffic analysis entirely on the special or critical
vehicle. For these reasons, this approach should be
used for more specialized traffic conditions rather
than as an alternate for the mixed traffic analysis
method.

MIXED-TRAFFIC ANALYSIS

The basic concept of nixed-traffic analysis is that
each vehicle repetition causes sone structural
damage (however smalI) and t.herefore consumes some
part of the design life. If a particular structure
is designed to convey 100 repetitions of a specific
vehicl-e type before failure occurs, then each pass
or repetition of that vehicle on the road would
cause I/100 of the life to be consumed. The danage
per pass (unit damage) is thus 0.01. The same
structure night have a life of 500 repetitions for a
second type of vehicle. Each repetition of the
second vehicle would consune L/SOO or 0.002 of the
structural life. The total damage from 50 passes of
the first vehicle and 200 passes of the second
vehicle would thus be 50 (0.01) + 200 (0.002)
0.90, or 90t of the desígn life.

In analyzing traffic nixes, it is nêcessary to
relate the relative effect of any vehicle to that of
an arbiträrily selected standard vehicle. The
relative effect is called the equivalent damage
factor (F) value. This value is the ratio of unit
danage of a given vehicle to the unit danage thât
would be caused by the standard vehicle. Thus, if a
given axle load has an F value of 2, each pass of
this axle load is 2 times as damaging to the road as
each pass of the stândard axle load.

Another descriptive factor in ¡nixed traffic
relates to the lateral wandering of vehicles on the
pavenent surface. If the traffic is highly chan-
nelized on a narrow road, then each pass of a
vehicle will result in one danage repetition at the
point of maximum damage. However, if traffic
novement is such thåt the vehicles take various
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lateral poaltiona, then lt nây require several
påases of a given vehicle to cauae one unit of
ãanage at a given Point on the surfåce. rf this
fâctor is ignoredr Èhe resutÈlng deBign will be on
the conservative side and thus Provide service for a

soewhat lor¡ger tine than the design period'
The flnål steP in rnixed trafflc analysfs is to

deternlne the nunber of repetiùions of the standard
vehicle (in èhe design period eelected) that rould
cause the same cmulative darnage to the pave¡nent aa
the actual vehicles in the trafflc nix. If lateral
placenent variations are ignoredr the ntnber of
equivalent rePetitions is given by

l¡ - (plFl + p2F2 + ... + PnFn)

rhere

N = total equivalent re[Þtition8 of the atandard
vehicle in the design Periodt

Pl, ..., P¡ = nunber of Pasaes during the
deslgn period õf vehicle ÈyPe t' ...r vehicle tytrÞ
nr and

Fl, ... t Fn = equivalent danaqe factor for
vehicle tyPe 1, ...r vehicle tYPe n.

rn the renainder of this sectÍon a nunber of
techniques are Presented for calculating F-values
and equlvalent repetitions.

The standard vehlcle that iE åInost unÍversally
used in rnixed traffic studies is Èhe 18r000-1b (8200

kg) eir¡gle axle load. fhuEr the relative da¡naging
effects of all other vehlcles in the traffic rnix are
re¡.ated to this axle load.

Eguivalent damage factors (F-values) for differ-
ent axle loads and axle types can be comPuted

directly frorn the fundamental definiÈion of the F

value. Factors that are widely used throughout the
world are those that were developed fro¡n analysis of
data frorn the åAs¡fO Road Test that was conducted in
the Untted States during the late 1950s and early
1960s.

Table I 6hons F-values that are uged throughouÈ
the renainder of this syntheEis. As can be Eeent
the values are shown for both single-axle and
tanden-axle truck configuratlons. The F-value for a

3Orooo-lb single-axle load ls shown to be F E

T¡He 8' Sr¡mm¡ry of equivdent dam{p fætor¡.

SiÍgle-Axle l,oad Tandem-Axle Load

ks kN F-Valuê

10.03. ThuE, this axle load iE about 10 tineE aa

dånaging, as the 18r0OO-1b single-axle load. Thus it
requirea about 10 re¡tetitlons of an 18r000-1b
single-axle load to cauge aa nuch dåmage a8 one

repetitlon of the 301000 Ib single-axle load.
Ithe signfficance of heary overloads on highways

is shown by the table. For exa¡nPler F - 38.02 for
the 40TOOO-tb aingle-ax1e 1oail. lrhis inplles that
one pasg of the 40r000-1b axle load causea the Båne
pavernent da¡någe as abouÈ 38 passes of an 18r000-Ib
Ëingle-axle load. In other nords, if there were 500

vpd of an 18ro0o-1b slngle-axle loadl, only 13 vpd of
the 40r000-1b axle load ïould cause the sane degree
of pavenent datnage.

In contrast to the aignificant effect of heat4/-
axle loadsr the relatively insignificant effecÈ of
light vehiclea Euch a8 PasEenger cars can elso be

obeerved. Atthough not ahown in Table 8¡ a paeeen-
ger vehicle sith a single-axle load of 500 lbs has
an F-value of about 0.0000001. Thus, it would take
approxinately 10¡000¡000 rePeÈitions of this Pasaen-
ger vehicle axle-load to equal the destrucËive
effecÈ of I PaEs of the stanitard 18r000-1b eingle-
axle load.

For this reagon passenger cara are generally
ignored in the trafflc mix analysia and only trucks
or co¡mercial vehictes are congidered. It i8 gen-
erally sufficient to tncluite only those vehlclee
whose single-axle loads are greater thån the 2000-Ib
value shown in lable 8.

These exanples of thê rânge of the relative
darnaging effect due to passenger vehicleE ånd

heavily loaded axles clearly lllustrate that Pave-
nent da¡nage i8 not linearly related to axle load.
studies have shown that Ëhe following relåtlon8hlps
are appllcable to the equivalen! darnage factora:

p = (L1,/18)4'5 and s - F2/SZ.5| 4'5

rúhere

L¡ = sir¡gle-axle load in thousands of pounde¡ and
Lã = t.nd.^-axle loåd ln thousands of pounds.

For exånple, if the F-va1ue for a 42r000-1b
tanden axle is desired,

7 = (L2/33.5)4'5 = (42/33.514'5 = 2.76.

This conputed value of F - 2.76 agrees very well
eith the tabulated E ' 2.73 value ahoxn ln Table 8.
For rîany Practlcal situatl'ons, sufflciently accurate
F-values can be calculated by using a Power of 4'0
lnstead of 4.5 and thus sinplify the calculaÈion'
In the above exanple, use of the 4.0 power rculd
give the aPProxi¡natio¡F = 2.47.

To rnake à detailed traffic analyslsr quantitåtlve
valueg are needed for the followlng factora:

1. Average dailY traff ic (N)lt) ,
2. Percentage of trucks (co¡unercial vehicles) '3. DiEtribution of axle loads anong truckgr
4. Nunb€r of lánest
5. Design (service) Iifer and
6. Rate of traffic aronth.

ÀDt and Percentage of trucks can be obtalned frorn
trafflc count studies on roadE whose trafflc condl-
tlons are aEEuned to be sirnilar to those for the
road being designed. The ADII is an estinaÈe of the
total nurob€r of vehlclea ln both directions that are
expected to uae the road on a typical day.

The Percentaqe of trucks (comercial vehiclee) is
uEually obtalned by countlng any vêhicle having an
axle load greate! than about 2000 lb. the noat
dlfficult factor to evaluate í8 the dlstrlbution of

lb
(000s) kg kN F-V¡lue

tb
(00ft)

2
4
6
8

l0
l2
l4
l6
t8
20
22
24
26
28
30
32
34
36
38
¿m

910 8.9 0.0002
I 810 17.8 0.003
2720 26.7 0.01
3 630 35.6 0.04
4 540 44.5 0.08
5 440 53.4 0.18
6 350 62.3 0.34
7 260 71.2 0.60
I 160 80.0 1.00
9 070 89.0 1.59
9 980 97.9 2.44

l0 890 106.7 3.62
1 1 790 1 15.6 5.21
12 700 124.5 7 .31
13 610 133.4 10.03
14 520 142.3 13.51
l5 430 t5t.2 t7.87
16320 ló0.1 23.30
t7 230 169.0 29.9s
t8 140 177.9 38.02

4 540 44.5
5 440 53.4
6 350 62.3
7 260 71.2
8 160 80.0
9 070 89.0
9 980 97.9

l0 890 106.?
r1 790 115.6
12700 124.s
13 610 133.4
t4 520 142.3
15 430 151.2
16320 160.1
L7 230 169.0
18 140 177,9
l9 070 186.8
19 980 195.7
20 880 204.6
2t 790 213.5

l0
l2
t4
l6
l8
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48

0.01
0.02
0.03
0.05
0.08
o,l2
o.l7
0.24
o.34
0.46
o.62
0.82
1.07
l.38
1.75
2.19
2.73
3.36
4.11
4.98

I

l

Ì,btc: F-vrtud rñom tc A SHO fscton fo¡ flo¡¡blc p¡vçmenÙ wù@ ltnctu¡sl numbs¡
¡ 2.0 ud for ¡ temina¡ ærvlce¡bll¡ty ¡¡dcr of 2'O'
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the various axle loads of trucks within the traffic
mix. This can normally be done only by weighinq
vehicles at roadside weigh stations or through
portabLe weighing devices.

The nunber of traffic lanes on the roadway is
important since the design number of equivalent
repetitions is for a pârticular lane. Thus, íf a
tgro-lane facility is constructed, the ADT divided by
2 gives the nunber of vehicles per day traveJ.ing on
the design 1ane. If only a single lane road is
being constructed, the design number of vehicLes per
day on the design lane is the ADT value itself.

The total amount of traffic for which a road
structure is designed clearty depends on the length
of the design period. A design life must therefore
be selected before the traffic analysis can be
completed. For lovr-volune roads, a design period of
5 to I0 years is usually selected, perhaps coupled
with a stage construction plan that will extend the
lÍfe of the initial structure. In nany cases, it
can be expected that current traffic volu¡nes will
grow over the design periocl. Thus the current ADT
value (and equivalent axle loads) wiIl generally
become larger in each successive year of the design
period. Estimates of the annual rate of fut.ure

Figure 15. Cumulative traff¡c growth fastor as a functíon of traff¡c growth rate
and design life.

growth can be projected from growth rates that have
been observed in recent years.

Figure 15 gives values for a gro$rth factor G that
is to be multiplied by the current ADT to give the
accumulated number of vehicles to be experienced by
the road structure for a given design Iife and
annual rate of traffic growth. The figure shows,
for example, that c is about 5.3 for â growth rate
of 2.5t per year and a design life of 5 years.

Further information on the acquisition of traffic
data is contained in Compendiu¡n 15 (see inside back
cover) .

Successive sleps in a mixed-traffic analysis will
be illustrated with the following hypotheÈical data:

l-. Average daily traffic: ADT = 350 vehicles per
day (two-way)

2. Number of lanes: 2

3. Percentage of trucks: 18t
4. Design life = I0 years
5. Axle load dístribution per 100 Èrucks: (see Table

9)
Equivalent damage factors (F) in the next to last

column of Table 9 were taken from Table 8. The
final column is obtained by nultiplying the F-values
tines the corresponding number of axle loads per I00
trucks. The final total of 161-.16 is the nunber of
18r000-Lb single-axle loads that are equivalent to
the observed distribution of axle loads (per 100
trucks). It should be noted that the distribution
refers onl-y to the 18t of total ADT that are trucks
and that 72* of the vehicles are ignored in the
cal-culation of equivalent axle loads.

For the initial design year, the totåI nurnber of
equivalent 18,000-1b single-axle loads Nlg is
caLcul-ated as fol-Lows:

NI8 (Year I) = (350 vehicles per day/2 lanes) x
(18 trucks/100 vehicles) x (161.16 equivalent
axle-1oads,/100 trucks) x (365 days,/year) = 18¡530
equivalent 18,000-Ib axle-loads.

Fron Figurg 15, the growth factor for a J.o-year
design life and 15t traffic Arovrth per year is about
2I.8. Thus the total of' N16 for afl l0 years of
the design life is

NIA (10 years) = 18,530 x 21.8 = 403,954 or
approximately 400,000 equivalent 18,000-1b axle-load
repetitions.

APPROXIMATION I\IETHOD FOR MIXED-TRAFFIC ANALYSIS

For nany low-volune roãd traffic analyses, available
input data nay be meager to nonexistent. It is also
true that structural design requirements are not
partÍcularly sensitive for l-ow NtA repetition
values. Because of this, approximate solutions or
êsti¡nates based on realistic selection of input
values nay be used.

In the examplè of the previous section, the
traffic mix resulted in 161.16 equivalent NtB

o
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Table 9, Hypothetical axle load dístribution and
equ¡valent axle repetitions. Axle-Load Distribution from Weighing Study

Axle Load
Axle Type (lb 000s)

Number of Number of
Trucks per Axles per
100 T¡ucks 100 Trucks

Equivalent Damage
Fåctor per Axle
Load (F-values from
Table 8)

Equivalent Axles per
I 00 Trucks

27 54
46 92
9 l8
6t2

12 24
100 200

Single 8
16
24

Tandem 28
36

Total

0.04
0.ó0
3.62

0.46
l.38

2.t6
55.20
ó5.16

5.52
33.12

l6t.16

Rate of growth per year

t5



Table 10. Traffic mix factor (Ml¿.

Light (under 0.75)
Medium (0.75-1.5)
Heavy (more than 1.5)

avalues shom a¡e for two-latre ¡oads and a¡e to be doubled for one-la¡e roads. In many
cases, loc4l conditions are such tllat even on two-lane roads, ñajo¡ traffic is concentrâted
intheceñteroftheroadexceptfo¡passiûgsitùations. Inthesecases,thedesignershoùld
also double the lable value,

repetitions per 100 trucks' or I.61 repetitions per
truck. This value is somewhat typical of lorÈvolume
roads that frequent.ly carry heavy 1oads. Recent
research GQ, fZ) has shown that in developing
countries this ratio may ranqe frorn about 0.5 to
2.0. While this is a fourfolcl difference, it does
alLow for the selectíon of realistic ranges that may
be encountered in low-volune road design. In
addition the typical range of Percent trucks has
been found to be 5-15t, although vaLues uP to about
50t have been observed.

By using this information' a traffic mix factor
(M) can be determined for convenient categories of
percent trucks (low, nedium, and high) and
categories of the probable axle-Ioad distributions
(equivalent repetition-truck ratio expressed in
categories of 1i9ht, medium, and heavy loads).
Tab1e L0 gives values for !.,1 for nine co¡nbinations of
truck percentage and loail category. when the M

factor is muLtiplied by the value of ADT' the result
is an approxi¡nation of N1g in the initial design
year. For the exa¡nple of the previous section, the
tjt factor in Table 10 is found in the column for
¡nedium percent trucks (f8t) and in the rov¡ for

heavy-load distribution (1.6I repetitions per
truck). Thus M = 73 for the exarnple' and the
approxinate value for N1g in the initial design
plan is

NIg (Year 1) = l.l x ADT = 73 x 350 = 25,550 equiv-
alent 18r000-1b axle-loads.

By u6ing the sarne growth factor as before, G = 2I.8¡
the approxirnation nethod gives

NtB (10 Years) = 25,550 x 21.8 = 556r990 or
approximateJ-y 557,000 equivalent repetitions.

In this example' the approximation method pro-
duced 557,000-400'000 = 157r000 more equivälent
repetitions than did the meÈhod based on the
observed axle-loacl distríbution. In general,
however, the approximation nethod gives sufficiently
accurate results for the design of low-volume roads.

EOUIVALENT SINGLE-WHEEL LOAD AIiIALYSIS

rn so¡ne special design situations, traffic nay
consist of low frequency but extrenely heavy loads
and may include special tire configurations that ¿lo

not lend themselves directl-y to the use of typical
single-axle or tândem-axle equívalent damage
factors. In these situationsr an equivalent
single-wheel load (Es!{L) approach may be useil for
structural design. This approach is particularly
recommended when the structure is likely to experi-
ence excessive shear displacements that are due to
the heavy or special vehicle. Since details for the
ESWL approach are relatively complex and lengthy,
they will not be presented in this synthesis. The
interested reader will find fulI details in other
works (4, À9, À9).

Percentage of Trucks
Load
Distribution
(N1s per truck)

Low
(undet l57a)

Medium
Qs-2s%)

High
(more that 25Vo)

27
69

ll0

l8
+o
73

9
23
37

CHAPTER 5

Soils and Subgrades

This chapter presents basic concepts for the
description and classification of soí1s and for the
measurement of soil strengt.h. It must be recog-
nized, however ' that behavior of subgrade soil
depends greatly on (a) the environnental conditions
in which the road is constructed and (b) the l-evel
of construction activity used to prepare naturâl
soil for use as a pavement subgrade. These teto
factors are discussed in Chapters 6 and 8, respec-
tively.

Soil in its basic form may be viewed as a
co¡nbination of differíng amounts (or percentages) of
separate soil size grains. The size of individual
grains nay vary from coarse (gravels and sands) to
fine (silts and clays). Early in soils engineering,
it $ras recognized that the distribution of soil
sÍzes, called grain size distribution or soil
gradation, vras an i¡nportant physical property of a
soil. Later experience showed, hoerever, that other
properties such as the plasticity characteristics of
the fine portion were equall.y as important.

As a result, it is not unco¡nmon for the engineer

to encounter two distinctly different soil classi-
fication sche¡nes. In one scheme soiJ. types (e.g.t
gravel, sand, silt, and clay) are defined solely by
ranges in soil particle sizes. This aPproach leads
to a textural soil classification that is based on
the relative percentages of sand, siltr an¿l clay
sized particles in the soil-.

Although nany important inferences can be made
from such a classification scheme' the best sche¡ne
for engineering purposes is one that takes into
account both gradation and plasÈicity character-
istics. In general' grain size distribution is an
inportant property for coarse-grained soils, and
plasticity is the most important ProPerty for
fine-grained soils. These principles have led to
the establishrnent of engineeríng soil classification
systems. The two most widely used systems of this
type are tñe Unified Soil classification systeÍt
(USCS) and the Àmerican Association of State Highnây
ånd Transportation officials (A.ASHTO' fornerly
AASHO) .systen.
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Table 11. Summary of soil size nomendature.
Grain Size (mm)

Soil Size ASTM0422 AASHO T88 USCS International

Gravel
Coarse sand
Medium sand
Fine sand
Si.lt size
Clay size
Colloids

7 5-4.7 5
4.7 5-2.0
2.0-0.425
o.425-0_O7 5

0.075-0.005
0.005-0.001
<0.001

100-2.0 2.0-1.0
2.0-0.425 2.0.0.6 1.0-0.5 2.0-0.5

0.64.2 0.5-0.25 0.5-0.2
o.425-0.O75 0.2-0.06 0.25-0.05 0.2-0.1
0.075-0.002 0.06-0.002 0.05-0.005 0.o2-o.oo2a
0.002-0.001 <0.002 <0.005 0.002-0.0002
< 0.001 < 0.002

aFormerly Sredish cla$sification; has add¡tionat $oil-size câtegory called ..Mo,, (O,t - O.02 mm).

Table 13. lllustrative soil gradation analysisa.
Table 12. Standard U.S, sieve properties.

Size (in) Size Opening (mm) Sieve No. Opening (mm)

101.6
76.1
50.8
25.4
19.0
t2.7
9.51
6.3-s

Size
Opening

Sieve Size (mm)

Weight
Retained Retained Passing
(e) (%) (%)4

3
2
I
314
I t)
318
\14

No.4
No. 8
No. l0
No. 20
No.40
No. I 00
No. 200
No. 270
No. 400

4.7 6
2.38
2.00
0.841
0.420
0.149
0.07 4
0.053
0_037

SOIL SIZE AND GRADATION

Ever since the treatment of soils as a science,
various agencies have attenpted to describe the
general ranges of soils that comprise the major
types of soils (gravels, sands, silts, and clays).
A summary of various size classifications is shown
in Table 11. As can be seen, there is no universal
agreenent on the soil sizes that are associated vrith
particular soil types.

