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CHAPTER ONE

ROAD ENGINEERING



Unit 1

Traffic Analysis

There are many inputs to the road design process. These inputs include: estimates of traffic,
environmental considerations, and assessments of the material properties of all of the compo-
nents of the pavement structure including estimates of material variability and responses to
environmental factors. Another consideration is the selection of the degree of design reliabili-
ty required for a given facility. A freeway may require a higher degree of reliability in the de-
sign estimate than a secondary road given the relative sizes of the investments and the cost of
future maintenance. This unit discusses traf fic design inputs in detail. Included is a sum-
mary of available information to assist the prospective user or developer of the mechanistic-

empirical design procedures."

Traffic

The mechanistic-empirical approach requires that traffic input be transformed into a simpli-
fied representation of the complex loading process to which pavements are subjected. It is
possible, however, to consider the following seven traffic factors in design: (D tire and axle
configurations; @ contact pressures; @ vehicle speeds; @) anticipated number of loads in
each weight category; @ distribution of traffic during the day and throughout the year;
distribution of traffic across lanes of multi-lane highways; and (D lateral distribution of
traffic within specific traffic lane.

The most desirable solution would be to have this data available for the specific highway
to be designed. Alternatively, traffic data contained in national, statewide, or local traffic
surveys may have to be utilized if data for the specific highway is not available. This will be
discussed subsequently.

To estimate damage attributable to speci fic traf fic, it is necessary to establish the cor-
respondence between traf fic repetitions and stress applications developed at some critical
point in the layer which may be damaged."™ Thus, the lateral placement and distribution of

traffic among lanes of a multi-lane facility must be determined.



Lane Distribution of Trucks

The correspondence between the number of vehicle passages within the design lane and the
number of load repetitions at some critical points, is dependent on the tracking of the vehi-
cles using the lane. Taragin has shown that the center of the average truck is located within
0. 2 feet of the center of a 12-foot wide lane and that about 75 percent of the observed trucks
maintained a lateral position within one foot of the center of the lane. He also notes that lit-
tle difference occurs in this pattern on slight curves and that placement on two- and four-lane
highways is approximately the same.

Fordyce and Packard have examined the variation in the lateral location of the wheels of
a typical truck. Fig. 1-1 shows this lateral distribution. If the smooth curves shown in this
figure are assumed to represent a normal distribution of the center of the loaded area about
the center of the wheel path, a standard deviation of about nine inches will yield the fre-

quency distribution shown for the tail of the curve. ™
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Fig. 1-1 Lateral distribution of trucks within a traffic lane
(After Fordyce and Packard)



For asphalt concrete pavements, analyses indicate that the stress level at the underside
of the asphalt concrete layer is relatively constant over the section from outside to outside of
the tires. If we now assume that a typical dual tire spacing is 14 in. center to center of the
tires and that each of the tires has an effective load radius of 4 in, we can see that the center
of the wheel path ™ is strained near its maximum for every passage of a dual tire within 11 in.
of the center of the wheel path. Assuming the normal distribution of lateral locations based
on Fordyce and Packard’s curve, this indicates that about 80 percent of all passages will re-
sult in this strain level at the center of the wheel path. Since the dual dimensions assumed a-
bove might be considered as minimum spacing, it is reasonable to assume that each passage
of such a load will result in near maximum strain at the critical location. The remainder of
the wheel load passages will result in some lesser strain level at the critical location in the de-
sign lane.

From this argument one can see that it is not unduly conservative to use a one-to-one re-
lationship between wheel load passages in the design lane and load repetitions at the center of
the wheel path for asphalt pavements. More sophisticated treatment of the lateral location
variation does not seem justified for this type of pavement, at least when one considers the
accuracy that can be expected from the estimates of traffic that will be used.

