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PREFAGE

Rutting on high quality flexible pavement is due to traffic action
and is a functional as well as a structura1'type of failure. That is,
it interferes with the quality of ride expected from such a surface and
can be detrimental to safe vehicle operation. Excessive rutting is an

indication that the integrity of one or more of the material layers in the

| pavement system was not sufficient to withstand the imposed traffic loads.

" Surface attrition and subgrade deformations also contribute to this type

of failure.

’This report discusses the results of a research sfudy of rutting con-
ducted by the school of Civil Engineering at Oklahoma State University.
This research endeavored to: 1) accurately determine the depth of ruts
and the shape of the transverse pavement profile, and 2) detect evidence
of the contribution of the bituminous bound materials to this type of
failure in heavy-duty asphalt pavement structures. The research did not
deal directly with the influence or contribution to rutting of the sub-
grade soils and non-bituminous base materials. '

Support for this study was provided by the State of Oklahoma Department

of Highways and this support is gratefully acknowledge.
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CHAPTER 1
INTRODUCTION
Statement of Problem

Rutting, as evidenced by vertical deformations in the wheelpaths
on flexible pavement surfaces, is a serious highway performance problem
in Oklahoma. Rutting is due to traffic action and it affects the quali-
ty of ride on a pavement in two distinct ways. First, rutting tends to
define the position of vehicle wheels on the pavement, i.e., wheels
slightly displaced tend to be directed back to points of maximum rut-
ting, making steering mbrekdifficu1t at high vehicle speeds. Second,
rutting tends to channelize and retain free surface water along the wheel-
paths during and after rainfall. This surface water acts at the tire-
pavement interface to form an effective lubricant so that the intehded
frictional resistance at this interface is not mobilized and surface
slickness results. In extreme cases, the interfacial phenomenon re-
ferred to as "hydroplaning" occurs and this is a definite traffic safety
hazard. This channelization also allows drainage of more surface water
jnto intersecting or transverse cracks and thus into the underlying pave-
ment layers to deteriorate the asphalt-bound materials (11),and to soften

the subgrade materials.
Method and Scope of Study

Field and laboratory Qbservations indicate three major modes of rut-

ting. Regarding the bituminous bound layers, these modes are:
1



1) post-construction differential densification of one or more of the
pavement layers, 2) shear failure or lateral displacement of material in
one or more layers from beneath the wheelpaths, and 3) surface wear or
errosion of surface material under traffic. In addition, densification
(consolidation) and/or shear failures in the non-bituminous bound base
and subgrade materials can influence the total amount of futting. In a
specific case, each df these factors may act singularly or in various
combinations. | |

The primary objective of this research was to investigate rutting
on hiéh quality flexible pavements and to detect, where possible, evi-
dence of contribution of the bitumihous bound pavement materials to this
type of failure. This research did not deé] directly with the influence
or contributions to rutting of the subgrade soils and the non-asphalt
bound base materials.

A transverse profile apparatus was developed to plot the profile of
the pavement surface perpendicular to the centerline. Ruf depths couid
be scaled directly and humps outside the wheelpath Tocations detected
from the trans?erse profile tracings. Heaving or humping adjacent to
ruts was considefed an indication of outward or lateral creep of mater-
" jal from beneath the wheelpaths.

Four inch diameter (10.16 cm.) cores of the asphalt bound pavement
materials were recovered at selected points across the pavement. The
percent density values 6f the respective subdivisions of the core samples
were determined and compared. Significant differences in the percent
density values between materials in the wheelpath locations and those

outside the wheelpaths were considered as evidence of differential



densification. Cprreiation between laboratory densities and the corres-
ponding field measured surface nuclear-densities at the selected sites
was also attempted.

Stereo photography was employed to obtain quantitative estimates of
differential wear in the wheelpath locations. Also, visual rating of
the pavement surface conditions was made at each test site so as to pro-
vide comparative data for the study of trends at these Tocations.

Sixteen test sites were selected on two interstate highway systems
(1-35 and I-40) in Oklahoma. Performance of four test sites on flexible
pavement sections constructed on each of the following types of base
course materials was studied: 1) hot mix sand asphalt (HMSA), 2) soil-
cement base (SCB), 3) black base (BB), and 4) stabilized aggregate base
course (SABC). ‘

Classical statistical methods, using the Statistical Analysis Sys-
tem (SAS) computer program, was employed in the analysis of test data.
Traffic volumes were not counted at the time of testing and the recorded
in-service age of the pavement sections at the test sites were estimated
from construction completion records obtained from the research section
of the Oklahoma Department of Highways (ODH).

The field study of the test sites was made after rutting had oc-
curred. The approximate ages of fhe pavement sections at the time of
the study ranged from 36 to 169 mqnths. For this reason, exact amounts
of surface deformations and densification in the pavement layers could
not be determined. Measurement of rut depths and other surface deform-
ations was based on a hypothetical datum or transverse profile at age
zero, i.e., an assumed transverse profile at the time the pavement was

opened to traffic.



CHAPTER II
RESEARCH BACKGROUND
pavement Deformations

Elastic Deformations

Under applied wheel loads, bituminods pavemehts undergo both elastic
and plastic deformations (3, 4). These deformations occur in both the
1ong1tud1na1 and the transverse directions to form a deflection basin.
The elastic deformations are recoverable upon removal of the load. How-
ever, complete recovery is gradual and depends on the magnitude and dur-
ation of load, temperature, and stiffness properties of the pavement
materials. Sometimes, complete recovery of this portion of deformation
is not achieved before subsequent load coverages.

Theories for predicting elastic deformations (14, 24, 39) consider

the pavement material as an ideal material of some kind and assume that

the primary response of the pavement structure can be defined by its me-

chanical State as a result of the applied loads. Laws of classical phy-
sics are then employed to determine the stress-st}ain relationships and
to formulate constitutive equations (mathematica?ymode1s) of response.
Because of the viscoelastic behavior of the bituminous material, the
complexities in the behavior of subgrade materials, and the fact that

the bituminous pavement constitutes a Tayered system, deformation values

4



obtained using these methods are approximate. The degree of accuracy
resulting from use of any of these theories wil?‘depend on how close the
assumptions (upon which the theory was developed) relate to the field
conditions. Some of the commonly used theories of elastic response in-
clude: 1( Boussinesq's theory (39), 2) Burmister's theory (6 ), 3) West-

tergaard's theory (39), and 4) discrete models (24).

Plastic Deformations

This portion of the total deformation is unrecovered after removal
of the applied load, i.e., the deformation remains permanent. Unlike
elastic deformations, plastic deformations are cummulative and depend
on the magnitude and duration of loading, temperature, and the stress his-
tory of the material (1, 15, 24 ). Basic concepts of material behavior
and constitutive laws of plasticity are currently used to predict the
onset of plastic behavior. However, because the stress-strain relation-
ships in the plastic range are generally non-linear, the magnitude of de-
formations are not uniquely determined by stresses. Though seldom used,
numerous criteria have been proposed for predicting plastic behavior,

and these are based on a concept of either stress, strain or strain ener-

gy (24, 37).

Viscoelastic Response

Viscoelasticity attempts to represent the behavior of real mater-
ials by combining time-dependent response and time-independent response
models (1, 24). There are two types of viscoelastic models: Tlinear

viscoelastic, and non-linear viscoelastic models.



Two basic elements are used to develop a linear viscoelastic (one
dimensional) model. These models use a spring to represent elastic be-

havior and viscous behavior is represented by a dashpot with stress pro-

portional to thé rate of strain. Linear viscoelastic models employ a

basic stress—strain rule to combine the two portienslof the model. The
basic rule states that when the two elements are placed fn series (Max-
well model), the stress is. the same in each element, but the total strain
is the sum of the strain in each element. When the two elements are
placed in parallel (Kelvin model) the strain is the same in each element,
but the total stress is the sum of the stresses in each element. These
nodels are discussed in detail by Nair and Chang (24).

Linear viscoelastic models are the most widely used in bituminous
pavement analysis because of their relative simplicity and the closeness
with which they predict‘field behavior. Barksdale and others (1) have
compared measured and computed responses using a linear vis;oe?astic mo-
del. They computed both elastic and permaneni deflections for a 3-layer
pavement system on the AASHO test road. The computed response was in
close agreement with the measured response. Even so, viscoelastic theory
only provides a realistic approximation of the actual behavior of a bitu-
minous pavement system. |

Non-Tinear viscoelastic(mode%s only exist as theoretical tools.

They have not been applied to the analysis of pavement structures be-

cause of the complexity of the theory, the difficulty in experimentally

‘determining the material functions, and the problems associated with de-

veloping solutions to the non-linear boundary value problems (24).



Phenomenon of Rutting

Field and laboratory observations indicate different modes of rut-
ting. Foster (12) has observed a situation in which high asphalt con-
tent mixes shoved out from under the path of traffic wheels and bulged
up on the sides (lateral creep). Similarly, studies by Regal (29) in-
dicated a tendency for bituminous surfaces to rub and shove when con-
structed from aggregates having "humps" in their gradation. At a
symposium on Pavement Evaluation, Hartronft (25) cited examples of de-
creased density of stone base coukse materials between wheelpaths and
referred to this phenomenon as an apparent permanent loss of density.

This situation may be due to dilation resulting from lateral displace-
ment of the base material from beneath the adjacent wheelpaths.

Wissa (13) and McLeod (23) are of the opinion that pavement mixtures
undergo densification under traffic. In a general discussion on the ef-
fects of load repetition on bituminous mixtures, Wissa remarked that, with
repetitions of 1oads,’strains to reach a maximum strength tend to decrease
as densification occurs, i.e., previous densification tends to increase
the resistance of the mixture to further densification. In a detailed
study of the performance of full-depth asphalt bases, Shook and others
(32) found surface rutting to be related to the Vertica} compressive strain
‘and the vertical compressive stress at the subgrade éurface. Studies by
Nabil (18) have confirmed this relationship.

Marks and Ford (22) have also studied the effect of density on sur-
face performance of bituminous mixtures. In their field investigation,

study cores obtained adjacent to initial reference cores indicated



increased densities in the surface course materials ranging from 0.5 per-
cent to 7.5 percent of Marshall Laboratory density. It was also found
that the average rut depth increased with increases in the percent den-
sity change of the natural gravel mixtures used in the study.