Within a particular soít deposit the distribution
of grain size (gradåtion) may be found by a combi-
nation of nechanical (sieve) analysis and hydroneter
t,esting. Mechanical sieving is practÍcal for sizes
generally greater than 0.074 mm (No. 20b). Hydrom-
eter analysis, based on Stoke's law for particle
flow in a viscous fluid, is generally appticable for
soil sizes finer than the 1.0 mm-0.5 mm range. For
lnost engineering classifications the distribution ofgrain size for silt and finer soil-s is not re-
quired. Use of nechanical techniques for grain size
is usually sufficient for eng ineering practice.
onLy if classification by a textural system is
desired is there a need to conduct hydrometer
s tudies.

Mechanical analysis of soils is acconplíshed by
placing the soil through a series of stacked sieves
(usual-1y 5 to 8) and weighing the a¡nount of soil
retained on each sieve. Table t2 lists the sieve
nomenclature and size of the opening for several
co¡nmon sieves. Various intermediate-sized sieves
are conmercially available. The same size opening
for a sieve may have different designations in
different countries. For example, a sieve with an
opening of 2.00 nrn is equivalent to a No.10 U.S.
sieve, a No. I British standard sieve, and a No. 45
French sieve. Although sieve sizes smaller than a
No. 200 s.ieve are shor.¡n, these sieves are not
generally used.

Table 13 iLlustrates the results ãnd conputations
of a ¡nechanical analysis test for a given material.
After siêving is completed, the weight. retained on
each sieve (and pan) is deter¡nined. By using the
total weight of the original sârnple, the percentage
retained and the total percentage passing a given
sieve can be easily cornputed. ft is co¡ùnon for thegrain size distribution results to be plotted in

No.100
No. 200
Pan

aTotal weight = t0OO sm.

terns of percentage passing versus log size
opening. Figure 16 is such a plot developed for the
example shown in Table 13.

Both the data in Table 13 and the plot of Figure
16 indicate that there is a relatively equal
percentage of soil sizes between adjacent sieves.
In this case the material is said to be welL-
graded. Figure 17 shoi.rs several gradations that the
engineer may encounter. Soil A is the well-graded
soil of Figure 16. For soil B there is a general
deficiency of material betvreen the No. 4 and the No.
I00 sieves. This gradation is saíd to be a
gap-graded material to denote that a number of soil
sizes are not present in the soil. The gradation
curve for soil- C shows that almost a1I of this soil
is within a relatively small size range. Such a
distribution represents a uniforrn-graded material.
The terrn poorly graded is generally used to refer to
all materials that are not well-graded.

Specific points on the grain size curve may be
used to determíne if a pârticular soil is
well-graded or poorJ"y graded. For example, the
coefficient of unifornity (Cu) is defined by Cu
= D5g/Dyg where D60 is the grain size foi
which 60t of the total naterial is finer, and where
Dlg is the grain size or which lot of the total
naterial is finer. To have a well-graded material_¡
the Cu should be greater than 4 for gravetly soils
and greater than 6 for sandy soils. For the soil
shown in Figurê 16r D66 = 5.2 nm and D1g = 0.074
rrun. Thus Cu = 6.2 t¡n/0.074 mm = 83.8.

Another coeffici.ent that characterizès soil
grading is C. = (D36) 2,/(D1¡D6g).

The D30 value is the grain size at which 309t
of the material is finer or passes Èhe sieve. ff
the soil is well-graded, the value of Cc is
generally between 1 and 3. poorly graded mateiials
result in large C. values. For the soil shown in
Figurç 16r D30 = 0.9 mm and Cc
(0.9)2/ (0.074) (6.2t = L.77.

Because Cu is greater than 6 and Cc is
between 1 and 3, the grain size distribution curve
shovrn in Figure 16 represents a well-graded maÈeria1.

lin
314 in
l12 in
No.4
No. l0
No. 20
No. 40

2s.4
19.0
t2.7

4.7 6
2.00
0.841
0.420
0.149
0.074

0.0
100_0
I 10.0
250.0
t 50.0
100.0
60.0
80.0
50.0

100.0

0.0
10.0
I 1.0
2s.0
l s.0
10.0

6.0
8.0
5.0

10.0

100.0
90.0
79.0
54.0
39.0
29.0
23.0
l 5.0
10.0
0.0
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Figure 16. Typical soil grain size dislribution
GUrve.

.06 .æ.1

Figure 17, Typ¡cal types of soil gradations,

SOIL CONSISTENCY

Simple, but effective, laboråtory procedures have
been developed to delineate silty (noncohesive)
soils from clayey (cohesive) soils. These proce-
dures y¡ere developed by the Swedish agronomist,
Atterberg, at the turn of the century. Although
Atterberg developed several indices' only three are
widely used by soils engineers today. Thesê
parameters are calLed the Atterberg Limits and are
defined as follows: !tÀ (or LL) = tiquid Limit,
wp (or PL) = Plastic Li¡nit, and Ip (or PI)
Plasticity Index = wÀ - vtp' where w-is the soil
moisture contenÈ at the two linits, resPectively.
Moisture content is defined by w = 100 (weight of
wet soil - weight of oven dry soil)/(weight of oven
dry soit). Thus moisture content is the ratio of
the weight of wat.er driven off in the drying process
to the weight of the soil in its dry state,
expressed as a percent.

The Atterberg limits are based on the change in
soil consistency as moisture (water) is added to the
soil. Soilr when dry or slightly wet, exists in a

6 .8r 2 4 6 810

80

8
t9z
2æ
À
t-zuo
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GRAIN SIZE {SIEVE OPENING) - (MILLIMETERS}

r10
GRA¡N SrZE (SIeVp Ope¡¡¡lç) - (¡il¡_t_rt,E¡-ens)'

seni-solíd to solid state. on addíng vraterr the
soil tends to exhibit a more plastic consistency in
that renolding cân be easily acco¡nPlished. Finallyr
if enough water is added' the plastic state v¡ill be
trânsformed into a viscous condition where soil flor¡
may be expected to occur. The Atterberg li¡nits
represent soiL moisture contents that delineate the
three major phase changes in consistency. The
recom¡nended procedure for determining these values
is hiqhly standardizedr highly enpirical' but highly
reproducible for any soil. It should be noted that
Atterberg 1i¡nits are only conducted on ¡naterial
passing the No. 40 sieve.

The Plastic Limit test (AST!,! D-424 or AASHTo

T-90) defines the lowest rnoisture content at which
the soil is in a plastic state. The test involves
rolling a thread of soil into a dianeter of 1,/8 in
so that cracks are not visíb1e in the soil thread.
The soil moisture content at which this occurs is
called the Plastic Limit and is denoted by srp (or
PL) .

The Liquid Limit test (AsIÌ4 D-423 or AASHTo T-89)
defines the moisture content a! which the soil

0.1

A - I{EIT GMDÐ

B - GAP GRAED

C - UIIFOFütY GRADB)
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changes from a plastic state to a more fluid or
Iiquid state. Specific details of the test proce-
dure and lab equipnent may be found in the test
specifications.

The Plasticity Index (ID or pI) describes the
range of noisture contents ôver which the soil hrill
be in a plastÍc state. Thus, from an engineering
viewpoint, the larger the Ip value, the more
cLayey or plastic is the material. For example, if
ã soiL has a w¡ = 18tr and 5 = I2N, then Ip
=18 - L2 = 6t. Thís range of ¡noisture contents over
which the soil is in a plastic 6tate can be observed
to be significantly lower than â more plastic soil
with w¡ = 7Ol, wp = 22t, and Ip = 48t.

ENGINEERING CLASSIFICATION SCHEIIIES

In engineering classification schemes, gradation
properties are deemed most important for granular
soils but not important for fine-grained soils. For
fine-grained soi1s, plasticity properties are nost
ínportant but gradation properties are not. For
¡nixed-type soi1s, both gradation and plasticity
properties are inportant.

Thus the influence of soil size distribution
becones less significant and the effect of plas-
ticity characteristics ¡nore significant as the soil
type changes from a coarse-grained to a fine-grained
soí1. î{o måjor engineering classification schemes
are used worldwide. They are the USCS and the
ÀASHTO systems.

The USCS system was developed originally by À.
Casagrande and was later nodified by the U.S. Army
Corps of Engineers. The folloh'ing symbols are used:

Coarse-Grained Soils
c-cravel
S-Sand

Fine-Grained Soils
rq-s ilt
C-clay
O-Organic
Pt-Peat

Gradation Properties
W-WeII-craded
P-Poorly Graded

L-Low-Conpressibil ity

a No. 200 sieve. If the soil is fine-grained, use
is made of the plasticity chart shown in Figure 18
to co¡npletely classify the soi1. This is accomp-
lished by plotting the w¡ and In vaLues of the
soil and noting the area in which Èhese values Iie.
The A line separates engineering clays from engi-
neering silts in that any point above the A line is
designated by â C or clay prefix. A liquid limit
value of 50 separates fine-grained soils into hígh
(H) and low (L) compressible zones. In general,
organic and peaty ¡naterials (O and Pt) are classi-
fied on the basis of visual appearance and odor. If
the soil is coarse-grained, the first order of
subdivision is based on the No. 4 sieve that is used
to delineate gravel fron sand sizes. If the great-
est proportion of the coarse-grained ¡naterial is
retained on the No. 4 sieve, then the soil is a
Gravel (G). Likevrise, if the greatest percentage of
the coarse-grained naterial is within the No. 4 to
No. 200 sieves, then the naterial is cLassified âs a
Sand (S).

various suþroups of either c or S soils are then
made on the basis of the amount of fine-grained
material in the soil (passing No. 200). If 5t or
Iess pass a No. 200 sieve, the G or S symbols are
modified to reflect whether or not the soil is well
or poorly graded (i.e., G'fÍ, GP, SIl, or SP) based on
the Cu and Cc values previously discussed in
this chapter. If the soil contains more than 12*
fines (passing No. 200), it is desirable to modify
the symbol to reflect whether the fine-grained
portion is clayey (C) or silty (l'1) in nature. For
this case, the plasticity properties are used
(Atterberg limits) along v¡ith Figure 18 to determine
if the material lies above or below the A 1ine.
Thus possible USCS symbols for this category are:
(GM, GC, S!1, SC). Finally, if the percentage
passing the No. 200 siêve is internediate (betvreen
5t and I2*), both the characteristics of the
gradation and pl-asticity properties of the fine-
graínecl soil portion are noted by the use of a dual
symbol. A classification symboL of G'W-GC would be
indicative of this group. The USCS classification
schene is shown in Table l-4.

The present AÀSHTO classification sche¡ne evolved
from the U.S. Bureau of Public Roads (BPR) procedure
that was introduced in 1929. In this system,
coarse-grained soíl-s are separated from fine-grained
soils on the basis of 35t passing the No. 2O0
sieve. It is apparent that, íf a soil has betereen
35t and 508 passing a No. 200 sieve, the AASHTO
classification results in a fine-grained soil
symboli the USCS systern would necessitate a coarse-
grained notation. These subtle differences should
be kept in mind when trying to infer soil perform-
ance from classification sche¡nes.

The AÀSHTO schene uses a subdivision procedure
based on the relative infl-uence of gradation and
plasticity characteristics. Eight major soil groups
are designated by the symbols A-I through À-8. The
synbols are arranged so Èhat A-L, A-2, and A-3 soils
are coarse-grained, A-4 and A-5 are si1ts, A-6 and
A-7 are clays, and A-8 is organic. Thus, soils A-4
through A-8 are fine-grained. Within the A-1, A-2,
and À-7 groups, subgroups are based on the Àtterberg
limits (wÀ and Ip) of the fine-grained soil
portion. Table 15 shovrs the classification scheme
for the AASHTO systen. In general, the technique is
to start at Group A-1 and determine the first group
(or subgroup) that satisfiês the gradation and
plasticity limits specified in Table 15.

One additional feature of the AASHTO systen is
that it provides a nuneric indicator for soil
relaÈive to its probable perfornance as a subgrade
soil. this is accomplished by the croup Index (GI)
parameter where a cI = 0 indicates an excellent

Coarse-grained soils
than 50* passing a No.
soils (l,l,CrO) are those

(G or S) are those with Less
200 sieve, while fÍne-grained
for which more than 50t pass

Figure 18, Plast¡city chart for use w¡Îh USSS.
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Table 14, USGS sdeme (201.

Major Division
Group
Symbol

Laboratory Classification Criteria

Finer thãn
200 Sieve
(7") Supplementary Requirements Soil Description

0-5a D66/D16 greater than 4, D3o2/(D6o x Dto)
between I and 3

0-54 Not meeting above gradation for GW
I 2 or morea PI less than 4 or below A-line
1 2 or morea PI ove¡ 7 and above A-line
0-5a D6o/Dto gteater thân 4, D3o2/(D6o x Dlo)

between I and 3
0-54 Not meeting above g¡adation requirements Gap-graded or uniform sands, gravelly sands
12 or morea PI less than 4 or below A-line Silty sands, silty gravelly sands
12 o¡ morea PI over 7 and above A-line Clayey sands, clayey gravelly sands

Plasticity chart Silts, very fine sands, silty or clayey fine
sands, micaceous silts

Plasticity chart Low plasticity clays, sandy or silty clays
Plasticity chart, organic odor or color Organic silts and clays of low plasticity
Plasticity chart Micaceous silts, diatomaceous silts, volcanic

ash
Plasticity chart Highly plastic clays and sandy clays
Plasticity chart, organic odor or colo¡ Organic silts and clays of high plasticity

Fibrous organic matter; will char, burn, or glow Peat, sandy peats, and clayey peat

Coarse-grained
(more than 50/a
by weight coarser
than No. 200
sieve

Fine-grained
(nore tban 5O7o
by weight finer
than No. 200
sieve)

Soils with fibrous
organic matter

Gravelly soils
(more than half
of coarse f¡ac-
tion larger than
No.4)

Sandy soils (more
than half of
coarse fraction
finer than
No.4)

Low compressi-
bility (liquid
limit less than
50)

High compressi-
bility (liquid
limit mo¡e than
than 50)

G\ry

GP
GM
GC
SW

SP

SM
SC

ML

CL
OL
MH

CH
OH

Pt

Well-graded gravels, sandy gravels

Gap-graded or uniform gravels, sandy gravels
Silty gravels, silty sand gravels
Clayey gravels, clayey sandy gravels
Well-graded, gravelly sands

Table 15. AASHTO soil classification scfteme (20).

aFor soils having 5 to I 2% passiûg the No. 200 sieve, use a dual symbol such âs GW-GC,

Group Subgroup 10

Percent Passing U.S. Sieve No.

Character of Fraction
Passing No. 40 Sieve

Liquid Plasticity Group
Limit Index Index No. Soil Description Subgrade Rating

A-1

A-2"

A-8

A-1-a
A-l-b

^-2-4L-2-5

^-2-6L-2-7

50 max
50 max 30 max

50 max

51 min

25 max
l5 max
25 max
35 max
35 max 40 max
35 max 4l min
35 max 40 max
35 max 4l min
l0 max

36 min 40 max
36 min 4l min
36 min 40 max
36 min 41 min
36 min 41 min
36 min 4l min

6max 0
6max 0
6max 0

0to4
10 max 0
l0 max 0
ll mìn 4max
ll min 4max
Nonplastic 0

10 max 8 max
10 max 12 max
I I min 16 max
I I min 20 max
11 minb 20 max
I I minb 20 max

Well-graded gravel or sand; may include fines \
Largely gravel but can include sand and fines I
Gravelly sand or graded sand; riray ilclude fines /
Sands and gravels with excessive fines {

Sands, gravels with elastic silt fines ) Excellent to good
Sands, gravels with elastic silt fines I

Sands, gravels wil.h clay fines \
Sands, gravels with highly plastic clay fines I
Fine sands IA-3

A-4
A-5
A-6

^-7

Low-compressibility silts
Highcompressibility silts, micaceous silts
Low to medium-compressibility clays
High-compressibility clays
High<ompress.ibility silty clays
High-compressibility, high-volume+hange clays

Peat, highly organic soils

A-7-5
A-7-6

Fah to poor

Unsatisfactory

lcroup A-2 includes all soils having 3s7o or less passing a No, 2OO sieve that cannot be classed as A-t o1 A-3.
"Plasticity index of A-?-5 subgroup is equal to or less thaû LL3O. Plasticity index of A-7-6 subg¡oùp is grealer than LL-30.

subgrade and a GI = 20 indicates a very poor
subgrade soíl. The basic equation used to determine
this value is

classification synbol nould be A-7-6 (20).
Use of both the USCS and AASHTO classification

systems will be illustrated for tvro different soils
whose gradation and plasticity values are given
below.

Soil I Soil 2

t passing Sieve No. 4 51 100
t passing Sieve No. 10 43 98
t passing Sieve No. 40 32 94
* passing Sieve No. 100 22 75
t passing Sieve No. 200 4 61

Liguid Linit wÀ NP 48.3
Plastic Limit wn non-plastic 23.I

USCS Classification of Soil I (see Table 14)
(1) t Passing No. 200 = 4t, so must be G or S.
(2) t Gravel = (tRet.No. 4),/(*Ret. No. 200)

GI = 0.2a + 0.005ac + 0.01M

where

a = percentage passing the No. 200 screen minus 35
(mi¡ = 0, max = 40),

b = percentage passÍng the No. 200 screen minus l-5
(min = 0, max = 40) r

c = Liquid li¡nit ¡ninus 40 (min = 0, nax = 20), and

d = Plasticity Index minus 10 (nin = I, max = 20).

It is customary to place the GI value in paren-
theses after the AASHTO symbol. Thus, a proper

20



(I00-sI),/(100-4) = 49/96 = 0.5I,
50t so must be G.

(3) Since t Passing No. 200 is less
I{ or P to describe gradation.

(4) Pl-ot grain size curve (not
deter¡nine

D66 = 10.0 nn
D3o = o'33 mm

D1g = 0.09 mm

(5) Conpute Cu and C" val-ues.
(6) Cu > 4 but Cc ( l, use

gradation.
(7) Classification is cP.

P for poor

Go to Figure 18 with Atterberg data
wtr = 48.3t
Ip = wÀ-wp
25.2* .

= 48.3 - 23.I

Plot is in area ¡narked CL, so classificati.on
is Ct. Final classification is CL.

AÀSHTO Cl-assification of Soil I (see Table 15)
(I) t Passing No. 200 = 4*, so must be A-1, A-2,

or A-3.
t Passing No. 10 = 43.
t Passing No. 40 = 32.
Cannot be A-3 as t Passing No. 40 is less
than 51 ninimum; Cannot be A-l-a as t Passing
No. 40 is greater than 30 ¡naxinum.
¡4ust be either A-l-b or A-2¡ look at
Atterberg data.
As soil is NP (Ip = 0) cannot be A-2.
Soil classification symbol must be A-I-b.
Co¡npute GI. a = b = c = d = 0r so GI = 0
Final Classification A-l-b (0).

(I) t Passing No. 200 = 618 so must be A-4, A-5,
A-6, or A-7.
Look at Ip val-ue = 25.2f¡ cannot be
A-5.
Look at w¡ = 48.3t; cannot be A-6;
A-7 group.
Look at A-7 subgroup (A-7-5 or A-7-6) t ID
of A-7-6 must be greater than wÀ = 30;
since Ip = 25.2* > w¡ - 30 = 48.3 - 30

= 18.38, the soil must be A-7-6.
Compute GI; ¿ = 61- 35 = 26¡ b = 61- 15 =
46 (use 40 maximum); c = 48.3 - 40 = 8.3r d =

Figure 19. General soil dassifi-
cat¡on: süength correlatíon lã1,

25.2 - I0 = I5.2¡ then cI = 0.2126't +
0.005(26) (8.3) + 0.01(40) (L5.2¡ = 12,4.

Further infor¡nation on soil exploration and
classification is contained in Compendium 6 (see
inside back cover).