The situation for jointed concrete pavements is however considerably different. Substan-
tial field data and analysis results indicate that the critical fatigue location is at the slab edge.
This is where transverse cracks initiate when the slab is fully supported (when a serious loss
of support occurs at the joint, corner breaks or diagonal cracks may occur first before trans-
verse cracking). The other potential critical location is in the wheel path at the transverse
joint. Fatigue damage studies, however, have shown that this is rarely the critical fatigue
point,

The lateral distribution of truck wheels is approximately normally distributed with a
standard deviation of about 10 inches. For design, the number of repetitions of the critical
(edge) stress is approximately the proportion of truck wheel loadings within 6 inches of the
slab edge. The mean distance from the slab edge to the outside of truck dual tires should be
estimated from visual observations of truck traffic on similar portland cement concrete high-
way pavements in the local area. The proportion of wheel loads within 6 inches of the edge
can then be easily computed using the normal distribution.

In the absence of locally specific data, an estimate of the mean distance from the slab
edge to the outside of dual truck tires can be made using the following general guide-
lines.") On highways with unpaved shoulders, 8-foot-wide lane would be, on the average,
24 inches from the slab edge. However, considerable evidence indicates that on highways
with paved shoulders and no lateral obstructions, trucks travel closer to the slab edge, with
the mean distance being between 12 and 21 inches. A 1956 Bureau of Public Roads study of

lateral truck distribution on two-lane concrete highways showed a mean distance of 11

% Note: Considered to be the critical location for fatigue in asphalt concrete.



inches, while a 1975 study by Emery of truck traffic on rural four-lane Interstate highways

showed a mean distance of 16 to 18 inches.

Vehicle Speed

To define the stiffness characteristics of materials in the pavement section, an estimate of ve-
hicle speed is required. Time of loading has a significant influence on the stiffness character-
istics of asphalt paving mixtures. Barksdale, Brown, and Mcl.ean have provided some guide-
lines to relate the time of loading required for estimates of or laboratory assessments of stiff-
ness characteristics as related to vehicle speed.

MclLean’s results illustrate the time of loading for an equivalent square wave load pulse
for vertical compressive and horizontal stresses as a function of depth. Barksdale’s results are
superimposed for comparison. It should be noted that the differences between the two many
be due in part to the fact that Barksdale’s calculations were based on a triangular load shape
as compared to the square shape used by McLean. In spite of the differences, the results are
within a relatively close range and provide a good indication of the time of loading that should

be used in laboratory testing.

Notes

[1] This unit discusses traffic design inputs ... o
[2] To estimate damage attributable to specific traffic, it is necessary to ...
’ Y
[3] If the smooth curves shown in this figure are assumed to...
b

o

[4] 1In the absence of locally specific data, an estimate of... )

Exercises

(1) What are the inputs to the design process Choose one to explain how it influence the de-
sign process.

(2) Which traffic factors should we consider in pavement design Which do you think is the
most important, why

(3) Where are the two critical fatigue locations for jointed concrete pavements



Unit 2

Soils and Granular Materials

Soils, being naturally occurring materials, have more variable properties than the man-made
mixes, either bound or unbound, which are used in the pavement structure. The mechanical
properties of subgrades, whether cut or fill, have an important bearing on the design of
the pavement since the latter is essentially required to protect the former from excessive
stresses.

Granular materials used in the base and subbase layers have constituents which are con-
trolled to some extent, but the nature of current British specifications is such that density
checks, for instance, are not used and wide variations in mechanical properties are possible.
Tighter control is affected in many countries, particularly where the granular base is only
covered by a modest thickness of bituminous material and its behavior is therefore the con-
trolling factor in the performance of the pavement.

In view of the variability of soils and granular materials, it is not surprising that their
mechanical properties are not so conveniently characterized in predictive forms as bituminous
material. None the less, general behavior patterns and the important variables affecting them

have been determined and these are reviewed below.

Non-linearity

The stiffness or elastic modulus of bituminous materials was shown to depend primarily on
temperature and loading time. Stress level was not discussed as a variable of particular im-
portance for pavement design, since bituminous materials are essentially linear elastic under
dynamic conditions except at high stress levels when there is some decrease in stiffness. This
behavior is very much a function of the properties of the bituminous binder. Unbound aggre-
gates and soils, on the other hand, generally contain water in their pore spaces and its influ-
ence is rather different since it cannot directly offer resistance to shear deformation like a bi-
tuminous binder. The most important difference in response between this type of material
and bituminous ones is that soils and granular materials are markedly non-linear. Their
stress-strain curves are indeed curves and the resulting resilient modulus of elasticity is very

stress-dependent.