Shoving or lateral displacement (1ateral creep) and post-construc-
tion densification do not appear to be the only factors that contribute
to rutting. Wear of surface materials can also contribute sighificant1y
to rutting as was reported by Britton (4 ). Evidence of pavement wear
has also been observed in performance’studies using studded and non-
studded tires (9 ). |

Rut depths on high class pavements are usually very small (maximum
values around 0.5 in. (1.27 cm.), however, data from large scale road
tests indicate rutting on highway pavements can be sﬂbstantial. Ramsey

(28) has reported rut depths up to 1.8 in. (4.57 cm.) on pavement sec-

tions constructed.on granular base course mate?ia]s in Nebraska. A
British full-scale pavement design experiment (20) also recorded rut

"""" depths exceeding 3.0 ins. (7.62 cm.). Similarly, data from the AASHO

vroad test (35) indicated excessive rut depths on the order of 4.0 ins.

(10.16 cm. ).
Mechanisms of Rutting

Densification

i ' The mechanism of densification is best understood by considering
the stress conditions occurring under the action of a moving load. When
a wheel load moves past an element of material located beneath the sur-

face of the pavement system, the element is subject to stress states



similar to that shown in Fig. 1 (3). Consider a particu1dr situation
in which the moving load is at position A, If the tire-pavement inter-
facial friction is neglected, the orientation of the two principal
stresses acting on an element located under position B will be as shown
by the broken lines. As the load moves past position A towards posi-
tion B, the orientation of the principal stresses gradually changes and
finally assume§ the orientation indicated by the bold 1ines when the Toad
reaches position B. That is, each element of material under the pave-
ment surface is subject’to a simultaneous build up of stresses (cl and
q3). As these stresses build up, a rotation of the stress axis occurs.
The tendency of this rotation and stress build up is to encourage re-
orientation of aggregate particles in the paving mixture, followed by
degradation (if the stresses are large enough) and, finally, a decrease
in void content and an increase in density. On the other hand, dilation
(increase in volume) of the material may occur if the mixture hés al-
ready attained maximum density.

The mechanism of densification may also be explained by any of the
viscoelastic response models or systéms consisting of a combination of
elastic springs and dash pots. Representing the materials beneath the
thin wearing surface by a viscoelastic medium and assuming no lateral
escape of material occurs, it can be shown that the load directly de-
creases the volume of the material and the unrecovereé portion of the

deformation after removal of the load is a measure of densification due

%to the applied load.

Densification can also occur as a result of temperature cycling.
E114s and others (8 ) have noticed significant increases in density of

Marshall briquettes subject to temperature cycling. They attributed
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this type of densification to the behavior of the asphalt binder during
heating and cooling. Asphalt cement increases in volume by approximately
3.0 percent over a 1009F (37.7°C) rise in temperature. Over the temper-
ature range of the experiment, the asphalt binder wés considered to have
expanded in volume about twenty times more than the aggregate in the mix-
ture. This expansion caused the binder material to flow into the air
voids in the briquette. Upon}coéléng the asphalt cement contracted and
pulled the aggregate particles closer together by the action of surface
tension. This caused the air voids to decreasé and the briquette to
shrink. Their experimental data associated increasing densification
with: 1) highly absorptive aggregates, 2) low viscosity asphalt cement,
and 3) high asphalt content. It is believed that this type of densifi-
cation is not a contributing factor to havement rutting, however, ther-
mal densification will develop large contraction stresses in the paving
mixture. |

Review of the compressive stress distribution in materials under a
surface load shows large stresses approaching the contact pressure, in
the surface layer (6 ). This means there is a greater prospect of den-
sification in the surface or wearing course of a pavement than in the
underlying layers where the stresses are smaller (Fig. 2a). However,
the magnitude of stress due to a wheel load in a material layer is de-
pendent on the strength or modulus of elasticity of the given layer and
that of the overlying layer. Thus, the stress at a given depth may be
sufficiently great to cause densification in the material layer. This
would apply in particular to layers having a Tow stability and high void

content.
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The contribution of densification to rutting can be illustrated by
considering a column of bituminous mixture confined by rigid boundaries
at the sides and at the base (Fig. 3). Assume this column of material
changes inkvolume from VG to V] as a result of the applied load P. The
height HO of the column %s reduced to H.l and the density of the column of
material is increased; thereby, reducing the void content in the material.
The percent decrease in air void content can be shown to be directly

proportional to the percent decrease in height of the column of material.

Lateral Displacement

In additidn to tensile and compressive stresses, the vertical com-
pressive stress pulses acting on the pavement tend to induce shearing
stresses in the pavement layers. The induced shearing stresses are re-
sisted by ﬁhe cohesive strength and the inter-particle Fr{ctional resis-
tance developed in the compacted mixture. When the induced shearing
stresses exceed the shearing strength of the mixture, plastic flow of
the materials beneath the loaded area occurs (39). Lateral flow of ma-
terials from beneath the loaded area is evidenced by upheaval of surfaces
adjacent to the loaded area (Fig. 2b).

In bituminous pavement structures, lateral creep may occur in the
surface layer, base course, or in the subgrade soil. These modes
of failure are illustrated in Fig. 4,5, and 6. If an initial transverse
profile graph of a new pavement surface was made prior to traffic use,
then any subsequent upheaval of the surface adjacent to the wheeipaths
could be measured. The transverse location of the heaved surface‘with
respect to the wheelpath would provide an indication of the layer in

which lateral creep had occurred. The amount of vertical heave of the
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- adjacent surfaces would provide an estimate of the rut depth resulting
from lateral flow of material from beneath the wheelpath. Estimates ob-
tained this way are highly approximate because of volumetric changes the

pavement materials undergo in service, and the complex behaﬁior of the

~ subgrade soil.

‘Surface Wear

Wear of pavement surfaces.is due to frictional stresses developed
at the tire-pavement interface as a result of resistance to rotation of
the tire offered by the surface materials. It is a complicated phenome-
non and depends on several factors including: ‘the nature of vehicle
tire; type of tread or stud; strength characteristics of the surface mix-
ture; the nature of traffic and environmental conditions. On bituminous
pavements, the slippage stresses which the tire applies to the pavement
surface tend to polish, fracture, loosen and pulverize the matrix.

According to Keyser (19) bituminous surfaces are worn by a
combination of three processes: 1) pulverization, cutting and attrition
of the surface matrix; 2) fragmentation and loosening of the mineral
aggkegate; and 3 ) loosening and dislodging of aggregate particles.

Keyser found the matrix at the pavement surface to wear very rapidly
in the beginning. As the asper1ty or progect1on of the coarse aggregate
increased, the rate of wear of the matr1x became constant and correspon-
ded to the rate of wear of the coarse aggregate. Thus, the nature of
wear depended to a greater extent on‘the relative wear resistance of the
constituent coarse aggregate and the mortar or matrix of the surface
mixture. Keyser also found wear was lowest at about 329F (0°C) and in-

creased with increasing or decreasihg temperature. He attributed this
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behavior to changes in rigidity of the rubber tires and the stiffness
of the bituminous mixture with temperature.

For pavements receiving all year round traffic with standard auto-

‘mobile tires, surface wear takes place at very slow rates, and magni-

tudes of wear are usually very small. Preus (27) has observed depths
of wear on both bituminous and portland cement concrete pavements for
traffic using both studde& and non-studded tires. His stu&y of wear us-
ing non-studded tires showed 0.008 in. (0.02 cm.) wear depth on a bitu-
minous surface compared with 0.006 in. (0.015 cm.) on a portland cement
pavement, after 4.0 million tire passes. Under field conditions, how-
ever, greater depths of wear can be expected on bituminous surfaces.
This increased wear is attributed to loss in adhesion of the matrix and
loss in hardness and strength of the surface aggregates resulting from

the presence of water and changes in temperature.
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CHAPTER III
EXPERIMENTAL DESIGN

By definition, the terminology "design of experiment” refers to the
specification of treatments whose’effects are to be investigated, the
selection and the arrangement of the experimental units to which speci-
fic treatments are to be applied, and the specification of measurements
to be made on each experimental unit (10).

Initially, it was planned to use a purely statistical approach 1in
this investigation. However, as in the case of many other field research
programs, existing iimitations required some departure from the classical

| statistical approachQ .Some of these limitations pertained to: 1) safety
of the research hersonnel.on high-speed highways, 2) time restrictions
related to completing certain phases of the study within an established
time frame, 3) existence of a particular base course material at an ap-
prapriate experimental design location on the Oklahoma interstate high-

| way 'system, and 4) precise transversé location of the wheelpaths in the
respective traffic Tanes.

For this investigation, types o? base course materials were refer-
fed to as "treatments”. Test sites we}e selected on flexible pavement
isections of interstate highwayé constructed on four types of base course

" materials. These base course materials are the four major types commoniy

specified by the Oklahoma Department of Highways: Hot Mix Sand Asphalt
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(HMSA), Soil-Cement Base (SCB), Black Base (BB), and Stabilized Aggre-
gate Base Course (SABC) (34).

The individual test sites were considered as "experimental units"
and were picked from locations on two interstate highways in Ok]ahoma.
These highways, Interstate 35 (north-south) and Interstate 40 (east-west),
roughly divide the state into four quadrants. To be able to detect pos-
~ sible regional differences resulting from climatic variations and the
subsequent differences in subgrade moisture contents, variations in sub-
grade soil types and differences in traffic characteristics, it was
thought that the "completely randomized block design" (10) would be most
effective. However, the field limitations mentioned above did not permit
use of the randomized block design. Tentative selection of the test
sites (experimental units) was based on performance data obtained from
the research section of the Oklahoma Department of Highways. This in-
formation indicated the design average daily traffic volumes (design
ADT) of the two interstate highways, the construction completion dates,
and existing paving materials of respective pavement sections on these
highways. The data also included Benkelman beam deflections and "A-frame"
rut depth measurements at approximately 176 yds. (160 m.) intervals.

From this performance data, possible test sites were selected.