SOIL STRENGTH

For granular-surfaced roads, the sel-ection of a
design subgrade strength value is a very significant
step in the design process. The selection is
complicated because of (a) inherent soil variabil-
ity, (n) effect of clinatic and subsurface drainage
conditions on soil strength, and (c) uncertainty of
quality control during road construction.

In many cases, designs must be developed wit,h
very limited descriptions of the suþrade soiI.
llherever possible, attenpts should bê made to
conducÈ actual strength tests on the typical
subgrade soil. l4any different methods have been
developed to measure soiL strengthr but in this
synthesis only the California Bearing Ratio (CBR)

method wiIl be discussed. The CBR method has
worldrdide acceptânce as a proven method of soil
strength and design.

In the absence of laboratory strength test data,
approximate or indirecL correlations of soil
strength e¡ith soj.I classification information may be
used. Figure 19 shows general strength correlations
of the AÀSHTO and USCS soil classes to the
California Bearing Ratio (CBR) va1ue. It can be
seen that for any given soil c1ass, a rather vride
range of probable CBR values is shown. The
sensitivity of thickness design to subgrade strength
(CBR) is much more critical at very low strengths
than for high-strengÈh naterials. For example,
changing the design CBR from a value of 20 to 40 måy
result in thickness reductions of the structure by
no more than 1 in (2 to 3 cm). Hohrever, the
difference betrdeen a design CBR = 2 and CBR = 4 may
result in structural designs that vary by as nuch as
l0 in (25 cm) of granular naterial.

The CBR test was originally developed in the
1920s by the California Division of Highvrays and was
adopted by the U.S. Àrmy Corps of Engineers in the
earty. 1940s. white ttl test may be conducted in
situ, it is norrnally eformea as a taboratory t.est
on remolded specimens. arn essence, the test is an
empirically developed penetration test that relates
the resistance of the tested soil to the resistance
of a standard crushed stone material at given
penetration levels.
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EXAMPLE NO. 1

CORBÉCT€D 5.08mm (0.2 ¡n.)
PENETRATION

COBRECTEO FOR SURFACÊ IRREGULARITIES

Figure 20. Typical load-penetrat¡on curues for CBR test.

P€NETRATION, INCHES

0 0.t 0.2 0.3 0.4 0.5

sectional area of the piston.
As noted in the figure, it may be necessary to

correct the s¡nooth curve drawn through the data.
The need for data correction can onl-y be visually
deternined from the original prêssure-penetration
curve. For this reason, it ís highl-y inportant that
the results be plotted before any calculations of
CBR are made. If corrections are required¡ the
procedure is to find a new corrected zero penetra-
tion point. Adjusted pressures, using the corrected
penetration values, are then used to calculate the
CBR value.

The CBR value is determined by multiplying 100
ti¡nes the unit piston pressure on the tested soil at
a given penetration, then dividing by the unit
piston pressure on the standard crushed stone at the
same penetration.

standard loads (and pressures) for the crushed
stone rnaterial at different penetrations are shovrn
below:
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PENETRATION. MILLIMETERS

The cBR test value is extrenely dependênt on (a)
the moisture-density of the sanple after laboratory
compaction and (b) whether or not sample soaking is
allowed before testing.

The test is conducted on a soil sample that has
been remolded and compacted to a particulâr
density-moisture state that is Íntended to stimulate
in situ field conditions. A 6-in (15.25-cm)
diameter specimen is usually used. Before testing,
surcharge weights are placed on top of the soil
within the nold to sinulate the anticipated over-
burden pressure due to pavement layers above the
¡naterial being tested. A l-oad piston and deflection
gages are used to read the necessary piston load
that is required to achieve a preset piston penetra-
tion. Loads are generally read at the following
penetrations:

For each test, it is usual to conpute CBR values
at the 2.5-mm and 5.0-nm (0.I-in and 0.2-in)
penetrations. Usua1ly, the 2.5-rûn penetration v¡il1
have a larger CBR. However, if this does not occur,
then the test should be rerun. If similar results
are obtained on the retest the largest cBR value
should be recorded.

As an example, suppose the CBR curve shown in
Exarnple No. I (Figure 20) represented the design
soil condition. From this curve, the following unit
Loads are noted:

Penetration

(mm) ( in)

2.5 0.1
5.0 0.2
7.5 0.3

10.0 0. 4
L2.5 0.5

Penetration (in)
0.1-in
0.2-in

Standard Load Standard Pressure

(N) (1b) (irlPa) (psi )

13345 3000 6.89 1000
20017 4s00 10.34 1s00
25335 5700 13. l0 1900
30693 6900 1s.86 2300
34696 7800 17.93 2600

Unit Pressure (psi)
580 psi
950 psi

Penetration
0.6 nm (0.025 in)
1.3 m¡n (0.050 in)
1.9 m¡n (0.074 in)
2.5 mm (0.100 in)
3.2 m¡n (0.125 in)
3.8 mm (0.120 in)

Penetrâtion
4.4 ¡nm (0.175 in)
5.0 mm (0.200 in)
6.4 mn (0.250 in)
7.5 ¡nm (0.300 in)

10.0 mn (0.400 in)
12.5 mn (0.500 in)

The piston has a standard cross-sectional area of
3 in2 (1935.5 

^.2) and is penetrated at a

uniform rate of 0.5 in,/min (1.27 nm,/min). The load
and penetration data are then pLotted as shown in
Figure 20. Load data are converted to unit piston
pressures by dividing the loads by the cross-

Therefore:

CBR(O.1 in) = 1gt x 580 psi/1000psi = 58t
cBR(0.2 in) = L00 x 950 psi/1500psi = 63t

The cBR of the soil material would be 63t provided
that a retest gives simil-ar results for the 0.2 in
penetration.

Further information on soil strength is contained
in Conpendium 10 (see inside back cover).

CHAPTER 6

Environ mental Factors

For the types of structures considered in this
synthesis, major environ¡nental factors are thè
influences of moisture and frost on the strength and

volune of structural materials. only moisture
effects wiII be discussed since frost action is
seldom encountered in the great majority of
developing countries.
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MOf STURE-STRENGTH CONS IDERATIONS

In general, subgrade strength is a function of the
in situ noisture and Clensity con¿litions of the
soil. These variables are governed by certain
funda¡nental relationshiPs that are normally âpP1ica-
ble to all soil types. Figure 21 illustrates the
effect of noisture content and compaction effort on

soil strength as determined fro¡n laboratory tests'
If a soil, at a given moisture contentr is

cornpacted in the laboratory within a standard
volumetric noLd, a certain dry density is obtained
(Figure 22). At a given level of compaction effort'
the-dry density will increase with increased higher
moisture contents unÈil a maximun or peak density
occurs. Beyond this moisture content, the density
will decrease. Thus, for a given conseant leve1 of
compactive effort, an optinum dry density occurs at
a m;isture content defined as optimu¡n moisture' In
Figures 2I and 22 three such cornpaction curves are

shown for highr mediun, and low levels of compaction

ligure !1, Effect of moisture content and Gompast¡on on soil strength'

20

N

áU

0
510152u
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Figure 22. Effect of moisture content and @mpaction on dry density'

energy. Each corTrpaction curve has its own values
for optimun ¡noisture content and optimum dry
ilensity. A Iine connecting the oPtimum points on

variou-s co¡npaction curves is so¡neti¡nes referred to
as the tinJ of Optimuns. It should also be noted
that as the level of cornpaction increases' the
optimum moisture decreases and the optimum ilensity
i-ncreases. AIso shown in Figure 22 is the zero Air
Voids line. This line represents the naximu¡n

possible moisture content for a given dry density
and, thereforer represents a conpletely saturated
soil.

Figure 2I indicates how soil strength (CBR)

changés with moisture content for each of the three

conp;ction levels. This strength is associated with
the- moisture content at which the soil specinen is
compacted or molded, and is usually called lhe
as-irolded strength of the soil' Comparison of
¡'ig;t"" 21 anil 22 indicates that for each level of
coirpaction, maxinum cBR strength occurs at approxi-
¡natåry the optimurn moisture value' ¡ut¡¡s¡¡q¡s' thê

strength decreases significantly as !h" noisture
.ont"nt is increased beyond the optinum level'

llhil-e the relationships shown in these figures
clearly demonstrate the irnportance of moisture

.ont"ni, it should be recalled that the strengths
obtained are associated with the as-molded or

as-compacted noisture contents' once the soil is
.ã*pu"i"¿ at a given moisture content' it can either
gai-n or lose moisture before reaching its in situ or
åãuifiUtiurn condition. It is the in situ moisture
cåntent that wiII dictate the actual structural
strength. It is basicr therefore, to estimate the
enviránmental conditions that a specific subgrade

soil will experience during its slructural life'
Although some designers enploy a conservative

approach by specifying soaked-strength values for
¿Liign uncler aII climaÈic conditions' recent
reseãrch by the Transport and Road Research Labora-

tory (TRRL) of Great Britain has le¿l to the develop-

^..r1 
of general guidelines for estimating the

probable i" situ noisture content for various
àivironmental conditions (1, 3r- L, 23 'l ' Th:

fundamental- concepts of this apProach are as listed
beIow.

1. The in situ density of the subgrade can be

controlled within limits by compaction during
construction.

2. The equilibriurn or in situ ¡noisture content is a

function of the soil tyPe, locaI climatic condi-
tions' and the depth of the ground water table
belord the road surface'

3. The design strength should be based on a moisture
content equal to the vrettest noisture condition
likely to 

-occur in the subgrade after the road is
oPen to traffic.
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ground waler conditions.

to estinate CBR design
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Table 16. Estimated design cBR values for subgrades compacted to at least 95 percent standard density'

Minimum Seasonal DePth of
Water Table (m)

Sandy Clay SandY ClaY
pI=10 PI=20

Non-Plastic
Sand

Silty Clay
PI=30

Heâr':f Clay
PI> 40 silt

0.6
1.0
1.5
2.0
2.5
3.0
3.5
5.0
7.0

8
25
25
25
25
¿J
25
25
25

5

6
8
8
8

¿)

¿)
25

4
5

6
7
8
8
8
8
8

3
4
5

5

6
7
8
8
8

2
3
3
3
4
4
4
5

1

I
2
Use laboratorY tests
Use laboratory tests
Use laborato¡Y tests
Use laboratory tests
Use laboratory tests
Use laborâtory tests
Use laboratorY tests
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HIGH-VOLUI{E CHANGES

A worldwide problen is damage to road structures
because of high-volume chänge in subgrade soils.
High-volume changes in road structures generally
resul-t in differential heaving and can lead to
excessive road roughness.

Certain conditions must occur simultaneously
before the high-volume change results in excessive
heave or swell. fn general, these conditions
include (a) presence of a potenti.ally high-volurne
change soil and (b) potential for change in soil-
noisture from the as-constructed phase to the in
situ equilibrium phase. Soil heave can be brought
about by either the natural envirorunent or by
rnoisture changes that are introduced during con-
struction.

The swelling potential of a soil can be described
by swell percentager which is the anount of vertical
expansion fron the intial height of a soil sample.
Swell pressure refers to the vertical stress that is
required to hold a test specimen to zero volume
change.

Studies have shosrn that greater volu¡ne changes
can be expected with increasing colloid content and
plasticity index. One of the most widely used
techniques to determine the swe11 potential of soils
is based on correlations with the Plasticity Index
of the soil (2!, Þ) . Typical values of this
correlation are listed below.

PI Swell (8) Degree of SvrelL

I0 0.4- 1.5 Lov¿

20 2.2- 3.8 Medium
30 5.7-12.2 High
40 11.8-25.0 Very high
50 20.I-42.6 Very high
Although the specific soiJ. type is a significant

factor in the magnitude of heave that can develop,
the influence of initiaL moisture and density is of
extreme importance. Figure 23 shows the effects of
moisture content, dry density, and surcharge
(vertical stress) on swelL percentage and swell
pressure. Perhaps the most significant conclusion to
be drawn from the figure is that swell value can be
greatly minimized if initial moisture is higher than
optimurn and if a low conpactive effort (density) is
used. This conclusion is contrary to the use of
compaction for optimizing strength and rninimizing
soil densification due to traffic. Thus, if exces-
sive heave is expected to be a significant distress
mode, the usual conpaction procedures nây have to be
modified.

In some design situations it may be necessary to
construct Èhe road on potentially expansive soil-.
In these cases there are several aLternatives for
the reduction or elimination of detrimental soil
volune changes. One alternative is to remove and
replace the existing soil. This approach depends on
the econo¡nics of removal and replacernent. Labora-
tory consolidoneter-l-oad expansion techniques can be
used to estinate the depth of excavation that is
needed. The depth of fill should bè sufficient to
constrain the swell pressures of the swelling soil
that is not removed. Although partial excavation
rnay not eliminate heave, the greatest heave tends to
occur near the surface of t.he swelling subgrade
soil. Thus, excavations of only several feet ¡nay be
quite effective.

ln Figure 23 it was shown that increased surcharge
on an expansive soil will greatly reduce the swell,
especially if used in combination with a high
compaction moisture content. Therefore, the use of
a pave¡nent thickness thaÈ wiIl cause an overburden
stress equal to the presssure will eliminate

Figure 23. Schemat¡c ¡nfluence of ¡n¡t¡al so¡l moísture and density on high-
volume charactelist¡cs.

A¡¡ow Indicates
inclease in srell

ArÌow Indicates
irc¡eâse in Density

Initial Moisture

I

!

:

,

À¡row Indicates
inc¡ease in
Moisture

uly uctrsrry Dty Density

swelling. Special studies are necessary to evaluate
the necessary surcharge pressure. For example,
studies on expansive soils in Israel indicate that
60 cn (24 in) Ís sufficient in most situations
(261. However, on sotne highly expansive clays in
Texas, computâtions have shown that pavement thick-
ness to elininate swe1l woul,d have to be on the
order of 950 cn (3I ft) (27).

In many situationsr it may be econornically
feasible to use a che¡nical admixture to stabilize
the swelling soi1. Hydrated line is generatly the
most effective stabilizer for reduction of
sweJ-J.ing. Because of normal construction practices,
thís treatment is prinarily used for the upper
subgrade l-ayers. l4ore expensive and sophisticated
deep stabilizatíon techniques mây be employed if
found to be economically feasible.

By specifying compaction noisture contents above
optimum the structure may be designed at a lovrer CBR
strength value. Although pâve¡nent thickness
requirements may be slightly greater for this
reduced strength, the ¡ninimization or elimination of
future soil heaving may be desirable.

One of the prerequisites for volume increase is
the potential for move¡nents of moisture into and out
of the swelling soiI. Thus, any rnethod that will
eliminate or minimize moisture flow wilt be bene-
ficial. Use has been made of granular capiltary
cutoffs and impermeable membranes that are enveloped
around the swelling soil to keep a uniforn noisture
content. The proper design and naintenance of
sideditcheq and drainage âre also very effective
measures for attentuation of noisture flow.

A¡lor Indicates
increâse in surcharge

Ar¡o! Indicates
increase in Density

A¡¡oe Indicates
inc¡ease in
Moisture

Dly Density
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CHAPTER 7

Road Surfacing Materials

The ¡najor portion of this chapter is concerned with
granulãr materials that are use¿l for road surfacing
ãr as base and subbase layers for thin bituminous
surface treatments. Characteristics of bituminous
surface treatrnents are also discussed'

GRANULÀR MATERIALS

Two important characteristics of granular materials
are (a) gradation of the gravel-sand particles and

(b) plasricity Properties of the fines or silt-cIay
size particles. Fines may be considered to be those
particles that Pass through the No' 200 screen'
figure Zl ilLustrates granular materials at three
leveIs of gradation.

Figure 24a shows a granular material thât has no

fine particles. This type of ¡naterial is frequently
referred to as an oPen or lean mix because nunerous

Figure 24, Various staçs of so¡l aggregate gradations'

(a) Iæm or open gradation (b) Dense gradation (c) DirW or rich gradation

Legend: @l ct*trtr Pa¡ticles

ffil rine Particles

@ nt uoia'

Figure 25, lnfluence of fines content on optimum density and CBR fot

unbound-graded crusher run base matêrial.

M - Modified Compôct¡on
S - Stândard Compaction
L - Low Compact¡on
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voids are Present. The strength of this mix can

only be control-led by the frictional conponent of
shear strength that depends on aggregate-
to-aggregaÈe contact. For open ¡nixes, the angular-
ity ãi the granular particle has a ¡narked effect on

stiength. liell-rounded graveI particles would be

expecied to have little strength !'hereas highly
angular (e.g., crushed aggregate) particles would

po!"""" higñer internal friction capabilities and

ãreater stiengths. Because of the rather high
iolume of voids present, perneabitity of such an

aggregate gradation is high.
As the percentage of fines is increased¡ the fine

naterial begins Èo fill up the void spaces (Figure

24b1. Because larger-size particles are not dis-
lodged fro¡n each other, the increase of fines
acconplishes several important functions' Since

nore solid particles are placed within the same

tocal volu¡ne of materialr the density of the
material is increased. The shear strength of the
material is also increased because of added fric-
tional resistance and cohesion that is providecl by

the finer particles. Finally, the ability of v/ater
to flow through or perneate the material is dras-
tically reduced from the lean or open case'

As flnes are increased still nore, the fines begin
to displace the coarse particles fro¡n one another'
when the fines are increased to the point as shown

in Figure 24c' the granular particles float in a

matrix of fine material. The naterial is then said
to have a dirtY or rich gradation'

In this case a slight density decrease wil-I occur
because fine particles have displaced coarser
¡naterial. Holvever, while change in density may not
be very Iarge, significant strêngth changes wil-1

occur. This is because the frictional component of
shear strength is greatly reduced through loss of
contact between the coarser particles' As a result'
the strength of the material is that of the finer
soils rather than that of the granular particles' In
general, the permeability of this gradation is even

less than the dense gradation'
In su¡unary' the distribution of sizes within a

granular ¡naierial plays a significant role on the

ãensity, strength, and permeability properties of the

material. In Figure 25 the influence of percentage

fines on the optimun dry density and CBR strength is
shown for a graded crusher run ¡naterial used as a

base course. Each curve represents a given l-evel of
laboratory conpactive ef f ort'

tne aensity relationship in Figure 25 shows that
for a 1or., percentage of fines the naximum possible
density at optimum moisture is relatively low for all
.otpu.iiu. eiforts. liith the addition of more fines'
the density increases appreciably until a peak value
occurs near 78 to 7.5t fines' Beyond this level'
density decreases at a lesser rate' The values of
3t, 7*, and I78 fines correspond to casês (a)' (b)'
and (c), respectívely, in Figure 24' Regardless of
the compactive level used, Figure 25 shows that the

maxirnum possible density of the naterial occurs near

a percentage of fines equal to 7'0t to 7'5t'
ttt. ¿i"tti¡ution of the soaked cBR strength at

optÍ¡num compaction noisture also indicates trends
quite sirnilar to those for density' For any com-

pactive effort¡ the greatest CBR strength occurs when
-the percentage of fines corresponds to the densest
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possible case (i.e., at 7.0* to 7.5t). The figure
also shows that strength is influenced significantly
by level of conpaction.

wherever it is possible for the engineer to have
sorne control over the gradation, the Power-Grading
Law is a useful concept. This law is
(d/lnax)n x 100, where Qnax = maxi¡num aggregate
size in the naterial, d = any particular grain size
less than D¡¿¡r p = percentage of material whose
grain size is less than d, and n = vafue of the power.

For example, if a granular ¡naterial had a maximun
aggregate size of D¡nax = I.0 in (25.4 mm) and was
graded to a po\der n = 0.6r the required percentage
passing a No. 40 sieve (0.420 mm) would be conputed
as follows3

p = rc.420/25.4)0'6 x 100 = g.st

Figure 26 illustrates typical grading curves for
various values of n when Ìnax is 1.0 in (25.4 mm).
As the value of n is increased (e.9., n = 0.15 to n =
0.75), the percentage of fines decreases markedly,
going from case (c) to case (a) of Figure 24. An
important consequence of the power law is that Èhe
densest possible gradation and highest strength are
attained when the value of n is approximately 0.50.