The non-linearity of soils and granular materials can be represented in a simple general
way by the curves in Fig. 1-2. Consider a repeated load triaxial test in which a series of speci-
mens, or even a single specimen if the stresses are not too high, are subjected to various
magnitudes of repeated deviator stress under various static confining stresses. Eq. (1-1) indi-
cates that the resilient modulus (E,), being the secant modulus, will be affected both by de-

viator stress (g) and confining stress (g;)
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Fig. 1-2  General representation of non-linearity

for soils and granular materials

More generally it can be said that the modulus depends on both shear stress (q/2) and

mean normal stress (p)"* which is related to confining stress"”
+2
P:m ; 63:%+63 (1-2)

The relative influence of these two basis types of stress depends very much on the mate-
rial and the conditions of test and these will be discussed in the following sections.

The non-linearity of cohesive soils in terms of the stress dependence of resilient modulus
is of the form shown in Fig. 1-3. These tests were on samples of saturated silty clay having
various consolidation stress histories from normally consolidated to an over-consolidation

787



ratio of 20."' The relationship is of the form

E. = _ (1-3)

Where o, =initial effective confining stress;
g, =cyclic deviator stress;

K and n=constants which depend on the soil type.
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Fig. 1-3 Resilient modulus of a saturated silty clay as a function of stress

The development of permanent strain under repeated loading depends not only on the
applied deviator stress (¢) but also on the stress history of the soil. The contrasting behavior
of a silty clay when normally consolidated and when heavily over-consolidated. Compacted,
partially saturated soils show behavior rather similar to that of the normally consolidated
case.

Several investigators have reported a threshold deviator stress (g,), or zone of stress, a-
bove which the material will eventually fail, and below which the sample will not fail. Fur-
thermore, the shear stress at failure under repeated loading has been shown to be about 70 %
of that under conventional static undrained test conditions.

For heavily over-consolidated clays a well defined failure condition is not reached, but
strain levels are about twice as high as in the normally consolidated case.

The pavement design process requires detailed information relating permanent strain to
applied stresses for the detailed deformation prediction procedure outlined in another unit. A
potential aid for obtaining this kind of data more easily is represented by the creep test as is
the case for bituminous materials. Hyde and Brown have shown that reasonable predictions
of permanent strain rate under repeated load conditions can be obtained from creep tests.

Alternatively, Monismith et al, have suggested a framework which could be used if re-

— 9



peated loading facilities are available. They showed that the permanent strain (e,) after a

given number of cycles was related to deviator stress by a hyperbolic equation of the form

=% _
2. [+me, (-0

where [ and m are constants which depend on the soil type and possibly the suction or effec-
tive stress. Furthermore, the build up of permanent strain during repeated loading was

shown to obey a simple exponential law
e, —AN" (1-5)

where N is the number of stress applications, A and b could be experimentally determined.
The subgrade stresses below well designed pavements are likely to be low and, there-
fore, the question of failure is unlikely to arise.
Permanent strains could also be small and the relationship of Eq. (1-4) gives a method of
predicting such strains from data produced in tests at higher stress and strain levels which

would be more reliable.
Granular Materials

Resilient Strain

For the purposes of this discussion, granular material embraces both the unbound aggre-
gate used in base and subbase construction and noncohesive soils. As for cohesive soils, fre-
quency of loading has no effect on resilient strain and an equilibrium level of strain develops
under sub-failure conditions after a reasonable number of load applications.

The non-linearity of granular materials is typically represented by the results. This

shows a well defined relationship of the form
E =K, 0% (1-6)

Where §=sum of the principal stresses which for triaxial test is ¢, +20, =q+ 30,
K,, K ,=constants which depend on the material.