Preliminary visits were made to possible test sites to:

1) evaluate the extent of sight distance available to on-coming motor
vehicles, 2) check the vertical and the horizontal alinement, 3) check
for the existence of the indicated type of base course materials, 4) vis-
ually examine and rate the surface characteristics including estimates
of the extent of rutting, .5) study the general geometric design charac-

teristics in the viciniﬁy, and 6) mark suitable test locations as possible
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candidates for final selection. Whenever a site was found to lie on
curved section‘(horizonta1 or vertical) or near interchanges, a substi-
tute test site in the same vicinity was picked. Each test site was per-
manently identified by attaching a 4.0 in. x 6.0 in. (10.2 cm. x 15.2 cm.)
orange painted sheet metal marker to the right-of-way fence. For the
test sites on Interstate 35, the markers were located at measured odome-
ter distances north of the appropriate south boundary Tine of the county
in which the test site was located. If the location of the site hap-
pened to be in the southbound traffic lanes, the distance was measured
in the northbound traffic lanes. The location was temporarily identi-
fied in the northbound lane and then projected transversely to the west
kightuof-way fence adjacent to the southbound lanes, where it was per-
manently marked as described above. The sites on Interstate 40 were si-
milarly located and identified. The only exception was that all distances
were measured east of the west county line in the eastbound traffic lane.

In order to assure the safety of the study personnel on these high
speed highways, the governing criteria for site selection was that the
test sites had to lie on straight tangent sections. This was needed so
that drivers of on-coming vehicles could be given sufficient distance
to effectively perceive and rea;t safely to the changed road conditions
caused by the study operations. A minimum of one-half mile (804 m.) of
unobstructed sight distance was considered necessary to meet this safety
requirement. |

To keep the volume of experimental data within limits practical to
the planned time séhedule, a total of sixteen test sites meeting the
aforementioned requirements were finally selected for investigation.

These included four test sites, comprising two minimum and two maximum
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rut depth sections of pavements constructed on each of the four types of
base course materials (HMSA, SCB, SABC, and BB). The resulting alloca-
tion of base course materials (treatments) to the test sites (experimen-
tal units), though not completely randomized, was considered as a
completely randomized experiment (10, 33) instead of the intended ran-
domized block design. In other words, eventhough the effects of regional
differences on performance were somehow allowed for, the final site se-
lection procedure did not permit direct statistical investigation of the

influence of regional differences on the performance of the individual

‘types of base course materials.

The data collected from both the field and the laboratory portions
of this investigation are referred‘te as "measurements"” in the above
statistica1 definition of "design of experiﬁent“. Specification of types
of measurements tc‘be made on the test sites were dictated by the pre-
vailing field conditions and lack of desirable information on individual
test sites. Absence of initial in-place densities of the asphalt-bound
paving materials at the selected test sites quuired the determination
of percent densities instead of the existing bulk densities alone. To
obtain the percent density values, two other laboratory values were re-
quired: the in-place bulk specific gravities and the theoretical maxi-
mum specific gravities of the existing pavement materials. Standard
procedures for measurement of the theoretical specific gravity were re-
viewed in terms of their relative advantages and Rice's Method (36) was
found to be the most appropriate. This procedure, in turn, required that
"undisturbed" samples be taken from the layered system at apprnpriatg
points aéross the pavement surface. Four-inch diameter core specimens

were considered convenient.



25

It was also decided that a nuclear technique (7 ) be employed to
measure the in-place bulk densities in addiiion to the laboratory methods
of measurement of the core samples. The major reason for this additional
field measurement was to determiné, if possible, a correlation between
the nuclear densities and the conventional laboratory densities. If good
correlation were found, the destructive laboratory procedure could be re-
placed by the faster nanwdestructive’nUCTear method for all future re-
search or field testing involving measurement of in-place bulk densities.

In order that the pavement surface configuration could be clearly
observed, and to accurately measure the rut depths in the wheelpaths and
possible heaves immediately outside the wheelpaths, it was decided that
continuous plots of the transverse profiles at the individual test sites
were required. Most of the existing profilometers or road meters (26)
were found to be incapable of producing the required continuous tracings.
Furthermore, the sizes of those which could possibly be modified to do
the job made them unfeasible, so a portable transverse profile gage was
developed for this research investigation. In addition to plotting the
transverse profiles, the cross-slopes of the pavement surface could also
be determined with this equipment. l

Some means éf measuring or estimating the amount of attrition in
the wheelpaths was desirable. It was found that a guantitative estimate
of attrition could be made by means of stereo~photography (30, 31). Ster-
eo-pairs of 35 mm. photographs taken at appropriate transverse points on
the pavement surfate were required. Comparison of projections of the
surface aggregates in the wheelpaths with those outside the wheelpaths
would provide estimates of relative attrition or friétiona] wear of sur-

faces in the wheelpaths.
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For comparative purposes, two other sets of data were needed. These
were: 1) estimates of the in-service pavement age, and 2) pavement sur-
face condition rating (qualitative) (38). The final field layout of test
points at a given test site is illustrated in Fig. 7. The geographical
locations of the test sites selected for this study are described in Appen-

dix A.
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CHAPTER 1V

DEVELOPMENT OF TRANSVERSE PROFILE
GAGE AND EQUIPMENT

A continuous profile tracing apparatus, the "transverse profile
gage", was developed for this and future research because the existing
profilometers were designed primarily for Tongitudinal profile studies.
The few that were designed for transverse profiles were too large to
handle eési]y and cost more than the research project could afford. The
portable types of equipment, including the "A-frame" and the electronic
rut depth gage (35), are only capable o% producing point estimates of
rut depths. Also, their operational procedures require knowledge of the
transverse location of the wheelpath whose rut depth is to be estimated,
and their accuracy depends, to a large extent, on the curvature or con-
figuration of the rut. Because these variables are usually unknown,
measurements made with these instruments are only approximate and can be
highly erroneous, making them unsuitable for research studies which re-
quire reasonably accurate measurements of‘rut depths or upheaval of pave-
ment surfaces. V

The transverse profile gage was developed to provide a portable and
accurate means of obtaining continuous transverse profile graphs. In ad-
dition to the measurement of rut depths and heaves outside of the wheel-

paths, the plotted transverse profile graphs provide permanent records of

these conditions at a specific time in the service life of a pavement and
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can be used in future studies. The equipment could also be employed to
check the transverse profile tolerances usually specified in the con-

struction of highway pavements.
Transverse Profile Gage

Essentially, the transverse profile gage consists of: 1) a straight
edge, 2) a cross-slope device, 3) a trolley system, 4) an "X-Y" recorder,

and 5) electrical installation equipment.

Straight Edge

The straight edge was designed to serve as a guide rail and a datum
plane for the trolley system. The major design requirements were:
1) that the unit be subject to a minimum amount of temperature distor-
tion, 2) ihat its weight be kept to a minimum to facilitate transporta-
tion to and handling at the site, 3) that its length be sufficient to
span, at least, one traffic lane of an interstate highway, and 4) that

its supports be adjustable in height to provide means of increasing or

~ decreasing the relative elevations of the datum plane at the support

points.

Temperature distortion was -a major problem in the selection ofva
suitable member. In addition to the unavoidable expansion and contrac-
tion, a metallic section undergoes twisting and warping when subjected to

sudden temperature change. These distortions could add to the factory or

‘mill imperfections which alone might be greater than was desirable.

The weight of the member was also a problem. The unit had to be

tfansported to and from the site and it also has to be handled several

‘times at the site. Under the expected conditions, it was consﬁdered'that
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any member that was heavier than one person could conveniently handle
would create both handling and safety problems. Also, the weight of the
member would encourage flexural deflections. For this study, flexural
deflections exceeding 0.05 in. (0.13 cm.) were considered excessive.

To provide a member that was less subject to temperature distortion
and yet light in weight, the straight edge was made from magnesium-alloy
carpenter's framing levels. Two standard 6.50 ft. (1.98 m.) long car-
penters levels (1.0 in. [2.54 cm.] wide % 2.25 in. [5.72 cm.] deep I-
section) were spliced together on the web with two 1.5 in. (3.81cm.) wide
« 8.0 in (20.32 cm.) Tong aluminum-alloy plates, 0.31 in. (0.79 cm.)
thick to provide continutty. The spliced connection was bolted along %he
mid-depth of the web with four 0.25 in. (0.64) diameter bolts so the
built-up member could be taken apart by removing two bolts for transpor-
tation to and from the site. The built-up member had a finished length
of 13.0 ft. (3.96 m.). The member was also bracketed at its mid-length
with a dismountable aluminum-alloy bracket, 38.0 in. (96.52 cm.) long and
2.0 in. (5.08 cm.) thick, to provide the desired regidity and to provide
a means of support at the mid-span (Fig. 8). '

The straight edge was supported at the ends and at the center. The
end supports utilized 12.0 in; {30.48 cm.) Tengths of standard 10.0 in.
(25.40 cm.) x 2.5 in. (6.35 cm.) structural steel channel sections as a
base plate which was supported on three leveling screws. These screws
were 0.75 in. (1.915 cm.) diameter bolts, 3.0 in. (7.62 cm.) long, with
spherically shaped ends so the ﬁeight of the base plate from the pavement
surface could be varied and the entire base leveled by adjusting the
SCrews. The stem of the end support system utilized a standard 2.0 in,

(5.08 cm.) x 2.0 in. (5.08 cm.) structural steel angle 12.0 in. (30.48
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30.48 cm.) long which was centered and welded at its Tower end to the side
of the base plate such that the stem stood vertically when the base plate
was level. A 0.5 in. (1.27 cm.) diameter by 3.0 in. (7.62 cm.) long steel
bolt was screwed to the stem to provide a horizontal abutment for the
straight edge (Fig. 9). The straight edge was fastened to the face of the
stem by a 0.5 in. (1.27 cm.) diameter bolt.

The center support of the system was made from three pieces of 0.5
in. (1.27 cm.) thick steel plates and one piece of a standard 8.0 in.
(20.32 em.) x 6.0 in. (15.24 cm.) structural steel T-section as shown in
Fig. 9. The threaded steel rod was bolted at its lower end to the hori-

“zontal leg of the T-section to form a vertical shaft which supported the
center bracket of the straight edge. A brass nut, bevel-pointed at the
contact end, provided a bearing surface for the bracket. The brass nut
also brovided a means of adjusting the elevation of the straight edge at
this point. A second brass nut firmly held the bracket at a desired ele-

vation when tightened.

Cross-Slope Device

This was a simple accessory that was attached to the straight edge
to estimate the average cross-slope of the pavement surface for each traf-

fic lane of the highway.
A selected 15.0 in. (38.10 cm.) length was cut from a standard 1.0 in.