Figure 27 shows how the povrer 1aw changes with
Dma* when n is held fixed at 0.45. The curves
indicate that, as the maxirnum size of aggregate is
increased, the required percentage of fines to
achieve optinum density and strength is decreaseil.

The significance of extra compaction energy is
clearly shoern in Figure 28 for a number of granular
materials. The large increase in strength from

Figure 26, Grain size distribut¡on for powèr-graded
mater¡als.

Fígute 27, Effest of maximum aggregate s¡ze for
dense-graded material,

standard compaction effort to modified compaction
effort is best illustrated by the fact that the
averâge CBR at modified conditions ís 2.2 tines thaÈ
for stândard conditions.

hlhile increased conpactive effort may result in an
increase in density of only several pounds per cubic
foot, significant increases in strength will be
achieved. Thus cornpaction and aggregâte gradation
are important factors in the assessnent of local
materials for use in construction.

The intrusion of fine-grained subgrade soils into
the granular layers can alter the granular perform-
ance. The overall effect of this intrusion is to
push granular base ¡nateriâl into the subgrade on
application of a vehicle load. The resulting surface
rutting is no different than that rdhich results from
shear failure or densification of the granular
materiaL under traffic.

In general, intrusion can be prevented on open-type
gradâtions by using a filter layer or sand blanket.
with a nominal particle size of about one-eighth of
an inch. The thickness of this blanket course
usually ranges between 2 and 4 in.

Under saturated conditions, the strength of
granular material will be decreased by the presence
of fines that have a high plasticity index. However,
this decreâse is usually insignificant up to fine
(No. 40) percentages approximately equal to those
required for optímum density conditions. Simple
Iaboratory tests should be used on potential granular
sources t.o evaluate whether pLasticity leveIs i.ri11
conform to reguired specification tolerances.

In practice, the acceptance or rejection of a
particular ¡naterial source depenals on additional
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factors beyond densityt strength' and gradation' The

naterial nust be assessed for its soundness or abil-
ity to withstand repeated load actions' soft aggre-

ããi" i" suscePtible to drastic changes in gradation

å" it Ut..Xs uP under loadings' Thís break-up or

abrasion can occur un¿ler both construction conpaction

as well as under actual traffic Ioads' The nost

"ã*rnonfy 
used laboratory test to. determine the

;il;l;å desree of abrásion is the Los Anseres

ebrasion Test (AAsHo T-96) ' The Larger the abrasion

vãiuÀ o¡tui"ed in the test' the softer the aggregate'
'ì;- i; inportant for granular rnateri-als to renain

durable in the face of environ¡nental effects such as

ptrvãi""f weathering. Efforts should be made to draw

ån-previous experience nith loca1 materials'
r-n general, granular naterial requirements differ

betwee-n (a) wearing surface use and (b) granular base

ã, su¡Uu"e use in bituninous-surfaced roads' Three

rnajor differences are as follows:

1. The maxi¡nun aggregate size for granular
wearing surfaces is generally less than that
norrnally used for base and subbase layers'

2 Granular wearing surface materials require a

greater percentãge of fine ¡nat-eríaI (passing

Ño. 200) than a base or subbase layer'
3 The fine ¡naterial use¿l in granutar wearing

surface layers should Possess greater

Plasticity and larger liquid linits than for
material used in base or subbase layers'

These differences are related to the different
distress mechanisms that are associated with differ-
ent uses. There are nore potential distress mechan-

is¡ns for granular surface layers than for granular

materials used as base or subbase layers' while

sirengtn is an inporÈant consideration for both uses'

ln.-siuturut surface layer must also be evaluated for
its resistance to th; direct abrasive action of
traffic, ravelling, corrugation' and pothole develop-

ment.-"-ôli"ngtt 
is the ¡nain criterion for evaluating

g.;;;i.; ¡naterial for use as base or subbase layers

F¡gure 28. lnfluence ol compaction energy on optimum soaked CBR for

unbound granular mate¡ials'

in a bitu¡ninous-surfaced road' For this use' the

g;unofut material should rneet the gradation and

iiasticity requirements that have been cliscussecl'
' *h"n a lranular layer is used as a wearing surface'

the confining stress near the top of the layer is
relatively small. As a result' if the material has

no fin"" it *uy have a very low shear strength when a

ï;.ã--it appriãd. The co-hesive-resistance of fines
ÃuV U. thè only source of strength for resisting
shear stresses. The develoPtnênt of corrugations is
prl^"tify due to the rhythmical bouncing of vehÍcles

ãr, tf," 
-roua surface' corrugations also are Inore

it.qt.ta in cohesionless sandy-graveJ-Iy naterials'
thu! control of the sand percentages in the material

is inportattt. It has been suggested (!$ that coarse

and fine sand content should be less than 55t of the

total material to ¡nini¡nize corrugations' rn adtli-
;i;;; . ¡nini¡ou¡n liquid linit of 20t is susgested'

uany desirable ProPerties that ninimize corruga-

tions will also preve-nt ravelling' Rave1ling may be

riniti".A by keeping the road surface . in a moist

ããn¿ition. llininum iercentage clay contents of 6t'
pi""ii.tay indexes grãater thãn 6t' and tiquid linits
ãiããa"t t-han 20t have been Proposed as- desirable'
'-itre -qeneration of fines' and their subsequent

,"to,r"f" by vehicular traffic as dust' is obviously

ãggrurrut"¿ by the clinatic environment at the road

"ii". 
very dry conditions coupled with large per-

centages of fin" materials in the ¡naterial will câuse

seriol" dusting and associated traffic hazard prob-

i;;". A Iiquid lirnit greaÈer than 20t and a sand

contenb greater tÌran 30i wiII help to minimize this
problem (28).

The development of potholes is frequently asso-

ciated with ¡nãterial Properties and areas v'here v¡ater

is allowed to stand on the road surface' From a

.ãt.riur" viewpoint, liquid li¡nits less than 35t and

sand contents greater inan 3Ot have been noted as

ãå"itu¡f. for the mininization of pothole 
'leveloPment'--i; i" apParent that naxinu¡n performance of a gran-

ular "r""r-ùg 
surface requires nininum- 

- 
and ¡naxi¡num

values for the Plasticity index' The allovtable ranqe

is normally greater tnan that allowed for granular

bases in bituminous-surfaced roa¿ls' In a¿ldition' the

relative percentage of sand size material is more

inportant to control in granular wearing surfaces

than in base or subbase laYers'

GRADATION REQUIREIT{ENTS

Tabl"e L7 and Table tB sum¡narize typical grading

i"luir"t.na" for granular material usecl as granular

=uifu." layers. Table 19 and Table 20 illustrate
grading requirements for base or subbase usage'

For granular wearing surfaces'--the .¡naxinum 
aqgre-

gate size is generall! 3/4 in (19 nrn) to I in (25'4

åri, "iat 
ttre sZ¿-in varue preferred' This is in

contrast to the rnuch larger allowable naximum aggre-

gate sizes for base or subbase use'
' negaratess of the Proposed use, the required Per-

centage of fines increases e¡ith a decrease in the

Table 17. Grading requirements for granular surface cource (Q'
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lin
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No. 4
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No.40
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5 0-85
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maxinum aggregate size. This is in general agreement
with the principles that have been discussed for the
power grading law.

Require¡nents that have been given by two agencies
for the plasticity of surface course materials are
Iisted in Tab1e 21. A similar conpilation is gÍven
in Table 22 fot granular material used as base or
subbase layers in a bituminous-surfaced road.

In generalr the naximum allowable values of both PI
and LL are greater for granular materials when used
as a wearing surface than rdhen used as a base or
subbase course.

For granular wearing surface materials, Table 2I
shows ¡ninimum PI values greater than zero. On the
other hand PI = 0 is an allowable condition in Table
22 fox base or subbase material. Thus it is nec-
essary for the wearing surface material to possess
sone degree of binding abiLity or cohesive action
that resists the abrasive action of traffic.

In general, there is a regional clirnatic influence
on the allowable maximum PI for both functional uses

Table 18. Grading requirements for granular surface courses (291.

Maximum Aggregate Size (in)

Sieve Size 314 3l t6

of the granular material. As the environment becomes
drier a larger maxi¡nu¡n PI value Ís allowed. Although
not specifically shown in either table, traffic level
also affects the allowable plasticity requírenents.
As the design traffic level is increased, the allow-
able LL(max) and PI(toax) should be ilecreased.

Because strength is a major requirement, the
higher-quality naterial should be placed as near to
the surface as possible. Lower-guality naterials are
acceptable in flexible pavement structures as subbase
¡naterial. Thus, higher PI and LL values are allowed
for granular naterials when used as subbase than when
used âs base courses.

Minirnum strength (CBR) requirenents for granular
base or subbase naterials are shown in Table 23.
!{inimum strength requirements âre not given for
granular wearing surface layers. Although the
strength of wearing course materials is important,
specifications on gradation and plasticity properties
are more rel-evant to good perfornance of the wearing
course material. In general, a granular wearing
course should have the highest available strength
among those rnaterials that neet the grading and
pl-ast icity specif ications.

Abrasion requirements for coarse aggregate are
generally based on the tos Angeles Abrasion Test
after 500 revolutions. fn general, ¡naximum allowable
LA values of 50t are specified for typical base or
subbase use, although values of 60S may be allowed on
low-vol,ume facilities that have a bituminous surface
course. When granular ¡naterial is used as a wearing
surface, the material should be less abrasive because
of its direct contact with the vehicular traffic.
Under these conditions, typical LA loss ranges are
40t to 50t.

Further information on granular materials is
contained in Conpendium 7 (see inside back cover).

AGGREGÀTE BLENDING

It is often not possible to locate a specific source
of granular material that satisfies the required
specifictions and that is economical to use. In this
case, surveys shoul-d be ¡nade to learn if materials
from several different local sources can be bleniled
so that their combined properties meet desirable
specifications. In areas where sandy deposits
predoninate, the search can be rnade for fine soil
deposits (silt or clay) that would provide the
required fines and neet plasticity requirements. In
areas where clays predominate, surface deposits that
have appreciable a¡nounts of angular particles can
frequently be found and conbined with the fine soíls.

Blending involves separate checks to see if both
gradation and plasticity requirements are met.
Figure 29 may be used to check whether or not two
different nateriaLs can be combined to meet gradation
specifications.

As an illust.ration of the use of this diagram,
suppose that the desired gradation for a granular
surface course material is given by gravel, 55-70t;
sand, 25-402i and fines, 5-15t. In Figure 29 this
gradation specification range is shown as a shaded
region. Any specific grådation falling within this
area will satisfy the desíred specification linits.
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314 in
3/8 in
3ll6 in
No.7
No. 36
No. 200

100
80- I 00
60-8s
4s-70
2s-45
l0-25

100
100
80-l 00
50-80
25-45
l0-25

r00
100
100
80- I 00
30-60
I O-25

Table 19. Grading requirements for granular base or subbase ß),

AASHTO Grading Requirement

Sieve Size A

2i¡
lin
3/8 in
No. 4
No. l0
No. 40
No. 200

100

30-65
25-55
I s-40
8-20
2-8

100
75-95
40-7 5

30-60
20-45
l 5-30
5-20

100
100
s0-85
35-65
25-5 0
I s-30
5-l 5

100
100

70- I 00
5 5-1 00
30-70
8-25

100 100
100 100
60-l 00
50-8s 55-100
40-70 40-100
25-45 20-50
10-2s 6-20

Table 20. Grading requircments for ganular base or subbase l2Z2g).

Maximum Aggregate Size (in)

Sieve Size 3 1.5 314 318 3l t6

3in
1.5 in
314 in
3/8 in
3/16 in
No. 7
No.36
No, 200

100 100
80-100 100
60-80 80-100
30-65 40-7 5
25-55 30-60
20-45 25-50
I 0-30 I s-30
5-t 5 s-l s

t00 100
100 100
100 100
80-100 100
50-85 80-100
35-70 50-80
I 5-35 25-50
5-15 t0-25

100
100
100
100
100
80-1 00
25-55
I 0-2s

Table 21. Plasticity requirements for granular
surface coulses. Agency Plasticity Properties

1. AASHTO (3)
2. TRRL (30)

LL = 35m,x

. LL-u*

Moist temperature/wet tropics 35
Seasonally wet tropics 45
Arid/semi-dry 5 5

Pl=4-9
PI Linear Shrinkage

4-9 2.5-5
6-20 4-10
I 5-30 8-l 5
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Percentage Gravel 65
Percentage Sand 20

Percentage Fines 15

For this exa¡nPle Problemr assu¡ne that a graveI
source (A) and two sand sources (B and C) have been

located as candidate sources for the granular surface
naterial. Fron a laboratory grain-size ¿listribution
study, the individual gra¿lations of these three
naterial tyPes are found to be

Surface t{ateriaL Source A Source B Source C

fications can be rnet by blending materials from

Sources A an¿t C. The dotted line from Source A to
Source B does not pass through the sha¿le'l area' so

specifications cannot be net by blending naterials
from these sources.

The following stePs are necessary to ¿leternine the

relative atount" of material to be blended frorn

Sources A and C.

1. Select a convenient poínt x that lies on the
dotted J.ine joining Sources A ând c and that
Iies within the shaded specification area'
This Point corresponds to B1end X that 9¡i1I
be made vrith materials from Sources A and C'

2. use any arbitrary measuring scale to
determine the distances fro¡n Source A to
Source C, fro¡n source A to Blend xt and fron
source c to Blend X. For Figure 29 these
distances are

Source A to Source C: AC = 35 units
Source A to Blend X: AX = 6 units
Source C to Blend X: CX = 29 units

3. Find the Percentage of source A materiaL and

Source C naterial to be used:
t Source A material = (CXIAC) L00

(29/35'1 100 = 82'98
I Source C material = (AXIAC) I00
(6,/3s) 100 = l-7'I8

Thus for every 100 kg of the blendr about 83

kg will co¡ne from Source A and about 17 kq

from source C.
Gradation for the blended
calculated as follows:

t Gravel = (82.9t Source
(17.ltsourceCxl5t
crave I

material can be

A x 65* Gravel) +

Gravel) = 56.5t

I2
63
25

15
80

5

The resPective gradations are plotted in Figure 29 as

f"int" io, "outèe" 
À' B' and c' rt can be seen that

-u:.I tht"" Points fall outside the shaded area that
àefines the gradation specification' However' if the
line that connects any two of the source points
passes through the shaded area, then sPecifications
-can be met by btending the materials fron these
sources. since the dotted line that connects sources
A and C passes through the shaded regiont the speci-

Table 22. Plastic¡ty requirements for granular base or subbase'

Agency Plasticity Properties

1. AASHTO (l) LL= 25^u*
2. TRRL (3q) LL= 25^ 

"
Linea¡ shrinkage = 4mu

ulf d.y a.ea (250 mm or less raitrfall); PI = l2M.

Table 23. Strength (CBRI requirements for granular base or subbase'

Minimum CBR Value

Agency Base Course Subbase

t Sand = (82.9t Source A x 20t Sand) +

(17.Lt Source C x 80t Sand) = 30'2t Gravel-
t Fines = (82.9t Source A x I5t Fines) +

(Ì?.1-t Source C x 5t Fines) = 15'38 Fines'

The foregoing procedures can be used to design an

aggregate btend that wilI meet specifications for
both granular surface courses and future bâse course

specifications. This is accomplished by super-
ilnposing both specification gradaÈions on the trian-

PI = 6-,x
PI = 6-u*a

l TRRL (22,30)
2. Brazll'. U.S.A.I.D. Study (31)
3. South Africa (28)

80
50-604
50-60b
60-70b

25
25-404
35-45b

aUse lower value if design life is for les$ than 250 oOO equivalent 1 8 0001b

, single-axle loads.
uUse lowe¡ values ifsubgrâde CBR >25.

Figure 29. Triangular gradation chart for blend¡ng two materials to conform to
gradation spec¡f¡cations.

Pe¡cent Gravel
(Retained No. 4)

Pe¡cent Sdd
(PassNo.4-Retained

No.200)

_.?9 ._ _L_ -_to__ _ qþ. -_ - þ9.- -

Percent Fines fPass No. 200) +
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gular chart. The area of overlap between the tvro
specification ranges therefore represents a gradation
range that satisfies both uses of the granular
material. This approach should be used when there is
a possibility of future upgrading that vrill use the
granular base course for a bitu¡ninous surface course.

A final consideration is that the plasticity
characteristics of the blended ¡naterial should also
comply with specifications. This can be acconplished
by running liquid 1i¡nit and plastic limit tests on
the blended material. If plasticity requirements are
not met, adjustments in the blend percentages may be
necessary.

LATERITIC GRAVELS

Lateritic soils and lateritic gravels are widespread
and frequently occurring in all tropical areas of the
world. Because of its somewhat pecuLiar engineering
behavior äs a road building materialr lateritic
materials are treated separately.

Lateritic gravels are frequently used for subbase,
base, and even surfacing material on unpaved granular
surfaced roads. Comprehensive studies have been made
of laterites and othêr problem soils of the tropics
(31, 32).

LateriLe is defined as a highly vreathered, red
subsoil, or material rich in secondary oxides of
iron, aluminum, or both. ft is nearly void of bases
and primary silicates and nay contain large amounts
of quartz and kaolinite. It devel-ops in a tropical
or forested warm to temperate clirRate and is a
residual or end product of weathering. Laterite is
capable of hardening after exposure or on being
subjected to \detting and drying. When it forms a
hardened crust or layer¡ it is frequently called
í ronstone.

Lateritic AraveL is conposed of nodules or con-
cretions in an unconsolidated ¡natrix. The con-
cretions are mainly accumulations of iron or alurninum
oxide around so¡ne nucleus such as a quartz grain.
when appreciable quantities of quartz are present in
the parent bedrock, the weathering profile, incLuding
the lateritic gravel horizon, will contain quartz
particles.

In Africa, regional pedologic mapping has been
based on the French classification system. In this
system, red tropical soils are grouped into one of
three units: Ferruginous, Ferrallitic, and
Ferrisols. The r.erruginous category includes soils
devel-oped in low rainfall areas (Iess than 1830 n¡n)
vrith pronounced dry seasons. Ferralitic soils are
developed in hunid areas (greater than 1500 mrn

rainfall) with dense vegetaLion. In the last
category, Ferrisols develop under intermediate to
high rainfall conditions (1250-2750 ¡nm) but natural
profile development is hindered by high erosion
capability.

Table24, Summary of red tropical so¡l relationsh¡ps 131,321.

In South Atnerica, the FAo-ttNESCo system is used.
l.tost of the red tropical soiLs fall under the
Ferralso1 category, with Arenosol"sr Acrisols, and
Luvisols being common and Nitosols and Cambisols
present but restricted in distribution. Attetnpts
have been nade to correlate the French and FAO
systems. While this has not led to complete agree-
nent, some evidence exists that the following
groups are somewhat similar:

1. Ferruginous-Luvisols
2. Ferralitic-Ferralso1s, Arenosols, Acrisols
3. Ferrisols-Cambisols, Nitoso1s.

As with any granular deposit, a wide range in
quafity of Lateritic Aravels (ironstones and con-
cretionary gravels) may occur within and betvJeen pit
sources. It is therefore difficult to generalize
material quality by any Particular pedologic classi-
fication. Each specific material source must be
evaluated for its adequacy as subbase, baser or
granular surfacing individually.

one of the more significant findings of laterite
studies (3L, 32) is the fact that several conmonly
used methods to evaluate rnaterial durability are
either too severe or lack good correlation with field
performance. This finding vras especialJ-y true for
the tos AngeLes abrasion test method and generally
accepted specifications. The test nethod that showed
the most promise wâs the Slake Durability test,
comnonly used as a rock test for sedimentary rocks
with significant clay contenÈs (e.9., shales, silt-
stones, etc.). The specific details of the test
procedure for lateritic gravel evaluation are found
in reference (31). The slake Durability Index' for
good perfcrming lateritic Aravels ís a mininun of
97. l4aterials r.rith values below 94 denonstrated poor
performance. For lateritic Aravels used as granular
surfacing Ìayers, a mininum value of 95 is recon-
mended.