More recent research has shown that the resilient behavior is much more complex than
Eq. (1-5) suggests but that under conditions well removed from failure this equation seems
appropriate. It has been incorporated into non-linear analysis procedures for pavement struc-
tures using either finite elements or layered systems. With reference to Eq. (1-1) the resilient
modulus of granular materials has been found to depend strongly on normal stress but to be
relatively independent of shear stress level.

Poisson’s ratio has been shown to depend on the principal stress ratio or the ratio of de-
viator stress to mean normal stress (p=0/3) with a better defined relationship resulting from
the use of effective stress rather than total stress. Its magnitude increases with increasing q,/
p but a value of 0. 3 is considered appropriate for simple design calculations.

The precise form of the stress-dependent equations for resilient modulus and Poisson’s
ratio depends on the aggregate grading , density, particle shape and texture and moisture



conditions. " In general, higher density produces higher resilient modulus and the depend-
ence on normal stress is greater with rounded aggregate than angular.

The role of moisture in granular materials is not well defined but it appears to be limited
to its effect, via suction or pore pressure, on effective stress. Results in terms of effective
stress show that moisture content has little effect on the constitutive equations.

The likely response of a granular material in a pavement is complicated by the fact that
the density which can be achieved depends on the stiffness of the supporting material. Fur-
thermore, its non-linearity and lack of tensile strength results in very low or zero modulus
towards the bottom of the layer because of the tendency for tensile stress to develop in this
zone. Wave propagation testing of various combinations of granular material and subgrade
soil has indicated that for design purpose a modular ratio between the two layers of about 2. 5
is appropriate for linear elastic analysis. This reflects the effective modulus of the granular
layer and the effect which it has on other layers. It is not suitable for use in calculating the
stresses and strains in the granular layer itself for which purpose a non-linear analysis should

be used, and this is discussed at the end of this unit.
Permanent Strain

A permanent strain illustrates the importance of adequate drainage and that equilibrium
strains develop after some 10" cycles in drained tests unless the stress level approaches a fail-
ure condition. For poorly graded, single size material, which is not recommended for road
construction, permanent strain continues to build up even after very large numbers of cycles.
The value of this equilibrium strain depends on the ratio ¢g,/s, and, since drainage has been
allowed, o, is in fact the effective stress. Similar results are obtained for both static cycles
confining stresses if the former is equated to the mean value of the latter.

Barksdale tested a range of granular materials and aggregate-soil mixes from which it is
apparent that the percentage of fines should not exceed that required to provide high density,
if low deformations are required. He also established the validity of a hyperbolic stress-strain
curve of the type discussed above for cohesive soils. In order to compare his materials in the
context of the pavement, Barksdale used a “rut index” which was defined as the sum of the
permanent strains at the centre of the top and bottom halves of the granular layer multiplied
by 10*. The figures are based on the strains after 10° load repetitions in a repeated load triax-
ial test under stress conditions dictated by a non-linear analysis of the pavement structure.
Typical stresses could probably be developed for standard types of structures and environ-

ments to obviate the need for analysis on every occasion.

Notes

[1] The mechanical properties of subgrades, whether cut or fill, have an important bearing
on the design of the pavement since the latter is essentially required to protect the for-
b ATy

mer from excessive stresses. ,“the latter” “the man-made mixes”,“the former”



“soils”, ; ;

[2] shear stress ,mean normal stress ,confining stress .
[3] These tests were on samples of saturated silty clay having various consolidation stress
histories from normally consolidated to an over-consolidation ratio of 20.
20%

b

o

[4] The precise form of the stress-dependent equations for resilient modulus and Poisson’s
ratio depends on the aggregate grading, density, particle shape and texture and mois-

ture conditions. N .

Exercises

(1) What determines the stiffness or elastic modulus of bituminous materials And what
does the resilient modulus of granular materials depend on

(2) How different is the shear stress at failure under repeated loading to that is under con-
ventional static undrained test conditions

(3) Is single size material not recommended for road construction Why