(2.54 cm.) x 1.0 in. (2.54 cm.) extruded aluminum-alloy angle. One leg

(vertical) of the member was notched at a distance of 1.0 in. (2.54 cm.)
from one end. The other leg (horizontal) was also notched at a distance
of 12.0 in. (30.48 cm.) from the same end. The vertical leg was pivoted

to the face of the stem of one of the straight edge end supports by
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bolting through the notch such that the angle would Tie flat on the top
surface of the straight edge when free to do so. A dial gage with thou-
sandths of an inch graduations was attached to the web of the straight
edge (by a bolt) at a distance of 12.0 in. (30.48 cm.) from the end of
the straight edge so that the neck of the dial gage shaft would freely
slide into the notch cut through the horizontal leg of the angle section.
A torpedo type spirit level was placed on the top surface of the hori-
zontal leg to complete the fabrication of the device.

To measure the average cross-slope of a highway pavement, the straight
edge was first set up transversely across the pavement so that the height
of the top flange above the pavement surface was equal at the two end
support points. Any mid-span deflection of the straight edge was removed
by adjusting the height of the center support (a detailed procedure for
setting up the profile gage is discussed later). The aluminum angle was
adjusted to lie flat on the tapyaf the straight edge. This position es-
tablished the datum Tine para1le? to a line joining the pavement surfaces
at the end support points. The dial gage was set to zero and the free end
of the aluminum angle was raised vertically until the bubble in the spirit
level moved to a level position. The observed dial gage reading was the

average cross-slope of the pavement surface in inches per foot.

The Trolley System

The trolley of the transverse profile gage consists of: 1) a 15-
turn, 2-ohm Helipot helical potentiometer, 2) a 0.5 in. (1.27 cm.) dia-
meter by 4.75 in. (12.06 cm.) long 2-ohm linear potentiometer with 1.5
in. (3.81 cm.) travel, 3) 5.0 in. (12.70 cm.) diameter teflon actuating

wheel, 4) four 1.5 in. (3.81 cm.) diameter by 2.5 in. (6.35 cm.) long
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nylon rail track wheels, and 5) a 9.0 in. (22.86 cm.) x 12 in. (30.48 cm. )
aluminum suspension p]ateVO.S in. (1.27 cm.) thick. Functioha11y, the
heilical potentwometer scales the transverse displacements while the ver-
tical potentiometer gages the vertical displacements of the actuating wheel
(Fig. 10).

The rail track wheels were cut from a 1.75 in. (4.45 cm.) diameter
nylon rod and machined so that the cylindrical web would freely track
along the flanges of thé straight edge (Fig.-8). The four track wheels
were bolted along their cylindrical axes to the upper poktion of the steel
suspension plate. The two rows (upper and lower) of track wheels were
centered to fit the straight edge flanges, as exp}ained above, and to pro-
vide a smooth ride along the entire span of the straight edge.

The actuating wheeT was cut from 0.75 in. (1.91 cm. ) thick teflon

sheet. The outer c1rcumference was s1ightly crowned and grooved A

0.19 in. (0.48 cm.) diameter circular rubber ring was placed in the

groove on the outer circumference of the wheel to provide a smooth ride

on the pavement surfaée and to minimize permanent circumferential defor-
mations in the teflon wheel. Aﬁso, the rubber ring could easiTy be re-
placed should excessive wear occur or the material deteriorate.

The mounting ring on the shaft of the helical potentiometer was fit-
ted to an opening cut at the centroid of the actuating wheel. The pro-
truding end of the peténtiometer shaft was bolted to one end of a pivot
arm, the other end of which was hinged to the aiuminﬁm suspension plate..
There was sufficient tolerance at the hinged connection for free rotation
of the wheel system about this point. The wheel system was‘sufficient1y
mass-weighted, approximately 5 1bs. (2.27 kg.), to keep the actuating

wheel in continuous contact with the pavement surface.
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POTENTIOMETER
BACK VIEW

" Figuré 10. Transverse Profile Gage Trolley Unit
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The T1inear potentiometer was similarly mounted by attaching one end
to the suspension plate and the other to the axle of‘the actuating wheel
such that the body of the potentiometer was approximately vertical when
the shaft of the potentiometer was at its midpoint of the travel. This
position of the shaft was designated as the datum for the linear poten-
tiometer so that both positive (subsidence) and negative (upheaval) de-
formations could be measured. The sensitive portions (the potentiometers)
of the trolley system were shielded with a plexiglass cover attached to
the suspension plate.

A small reel of fine copper cable was bolted to one end support of
the straight edge and the end of the cable was hooked to the aluminum sus-
pension plate of the trolley as shown in Fig. 10. 'with this arrangement,
the trolley could be manually reeled in’one direction at a fairly uniform
speed from one end of the straight edge to the other. In this way, in-
duced structural vibrations in the stra%ght edge could be minimized and
undue deflections that might result from "push loads" on the trolley sys-
tem eiiminated. The field set up of the transverse profile gage is shown

in Fig. 11.

Electrical Installation System

Fig. 12 shows a diagramatic sketch of the eléctrica? installation
system employed with the trolley system and the "X-Y" recording equipment.
Using a standard automobile battery cable, electrical cu%rent from a 12
‘'volt pickup battery was passed through a safetyvswitch and through a low
resistance relay switch system to the 200 watt/115 volt D.C. to A.C. in-
verter. (The inverter supplied the appropriate alternating current (AC) to

the Hewlett Packard "X-Y" recorder. The potentiometers used direct



Figure 11. Straight Edge and Trolley Unit

38
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current from the storage battery. Both the input to and the output from
the potentiometers were passed through a socket unit which was attached
to the trolley system. In this fashion, the number and lengths of the
electrical leads could be minimized. These power leads and the displace-
ment output leads from the potentiometers to the "X-Y" recorder were
taped together into a single 6-wire conductor cable.

The negative to ground (vehicle chasis) system of electrical instal-
lation was adopted. The equipment power switch, attached to the dash of
the pickup, was installed on the electrically negative conductor. The
Tow resistance electrical power relay switch system was installed on the
positive conductor to serve as a circuit breaker, i.e., electrical cur-
rent from the storage battery would flow through the installation system
only when the equipment power switch was turned to the "ON" position. If
the positive conductor had been directly connected to the storage battery,
the electrical circuit would be complete whenever the bare end of the po-
sitive conductor contacted any metallic part (body) of the vehicle, a
condition that would create a serious fire hazard. A second safety pro-
vision was built into the system by passing the positive conductor cable
through the vehicle's ignition safety switch system. A third éafety pro-
vision consisted of grounding the inverter to take care of probable stag-
nant electrical power in this unit.

Fig. 12 also shows the electrical circuit diagram employed to power
thé emergency flasher lights. These dome type flasher units with magnetic
bases were placed on the cab of the pickup to provide additional warning
to on-coming vehicular traffic of the restrictions créated by the study

operations on the highway.
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Calibration of the Transverse Profile Gage

Trolley Unit

The first tests made on the performance of the profile gage were
those involving linearity and reproducibility of results. A parking Tot
on the campus of Oklahoma State University which had some rutted areas
was ‘selected for the preliminary testing. A section of this parking Tot
was blocked to traffic and the profile gage was set up in this location.

Initially, a plot of the pavement surface was made so that the sur-

face characteristics could be studied and the suitability of the location
for calibration purposes evaluated. A fine chalk line was then drawn
along the path of the gage's actuating wheel. Using a steel tape, dis-
tances of 1, 3, 6, 9, and 11 feet (0.30, 0.91, 1.83, 2.74, and 3.35 m.)
were measured from the starting poinﬁ and marked off along the chalk Tine
on the pavement. A trial scale wés selected on the "X-Y" recording equip-
ment. The trolley unit was then reeled along the measured path. The re-
corded distances were compared with the measured distances traversed.
This process was repeated numerous times using different recorder scales.
A high degree of accuracy and reproducibility of the profile tracings was
observed in these trials. Subsequently, a horizontal scale of 0.5 volts/
in. was selected as the most convenient and practical for field work and
~a calibration factor was determined for this scale setting.

From the initial plot of the sufface profile of the parking lot area,
a relatively Tevel section a1ohg the path of the profile gage was selected
on the plot and the corresponding Tocafion on the pavement surface was
identified by moving the actuating‘wheel back and forth until the position

of the plotter pen coincided with the midpoint of the selected section.
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A 0.13 in. (0.33 cm.) thick plexiglass plate 2.5 in. (6.35 cm.) wide and
6.0 in. (15.24 cm.) long was taped to the pavement surface at this point
with masking tape. A vertical scale of 0.5 volt/in. on the recording
equipment was selected, the actuating wheel was reeled slowly over the
plexiglass plate and the profile of this surface obstruction plotted.
This procedure was repeated using other plotter scales of 1.0, 2.0, 5.0,
and 10.0 volt/in. and for plate thicknesses of 0.25, 0.375, 0.5, 0.75,
and 1.0 in. (0.64, 0.95, 1.27, 1.91, and 2.54 cm. ). Comparison of the
plotted heights of these calibration plates on thevvarious profile traces
showed that the gage was capable of accurately reproducing vertical devi-
ations within this range. Convenient recorder scales of 0.5 and 1.0 volt/
in. were selected for field usage and calibration factors for these set-

tings were determined.

Cross-Slope Device

The specified procedure for measurement of cross-slope was followed
by three operators at various locations in the parking lot area. Each
operator recorded the observed average gradient of a location without

moving the supports of the straight edge. Typical results were as fol-

lows:
Operator Observed Gradient Average of Obsns.
No. in/ft. - in/ft.
1 0.0028 ‘
2 0.0026 0.0027
3 0.0029

While the observed cross-slope values varied slightly from one opera-

tor to the other, the data shows that the observed gradients were within
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reasonable tolerances. Subsequent calibration checks showed similar re-

producibilities and excellent agreement with the measured cross-slopes.

Laboratory Calibration

To check for any adverse effects of wind and temperature variations
on the profile gage the calibration processes describe& above were re-
peated in the Asphalt Laboratory of the School of Civil Engineering. In
the laboratory, the air was relatively still and the room temperature was
held approximately constant at 779F (25%).

New calibration data was obtained and compared with the previous
field calibration data. Good agreement between the two sets of data was
observed, i.e., there was very little, if any, variance in the performance
of the profile gage for the conditions under which the two sets of the
calibration data were obtained. The profile gage was subsequently con-

sidered acceptable for the purposes for which it was designed.