Based on studies in South Àmèrica and Africa,
several general relationships between various soil
and compaction properties have been established.
These correlations are shown in Table 24 and can be
used as a first-order estinate of probable ¡naterial
quality for red tropical soil materials.

Figure 30 shows the general range of soaked CBR

values for red tropical soils of South America as a
function of the AASHO soil classification system.
From this figure, it can be observed that A-2 soils
(A-2-4 and A-2-6) generally exhibit soaked cBR values
from about 65 to 150. This, of course' is withi.n the
sati.sfactory strength rêquirements for base layer
quality. Subbase type materials (CBR range 25 to
50+) are shown to correlåte with lateritic material
with A-4 and A-5 classifications.

Anob.her important characterisbic of laterit.ic
gravels is ilLustrated in Figure 31. This diagran

South America Africa

Item Relationship Pedologic Group Relationship Pedologic Group

l. Atterberg linits Pl = 0.45LL - 3.50 Ferrasols
PI = 0.47LL - 3.80 Ac¡isols
PI = 0.82LL - 13.95 Arenosols
Pl = O.7 sLL - 12.70 Luvisols
Pl=0.23LL-7.96 Nitosols

OMC = 0.61, PL = 84
or

oMC=0.34(2¡r+ó.16)

= 0.7 I LL - 8.50 Ferruginous
= O.57 LL - 3.62 Ferrâllitic
= 0.50LL- 1.50 Ferrisols

MDD = 160, = 2.78 oMC

PI
PI
PI

2. Compaction properties

Notei I'I = plasticity iûdex, LL = liquid limit, PL = plastic limit, OMC = optimum (max) moisture content, MDD = maximum dry density
(modified AASHTO), and p = clay context,

30



Figure 30. correltt¡on of AASHO soil dasification with cBR for sourtr American red tropical soils (311'
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Table 25. lllustrat¡ve granulometric modulus computat¡oru.

Notes: Granulomelric modulus = 467 aod 751, re$pectivety,
Estimated mi¡imum CBR = 100+ a¡d = O+, respeclively.

shows the relationship between the soaked CBR value
and the granulonetric modulus of the naterial. The
curve shown in Figure 3I represents the mini¡num
probable CBR of the naterial as a function of the
granulometric modul-us. The granulonetric modulus is
defined to be the sum of the percentages that pass
the following sieves: L in' 3/4 in, L/2 in, 3rl8 in,
No. 4¡ No. I0, No. 40, and No. 200. Table 25 shows
illustrative conputations of the granulometric
modulus for a coarse-grained and a fine-grained
¡nateríal. As noted, the minimu¡n CBR for the coarser
material (CM = 467) is 100+, while the finer ¡naterial
nay be simply noted to have a cBR value that is
greater than zero.

SURFACE TREAII4ENTS

A bituninous surface treatment provides a lolr¡-cost
and a1l-weather surfacing maÈeria1 that can increase
performance appreciably for light to medium traffic
conditions. Surface treatments are generally less
than l- in (25 mn) in thickness. Thus the biturninous
layer adds little direct strength increase to the
pavement structure. However, the indirect benefits
of this type of surface are increased life and
performance.

A fundamental design concept is that the granul-ar
structure must by itself have suffícient load-bearing
capacity when surface treatments are used. For this
reason the material quality requirements for base or
subbase courses must be met.

The probable service life of surface treatments
varj.es considerably. Ranges of 5 to t0 years of
major naintenance free service life are generaLly
obtained. The successful perforrnance of surface
treatnents depends heavily on cIi¡nate and construc-
tion control as well as on proper selection of
mater ials .

The ter¡n surface treatment is applied to a wide
variety of bituminous applications that include the
types listed belo}r.

1. sprây and chip coats

2.
3.
4.

5.

a. Single-surface treatment
b. l4ultiple-surface treatment

Dlixed-in-place surface treatment
Plant mix (sea1) surface treatnent
SeaI coats

a. Fog seal
b. Slurry seal
c. Sand seal

Bitu¡nen spray coats
a. Dust pallative
b. Prime coat
c. Tack coat

PLant mix seals or surface treatments are generally
high type and high-quality layers that are used
primarily to inprove or upgrade the skid resistance
of existing asphaltic surfaces. The open-graded
friction course is typical of this category. Seal
coat surface treatnents are used Õn existing asphal-

tic surfaces to irnprove the surface texture, to seal
small cracks, and to inprove the skid resistance of
the pavement. Because both of these categories of
surface treatment deal with maintenance or rehabili-
tation of existing bituminous surfaces, they are
beyond the scope of Èhis synthesis.

Bitumen spray coats involve the spraying of
low-viscosity bitumen on an existing layer without
the addition of any aggregate. For example, slord
curing or slow setting liquid asphalts are frequently
sprayed on existing granular-surfaced roads as a
temporary means of ninimizing dust problems asso-
ciated with traffic. The function of a prirne coat is
to serve as a binding layer betlreen a granular base
material and an asphaltic layer that is to be placed
on top of the granular material. Penetration of the
biturnen into the granular base is highly desirable.
A t.ack coat is intended to bind two bitu¡ninous layers
together.

The spray and chip coat and the mixed-in-place
surface treâtnent are two najor constructÍon tech-
niques that are used for lovFcost wearing courses.
Spray and chip coats can be either single or multi-
ple, depending on the number of layers that are
applied. MuItiple surface treatnents can alt be
applied during init.ial construction or can be applied
at successive time intervals after construction. The
spray and chip treatment is characterized by (a) the
application of bituminous naterial to the existing
surface and (b) i¡n¡nediate application of a single
size aggregate. The aggregate beco¡nes seated in the
asphalt layer and thus provides a wearing surface for
the traffic.

Figure 32 is a schernatic diagram of single and
double surface treatnents. À prine coat is usuall-y
necessary to bind the surface treatment to the
unbound granular base layer. It is important to note
that in surface treatnent spray and seal rdork the
asphalt is placed first and then the aggregate is
spread on top of the asphalt layer. ft is necessary
for aggregate gradings to be relatively one-sized so
that aggregate-tire contact is maintained. In the
multiple surface treatnent pavenent, each successive
layer normally employs a no¡ninal aggregate size that
is approximately one half of the lovrer layer aggre-
gate size. This process Leads to seating of
aggregates within each successive l-ayer so that
denser ¡nix of asphalt and aggregate is attained. A

weIl--designed surface treatment will generally have
about 70t of the available void volu¡ne filled with
asPhalt.

The use of surface treat¡nents provides several
advantages that are Iisted below.

1. Surface-treated roads provide a lovr-cost

Figure 32. Schematic diagram of surface-treated pavements.
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alternative for an all-weather road surface.
2. Surface treatnents act as an effective seal

or barrier agalnEt the detrinental effects of
surface rater.

3. surfåce-treåted roada allow so¡ne reduction ín
Pavenent cross-Section requlrernents and nay
provide econo¡nic savings.

4. ltulÈiPte surface treatments are coriduclve to
ståge construction.

5. The use of a bituninous layer eill greatly
reduce or ¡nininlze the severity of distress
nodes such as aggregate loss or dusting.

6. If properly conEtructedr surface-Èreated
roads wlll reduce the level of road nain-
tenance relative to granular-surfaced roads'

The foregoing advantages should be balanced against
the potential disadvantages or 1i¡nltations listed
below.

1. Surfacertreated roadE require a rnore cåreful
design analysis to ensure that adequate
Ioad-bearing caPaciÈY exists.

2. llaintenance of these roads nay b€ rnore

expensive than for granular surfaced roads.
3. Specialized equipnent and skilled oPerators

are necessary for ProPer construction of
surface-tleated roads.

4. Surface treatnents generally require
higher-qualÍty aggregate naterial in both the
surface-treated layer and the unbound gran-
ular base course.

Before aPPlication of tbe Pri¡¡e coat' it is nec-
essary that the surface be broo¡ned to elirninate loose
naterial on the existing surface. Ìfeak areas in the
granular base should be rePlaced with new base

nateriaÌ before the surface treaÈnent is applled. In
cases where the existing granular naterial is highly
distressed, it raay be advisable to cqnPletely scarify
ar¡d reconPact the granular naterial before the
bituninous construction proceedls.

Application of the asPhalt layer is a highly
important construction steP. The t$o ¡nost irnportant
considerationa are to ensure a unifor¡n spray aPPlica-
tion quantlty of the asPhalt and to ensure that the
profÞr vlscosity is attained during the sPray Proc-
ess. These requirenents can only be rnet by a truck-
nounted asPhalt distributor with heating capablli-
ties. The reco¡mended viscostty range for spraying
is 2O-L2O centistokes (aPproxlnately l0 to 60 Saybolt
Furol seconds). The sPray ternPerature should be

based on the specific tenfÞrature-viåcosity relatlon

TlbL 26. Grdtt¡on ¡rq¡¡irqncrr¡ fa onc¡iza ¡ggrqmo¡ (341.

of the asphalt used (g). Care nuEt be taken Èo

ensure that sPray ternperatures are withln the gafe

range relåtive to the specific flash Point of Èhe

natlerial used.
The ePreadÍng of the aggregate nust be accomPlished

in a unlfor¡n Dâûrtêlr generatly by nechanicêl sPreail-
ers. rn orde! to achieve proper binding of the
aggregate nlthin Èhe aEPhaIt lãyer Èhat has been

spiayáa, aggregate nust be Placed on the aEPhalt in
less tt¡an I nln.

Innediately after the aggregate has been sPread, it
is desirable to roll the aggregate nlth Pneumatic
tire rollerg. steel rollers should be avoided
becauae high-contact stresses may fracture and

degrade the aggregate. vlithin Eeveral days light
brooning may be desirable to renove loose or excesa

aggregate fron the surface.-it¡e- ¡est results for surface treat¡nent wlIl occur
in hot and dry conditions. Boncling between tha
bituninous and granular naterials is gr6atly lmproved
sith warner air tenPerature.

Aggregates uEed ãs surfacing nâterial must be of
nigñ- quãfity. Desirable characteristicE of Éurface
treat¡nent aggregates are lísted below.

I. Rísh abrasion resistance (low Los Àngeles
abrasion values)

2. crushed or fractureal faces
3. Cubical in shaPe
4. Re1atively one-sided
5. clean or free of deleterious

naterial
6. chemicauy cornPatible wlth the

¡naterial.

fine-g rained

bituninous

As a general rule, typical LÀ abrasion values for
coarae aggregate rêtained on a No. I sieve should be

Iess than 4O to ensure adeguate abrasion resistance'
Use of relatively one-slzed âggreqate that is
prirnarily cubical in shape ensures a relatively
õonstant Plane surface of êxpoEed aggregate. FIat
and elongated particles should not be used.

Because of the direct contâct of the aggregate wlth
the vehicle tire, the skid qualities of the pavenent
are dlrectly influenced by surface texture. Crushed
particles (stone' 9ravel, or Elag) increase frictlon
capabilÍties andl provide greater strength by inter-
lock of the surfåcing layer. Tlzpical sPecificatlons
require that greater than 60t of the aggregate
parÈicles (by weight) Possess t$to or tnore fracturedl
surfaces.

Table 26 illuetrates typlcal one-3ized aggregåte

Amounts Fine¡ Than Each Iåboreto¡y sieve (square opening), Pefcêntage by woighl
S¡ze
Designa-
tion

Nominal Size
Square Openings¡ 318t12314 No.3 No.4 No.8 No.200

0to 7
0to30
85 to 100

100A, 314 to ll2
B U2 ro 318
C 3/E to No' 3

85 to 100
100

0to20
85 to 100
100

0to I
0to I
0to I

0 to 0.5
0 to 0.5
0 to 0.5

0to7
0to25 0tol0

aln inchq, excgpt sñ6€ olheNiæ ind¡s8tcd. Numbcr€d sicv6 æ thæ of the U'S' stúds¡d SoYG SGrtð'

Tüc /1. Gr¡daio muirrnrcnt¡ for ¡rdod .¡enço¡ (3!1.

Amounts Finer Than Each låboratory sieve (square openi¡g), Pe¡cent$e by wei8ùrt

Size
Numbe¡

Nominal Size
Square Øeningsa t 314 U2 3ß No' 4 No.8 No. 16 No.50

6
7
8
9

314 to 318
l/2 to No. 4
3/8 to No. 8
No. 4 to No. ló

100 90 to 100 20 to 55
100 90 to 100

100

oto15 0to5
40to?0 otol5 0to5
85tol00 l0to30 0to10 0to5
100 85to100 l0to40 oto10 oto5

a ln inchø except wficre oth€N¡æ lndicstod. Numbe¡cd tlcy6 üe th@ of thç U.S. St¡ndüd f¡¡ovc Sû¡i6'
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Table 28. Types of asphalt for surface
treatments GL?).

Liquid Asphâlts

Asphalt Cements Rapid Curing (RC) Medium Curing (MC)

120lts0 2ool3o0 70 250 800 3000 30 70 250 800 3000Tlpes of Construction

S\rrface treatments with cover aggregates
Seal co¿ts
Slurry seal
Fog seal
Tack coat
Prime
Dust laying

xxx
XXX

X
X

x
X

XX
XX

XXX
XXXX

xxx
XX

aSS grades can be used when sand is used foa covea. bwale¡ diluted.

Table 29, Cluantíties of asphalt and aggregate for single-surface treatments and seal coats (331,

Hot Weather (80'F +) Cool Weather (up to 80"F)

Une Size of
No. Agg.regate

Pounds of Gallons of
Aggregate per_ Asphalt per
Square Yarda'b Square Yarda'c

Size
No.

Hard
Aggregate

Absorbent
Aggregate

Hard
Aggregate

Absorbenl
Aggregate

314 to 318 in

l/2 in to No. 4 7

3/8 in to No. 8

l/4 in to No. 8

Sand

0.40-0.50

0.25-0.30

0.15-0.20

0.10-0. I 5

0.1 0-0. 1 5

I 20-l 50
RC3000, R52,
CRS.I, CRS-2

200-300d
RC250, 800,
RSI, RS2,
CRS-I, CRS-2

RC250, 800,
RSl, RS2,
CRS.i, CRS-2
RC250, 800,
RSI, RS2,
CRS-I, CRS-z

RC250,800,
RS¡, RS2,
CRS-I, CRS-2,
SS.I, CSS.I

RC3000, RS2,
RS-2K, RS.3K
cRS-l, cRS-2

RC250,800,
RSI, RS2,
RS-2K, RS-3K,
CRS.1, CRS-2

RC250, 800,
RSi, RS2,
CRS-l, CRS.2
RC250,800,
RSI, RS2,
CRS-I, CRS-2

RC250, 800,
RSl, RS2,
CRS-.I, CRS.2,
ss-1, css-l

RC8OO, R52,
RS.2K, RS.3K,
CRS.I, CRS-2

RC250, 800,
RSI, RS2,
RS.2K, RS.3K,
CRS.1, CRS-2

RC250, 800,
RSI, RS2,
CRS-I, CRS.2
RC2s0, 800,
RSI, RS2,
cRs-l, cRS-2

RC250,800,
RSl,
CRS.I, CRS.2,
SS-I, CSS-I

RC800, RS2,
RS-2K, RS-3K,
cRS-1, CRS-2

RC250, 800,
RSI, RS2,
RS-2K, RS-3K,
CRS.I, CRS.2

RC250,800,
RSI, RS2,
CRS-I, CRS.2
RC250, 800,
RSI, RS2,
cRs-I, cRS-2

RC250, 800,
RSI,
CRS.I, CRS-2,
ss-l, css-l

40-50

25-30

t5-20

l0-15

l0-15

Notesi These quaûtities and types of materials may be vúied according to local conditiors and experience,
Single-surface treatments. The maximum size aggregate should ûot be more than l/2 in. Use lioe 2. Iror lighlel suaface lreatfretts, use line 3 or 4r how-

ever, I¡nes 3 and 4 are mole for light se¿l coats. Fo¡ sand seals use line 5.
Double_surface t.eatnents, The maximum size caû be ùp to 3/4 io. Fìrst course, use line l; second course, use line 3 or 4. For lighter double$urface t¡eal-

ments, use for fhst course, Iire 2; for second course, line 3 or 4.
Triple_surface treatments, The maximum size aggregate is usually I /4 in, The following is recommended; first cou¡se, line I ; second course, liûe 2; third

course, Iine 3 or 4. For ñost situations, the best probably is li¡es 1,2, and 4 for the three coursea.
aThe lower applicatio¡ râtes of asphâlt shoM iñ the table should be used for aggregate having gradings or the fine side of the limits specified. The higher applicatiot
hrstes should be ued for aggregate having gradings on the coaße side of the limits specified.
-The weight of aggregate shoM ir the table is based on aggregate with a specific g¡avity of 2.65- In case the specific gravity of the aggregate used is les thân 2.55 or
.more than 2.?5, the amount shoM iû the table above should be multiplied by the ¡atio that lhe butk specific gravity of the aggregate used bears lo 2.65-
;Under certa¡n conditions, [4C liquid asphalts may be used satisfacto.ily.*ln some areas, persisaenl diflìcully in retaining aggegâte hâs been expe¡ienced with 200-300 pe¡etration asphalt cements.

gradations used in surface treatments. The maxinun
aggregate size has a najor effect on ride smoothness
and ríde noise. Experience has shown that a I/2-tn
maximum aggregate is best for all--around perforn-
ance. Selection of maximum sizes should be based on
the anticipated number of surface treatments that may
be used in the life of the pavement. When multiple
surface treatments are used, the nominal size of each
aggregate layer is generally reduced by one-half so
thât the aggregates of each succeeding layer will be
wel-l seated or nested in the lower layer.

Economic availability of one-sized aggregates may
be inpossible. Graded aggregates have been success-
fully used provided that thè gradations are strictly
controlled in accordance with grading specifications
shown in Table 27. For single surface treatments the
¡naximum aggregate size should be I/2 in (No. 7
size). If very light traffic conditions are anti-
cipated, maximun sizes of 3/8 ín or L/4 in nay be
used (size No. I or No. 9). For double surface
treatments, aggregate size No. 6 (first layer) and
No. I (second layer) are usêd for Iight to medium
traffic, while No.7 and No.9 can be used for
lighter traffic.

Clean and chenically conpatible aggregates arê
necessary for strong bonds between the aggreqate and

bituminous materials. Unlike high-quality bituminous
plânt nixes, surface treatnents derive their strength
from the bond rather than through internal friction
nechanisns. Lack of adhesion of bituninous material
to the a99re9aÈe will lead to premature ejection of
aggregate particl,es from the bituninous layer.
Washing of the aggregate to free the material from
fine silt or clay coatings may be reguired. Aggre-
gate that is highly acidic or silaceous may not give
good coating and adhesion results unless speciat
bituminous additives (anti-st.ripping agents) are
employed. The highest degree of adhesion will occur
when clean, hoÈ, and dry aggregates are used. If
slightly dusty aggregates are used, adhesion nay be
improved by using da¡np aggrêgates. The use of kero-
sene mist on.aggregates at the rate of about I gal of
kerosene per ton of aggregate has also been found to
prornote bínding and coating (33).

Asphalt cements and liquid asphalts that can be
used for surface treatments are shov¡n in Table 28.
It is beneficial- to have the bitu¡nen retnain as fluid
as possible after spraying and before application of
the aggregate layer so that a good bond develops
between the two ¡naterials. After the aggregate is
placed, rolled, and the pavenent is opened to
traffic, it ís desirable to have the bitumen harden
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Slow Cu¡ing (SC) Emulsified (Anionic) Emulsified (Cationic)

'to 250 800 3000 RS-I MS-2 SS-1 SS-lh CRS-I CRS-2 CMS-2S CMS.2 CSS-I CSS-Ih

XA XA
XX

xb
xb xb

xb

XX
XX

xb

xa xq
XX

xb
xb xb

xb

XXXX
XXX

xb
XX
x

Figure 33. Single surface treatment design curves for
one-size aggregate.