CHAPTER V
TEST PROCEDURES

This research investigation can be divided into two parts or phases
relative to the procedures employed in collecting data and core samples
at the field test sites and those used in the Taboratory to analyze the

pavement materials and stereo~-photographs.
Field Testing

Safety

Safety of research personnel on the highway was a deciding factor
in the design of the field operations. A1l field work was terminated or
cancelled whenever there was any form of precipitatidn at the test site.
Similarly no work was carried out whenever visibility was poor or whenever
traffic volumes became larger than a single traffic lane could handle.
While these actions were expensive in terms of both time and monéy, they
were considered necessary to minimize the danger of traffic accidents.

Workmen, research equipment\and highspeed traffic do not operate too
well together on an interstate Eighway without some means of se#aration.
To avoid any unfortunate accident, one lane of the highway was kept open
to traffic while the other was blocked for field tests. Each field test

site was preceded by appropriate advance signing to warn the motorist at

44
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Teast 880 yards (800 meters) from the work area. This was followed by
directional signals, a flagman and finally a physical barrier to block
the lane undergoing field tests to vehicular traffic. The directional
markers and barriers were then switched to allow work in the other Tlane.
A11 signing, signalling, blocking, and flagging were done by personnel
from Research and Development, and other respective Divisions of the Qk-

lahoma Department of Highways.

Setting Up the Profile Equipment

Having blocked the test lane to all vehicular traffic, a chalk line
was used to mark the pavement surface perpendicular to the center line.
Two bottle caps were nailed to the pavement surface to mark the ends of
this transverse line at the shoulder and the centerline of the pavement.

The straight edge (gage rail) was then set up, as described previ-
ously, directly over the chalk Tine by‘shifﬁing the end supports lateral-
ly. The trolley unit was moved to one end of the straight edge (a bottle
cap point) and the height of the support at this end was adjusted so that
the vertical potentiometer shaft was positioned at the midpoint of its
effective travel distance. The traliey unit was then moved to the other
end and the height adjusting process was repeated. This assured that the
two ends of the gage rail were the same height above the pavement surface.

A string line was stretched along the top surface of the gage rail
between the end suppcrt points. The height of the rail at the middle sup-
port point was then adjusted until the top surface of the rail just
touched the string line. Adjustment of the middle support was also made
for the lateral alinement or straightness of the rail. In this way, the

top surface of the s{raight edge was set parallel to an imaginary line
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joining the bottle cap points at the edges of the pavement lane. This

imaginary lire was considered as the datum for subsequent profile measure-

" ments.

Profile Tracings

After making the appropriate output and input power connections, the
helical potentiometer was set to zero by moving the trolley unit to its
starting position at one end of the straight edge. The trolley unit was
reeled from this point to the other end of the straight edge and the re-
sulting Tinear and vertical displacements were recorded on a standard 8.5
in. (21.59 cm.) x 11.0 in. (27.94 cm.) graph paper by the "X-Y" recorder.
This was in the form of a continuous plot on the graph paper and this
tracing indicated the transverse profile of the pavement surface (at a

selected recorder scale) along the path of the actuating wheel .

Location of Wheelpaths

If rutting has occurred on a bituminous highway pavement, then the
most frequently traveled pavement surfaces, i.e., those areas receiving
the greatest number of wheel-load coverages, will show a concaQe profile.
The relatively less traveled surfaces, on the other hand, will remain
practically unchanged from the original profile or will possibly show some
convexity. On medium to heavily rutted pavements, therefore, the points
where the surface profile changes direction (a maximum or minimum point
on the plot) will very closely define the 1ocatfon of the center of the
wheelpaths and the approximate midpoint of the distance between the wheel-

paths, respectively.
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The following procedure was used to locate the vehicle wheelpaths
and the approximate midpoint of the whee?paths on the pavement surface.
After obtaining an accurate plot of the transverse profile of the pave-
ment surface, points of maximum depression and poihts of maximum upheava?
as indicated where the surface profile significantly changed direction

were marked on the plotted profile. The actuating wheel of the trolley

unit was wheeled back and forth on the pavement surface until the posi-

tion of the plotter pen coincided with one of the iéentiffed points on-
the profile tracing. The corresponding point on the pavement surface was
then marked., This process was repeated until all the required points
(center of wheelpaths and midpoint of the distance between wheelpaths)
were identified on the pavement surface. Five points per traffic lane
were selected aTcng the profile Qine‘for further tests. These points are

shown in Fig. 7.

Profile Measurements

Lack of an original profile of the pavement surface at a test site
made it rather difficu]t to determine the total deformation the surface
had undergone since the roadway was opened to vehicular traffic. For this
reason, the observed profile measurements were considered as approximate
values of the variables whose magnitude were being meésured, and were
based on measurements from defined datums. Rut depth was measured as the
maximum vertical displacement of the surface in the wheelpath from a
straight line whose ends formed tangents to the transverse profile curve
at the adjacent points of maximum elevation. A1l rut depth measurements

were scaled directly from the profile tracings and recorded in inches.
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Upheaval of the pavement surfaces immediately outside the wheelpaths
is an indication of lateral creep of material from beneath the wheelpaths.
it wasvkﬁcwn from design records that the surface of the pavements at the
study sites had been designed to have a uniform cross-slope for the lanes
in a given traffic direction. Since an original transverse profile of
the pavement surfaces was not available, a straight 1ine joining the end
support points of the straight edge was assumed to be the original sur- .
face. Based on this assumption, upward displacements of the pavement
surface above this base 1ine were scaled directly from the profile trac-
ings. The maximum upward displacement measured‘in the manner was consi-
dered as the probable heave resulting from lateral creep. Very small
displacements could be measured and these measurements were recorded in

inches.

#

Measurement of Cross-Siope

The cross-slope device was attached to the straight edge and connec-
ted to the indicator dial gage. wéth the device lying flat on the top
surface of the straight edge, the dial gage was set to zero. The free
énd of the cross-slope device was then raised vertically until the bubble
in the torpedo level moved into a level position. The observed gage read-
ing was recorded as the average cross-slope (in inches per foot) of the

pavement surface.

Stereo-Photos

An offset line, parallel to and 12.0 in. (30.48 cm.) from the profile
Tine in the direction of traffic, was marked on the pavement. The selec-

ted test points on the profile line were laterally transferred to this
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offset Tine. Stereo-photographs of the pavement surface weré then taken
at these points. The stereo-photo box described by Schonfeld (31), a 35
mm. Kodak Retina IV single reflex camera, and an automatic 80 shot elec-
tronic flash accessory were used td make these photographs. Interpreta-

tion of these photographs is described Tater under Laboratory Testing

Nuclear Density Measurements

A Troxler Series 2400 Compac Surface Density/Moisture Gage was used
to obtain the nuclear density measurements. Following both the manufac-
turer's Instruction Manual (317) and the ASTM Method of Test D-2950 (16),
a standard count for the nuclear gage was taken in the morning and at
noon of each day of operation. Prior to each standard count, a series of
tests were made to check for drift and malfunction. Tests for reproduci-
bility of results were also conducted at each test point to make sure the
recorded density counts were représentatfve for the pavement materials
beneath the respective test points. Using the backscatter method of test,
density counts were obtained for each of the previously selected test
points. These counts were later converted to density units (pounds per

cubic foot) using the manufacturer's calibration data.

Surface Condition Rating

A surface condition evaluation was included in this investigation to
establish, in terms of a suitable qualitative index, the overall condition
of the pavement surface at the test locations. The surface condition rat-
ing format suggested by Winnitoy (38) was modified to include the follow-
ing conditions: |

1. General structural condition,
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2. Degree of weathering,
3. Uniformity,
4, Crack condition, and
5. Surface wear/excess asphalt.
Each of these conditions was rated in terms of serviceability indices

ranging from 1.0 to 5.0. A typical rating form is shown in Fig. 13.

- Core Drill Operations

The core drill equipment and personnel were provided by the Research
and Development Division of the Oklahoma Department of Highways. Using
a 4.0 in. (10.16 cm.) diameter core drill, the angular speed and the rate
of penetration were regulated to obtain core specimens with minimum pos~-
sible disturbance of the material layers. Full thickness cores, ranging
from 6.0 in. (15.24 cm.) to 14.0 in. (35.56 cm.) of the asphalt bound
pavement materials, were cut at tbé ten selected test points along the
previously described offset ?ine.t These cores were cut at the same points
where the nuclear density measurements were obtained. Each core specimen
was immediately identified, wrapped in plastic bags, and stored in a heat
insulated container. Individual core specimens in the container were
separated from each other with layers of sponge rubber before transport-

ing them from the site to the laboratory for further tests.
Laboratory Testing

Cutting Core Specimen

Each pavement core was cut into five subdivisions with a diamond
edged concrete saw. The subdivisions included the surface course, le-

veling course, and top third, middle third, and bottom third of the base



51

uio4 Burjey uoL3Lpuoy aoejuns ¢y a4nbiyg
/T ueya wxojfun 8Buypeerq/
UOF80IF~~ (UOFSBIGY~— | 1938018 —- SUON~— UOTSOIF— UOTSBAqY-~- - BOTE0XT~ 1
- - | e/t A - - * -
318A8G~~ | BIBAIG-~ - Lys301g-- 319A9g-~ aianeg-~ #10 BTV~ z
- - B TATE - - a -~
21819pCH—— [23212POR-~- ~Burrrs- 11— | °3eaepop-—- 21BI9POH~- y10 dep-- ¢
(. s - . - : P ’ -
- - 8/1 -~ - - - -
- 3875~ | YBIIS-- -4  payearIg— B8~ IBEIS— | 3ad °Suor—- y
w « -1 ut - - - - -
SUCK— SUON—— | BUF[ITOH— POTH—— suoN— suoH— poOH~~ S
e7dyITnR | UolseRiqy Sutw 1Teydsy sssoxy UOTITPUOC) apo)
TizeERy UoT31P607 AI9I5 £ymmaoyyun | Suiasyzesp IesA °Jing *135 ‘=29 wa«uﬁﬁ
apexl -aeN / 1113 / 200 :uc Jus@dARg {(qor) 103 pa3iey
(sujvom) jusmsaed 30 a8y uogadravssg 2318
; #d£y esinoy sseq a3e(

ONIIVY NOILIGROD FIOVIEAS

&q paaey



52

course materials. Only the asphalt bound pavement materials were inclu-
ded in these subdivisions. The average thicknesses of the individual
subdivisions were measured, recorded, and then marked on the cores before
- sawing. Separation of the core into layers was done so that the specific
gravities of individual layers could be compared and differences in den-

sities detected.

Bulk Specific Gravity

The extent of water absorption of the core samples during specific
gravity determinations was evaluated by comparing the results of two ser-
jes of tests. In one series, the bulk specific gravities of five samples,
comprising the subdivisions from one core specimen cut from a pavement

| constructed on Black Base (BB) material, were determined by weighing the
sample in air then weighing it in water and computing its bulk specific
gravity.

‘The five samples were then a??dwed to dry at room temperature, 77°F
(2500), and their specific gravities were remeasured with the samples
coated with paraffin. Comparison of the results from the two series of

,,,,,,,, tests on the same samples showed large differences. The observed speci-
fic gravities of the uncoated samples were much larger than the specific
gravities of the same samples coated with paraffin. It was concluded
that the extent of water absorption of the field core samples were high
"""" enough to appreciably affect their observed bulk specific gravity values.

Based on this finding, it was decided that all the core samples be tested

for bulk specific gravity using ASTM method of test D-1188 (5).
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Rice's Specific Gravity

The ASTM method of test D-2041 (36), for the determination of the
- maximum theoretical specific gravity (Rice's vacuum saturation method)
was slightly modified so existing equipment in the 0.S.U. Civil Engineer-
ing Aspha?t Laboratory could be used. The following modifications were
made:

1) Container: a 0.5 gallon (1.8925 liter) Mason fruit jar with rub-
ber gasket, conical cap with #40 U.S. standard mesh strainer, and a hose
connection was used instead of the suggested 1000 ml. volumetric flask.
Each jar was calibrated prior to use.

2) Vacuum Pump: a Nelson vacuum pump capable of holding 30 psi
(2.11 kg/sq. cm.) vacuum pressure was used to evacuate the entrapped air.
The specimen was subjected to full vacuum for 15 minutes.

3) Preparation of Test Samples: the core sample used in the bulk
specific gravity test was heated in a temperature controlled oven until
the asphalt in the sample attained a fluid consistency. A spatula was
used to separate the coarse aggregate particles from the matrix material.

- Lumps of the finer material were also broken down into as small a size as
possible with the spatula. The separated mixture was allowed to cool to
room temperature and thoroughly stirred during cooling to prevent the parti-
cles from caking together. Where the volume of a core sample was signifi-
cantly larger than was specified, the standard "quartering" method of
sampling was employed to reduce the volume of the separated sample to the

‘proper size,
4) Wetting Agent: to facilitate release of entrapped air, Calgon

was added to the deaired*disfilled water used in the test.
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Percent Density

The percent density values for the individual test samples were cal-

culated using the relationship:

Bulk Specific Gravity %100
Rice's Specific Gravity

Percent Density =

The percent density values, expressed as a percentage of the maximum theo-
retical specific gravity (voidless mix), were used to determine the vol-

ume of voids in the sample as follows:
Percent Air Voids = (100 - Percent Density Value)

Comparison of the percent density values for the core samples at the in-
dividual test points on a test site were made and significant differences
in these percent density values were assumed to be a result of densifica-

tion under traffic loads.

Stereo-Photo Interpretation

In surface mixtures incorporating non-polishing aggregates, only
the fine materials and the asphaltic binder tend to wear or abrade under
traffic. This 1éaves the larger aggregate particles projecting above the
partially worn background fines in the form of angular to sub-angular
shapes, depending on the polish-resistant characteristics of the mater-
jal. In the case of mixtures made with polishing aggregates, both the
surface aggregates and the background fines tend to wear under traffic
at different rates, depending on the relative wear-resistance of the sur-

face materials. 1In either case, the amount of wear due to traffic action
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is greater on heavily traveled surfaces (wheelpaths) than on less fre-
quented surfaces (surfaces other than wheelpaths).

Based on this discussion, the projection of the coarser aggregate
particles at the pavement surface should be relatively higher in the
wheelpaths than outside the wheelpaths. This assumes that the background |
fines do not wear to an extent that would permit the dislodging of the
surface aggregates, that raveling due to stripping of the asphalt binder
from the aggregates does not occur, and that bleeding of excess asphalt
onto the surface does not take place. If these assumptions are reasonable,
comparison of the projections of surface aggregates in the wheelpaths to
those outside the wheelpaths should give a reasonably good estimate of
the differential wear that has occurred.

To obtain estimates of these projections, the stereo-slide pairs
were viewed under a te?escopié Iéns with six power magnification on a
flourescent light desk. By comparing the heights of projections with that
of a calibrated wedge scale placed on the pavement at the time the photo-
graphs were taken, estimates of maximum projections were recorded in
terms of the calibrated scale. These scale values were later converted
to inches by means of a calibration curve.

Other surface characteristics were observed during the microscopic
study. These included the:degree of polishing of the surface aggregate,
geometry of projections, raveling, b?éedihg, fracture of surface aggre-
gates, cracking, and erosion of the surface. This supplementary informa-
tion aided the evaluation of the genera1kc0ﬂdition of the pavement surface

at the individual test points at a site.



CHAPTER VI
TEST RESULTS AND DISCUSSION
Density Measurements

If the initial percent density values of the individual core sub-
divisions, i.e., the pavement layers, were known, then comparison with
the test values would indicate any changes in density caused by traffic
compaction. The contribution to rutting of these changes could then
be estimated, using the procedure discussed earlier. Since the initial
values were unknown, classical statistical methods were employed to
test for differences in the observed percent density values. Signi-
ficant point differences were considered as changes resulting from traf-
fic action.

Tests for evidence of dif%erences were conducted for each test site
using the Statistical Analysis System (SAS) standard computek program
(2). A flow diagram for this program is presented in Appendix C. The
results of these tests indicated the Observed Significance Level (10)
and acceptance or rejection of the null-hypothesis (no differences)
depended on choice of a significance level. Choice of this significance
Tevel depends on several factors including: 1) expetted variability in
the initial va]des, 2) degree of certainty or accuracy required, 3) ac-
curacy of test results and, 4) consistency with which the tests were
conducted. For this study, a value of 0.1 was considered as the signif-

icance criterion for the rejection or acceptance of the hypothesis of

56
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no differences. The results of the computer analysis for the individual
test sites are discussed in the following paragraphs under the four types
of base course materials. Information on the individual test sites is

presented in Appendix A.
HMSA Base

A1l four test sites on this base material showed strong evidence of
layer differences in the percent density values. The observed signifi-
cance level was 0.0001 in each case. The percent densgty values of the
surface materials (surface and ]ev&?ing courses) were éssent%a?!y within
the specified 1imits for these materials and ranged from a high value
of 99 percent to a low value of 82 percent. The percent density values
of the HMSA base course materials contributed a greater portion of the
observed variability and ranged from a high value of 93 peréent to a
low value of 77 percent.

The computer analysis did not show much evidence of point differ-
ences in the percent density values for test site 10. The observed sig-
nificance level was 0.2465. However, a plot of percent density values
versus transverse Tecaiion of test points indicated peak values occuring
at the wheelpath locations (Fig. 14) for both the surface and the base
yyyyy course materials and is an indication of some differential densification

(wheelpath versus outside wheelpaths) at these locations. (Note that
the base course plots on this and the following figures are the average
o of the values for the top, middle and bottom thirds of the base layer.)
For the surface materials the maximum values occurred at test points #2
and #7, which are the veépect?ve transverse locations of the outer wheel-
paths in the outer and the inner traffic lanes. For the base course mater-

ials, the maximum values occurred at test points #2 and #9, the outer and
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the inner wheelpath locations in the outer and the inner traffic lanes,
kespectively. 7

The Analysis of Variance (AOV) for test site 60 indicated strong
evidence of point differences in the percent density values. The obser-
ved Significance Level was 0.0001. A plot of percent density versus
transverse test point (Fig. 15) associated the peak values with wheelpath
locations. For the surface course, differential densification is indi-
cated at test points #2 and #4, with a maximum value of 3.6 density units
occurring at point #2. Extremely Tow density values in the leveling
course at test points #7 and #8 correspond to low values-in the base méter-
jal at these locations. The density of the base course material was uni-
formly low, averaging approximately 78% across the full pavement width.

At test site 70, the AOV indicated strong evidence of both layer and
point differences. The curves show consistent differentiaT densification
in the surface course material at the wheelpath locations (Fig. 16).

In the inner traffic lane, a differential value of 2.3 percent density
units was recorded at test points #7 and #9. For the outer traffic lane,
the maximum differential densification was 4.0 percent density units and
occurred at the outer wheelpath location. The percent density values for
the leveling course materials were consistently high and uniform across

the pavement and were greater than the surface course at all but three
points. A differential densification of 1.6 units can be observed at test
point #2. At the inner wheelpath ibcaﬁion (outer lane), however, both the
surface course and the base course materials showed similar differential
densification and these were 2.8 and 3.4 percent density units respectively.

The percent density curves for test site 120 (Fig.17) were similar

to those of test site #70. Major differential densification occurred in
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the surface course materials and relatively uniform percent density
values in the leveling course material are indicated. While the density
of the base course was uniformly Tow (approximately 80%), there was some
evidence of differential densification in the wheelpaths. It is inter-
ting that the density of the leveling course layer was frequently greater
than the surface layer at test site No's 60, 70, and 120. Conditions
such as this were found at nine of the sixteen test sites. This may be
the result of inadequate compaction of the surface course material during
construction, however, it can also be an indication that a certain amount
of decompaction is occurring in the surface layers from the kneading action
~of vehicle tires. Low density and/or stability in surface course materials
results in poor load - distributing characteristics. This causes a higher
concentration of traffic stresses on the underlying materials and encour-

ages densification and lateral creep.

Black Base

Like the pavement sections on HMSA base materials, the percent density
values of the surface layers on the sections with black base materials were
found to be relatively high and ranged from about 90 to 98 percent. However,
the densities of the BB materials were consistently higher than those of
HMSA. The analysis of variance on the bercent density values indicated
strong evidence of point differences for all four of the test sites and
strong evidence of layer differences for three test sites.

For test site 30, the analysis did not indicate any strong evidence
of ?ayer differences. Accordingly, the percent density values of the layers
were averaged for each test point on the percent density versus test point

curve for this test site (Fig. 18). Two peak values at the outer and the
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inner wheelpath locations in the outer traffic lane can be seen on this
plot. The differential densification at these wheelpath locations (test
points #2 and #4) was estimated as 1.6 percent density units for each
layer. In this case, the AQV showed strong evidence of point differences
in the respective layers and this is an indication of differential densi-
fication.