0.0

80

as quickly as possible so that subsequent traffic
will not displace the embedded aggregate' For these
reasons' Rc liquid asphal-ts' rapid set (CS, cRS)

anionic and cationic emulsions¡ and high-Penetration
(Iow-viscosity) asphalt cements are generally

p referred.
The design quantity of asphalt is selected on the

assumption thaÈ the percentage of the total voids to
be filled with asphalÈ varies from about 80t for very
Iight traffic conditions to around 60t for heavy

traffic conditions. Table 29 nay be used to estimate
quãntities of naterials that are needed for single
surface treatments and seal coats.

Design curves for single surface treatments (SsT)

using one-sized aggregate are shown in Figure 33'
Aggregate and asPhalt spread quantities are shown as

functions of the average least di¡nension of the
aggregate used.

ih. un.tug" least dimension is defined to be the
average of the smallest dimension (lengthr widthr
height) of a sample of aggregate particles' This
value can be deternined by cal-iper measurenent of a

number of individual aggregate parÈicles.
The aggregate sPread quantity in pounds of aggre-

gate per square yard is a function of the bülk
specific gravity of the aggregate (Gm). The

aggregate spreail quantity also depends on percentage
of aggregate that may be lost through material
handling, brooming and traffic.

The asphalt spread quantity, gallons of asphalt Per
square yard, is a function of the anticipated traffic

0.6-

ll€svy tnff¡c
(> 2fXtO vpd)
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0.0 o.2 0.4 0.0 0.2

Average Leõt d¡mens¡on of aggregate (¡nch€s)

0.4

Ievel as well as the average least di¡nension of the
agg regate.

Th" .utu"" in Figure 33 aPp1y only to surface
treatments on primed based material. If the base is
a very Porous bituninous surface¡ the asPhalt.sPread
quantities in Fig. 33 should be íncreased by 0.03 to
0.05 gallons per square yard. If asphãIt is being
applied to a very porous bituminous surface, then the
tãtutar values should be reduced by 0'05 to 0'10
gallons Per square Yard.

Use of Figure 33 is illustrated by the folowing
exanple:

Assumptions
Average least dimensíon = 0.4 in
Bulk sPecific gravity = 2.70
Aggregate liaste Factor = I0*
Traffic volu¡ne = 500 vpd

ouantities from Fiqure 33
eggregate spread quantity = 45 Lbs/yd" 

^Asphatt spread quantity = 0.36 ga]-s/y&¿'

single surface treatment design curves for the use

of gràded aggregate are shown in Figure 34' In this
caser the aggregate spread quantity is a function of
the unit weight of the loose aggregate and the spread

modulus. The asphalt spread quantity is a functon of
the spread modulus and design traffic level in
vehicles Per day.

The spread modulus represents the nean particle
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Figure 34. Single-surface treatment des¡gn curves for graded aggregôte,

o,2 0.4 0.4

Sp6rd mdului nlua (lnóõ)

dianeter of a graded aggregate and is calculatetl by
the folLowing fornula.
Spread ¡nodulus = 0. 2 (D1¡g +Dgg) /2 + 0. 6 (Dgg +
D2ù /2 + 0.2(D2o + Dgl /2t
where
DI00, De¡, D2O, and Do are
sizes for which 100t, 80t, 20t, and
rnaterial has size less than the
inches) .

These D values can be guickly read off the aggre-
gate grain size distribution curve that shows
percentage passing each size.

If a graded aggregate was found to have the follow-
ing gradation.

DIO0 = 0.500 in, Dgo = 0.3 20 in, D20 = 0.200

40

Èu3igÈ 30

â<

Ë¡ zoo=

0l-
0.0

the aggregate
0t of the total
given size (in

O.2 O.1 0.¡t

SpEdmdulunlu (lndË)

in, and D0 = O.OaO in, then the spread modulus
would be 0.2(0.8201 /2 = 0.6 (0.s20) /2 + 0.2(0.2401 /2

=0.082 + 0.156 + 0.024 = 0.262 ín.

Use of Fig.34 is illustrated by the following
exanple.

Assumptions
Spread rnodulus = 0.36 in
toose aggregate density = 100 pcf
Traffic estimate = 800 vpd

ouantities from Fiqure 34
Aggregate spread-quantity = 29 rbs/yd2
Asphalt spread quantity = 0.33 gaLs/yd¿.

Further infornation on surface treatnents is con-
tained in Conpendiurn j.2 (see inside back cover).

CHAPTER 8

lmprovement of Material Quality
Two prinary methods are available for inproving the
quality of granular materials in low-volume road
strucÈures. The first is compâction, the second is
chemical stabilization.

COIT1PACTION

Benefeits from compaction are (a) increased material
strength (cBR), (b) irnproved resistance to densifi-
cation under traffic loadings, and (c) reduced
ability of ¡noisture to flow through the rnåterial.

In the laboratory, the compactive effort applied to
a given material is controlled by keeping the unit
volumetric energy used to conpact a specinen at a

constant magnitude. taboratory conpaction is gen-
erally achieved by dropping a hanmer a fixed dístance
into soil placed within a mold of known volune.
Besides the hammer weight and height of fall' the
number of soil Layers and the nurnber of blows Per
J-ayer will determine the total energy used to compact
the soil.

At present there are two najor compaction tests

that are widely used throughout the world in pavement
engineering. These are (a) the Standârd (or Proctor)
test and (b) the Þlodified Compaction test.

values for the test
each type of test.

Co¡npaction Variable
Hammer weight

variables are given below for

Hammer fall distance
Number of soil layers

in ¡nold
Nu¡nber of ham¡ner blows

per layer
volume of compaction

nold

Standard Modified
s.s lb 10 lb

12 in 18 in

35

25 25

(1,/30) f r3 (1,/30) f t3

For each type of test, a unique conpaction curve of
¡noisture content versus density can be obtaine¿l by
compacting several specimens at differing moisture
contents. In Fig. 21, (Chapter 6) curve !4 rrras devel-
oped under standard compaction effort; while curve H

re¡)resents the modified compaction test.
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In the field, conpaction ís normally controlled by
specifícatíons that requíre a ¡nini¡nu¡n acceptable
Ievel of density. The variable used for compâction
control is called percent compaction. Percent
compaction (PC) is defined bY

PC = 100x(dry density of field-compactecl nate-
rial)/(opti¡nur ilry ilensity of the sane material
$¡hen conpacted in the laboratory at oPtinunt
moisture content).
The value of the denominator must be determined by

developing a density-noisture curve for the material,
as shown in Fig. 2L, for either the standard or
modified test. The numerator dry density must be
determined by whichever conpaction netho¿l has been
used for the denoninator.

ro illustrate the control Procedure' assune that a

subgrade soiL has the laboratory compaction charac-
teristics shovrn in Figure 22 and is being compacted
in the field. l,loisture content tests indicale that
the field noisture is I2t. Density tests show that
the in-place field density is I28.8 pcf. The field
dry density is therefore (I28.8) /(L+0.L21 = 115.0 pcf.

Eíg. 22 shoes that the optirnum dry clensity for the
nodified compaction test (curve H) is 119.0 pcf.
Thus, PC (rnodified) = 100(1I5.0) /(Il9.0l = 96.6t.

If a percent conpaction had been based on the
standard compaction test, the optimum dry density
would be 114.0 pcf from curve M of Figure 21. in
this case, PC (stanclard) = 100 (115.0) / (LL4.0)
100.9*.

Field compaction is controlled by neasuring the dry
density of samples of the field-conpacted soil. A

conmon method for evaluating the field density is the
sand cone test in which conpacted material is ex-
tracted and the resulting hole is filled with sand.
The extracted material is weighed and the volurne of
the hole is deriveil fron the anount of sand used to
fill the hole.

As an illustration, suppose that the extracted soil
rdeighed 4.74 Lb, the volume of sand used was 0.0368
ftJ and that the field noisture content was ]-2Ì.
The field wet density should then be (4.741/(0.0368')
= (I28.8)/(L+0.l-2) = f15.0 pcf. The corresponding
percent compaction would be calculated as shown above.

Quite often' several different soils nay be en-
countered over the area of a construction project.

Figure 35. Typical one-point compact¡on problem.

lihen this occursr laboratoiry moisture-density curves
should be developed for each soil and for whichever
cotnpaction test is being used. The result is a
family of curves as shov¿n in Fig. 35. Each soil in
the family has a different set of optinun moisture
and optinun density values.

The procedure used to establish optinurn density for
the soil being testecl is to use what is called a

one-point compaction test. SupPose, for exarnple,
that the compacted soil sample has a field noisture
content of 13.5*. suPPose also thatr when the sample
is compacted in a nol-d to standard conpaction, the
ensuing dry density is IL2.0 pcf. The ¡noisture
content and dry density values correspond to the
circled point in Figure 35. By interpolating a

conpaction curve bhåt is paraflel to the curves for
soils B and C and that Passes through the circled
point' the optimurn dry density is estinated to be
1I3.4 pcf. This value then becornes the ¿lenoninator
for evaluating percent co¡npaction.

For subgrade materials, mininum requirenents of
either 95t (standard) or 90t (modified) for the upper
8 in (20 cn) to 12 in (30 cm) are usuãl. Unbound
granular materials nornally have requirenents of 100t
(standard) or 95t (modified) (22, 28, 35' 39).

Further information on the conpaction of roadway
soils is contained in Compendíum l0 (see inside back
cover) .

CHEMICÀL STABILIZATION

The use of chemicat additives can be a very efficient
way to improve the proPerties of almost all road
building materials. Stabilizers will nornally
irnprove the i¡n¡nediate and long-term strength of the
material-s. Additives can also alter the Pl-asticity
properties of the soil portion and thereby minimize
the potential influence of high-volune changes.
Recent evidence shows that the use of stabilizers may

increase the resistance of granular material to
degradation under service conditions.

Benefits derived from additives are generally
proportional- to the anounts used and therefore to the
cost of the additives. Even small amounts of stãbi-
lizer (2t-3t) can modify and inprove the soil mate-
r ial.

In addition to increased costs, there are other
li¡nitations on the use of stabi]-izing ailditives. In
general, the use of stabitizers inPlies a higher
Ievel of technical skil-ls, engineering effort, and
availability of special construction equipment.
Thus, even though the use of additives may be
potentially beneficial, the use may not be economic
or physicallY Possible.

The najor types of additives are (a) lime, (b)
cenent, and (c) bitumen, including roâd tars.

Because of Iime reactions with aluminates and
silicates, lime is probably the most beneficial
additive for clay soils or gravel soil nixtures that
have clay fines. Lime cannot be used to stabilize
organic soil-s, sands' or granular materials with poor
(open-type) gradations. Thompson (37) suggescs a

¡ninimum clay content of 10t' while the TRRL (221

suggests a ninimun of 158 passing the No. 40 sieve
and a coefficient of uniformity greater than 5 as
conditions for the use of lime stabilization. The
decision as to the acceptability of lirne as a stabi-
lizer should be made on the basis of laboratory tests.

From a practical viewpoint, addition of lime to
soils will tend to reduce the soil PI and increase
the shrinkage Ii¡nit. Both of these results will tencl
to reduce the high volume change potential of plastic
clay. Both the expansion and shrinkage potentials
nay be effectively controlled by this stabilization
technique.

The percentage of lime additive to use depends on

'ã

ô
È
a

Note: All Soilr Comprct6d
to Slsnded compd¡on

O o¡e-Point comp¡ction R6ult
O Opümum for Om-Po¡nt R6ult
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the type of soil and the Potential reason for
stabilizing. If long-term high strengths are the
ultimate objective, then the line percentaqe will be
high. However, even s¡nal1 Percentages of line may

reduce the potential for high volune change and
increase immediate strength. In generaL' the range
of lime percentage for nost soil-s will vary from
about 2 to 10*. If strength is desirable' the lime
percentage will be in the upper range but rnost lime
soil modifiers will be less than 4t. Higher lime
percentages are needed for clays with higher PIas-
ticity indexes. Less Li¡ne is normally needed to
stabilize clay graveJ-s than to stabilize fine-grained
soi1s. Mininum percentages of 2-3t are nornalLy used
to ensure uniformity of nixing in the soil.

cement-stabilized soils have been used in pavement
construction for more than 50 years to inprove road
performance. In many respects, cement stabilization
acconplishes improvements si¡nilar to those for lime
stabilization. when combined with moisture, the
cement hydrates to for¡n a cemented product. The
degree of cementation, and hence degree of improve-
¡nent, is directly proportional to the quantity of
portland cement that has been added. Thus, even
small amounts of cement will inprove the strength and
properties of the soil.

!1¡ith the exception of organic materials' cement can
be used effectively on soil types that range from
plastic clays to high-quaLity crushed stone.

Because of the lack of dependence of soil type on
the degree of hydration, the major benefit of cenent
stabilization is increased strength. Decreased soil
plasticity and increased resistance to high volume
change are also important benefits. The percentage
of cenent to be used depends prímarily on the soil
type and the intended objective of the stabilization
effort,. The cement percentage generally decreases as
the stabilized material goes from a clay to a
gravel. Increases in clay plasticity require greater
stabilization percenbages that often prove impracti-
ca1 and unecono¡nical-. Typical vaLues are l5t-20t for
plastic clays down to 3t-5t for gravels (38).

Alt,hough there are many potential advantages for
using cernent stabilized soils, several li¡nitations
should be recognized. Às for lime, the high
strengths associated with cement will generally
create a very rigid or stiff maÈerial. Although
r igidity provides increased resistance to shear
deformation, increased tensile stresses due to loads
may develop and cause fatigue cracking. Another
potential problern with cement-treated materials is
the possibility chat polygonal shrinkage cracks will
develop throughout the layer depth. Surface water
can then seep through the openings and reduce the in
situ strength of the subgrade.

Cenent-stabilized soil differs greatly from
lime-stabiLized soil in that the rate of strength
gain is very fast and the nagnitude of strength
improvement is general-ly greater. The rapidity of
the hydration necessitates compaction within a few
hours of initial mixing. Conpaction after initial
setting wiIl radically alter Èhe strength gain and
destroy the hydration process.

In many locations throughout the world, bituminous
stabilization can be economically and efficiently
employed to inprove naterial quality. Unlike Line
and cement, benefits from bituminous stabilizers are
derived from the internal adhesive and cohesive
forces of the bítumen itself.

Almost all soils have the potential for being
stabilized with bituminous materials. Experience has
shown that bitu¡ninous stabilization is most effective
for (a) clays, (b) sandy soils, (c) sand gravels, and
(d) crushed stone.

For claysr the najor role of the bituninous
material is to waterProof the clay Particles anil
atlow the full strength of the comPacted soil to be
¡nobilized. Thus bitumen tencls to counter the
strength re¿luctions that are brought about by
moisture increases in an unsaturated soil. Clay-
bitumen stabil-ization is generally recornnended only
for clay naterials that have (a) liguid limits less
than 40t, (b) plastic indexes less than l8t' and (c)
less than 50t pãssing the No. 200 sieve size.

The rnajor appLication of bitu¡ninous stabilizers is
for sandy soi1s. In these cases the bitumen can
markedly inprove the strength of local naterials. As

for aII bituminous-aggregate mixtures' strength is
increased by providing a cohesive component to the
shear strength. Pure granular naterials lack thís
attribute and depend on confining stresses to
develop fuII friction. An oPtinum bitumen content
will always exist because increased ãclilition of the
stabilizer wiIl eventualty cause the individual sand
particles to be displaced from a graÍn-to-grain
contact position. Such a condition then effectively
reduces (eliminates) the potentíal friction of the
granular mass.

Not all sands and sandy soils are conducive to
bitumen stabilization. The maÈerials should not have
PI values greater than 12, and no more than 252
should pass the No. 200 sieve. Thus dirty sands may

be difficult to stabilize effectively. Similarly,
minimal strength increases can be exPected with
open-graded or unifor¡n sands because this material
possesses little int,ernal friction. In nany practi-
cal cases, these sands can be blended with fine-
grained soil to achieve better gradation before
bítumínous stabilization is attempted.

In general, the range of bitumen Percentage for
sand stabil.ization is 4-12t. For both soil-bitumens
and sand-bitumens a prirnary objective is to achieve
uniform mixture of the bitumen and soiL material.
Proper fieJ,d conpaction is necessary if quality is to
be optimized. For soit-bitumen compaction' optimum
moisture should be usedi sand-bitunens are normally
compacted at moisture contents of less than 5t.
Bituminous materials that may be used for various
soil types are Iisted below.

Soil Type
SoiI-bitumen

Sand-bitunen
( c lean)

sandy soils

Bitu¡ninous Material
tIC 250/800¡ sc 2s0l800

SS-1; SS-1h
CSS-I; CSS-1h

Rc 70/250/800; Mc 250,/800
!'lS-2; !1S-2h
Cl4S-2; Cl'lS-2h

Rc 250,/800; utc 250/800
SS-J-; SS-1h
CSS-I; CSS-1h

Heavy road oils sprayed on the surface of
granular-surfaced roads will produce a waterproofing
and dust-control effect. Because maximum bituminous
penetration is highly desirable, slow-cure cutbacks
or slov¡-set emulsions are normally used. Before
application, the surface should be blãded and
noistened to increase the effectiveness of the
bituminous material. About L gaI/yd2, applied in
two to three separate applications, is generally
quite satisfactory for most conditions. Care should
be exercised to prevent excessive quantities of road
oil in localized areas. hlhen thís occursr sand may

be applied to blot up excess bituninous material.
Further infornation on soil stabilization is

contained in Compendium I (see inside back cover).
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CHAPTER 9

Structural Design Methods

This chapter preEents structural design nethods that
have been developed by (a) the U.S. Arny Corps of
Engineers (USÀCE) r (b) the United Kingdlom Transport
and Road Research Laboratory (TRRL) ' and (c) the
U.s. Forest Service (USFS). Additional methods
night have been included but those Presented contain
most of the basic fêatures of current methodology.
Moreoverr no current ilesign procedure has universal
acceptance or applicability. It is therefore
inportant for the designer to acquire performance
feedback for any rnethod that has been used ând to
rnodify the clesign procedures in the light of per-
formance experience. Any design method should be

carried out in consonance with the many structural-
principles that have been presenteil in the previous
chapters of this synthesis.

USACE DESIGN PROCEDURES

The USACE has accumulated much experience on
1oe¡-volume road clesign and perfornance (4, fg, lÐ.
Although major concern has been for surface mobility
of military vehicles and aírcraft' the UsAcE
experience includes earth roads, granular-surfaced
roads, and roads that have bitu¡ninous surface
treatments.

The UsAcE procedures are ba6ed on equations that
give required Èhicknesses for material Èhat is to be
placed over underlying naterial of a given strength
(CBR), proviiled that the P1aced material has greater
CBR strength than the underlying material.

The term nrequired" refers to a thickness that
will withstand a specified nunber of axle }oads
before the structure reaches a level of deformation
that corresponds to low serviceability. In the
design equations, axle loads are characterized by
equivalent single wheel loads (Ib) and by tire
contact areae (inz). Thus, the basic UsAcE design
equations can be sÈâted in terms of standard
18r000-Ib single axle loads that were discussed in
Chapter 4.

Required thicknesses for various CBR values and
for various nu¡nbers of equivalent 18r000-1b single
axle load repetitions (Nfg) are shown in Figure
36. The thickness scale on the left siile of Èhe

figure is for bítuminous surface treatment (BsT)

structures, the scale on Èhe right is for
granular-surfaced roads. For examp,ler if the
subgrade CBR = 8t and if the design life is N1g =
10,000 repetitions of the standard axle load, the
requÍred thickness for a BST structure is nearly 10
in. For the satne conditions, the required thickness
for a granular surface is about 7.5 in. In either
case the material to be placed on the subgrade ¡nust
have CBR strength greater than 8t.

It will be found that the granular surface
thicknesses are all about 78t of the corresponding
BST thickness. This difference arises mainly
because the design equation for granular surfaces
pertnits greater defornation at failure than does the
BST design equation.