In the inner traffic lane, the plotted density values were guite
scattered. In fact, the only peak value shown on the curve ocpurred at
a non-wheelpath Tocation. The recorded density values for the materials
in this ?ane were considered inconsistent and thés was attributed to exper-
imental error in the density determinations. However, the average density
values were lower than in the outer lane, indicating the compactive influ-
ence of traffic in the more frequently traveled right hand lane.

The AQV for test site 50 indicated significant layer and point differ-
ences in the percent density yaiues. Therefore, separate curves were
plotted for each Tayer (Fig..19). Although the difference in percent den-
sity values was not great from one layer to another, the peak values were
generally associated with wheelpath locations. The average density curve
for the base course material showed very little change across the roadway.
The densities of the respective test samples in this layer ranged from
approximately 87 to 91 percent. Maximum differential densification in the
surface course was 1.4 percent density units and this occurred at test point
#4 in the outer lane. Peak density values in the leveling course are quite
distinct in the inner traffic lane. The maximum differential densification

in the leveling course occurred at test point #9 and was 2.5 units.
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The density curves for test site 20 (Fig. 20) showed higher per-
cent density values in the base course materials than in the leveling
course materials at all but two testi points. This type of situation
should be avoided in pavement conéﬁructionu That is, a Tow density
layer between two layers of higher density materials will almost cer-
tainly result in pavement rutting due to either differential densifi-
cation and/or lateral creep of material in the sandwiched layer. The.
curves for the base and leveling courses did not show major peak val-
ues, however, the surface course materials, which had relatively high
,,,,,,, percent density values (98 percent average), exhibited a differential
densification of 2.5 percent density units at test point #9. Densifi-
cation was observed at all four wheelpath locations in the surface layer.

On test site 40, the density curves showed the Towest percent den-
sity values in the surface course materials (Fig. 21). A differential
densification value of 3.9 percent density units occurred in this layer
at test point #4. Some peak density values for the leveling and base
. course layers were evidenced at wheelpath locations but this tendency
was not consistent at this test site. Interestingly, there was a rather
substantial difference in density of the leveling course materials in the
two traffic lanes. In the outer lane the leveling course materials had
percent density values averaging about 98 percent as compared to 94 percent
in the inner lane. While this may be an indication of increased compaction
in the more heavily traveled outer lane, it is also possible that such
a difference existed at the time of construction. The latter possibility
is strengthened by the differential densification of 2.2 percent density

units in this layer at test point #7.
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SABC Materials

The percent density curves for all the pavement sections utilizing
this type of base course material showed peak values in bofh the surface
and the Teveling course materials at the wheelpath Tocations. At three
of the pavement test sites, the measured percent density values for the
leveling course materials were found to be higher than those of the sur-
face course materials. The AOV on the percent density values indicated
strong evidence of point differences for all four test sites and strong
evidence of layer differences for three of the test sites.

The AQV did not indicate strong evidence of layer differences for
test site 100 and, thus, only an average curve is plotted in Fig. 22.

The surface course materials which showed larger values in the outer traf-
fic lane had percent density values lower than those of the leveling cou-
rse materials in the inner traffic lane. If the initiai percent density

values were approximately equal in both lanes, then it can be inferred

- that the change in trend is due to densification of the surface course mat-

erials. The initial density in both Tayers may have been relatively low.
According to the density curve, peak values occurred at the four wheelpath
Tocations and a maximum differential densification of 2.1 percent density
units occurred at test point #4 compared with 3.7 units at test point #7.
Except at test point #7, the percent density values recorded for the
leveling course materials were higher than those of the surface course mat-
erials at test site 80 (Fig. 23). Actording1y, large amounts of differ-
ential densification were observed at the wheelpath Tocations in the sur-
face layer. Maximum differential densification values of 4.6 units and

2.5 units occurred at test points #7 and #2 in the surface course material.
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The density values for the leveling course material were relatively uni-

form in the outer traffic lane but significant densification was evi-

denced in the inner lane. The maximum differential densification of 1.5
percent density units in this layer was observed at test point #9.
The density curves for test site 90 (Fig. 24) had similar trends,
i.e., the surface coukse materials exhibited lower percent density values

than the leveling course, and the curves showed peak values at the wheel-

“path Tocations in both layers. Maximum differential densification of 2.1

percent density units was observed at test point #4 in the outer traffic
lane. The densities of the materials in both layers in the outer traffic
lane were generally higher than those in the inner lane and this is again
an indication of the compactive influence of the more frequently applied
traffic loads.

For site 110 (Fig.25), the density curves appeared somewhat erratic.
The surface layer had higher density values at all the transverse test
points except at points #5 and #6. Nevertheless, peak values were ob-
served in both the surface and leveling course materials at the wheel-
path locations. The maximum densification in the surface course occurred
at test point #7 and was 2.9 percent density units. Densification val-

ues at the other wheelpath locations were only slightly lower.

Soil-Cement Base

The percent density curves for the four test sites on soil-cement
base course materials (SCB) showed the densities of the surfacé course to
be about the same as those of the leveling course in the outer traffic
lane, however, in the inner traffic lane, at three of the sites the den-
sities of the leveling course were considerably higher. Generally, the

densities of the respective layers decreased from the outer to the inner
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traffic lanes. Since the initial density values of the layers were un-
known a good explanation of these conditions was difficult. Considering
the rigidity of the soil-cement base and heavier traffic volumes in the
outer traffic lanes, however, it might be inferred that this behavior is
due to a greater rate of densification in the outer traffic lanes. The
rigidity of the base course material may also have facilitated compaction
of the leveling course materials to a high density during construction.
Assuming that the surface course material had fe}ativeiy Tower initial
densities, traffic compaction of this layer could be easily achieved, es-
pecially during the early stages of pavement life.

For test site 130, the densities of the surface course material were
essentially the same as those of the leveling course in the outer lane and
ranged from 96.8 to 97.6 percent (Fig. 26). The maximum differential densi-
fication was 1.6 percent density Qnits for the surface layer and this oc-
curred at test point #2. For the leveling course, a densification of 1.4
percent density units was evidenced at test point #4. In the inner lane,
the percent density values ofrthe surface course material ranged from 95.5
percent at the outer wheelpath location to 92.7 percent at the shoulder com-
pared with an average value of 97.8 percent for. the leveling course material.
Generally, the curves showed peak values in both Tayers at all the wheelpath
locations.

The percent density curves for test site 140 (Fig. 27) were similar
to those at test site 130. Again, density values of the respectivé layers
were higher in the outer traffic lane and the density curves peaked at the
wheelpath locations. The amounts of differential densification were also
similar to those observed at test site 130.

For site 170, the AOV did not %ndicéte any strong evidence of layer

differences., The average curve indicated peak values at three of the wheel-
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path locations (Fig. 28). The differential densification occurring at the

two wheelpath locations in the outer traffic lane was the same and amounted
to 1.1 percent density units. A maximum densification of 1.4 percent den-

sity units was observed at test point #9 in the inner traffic lane.

The percent density curves for the materials at test site 180 (Fig. 29)
showed the density of the surface course to be less than that of the Tev-
eling course at all test points. While the two curves were approximately
parallel the surface course showed more pronounced peaks in the wheelpaths.
The maximum differential densification was found in the surface course at
test point #2 in the outer lane. This amounted to 4.2 percent density

units.
Surface Wear Measurements

Initially, several assuhptiops were made relative to estimating amounts
of surface wear from the stereo-photos of the pavement surface (see Stereo-
Photo Interpretation). Two of these assumptions did not hold true at the
time the photographs were taken, the surfaces at many of the sites showed
substantial dislodgement of‘the coarse aggregate particles from the matrix,
and often this condition had progressed to the "raveling" stage.

These conditions weakened the estimating procedure used, in that the
estimate of wear depth obtained by comparing the height of projection of
the surface aggregates did not account for the depth of material Tost by
dislodgement. Even on the more exténsively raveled sites evidence of dif-

ferential wear could be detected. However, the amounts of wear were con-

sidered to be minima? at these locations.

Table I shows a summary of the results of the stereo-photo interpre-
tation for each of the test sites. The tabulated values are averages of

the amounts of differential wear determined at the wheelpath locations for
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TABLE 1

DIFFERENTIAL WEAR

AVERAGE

BASE COURSE MATL. SITE # AGE DIFFERENTIAL WEAR (INs.) D)
: ) MO. AT WHEELPATH LOCATIONS
INNER LANE OUTER LANE
HMSA 10 36 0.012 0.020
60 169 0.016 0.023
70 169 0.018 0.027
120 105 0.016 0.029
BB 20 82 0.008 0.071
30 56 k% Kk
40 56 sk 0.016
50 86 0.015 0.016
SABC 80 165 0.016 0.031
90 165 0.023 0.078
100 158 Hk dede
110 158 o Hk
SCB 130 148 0.010 0.017
140 148 0.005 0.014
170 169 - 0.028 0.039
180 169 0.031 0.031

*%  MISSING VALUES

1. CONVERSION: 1.0 in. = 2.54 cm
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a given lane. As would be expected, the 1ar§er values occurred in the

outer pavement lane. Missing data reflects poor quality photographs re-
sulting from a malfunction of the camera shutter system. While the magn-
nitudes of wear were smaller than anticipated, the results indicate that

wear is definitely a contributing factor to rutting.
Profile Measurements

As discussed earlier, a transverse profile graph was made for each
pavement lane at a given test site. The two graphs for each site were
put together and a continuous tracing made of the transverse profile of
the pavement surface. These tracings were reduced photographically to
a convenient size for presentation (see following graphs). Vertical
and horizontal scales are indicated on these graphs and the graphs are
oriented as they would appear when viewed in the direction of traffic
on the pavement. The graphs'are not inclined to correspond to the mea-
sured pavement cross-slope. The transverse locations of the test points
are marked and numbered sequentially from right to left. This numbering
system corresponds to that shown in Fig. 1.

Subsidence and/or rut depth measurements were designated as "positive"
values and the measurements of heave were considered "negative" values.
These profile measurements were scaled directly from the original profile
~ graphs and are shown immediately below their respective Tocations on the
tracing. Rut depth was measured as the maximum vertical displacement of
the surface in the wheelpath (a minimum point) from a straight line tan-
gent fo the profile curve at the adjacent maximum points.