The design curves in Figure 36 can be used to
deternine thicknesses for multilayer structures in
which each successive layer has greater strength
than the preceding layer. For exarîPler for N19 =

lrO0O'O0O repetitions, a total thickness of âbout 35

in is required for a BST structure over a subgrade

whose CBR = 2t. If a granular subbase with CBR =

20t were Placed over the subgrader Figure 36 shows
that about 7 in of still stronger naterial would be
required to protect the subbase layer. Thus the
design cross section could be 35 - 7 = 28 in of
subbase (CSR = 201), 6 in of base (CBR > 20t) and
I in of BST.

The foregoing USACE design Procedures do not
provide thickness adjust¡nents for the cBR strengths
of the granular naterials. Thusr in the .example
given above, a total thickness of 35 in is required,
irrespective of the amounts by which the CBR values
of the granular layers excee¿l the subgraile CBR. For
granular-surfaced roads, the USACE has developed a

design equation, ca11ed the rut-depth moilel' that
takes into account the CBR strength of the granular
surface material.

Selected points from curves that represent the
rut-depth model are shown in Table 30. Entries
within the table give requiredl CBR strength for
various co¡nbinations of equivalent single axle
Loadsr granular surface thickness, and suþracle
CBR. For exanple, if Nl-B = I00r000 equivalent
single-axle loadsr if the granular surface is to be

I2 in thick' and if the suþrade CBR is 6t' then
Table 30 shows that the granular surfacing ¡naterial
should have CBR strength of 63t.

Table 30 can also be used to estimate the
required thickness of granular surfacing naterial
rdhose cBR strength is known. For exanPle, if the
granular material has cBR = 50t and is to be placed

Figure 36. Thickness design curves for surface'treated roads and granular surface

roads {USACE analysisl.
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Table 30. Required CBR strength of granular surfacing material (18).

1000

on subgrade yrhose CBR = 2t for a design life of
NLg = 10r000 equivalent single axle 1oads, then
about !2 in of the granular material would be
requíred. Hovreverr if the granular ¡naterial had CBR

= 35tr then nearly 18 in thickness would be required
for subgrade CBR = 2t and N1g = 101000.

If Figure 36 is used, a thickness of about l8 in
of granular surface is required for subgrade CBR =
2t and N1g = 10r000. Thus for these conditions,
the thickness required by Figure 36 corresponds to
the thickness required by Tab]"e 30 when the granular
¡nateriaL has a CBR = 35*. The design equations
represented by Figure 36 and Tab1e 30r respectively'
are based on somewhat different assumptions and are
not necessarily consistent. For example, for cBR =
2t and NlB = 100,000, Figure 36 inplies that the
required thickness of granular surface ¡naterial is
23 in, provi¿led that its CBR is greater than 2t. On

the other hand, if the granular naterial has CBR =
30t, then Table 30 indícates that nore than 30 in of
thickness ís required. It is recomnended that
Figure 36 be used to determine granular surface
thickness and that Table 30 be used secondarily as a
tool Èo estinate strength requirenents.

In sumnary, the following sÈeps should be taken
as USÀCE design procedures are used for bitu¡ninous

should be estitnated values for the CBR strength
of each rnateriaL.

3. Use Figure 36 to deternine required Chicknesses
for the total structure and for individual layers
of granular naterial in a ¡nulÈilayer structure.

4. Specify quai.ity and strength for granular
naterialE in accordance with principles presented
in chapter 7. For granular surface structurest
use Table 30 to estinate sÈrength requirements
for granular material.

5. For BST structures, specify mäterials and
procedures for the bituminous surface according
to infor¡nation given in Chapter 7.

TRRL DESIGN PROCEDURE

The TFaL of the United Kingdon has develoPed a
design procedure for bitumen-surfaced roads in
tropical and subtropicâI countries 122). The rnethod
is applicable to load rePetitions up to 2'500¡000
equivalent l8'000-1b single axle loads.

The basic TRRL design curves for bituninous
surface treatnent (BsT) structures are shown in
Figure 37. Required thicknesses for BST structures
are shoÞ¡n at left for various levels of suþrade
strength (cBR) and axle load repetitions (NfA).
The TRRL curves are si¡nilar to the USACE design
curves (Figure 36), but required thickneEses in
Figure 37 average about 10 percent less than the
corresponding thicknesses ln Figure 36. On the
other hand, the TRRI procedure recommends a míninu¡n
base thickness of 6 in, ancl a minimun value of CBR =
80t for lhe strength of the base material. If a
subbase is. used, minimum values for the subbase
material are 4 in of thickness and CBR = 25t at the
expected f ield ¡noisture-density conditions.

As an example of the use of 'the TRRL nethod,

Number (000s)
of Equivalent
¡8 000-lb
Single-Axle Subgrade
Ioads (N1s) CBR (%)

Thickness of Granular Surface (in)
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t94 lz5
t"Ì7 115
t66 107
t46 94
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325 210
263 170
233 150
213 138
t99 129
176 114
I 6l 104

surface treattnent structures or
surfaced structures.

for granular-

1. Analyze traffic factors accoriling to the infor¡na-
tion presented in Chapter 4. The result shoulil
be a design value for Nlg, the number of
equivalent 18r000-Ib axle load repetitions that
are expected for the design life of the structure.

2. Analyze the subgrade material and available
granular toaterials according to information
presented in Chapters 5, 6, and 7. The result
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Figure 37. Thickness design curues for surface-treated road! (TRR Ll. Table 31. Correspondence between subgrade CBR strengfñ, so¡l suport value
(SSl, or group index (Gll.
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Figure 38. U.S. Forest Service failure criteria.

ln¡l¡ol P¡

ïire 
Trut

PT = minimlly acceptable level of pSI

TP = Ti* at which psl equals pT

lrut = Tire at which a 2', rut develops in the wheelpath

suppose a BST structure is being designed f.or
subgrade CBR = 6l and for NtA = 110001000
equivalent 18,000-1b axle Load repetitions. Figure
37 shows that the required pavetnent thickness is
about 14 in. Assuming that the surface treatment is
about I in thick and that the 6 in minimum base
thickness is usedr then about 14-6-1 = 7 in of
subbase ¡naterial is required.

If the 781 factor is applied to the TRRL curves
as for the USACE curves, then the required Èhickness
for granular-surfaced roâds would be 0.78 times the
corresponding thickness given by Figure 37 for BST
roads. Thus, if subgrade CBR = 6t and NIg
I,000,000, the 14 in thickness given by Fígure 37

would be multiplied by 0.78, and about 1I in of
granular ¡naterial yrould be required for the surface
layer.

U.S. FOREST SERVICE PROCEDURES

The USFS is responsible for the design and operation
of a large network of paved and unpaved roads and
has developecl comprehensive procedures for the
structural design of roads (_3-9). These procedures
are being revised in ter¡ns of a systen design
approach that is based on ¡nini¡nization of total life
cycle costs (40, 4L, 421, The new procedures,
however, will not be discussed in this synthesis.

Failure criteria used in the USFS design proce-
dures are shown in Figure 38. The first criterion
is present serviceability index (PSI) that begins at
an initial pointr P1r and reaches a failure level,
PT, after a period of traffic and tine Tp. In
the re¡nainder of this section, initial serviceabil-
ity will be assu¡ned to be P1 = 4.0 for both
bitu¡ninous surface treatnent roads and for
granular-surfacecl roads. Terminal serviceability
will be assuned to be Pt = 2.0 for bituminous-
surfaced roads and PT = 1.5 for granular-surfaced
roads.
The second criteríon in Fígure 38 is for rutting and
refers only to granular-surfâced roads. Under this
criterion, failure occurs when rut-depth reaches a
specified design va1ue, say 2 in. The design life
is then the tine (Trut) required for failure to
occur.

In addition to design values for serviceability
index or rut-depth, the following three factors are
basic to the USFS design procedure.

Soil Support (SS) = an enpirical soil strength
paraneter that is not measured directly but that
has correlation wíth CBR strength and group index
values as shown in Table 31. The table shows
that SS ranges fron about 2.2 when subgrade soil
CBR = 2t to about 8.0 when subgrade CBR = 40t.
Structural Number (SN) = aIDI + a2D2 +
... vrhere DI is the thickness (inches) of the
top layer of the pavement structure, a1 is a
coefficient representing the quality of ¡naterial
in the top layer, D2 is the thickness of the
second layer of pavenent structure, a2 repre-
sents naterial quality in the second layer, etc.
Relationships between structural number coeffi-
cients and CBR strengths of the respective layers
are shor.tn in Table 32.

Suppose, for exarnple, that a two-layer
granular structurê has Ot = 5' in of surfacing
whose CBR = 60t over a granular subbase whose
t.hickness is n2 = 19 in and vrhose cBR = 30t.
Table 32 shons that the respective coefficients
are al = 0.L26 and a2 = 0.109. The struc-
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tuual nunber rculd the¡efore be SN - 0.126(6) +
o'109(ro) - l'846'

For bituninous surface treatoentB nhose
naxi¡num aggregate aize is as 1e¡8t I inr the
first tern of the structural nunber rlll be
alDI where al = 0.25 and D1 ia Èhe
thickneas of tt¡e bituninous layer (e.9., I in).

3. -Pes.iq!!þ (!fu) . nunber of equivalent
18,000-1b single axle loads to be ex¡rerienced
during the design Period. thusr tl1 ia the
accumulation of equivalent axle loâds betseen the
tinee that psI - Pl and PSI - Þf (see Figure
3 8) . Ittethods for estinâting t*! hâve been
discuesed ln Chapter 4 rhere the notatlon NIB
eas uEed for equivalent 18r000-1b single axle
load repetition8.

other elements of the usFs dealgn procedure
inch¡de factora to account for eerviceability loaa
throuEth envlronnental effectg only and a factor for
adjusting tfa to account for environnental varla-
tions anong regions that have qufte different
clirnatea. These environnental factorg nust be
evaluated through engineering judgnent and rill not
be discussed in Èhls synthesis.

The basic design factors are broughÈ together fn
Table 33, which gives SN values for various conbl-
nations of ss val.ues and equivålent slngle axle
loads (l*¡). The upper portlon of the tâble ls for
terninal serviceability P3 r 2.0¡ the louer fror-
tíon is for Pg = 1.5r and all values are for
initial serviceability P1 - 4.0. It ie recor
nended Èhat the uPper portion (Pf = 2.0) be used
for BsT roada and that the lower portion (P.I =
1.5) be used for granulår-aurfaced roadE.

Tabl¿ 32 Correl¡tion between CBR.Íength of granular mrter¡¡l¡.nd 3truÈ
û.¡ral numbêr coeffidenr¡ (¡¡1.

Structural Number Coefficients (at)
Strength of
Granular Material
(CBR %)

$o illugtrâte thê u3e of Tablè 33 f,or a Bgl
[râeencnt atrucÈure, suppose thât thc subgradc CBR '
10t and thât the deaign life 1¡ ltl - 1001000 for
PT . 2.0. T¡bIe 31 3hoù3 thaÈ the loll suPPort
value lg 3S.5.3 ant Tablc 33 thoil8 thât the
required structurâl nunber lE about 1.93. SuPPote
algo that the structurG rlll havc âbout 1 ln of
bituninous surface trêatnent rith a lrIlDuD ¡99re-
gate alze of I.0 in a¡¡d that å {-ln ba¡c couraê ¡nd
¡ Eubbase coulse rill bê used. thusr tha structural
nunber hôs the forn¡ 8¡¡ . ¡IDI (surfacing) +

a2D2 (baae) + l3D3 (subb¡gè). On sub¡ti-
tutlon of SN . I.93r â1 . 0.25¡ and D1 - I lhr
Èhe equåtfon þecoee 1.93 ' 0.25(I) + a2DZ +

43D3.
If CBR - 801 for the base nâtêrlrl tnd CBR ¡ aol

for the aubbaae naterlalr Table 32 slrowa that a2 '
0.136 ânal ¡3 - 0.120. On EubstltuÈlon, the
equâtion becoúes 1.93 - 0.25(U + 0.136({) + 0.120
D3r or 1.136 . 0.I20 D3. thua D3 ' 9.5 in for
the subbâse thfckneaå, âtìd the over¡ll structurê
will have I in (surface) + 4 ln (base) + 9.5 ln
(subbase) - I¡1.5 ln (total).

To illustrate Èhe Procêdurea for one-låyer
granular-surfâcd troâda, suP[to8ê the granul¡r
naterlal ha8 CBR . 65tr le to be plâcêd on r
subgrade slth å CBR - 6tr and 18 Èo hrve a dealgn
Ilfe of vûr - 200'000 equivalent 18r000-lb ainglc
axle loads. Table 31 sho¡r3 thât the soll suPPort
value ls ss. ¡1.3 andt interPolâtlon ln f¡ble 32
g.lves al . 0.129 à8 the structural nunbcr
coefficient for the grânular aurfâcG nrtêrf¡l.
Inter¡tolation in Table 33 giveg a structurål nunbcr
of SN - 2.44 tot P1 . 1.5r llf - 2001000r and 83
- 4.3. the structur¡I nunber equatlon ls thercfore
sN ' a1Dlr or 2.AA - 0.129 D1. lrhue the
required thlckneas of Eurfaclng måterial is DI t
2.44/0.L29 - 18.9 in.

In aumary, the following atePs are to be taken
when using the usFs deaign procodure for the PBI
criterion.
I. Ànalyze trafflc fâctors ¡ccording to thê lnforna-

tlon pre8ented ln Chapter ¡1. the result should
be å de8lgn value for tllr the nuDb.r of eguiva-
lent 18r000-1b åxle load rePetltlons thât âre
expected before PSI is ât the ternlnâl servlccr-
bility value, P¡. Usê PT . 2.0 for bltunl-
nous surface Èreâtnent roads ânô PE ' 1.5 for
granulâr aurfaced ro¡ds.

2. Ànalyze the subgradê nâterlal ¡nd åv¡llablê
granular naÈerla18 accordtng Èo infornâtlon
preaented ln Chapters 51 6r ¡t*l 7. The regult8
should be an estisåted value for the CBR 8trêngth
of each naterial.

3. specify qualfty and 8trengÈh for grânuI¡r
naterlalg in accordance rlth Principlês prêsented
fn châpter 7.

Granular Base
or Surfacing

Gr¿nular
Subbase

20
25
30
35
40
45
50
60
70
80
90

100

0.070
0.083
0.093
0.101
0.1 07
0.1 l2
0.1 17
0.t26
0.132
0.1 36
0.1 38
0.140

0.095
0.103
0.1 09
0.1l6
0.1 20
0.124
0.t27
0.1 30

Note: For a b¡tumirous lurface l¡ye¡, al = O.25, lf the lrycr th¡ckntr ir
at leut t.0 in (o¡) for s bltumlnout rurf¡æ layo¡ st leút ¡.C ¡n
thíck' al = o,25.

TaHe 31. Sh¡clr¡rrl number
(Sfill vduc¡ for l¡iü¡minou¡ or
grenulr-rurfrced ¡ltt¡cü¡ rar
(t SFS PSI crltcr¡onl.

Number (000¡) of
Seryiceability Equivalênt18000'lb
lndex Single-Axle l¡ads (Wr)

fbil Support Value (SS)

l0

Pr = 4.0'
Pr = 2.0

l0
20
50

100
200
500

1000

t0
20
50

100
200
s00

1000

Pr = 4.0,
Pr = l'5

2.10 1.82
2.36 2.Os
2.13 2.3E
3.O7 2.66
3.46 2.9E
4.3t 3.51
4.75 4.09

2.08 1.81
2.32 2.03
2.66 2.34
2.94 2.59
t.24 2.87
3.6E 3.27
4.O4 3.60

t.s1 1.34
t.77 l.53
2.O7 r.79
2.34 2.Ot
2.59 2.25
3.O2 2.62
3.39 2.98

l.s6 1.34
t.76 1.52
2.OS 1.78
2.2E 1.99
2.53 2.22
2.90 2.56
3.19 2.83

t.t4 0.95 0.7E
1.30 l.to 0.92
1.55 l.tz t.il
t.74 1.50 t.28
1.96 t.70 |.46
2.27 l.98 r.7r
2.54 2.22 1.93

l.t4 0.95 0.78
1.30 l.lo 0.92
1.54 1.32 l.l t
t.73 r.49 1.28
t.94 1.69 1.45
2.2A 1.96 1.70
2.49 2.19 l.9l

0.62 0.4E
o.75 0.60
0.93 0.76
1.08 0.90
1.24 1.04
r.48 1.25
t.67 1.43

0.62 0.4t
o.1s 0.60
0.93 0.76
t.oE 0.90
1.24 1.04
t.t1 t.25
1.66 t.42
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Table 34. Sln¡stural nu mber (SN I Yaluet f or granular'rulaced structurcs
(USFS rutdepú criter¡onl.

Number (000s)
of Equivalent
18 000-lb
Single-Axle
Ioads (Wa)

Subgrade CBR (%)

any sPecifications fór mini¡nurn thicknesses. If
the structure has more than one layer, the thick-
ness choices should also be based on relative
unit costs of tt¡e different materials.

For granular-surfaced roads, the rut-dePth
criterion nay be used as an alternative to the PSI

criterion (see Figure 38). The USFS design equation
for a failure criterion of 2 in rut-depth is
represented by Table 34. Entries in Table 34 are
structural nr¡mbers required for various combinations
of suþrade CBR and equivalent 18r000-1b single-axJ-e
Ioad repetitions.

For single-layer granular surfacing, Table 34

gives structural nunbers for the equation sN

a1Dl. Thus the requirecl thickness is ?f -:sÑr/ã1, where values of a1 are given in TabLe 32

for ¡naterials with various CBR strengths. For
example, if the granular material has CBR = 808, is
to be placed on a subgrade with a CBR = 6t' and is
to have a atesign life of wT = 50,000, then Table
34 shows that a structural nu¡nb€r of SN = 2.03 is
required. lab1e 32 shovts that al = 0.136 for a

granular material whose CBR = 80t. Thus 2.03
0.136 DI and D1 = 14.9 in of granular surfacing
naterial is reguired.

In this example' if only 6 in of the CBR = 80t
material were used in the toP layer of a two-1ayer
granular-surfaced road and if granular mâterial in
the second layer had CBR = 40tr then lable 32 shows

that a2 = O.I2O for the second layer. rn this
case sN = alDl + a2D2t or 2.03 = 0.136(6) +

0.120D2 r and D2 = r0' I in' Thus, the sÈructure
would have a total thickness of 6 in + 10 in, or 16

in.

20l5l0

10
20
50

100
200
s00

1000

0.64
0.69
0.7 4
0.78
0.81
0.87
0.91

3.30 2.25
3.51 2.39
3.78 2.58
3.99 2.7 3
4.20 2.87
4.47 3.05
4.68 3.19

1.76 1.47
I .88 1.57
2.03 1.68
2.14 t.78
2.25 1.88
2.39 1.99
2.51 2.09

1.26 0.90
1.33 0.95
| .44 t.02
1.s3 1.08
1.60 1.13
t.7 t t .22
t.78 1.26

4. Use Table 3I to obtain the subgrade soil suPPort
value (SS). Use Table 32 to find a structural
number coefficient (ai) tot each granuLar
material that wíll be used.
Enter Table 33 with values for P1r Vllr and SS

to deterrnine the required structural nunber, sN.
Forn the equation SN = alDL + a2D2 + . ..
wherein a1Dl rePresents the topmost sÈruc-
tural layer, a2D2 rePresents the second
layer, etc.
Substitute values fot a1ta2t ...t and SN frorn
steps 3 and 4 into the equation, leaving the
thicknesses DLt D2t etc., to be determined.
Determine a set of values for Dl' D2, etc.,
that satisfy the equation resulting fro¡n SteP 7.
In general there will be måny Possible solu-
tions. The final choice should take into account

5.

6.

7.

8.

CHAPTER 10

Design Examples

The main PurPose of Chapter I0 is to provide further
examples of the use of design procedures that were
presented in Chapter 9. secondary ai¡ns are to
exenplify principles and ¡nethods that were given in
earlier chapters. The first five exampJ.es relate to
granular-surfaced roadsr three additional exanples
are presented for roads with bituminous surface
treatments. In nost of the examPles, two or'nore of
the USACE' TRRL, and USFS Procedures are illustrated.
Example I. Granular-Surfaced Road, l'tininal Desiqn
Data.

A tlro-lane granular-surfaced road is to be designed
for a five-year period. rt is estinated that
traffic will average to be âbout I00 vpd and that a
low percentage of the traffic wÍlI consist of trucks
having relatively high âxle loads. The only avail-
able infor¡nation on the subgrade soil is that it is
composed of about 80t sand, L5t silt, and 5t clay.
the design prohlem is to determine a thickness and
¡ninímu¡n strength for the granular surface naterial.

AlI three design procedures given in Chapter 9

require estimates for (a) the number of equivalenÈ
18,000-1b axle loads (Nfe) Èhat will be experi-
enced and (b) the strength (cBR) of the subgrade
soiI.

The approxirnation nethod for mixed-traffic
analysis (chapter 4) can be used to estimate N1g.
Table 10 shoÌ¡s that Þ1 = 37 for low Percent trucks
and heavy load dístribution per truck. If a grovrth
factor of IOt is assumed, then Figure 15 gives G =

6.2 for the assurned grosth rate. Thus, the estinate
for N1g is N1g = M x ADT x G = 37 x r00 x 6'2 =

23,000 (aPProxitnately) .

Subgrade strength may be estirnated indirectly
through the USCS soil classification system (chapter
5). If the subgrade soil ís considered to be a

silty sand (SM in Table 14), then Figure 19 shows

that the suþrade cBR may be as low as 10.
If the USACE design procedure is used to deter-

nine the required thickness of granular surfacer
then Figure 36 is entered with CBR = 10t and N1g =

231000 to give an aPproxinate thickness of 7 in.
Table 30 nay be used to estirnate required

strength for the granular material. For subgrade
cBR = lot and surface thickness 7 in, Table 30 shows

that the required CBR is about 52t if N1g = 101000
and about 79t if N1g = 50r000' The required cBR

for N1g = 23r000 is about one-third of Èhe dis-
tance betlreen 52t and 79t. Thus the estimated
required cBR is approximately 60t for the granular
material.
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If the USFS procedure (PSI criterion) is used,
then Table 3I shows that the soil support value (Ss)
= 5.3 for subgrade CBR = Iot. Interpolation in
Table 33 gives SN = I.48r when pT = 1.5, lff =
231000 and SS = 5.3. Since SN = a1Ð1r then
a1D1 = I.48.

There are many conbinations of values for at
and DI whose producÈ will give the required struc-
tural number. ff, for exanple, the surface material
has CBR = 70tr then Table 32 shov¡s that a1
0.132. It follows Èhat 0.132D1 = 1.48 and that
D1 equals about Il in of surfacing material.

If the USFS rut-depth criterion is usecl, interfþ-
lation in Table 34 for subgrade CBR = I0S and WT =
23r000 gives SN = 1.34. If the granular ¡naterial
has CBR = TOtt then a1 = 0.132 as above, and DI
= I.34/0.132 or about 10 in of surfacing rnaterial. -

At least for this exarnple, either USFS procedure
leads to a greater thickness requirement than does
the USACE procedure. Much of the difference arises
because the USACE procedure permits greater deforma-
tion at failurer nanely, from 2-3 in of rut depth.

Exanple 2. cranular-Surfaced Road, Axle Load Data,
Two-Laver Structure.

A two-lane granular-surfaced road is to cross an
alluvia1 flood plaín area having a high ground vrater
table. The subgrade soil has PI = 22 and has a
saturated CBR value of 5t. This material is uni-
formly distributed within the design area. Good
quality granular subbase ¡naterial (CBR = 30t) and
crushed stone base naterial (CBR = 100t+) are
readily and economically available. The road is to
have a design life of 10 years and has an ADT of 420
vpd (two-way). Traffic is expecÈed to grow at a
rate of 8t per year. Trucks represent 30t of the
traffic volume. The general distribution of heavy
axle loads is as fol-Iows:

Axle Load
and TvÞe
12,000 1b, single
24,000 Ib, single
36'000 Ib' tandem

No. of Àx1es per
100 Trucks

9501000. Table 30, hoyrever, shovls that the granular
material would have to have ¡ninimum strength sotne-
what greater than CBR = L00t. Thus, only the
crushed stone base rnaterial would qualify for the
one-layer granuJ.ar surface.

If the USFS procedure (psl criterion) is used for
â one-layer design, then Table 31 shows that, the
soil support value for subgrade CBR = 5t would be
4.0. Table 32 sho$¡s that al = 0.I40 for the base
¡naterial (CBR = 100t+). If the granular naterial
with CBR = 30t is used as surfacing material, a1 =
0.093r but aI = 0.I09 if this material is used-as
subbase in a two-layer structure. Table 33 shows
that the required structural number (PT = 1.5) is
about sN = 3.16. Thus, if the subbase material is
used as surfacing 3.16 = 0.093D1r and the required
thickness is ot = 3.16/0.093 = 34 in. If the base
material is used for surfacing, then 3.16
0.14oDI and the required thickness is D1
3.16/0.14 = 23 in.

If the USFS rut-depth criterion is used it will
be found (by using TâbLe 34) that about 20-in
thickness is required if the crushed stone base is
u sed.

Both the USACE and USFS procedures give rnultiple
solutions when both materials are used in a two-
layer design. To sirnplify the exanple, suppose that
Dt = 6 in of the stone base material (CBR = I00t+)
will be used in the top Iâyer. Since it h'as deter-
mined above that a. total thickness of 15 in is
required by the USACE procedure, then the USACE
tero-layer design wouLd be 15 - 6 = 9 in of subbase
and 6 in of crushed stone surfacíng.

If the USFS procedure is used Ín connection with
the ruÈ-depth criterion, interpolation in Table 34
gives a required structural number of about SN =
2,84. Since SN = aIDI + a2D2t substitution
for ô1, ã2, and Dl gives 2.84 = (0.14) (6) +
(0.093) D2. The required subbase thickness is
therefore D2 = 2I in, and the total thickness is 6
+ 2I = 27 ín f.or the two layer structure. It is
noted that the design ís based on a failure cri-
terion of. 2 in rut-depth whereas the USACE design
nay pernit as ¡nuch as a 3 in rut-depth by the end of
the design period.

Example 3. Granular-Surfaced Road, Variable Sub-
grade CBR.

A granular-surfaced road wiII receÍve Ntg
200'000 equivalent 18r000-1b single axle.Loads over
a 7-year design period. The subgrade soil is a
residually weathered clay from sedimentary lime-
stones and shales. Nu¡nerous laboratory CBR tests
that have been ¡nade on this soil have produced the
following distribution of CBR values:

CBR value (t) !
Percentage of Tests 0

Cu¡nulative Percentage 0

z8
28 19
81 100

The problem is to select a design value for the
subgrade CBR and then to deter¡nine the thickness and
strength requirenents of the surfacing material.

The distribution of CBR strength values reflect
natural variabiLity in the subgrade soil. If a
desígn value of CBR = 4t is selected, then an
esti¡nated 89t (100t-11t) of the road structure would
be overdesigned since Less thickness would be
required for CBR > 4t than for CBR = 4t. At the
other extreme, if CBR = 8S is selected as a design
value, then an esti¡nated 8lt of the total structure
would be underdesígned since more thickness is
required for CER < 8t than for CBR = 8t. The
simplest comprornise would be to select a design
value such that 50t of the test values yrere below

102
54
44

The design problem is to deternine required thick-
nesses for one-layer surfacing by using either of
the available naterials, and to deternine thick-
nesses for each material when used together in a
tgto-Layer structure.

In this example, only the given axle load dis-
tribution wiIl be used to determine equivalent
18,000-1b single-axle load repetitions. All Iesser
loads will be ígnored in the mixed traffic analysis
(see Chapter 4). The first step is to deternine
equivalent 18,000-Ib axle l"oads (Nfe) per 100
trucks. Equivalence factors (F), found in TabLe 8

are 0.L8r 3.62, and 1.38, respectively, for the
three types of axles for which data are given
above. Thus, for each 100 trucks Nlg = (0.18)
(102) + (3.62) (s4) + (1.38) (44) = 275 per 100
trucks, or 2.75 per truck. The t,otal nu¡nber of
trucks in one lane during the first year of traffic
is (420 vpd/2) x 30t x 365 days = 23,000 trucks
(rounded). Thus, for the first year of traffic
Nlg = 2.75 x 23r000 = 63,250 equ!.valent axle
loads. For a grovrth rate of 8t per year over a
lo-year period, Figure 15 gives the grovrth factor, c
= 15. Thus the final design value for equivalent
axle loads is ttlg = 63t250 x 15 = 950,000 (round-
ed) .

If the USACE procedure is used for a one-layer
granular surfacer then Figure 36 shows that the
required total thickness of granular surfacing is
about 15 in when subgrade CBR = 5t and Ntg

!5!.Ll r7 25
tI 28 53
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the design value. It is suggested' however that (a)

the selecteCl value be such that 60$ of the test
values exceed the design value and (b) 40t of the
test values are less than the design value. For the
distribution above, the CBR value that exceeds 40t
of the test values is about 5.5t. Thus, if the
structure is designed for suþrade CBR = 5.5t' it is
expected that 60t of the road will be overdesigned
and 40t will be underdesigned.

If the USACE procedure is used for subgrade cBR =

5.5tr then Figure 36 gives a required thickness of
about 13 in. Table 30 indicates that the surfacing
¡naterial should have CBR strength of about 70t. The

same procedure gives thickness requirenents of about
l-0 in when subgrade CBR = 8t ancl about 16 in when

subgrade CBR = 4t.
with respect to the distribution of test values,

the I3-in thickness represents underdesign for CBR

values of 3t and 4tr and overdesign for CBR values
of 7t and 8t.

Exa¡nple 4.
Distress.

Granular-Surfaced Road, Prediction of

Assume that the 13-in granular surface in Example 3

has been constructed with lateritic material and

that ADT = I50 vPd (t!do-way). The average vertical
grade is 15 m/km, and the average annuaf rainfall is
20 in. Use infornation that was Presented in Chap-
ter 2 to esti¡nate the degree to vrhich various lypês
of distress wiII be evident at the end of the first
year of traffic oPerations.

According to the Kenya experience rePresented in
Figure 7¡ the dePth of loose naterial renains at
about I mm for lateritic gravel and does not change
with accunulated traffic. Annual gravel loss is
shown in Figure I for various conbinations of annual-
traffic, annual rainfal-I (R¡) r vertical curvature
(VC) r and gravel types. For this examPle, annual
traffic = I50 vpd x 365 or about 551000 vehicles per
year. Annual rainfall is R¡ = 20 in = 5I cm, or
about 0.5 ¡n. At this level of traffic, Figure I
shows that about 30 mm of lateritic gravel will be

Iost vrhen Rf. = t n and vC = I0 m./km. Neighboring
curves indicate that the 30 mm value should be

adjusted downward for R¡ = 0.5 ñl' and adjusted
upward for Vc = 15 n/kmr and that the two adjust-
nents will" be si¡nilar in nagnitude. Thus' a rough
estimate of gravel loss is about 30 nm, or perhaps
between 1.25 in and 1.50 in per year.

Rut depth can be estimated from Figure 10. For
annual traffic of 55,000 vehicles, Figure 10 shows
that the expected rut depth will be about 23 mn, or
approxinately 1 in.

Expected road roughness as measured by the TRRL

Bump Integrator is given by Figure 11. The figure
shows that about 5500 mm/k¡n can be expected after
one year of traffic. This leve1 of roughness cor-
responds to a serviceability index of around 2.5.

In general, it can be stated that the road will
be in fair condition at the end of the first year'
but that blading is needed to reduce rut-depth and

roughness. l4oreover, the esti¡nated gravel Ioss
indicates that as nuch as half the original thick-
ness ¡nay be lost within four years of traffic opera-
tion. An additional layer of perhâps 2 in of gravel
will be needed during the second year of oPeration.
It is therefore inplied that Èhe original design
(Exanple 3) was less than adequate to prevent
failure before the 7 year design period is completed.

Example 5. Granular-Surfaced Road' A1!ernative
Granular Materials.

À granular-surfaced roâd is to be constructed on a

subgrade having CBR strength of 8t. The road is to

withstanct 100'000 equivalent 18,000-Lb axLe-load
repetitions before rut-ilePth reaches 2 in. The
problem is to deternine required thicknesses for
lhree different granular ¡naterials whose CBR

strengths are 40t, 80t, and I00t, respectively.
The rnost direct approach to this problem is the

USFS procedure Idith rut-dePth criterion. Table 34

shows that a structural number (SN) of I.78 is
required. Table 32 shovrs that SN coefficients for
the three ¡naterials are a1 = 0.107 (CBR = 40t),
at = 0.136 (CBR = 80t)' and aI = 0.140 (CBR

1õ0t). since sN = a1D1r the three required
thicknesses are D1 = 16.6 in, 13'I in, and 12'1
in. Thus, for Practical purPoses l3-in thickness is
needed for either of the two stronger materials, and

three to four additionat inches are needed if the
weakest material (CBR = 40t) is used.

Exa¡nple 6. Upgrading Granular-Surface¿l Road to BST

Road.

As part of a stage construction progran, the
granular-surfaced road in Exanple 1 is to be

upgraded to a bituminous-surface-treated (BsT) road
after the initial s-year period. The BsT road is to
Iast an additional 15 years and will carry an

estimated traffic volune of N1g = 500,000 equiv-
alent single-axle loads.

Assume that the USACE design thickness of 7 in
has been used for granular surfacing material having
CBR = 65t' liquid limit (LL) = 30tr and plasticity
index (PI) = LOt. AIso assume that the gradation of
this ¡naterial- is as follows3

Size Passing
3/4 in 100t
No. 4 588
No. 200 23*
0.005 nm 6*

Finallyr assu¡ne that gravel loss has been I.5 in
over the five-year period of service and that Èhe

rernaining thickness of granular material- is 5.5 in'
The first step is to decide whether the existing

granulâr material is suitable (with increased thick-
ness) as a base course for the bituminous surface
treat¡nent. For a 3/4-i-n maximu¡n size aggregate, it
is generally recommended that no nore than 158

should Pass the No' 200 sieve. !4oreover, a high-
quality base course should have a ninimu¡n value of
cBR = 80tt it should also have maxi¡nu¡n values for LL

= 25t ånd PI = 6*. Thus it is clear that the
existing material is not suitable as a base course,
even if greater thickness is provided. The existing
material nay, however, be used as a subbase course.

If the USACE procedure is usedr Figure 36 shows

that a total thickness of about 11.5 in is needed

for suþrade CBR = 10t and N1g = 500,000. Thus

II.5 - 5.5 in = 6 in of granular base naÈerial is
needed for the upgraded structure. The base mate-
rial should have ¡ninimun CBR = 80tr and about 7t-8t
of the ¡nateriâl- should pass the No. 200 sieve' The

bituminous surface treatment should be designed in
accordance with information presented in chaPter 7'

If the TRRL procedure is used, Figure 37 shows
that the total thickness of the structure need be

onty 9.5 in. However' the TRRL procedure requires a

6-in mini¡nu¡n base thickness, so the sane design
would be used as in the USACE procedure above.

Example 7. Environmental Effects on BsT Design.

A BsT road is to be built on a subgrade soil that is
relatively uniform in a1t characteristics except for
ground water conditions. one part of the road has a

ground water table close to the road surface; a

45



seeond part has a deep ground vrater table but is
subject to relatively high raÍnfall of more than I0
in per year. The third stretch of road will be over
a deep ground $¡ater table and within an arid cli-
tnate. The in-place CBR values for these three
conditions are 3t, 5t, and 8t, respectively.

If the BST rôad is designecl to acconmodate N1g
= 500r000 equivalent 18r000-Ib axLe-Ioad repeti-
tions, find the total thickness required for each of
the three clinatic conditions.

If the USACE procedure is used, then Figure 36
gives required thicknesses as shown in the second
colu¡nn below.

In-Place
cBR (t)

3
5
I

USACE TRRI,
Thickness (in) Thickness (in)

approach is the USFS procedure erith PSI criterion.
Table 31 shohrs that the soil support value for CBR =
5t is SS = 4.0. Table 33 shoÌrs that the required
structural number is SN = 3.39 for wT = 1000000
and SS = 4.0.

Structural number coefficients in Table 32 are
0.l.42 (extrapolateal) for the base materialr 0.095
for the CBR = 20t subbase ¡naterial, and 0.120 for
the CBR = 40t subbâse alternative. Since the
surface treatnent r,iII be less than I in thick, its
structural number coefficient is equal to that for
the base måterial' i.e.¡ a1 = 0.L42.

The structural nu¡nber equatÍon is sN = alDl
(surface) + a2D2 (base) + a3D3 (subbase)
from which a3D3 = 3.39 - 0.142(0.75) -
0.142(8.0) = 2.15.

For the first subbase material, D3 = 2.15/0.095
= 22.6 inr and for the second ¡naterialr D3

2.L5/0.I20 = 17.9 in. Thus, if unit prices were
equal, the second material should be used since Less
thickness would be required than for the first
material.

By using the actual unit costs (I.0 and 1.2), the
relative costs of the tvro alternatives are as
follows: first subbase material, 22.6 >(. I.0 = 22.6
cost unitst and second subbase ¡naterial, 17.9 x I.2
= 21.5 cost units.

Thus, the second material gives a more economical
design even r+hen the unit costs are taken into
account. The final design would have nearly 27 in
total thickness as shown below:

Laver Thickness (in) CBR Strenqth (g)
surface treatment
Base
Subbase
Subgrade

25.7
18.8
13.6

20
15
11

If the TRRL procedure is used, then Figure 37
gives required thicknesses as shovrn in the third
column above. Tbe TRRL procedure results in lesser
thickness requirements than does the USACE proce-
dure. However, it must be remembered thât the TRRL
procedure requires a minimum of 6-in base thickness
rùith CBR greâter than 80t, whereas the USACE proce-
dure does not demand this base strength.

the main point of this exanple is that nearly
twice as rnuch thickness is required for the yrorst of
the environmental conditions (CBR = 3t) than for the
best condition (CBR = 8*). The use of soaked
strength design values (e.9., CBR = 3t) for aIl
conditions is clearly inefficient when in-place
strength data are available.

Example 8. Economics of GranuLar l4aterials for a
BST Structurè.

A BST road is to accornmodate 1.0 nillion equivalent
18000-1b single-ax1e loads during a 10-year design
Iife. À single surface treatment with maximum
aggregate size of 0.75 in will be used. It is
assumed that the serviceability index wilI be 4.0
ínitially and will reach a failure level of PT =
2.0 at tbe end of the design period. The subgrade
soil has CBR = 5t.

Base ¡naterial will be a high-quality crushed
stone with CBR = 110t+r and 8.0 in of tbis ¡naterial
will be used. Two possible materials are available
for the subbase layer. The first hâs CBR = 20t, and
the second has CBR = 40t. If 1.0 is the unit price
of the first subbase ¡naterial, then the second
material has unit price I.2. The proble¡n is to
determine what thickness is required for the most
econo¡nical subbase lâyer.

For the given conditions, the nost direct design

If the USACE procedure were used, Figure 36 shoyrs
that a total thickness of about 20 in would be
required, and only 11-12 in of subbase would be used.

The TRRL procedure requires a total thickness of
only about 16 in (Figure 37), including about 7 in
of the stronger subbase. The first subbase naterial
(CBR = 20t) rr'ould not meet the TRRL nininurn of CBR =
251 fot subbase materiaL. This final example again
points out that diffêrent design procedures can lead
to quite different thickness reguirenents. It can
be assumed that much of the variation is attribut-
able to differences in failure criteria, and
therefore to different levels of perfornance expec-
tations for the design perioil.

Às rdas stated at the outset of Chapter 9, it is
essential to observe the performance of roads that
have been designed by particulâr procedures and to
modify the procedures as needs become apparent.

0.75
8.0

17.9

L10+
110+

40
5
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