The traffic lanes at each test site were designed to have a uniform

cross-slope and it was assumed that they were constructed in this manner.
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(6.35 cm.) Type B leveling course and 9.0 in. (22.86 cm.) of HMSA base on
a slight fi1l section. Based on the method bf measurement, heave is in-
dicated at test points #1, #3, and #8, and the maximum rut depth of 0.99

i in 2.52 cm.) occurred at test points #2 and #4. The density curves for
the layers showed relatively high and uniform densities of about 98% in
the surface and leveling courses and an average of about 90% in the base
course.

At test point #2, the observed increase in density, i.e., the differ-
ential densification, in all of the layers will account for approximately
0.28 in. (0.71 cm.) of the toal rut depth. The average amount of surface
wear in the outer lane was 0.02 in. (0.05 cm.). Thus, the remaining 0.69 in.
)1.75 cm.) of the total rut depth can be attributed to lateral creep of

"""""" the material in one or more of the pavement layers. In this case, lateral
creep, densification, and surface wear accounted for 70, 28 and 2 percent
of the observed rutting, respectively.

Because of the relatively Tow density of the sand asphalt base course,
it is likely that a preponderance of the lateral creep took place in this
layer. Difficulty was encountered in removing full depth pavement cores
at several test points at this site. The base material washed out during
coring and indicated stripping and/or a lack of coherence in the sand as-
phalt base. Also, visual examination of the pavement surface noted narrow
longitudinal cracking between the wheelpaths in the outer lane and wide
longitudinal cracks at the outer shoulder and at the pavement center line.
There is a definite possibility that subgrade softening and displacement
may also have occurred at this site.

The profile tracing for test site 60 is shown in Fig. 31. The pave-
ment section‘at the location was a 2.0 in. (5.08 cm.) surfaée course, a

2.5 in. (6.35 cm.) leveling course and 8.5 in (21.59 cm.) of HMSA base.
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However, this pattern did not hold true for all sections.

At test site 20 (Fig. 35) the maximum rut depth occurred at test point
#4, the inner wheelpath in the outer lane. The differential densifica-
tion in the respective layers and the surface wéar at this point indicate
that approximately 70% of the total rut depth of 0.571 in. (1.45 cm.) can be
attributed to these factors. At test point #2, these same factors account
for about 78% of the total rut depth. Again, the balance of the rutting
must be assigned to subgrade consolidation because of the relatively high
e density of the black base and lack of evidence of surface heave in the vi-
cinity. Some heave was determined at test point #8 but this was in the
other lane and the magnitude was very low. |

Surface heave was observed in the outer lane at test site 30 (Fig. 36)
and the maximum rut depth of 0.607 in. (1.54 cm.) occurred at test point
#2 in this lane. The average percent density values of the three bitum-
inous bound layers [2.0 in. (5.08 cm.) of surface course, 2.0 in. (5.08
cm.) of leveling course, and 9.0 in. (22.86 cm.) of black base] were quite
high and relatively small amounts of differential densification in the
respective layers was indicated. Therefore, between 70 and 75% of the
- total rut depth must be attributed to something other than densification
and surface wear. The density, coherence and general appearance of the
core samples at this site seemed to rule out the possibility of lateral
creep in these materials. Wide Tongitudinal cracking in the outer lane
at test point #2 and general subsidence in the innef lane, again, indicate
problems in the subgrade. :

The profile tracing at test site 40 (Fig. 37) presented some problems
”””” in trying to deduce what had happéned at this location. At the time the

tracing was made, the profile of the inner lane was questioned and several
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different traces were made using various recorder scales with similar re-
sults. An elevation difference of approximately 0.5 in. (1.27 cm.) be-
tween the lanes at the center line was observed in the field. Subsidence
across the entire width of the outer lane and upheaval in the inner lane
between the center line and test point #9 is a possible explanation, how-
ever, it is more likely that this is due tb failure to achieve proper
grade and cross-slope in the pavement surface at the time of construction.
A maximum rut depth of 0.643 in. (1.63 cm.) was measured at test point #2
in the outer lane. Only about 25% of this total rutting can be attributed
to densification in the bituminous bound layers (cross section same as

that at test site 30) and surface wear.

Stabilized Aggregate Base Sections

The pavement at test site 80 consisted of 2.0 in. (5.08 cm.) of type
C surface course mix and 3.0 in. (7.62 cm.) of Type B leveling course
mix on a stabilized aggregate base. The transverse profile tracing (Fig.
38) indicated a maximum rut depth of 0.571 in. (1.45 cm.) at test point
#4 and a 0.200 in. (0.51 cm.) heave at test point #3. A total of 0.083
in. (0.21 cm.) could be assigned to densification and surface wear at
test point #4. This is only about 15% of the total rut depth at this
point. Longitudinal cracking in the wheelpaths of the outer lane and a
general map cracking pattern across the pavement surface was noted.
Also, stabilizing Qperations (1ime injection) on the base materials were
being carried out in the vicinity of this site at the time of testing.
Based on these observations, it is reasonable to attribute the substan-
tial rutting and heave at this test site to instability of the base cou-
rse material. It should be noted that all of the test sites on SABC were

relatively old (the ages ranged from about 13 to 14 years). The fatique
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Tife of this type of unbound base material is probably a definite factor
relating to deformations in the surfacing layers.

The profile tracing at test site 90 is shown in Fig. 39. Rather deep
rutting occurred in the outer traffic lane and heave is indicated at test
points #3, #5 and #8. The pavement had a cross—section similar to that
at test site 80. While densification was evident in the surface and lev-
eling courses and there was a substantial amount of surface wear in the
outer lane, only a small percentage (22%) of the maximum rut depth could
be attributed to these factors. A lane elevation differentié] of approx-
imately 0.5 in. (1.27 cm.) was observed at the centerline. Whether this
was due to settlement in the inner lane or was a construction aberration
is open to speculation. Base problems were suspected.

Test site 100 and test site 110 had similar cross sections, i.e.,
3.0 in. (5.08 cm.) of surface course and 3.5 in. (8.89 cm.) of leveling
course, and similar profile tracings (Fig. 40 and Fig. 41). Severe
cracking of the pavement surface had occurred in the outer and inner
lanes at these sites. In both instances, the maximum rut was found at
test point #4 and surface heave was indicated in the outer lanes. Ac-
cording to the visual rating, only slight to moderate surface wear had
occurred. Approximately 20% of the maximum rut depths could be assigned
to densification in the surface and leveling courses at these Tocations.
The surface heave and the balance of the rutting were attributed to base
deformation. The generally convex shape of the inner lane profiles may
- also be due to base problems, but in these two cases a parabolic curve

was used as the assumed initial shape of the surface for profile measure-

ments.
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Soil-Cement Base Sections

Generally, rutting and other surface distortions were minimal at the
test sites on pavements cdnstructed over soil-cement bases, although these
pavements were among the oldest studied. This is undoubtedly due to the
rigid nature of this base material and, in comparison with the rutting
and surface distortions encountered on the other types of bases, demon-
strates the desirability of a high density - high stability base course
for bituminous pavements. The old cliche, "a pavement is only as good as
its base", still -holds true.

Despite the apparent good performance of the soil-cement base mater-
ials some problems were noted. The pavement surfaées at the respective
sites showed tranéverse Tongitudinal and dendritic type cracking. These
surface cracks are reflections of shrinkage cracks in the base. While
only minor amounts of break-outs or material erosion adjacent to the crack
Joints were observed, subsequent traffic will progressively deteriorate
the surface at these Tocations. Also, surface water will drain'inﬁo and
through these cracks td soften the underlying subgrade soil. A wéakened
subgrade condition was suspected at two of the test sites. Because of this,
the cracks are detrimental to the structural integrity of the pavement sys- -
tem and require appropriate remedial action, i.e., sealing.

At test site 130 (Fig. 42), the greatest amount of rutting occurred
in the outer traffic lane at test point #2. Differential densification
in the respective asphalt bound layers and surface wear will account for
about 51% of the rut depth of 0.219 in. (0.556 cm.) at this wheelpath lo-
cation. Due to the rigid nature of fhe base, the remaining 49% of the total
rut depth can be attributed to Tateral‘creep of the bituminous materials.

This is indicated by the slight surface heave at test points #1 and #3.
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Rut depths in the outer lane at test site 140 were slightly greater
than those at test site 130 (Fig. 43). At the point of maximum rut depth,
test point #2, approximately 0.086 in. (0.218 cm.) of the rut can be as-
cribed to densification and 0.014 in. (0.036 cm.) to surface wear. The
total of these measurements amounted to about 35% of the total rut depth.
These factors, densification and wear, accounted for 48% of the rut depth
at test point #4 and all of the rutting that occurred in the inner traffic
lane. While no surface heave was evident in the outer lane, lateral creep
must be responsible for the<ba1ance of rutting that occurred in this lane.
This points out some of the fallacies inherent to the measurment technique
that was used.

The rather wide depression basins at the wheelpaths in the outer lane
indicate a lateral shift of the traffic to avoid driving in the ruts that
develop. This transverse shifting of the vehicles using the pavement spreads
out the effects of densification and wear and, over a long period of time,
may have subdued any heave that occurred in this lane. Similar jndications
of a lateral shift of traffic in the lanes were noted at many of the tesi
site locations. |

Substantial amounts of heave were indicated in the outer lane at test»
site 170 (Fig. 44) and the deepest ruts on all of the pavement sections with

a soil-cement base occurred at this site. Severe raveling had taken place

in all of the wheelpaths. This, of course, influenced the magnitude of

differential wear determined at these points, but there was no way of as-
certaining the depth of this erosion and its contribution to rutting. Based
on previous analysis, approximately half of the 0.50 in. (1.27 em.) rut

depth can be blaimed on lateral creep of the bituminous paving materials.
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Severe raVe1fng was also in evidence in the wheelpaths of the outer
Tane at test site 180 but no indication of heave could be found (Fig. 45).
By the method of analysis used, 31% of the maximum rut depth at test point
#2 could be assigned to densification and wear. Lateral creep is probably
responsible for a portion of the remaining depth. In this case, however,
the profile tracing showed a general subsidence of the outer lane. Surface
cracking was extensive in this lane and it is believed that subgrade soft-
ening also contributed to the rutting that took place. The convex shape
of the inner lane profile could be interpreted as a general heave extending
across the lane but it probably represents closely the "as constructed”

profile.
Nuclear Density Measurements

The Troxler density gage utilizes Compton scattering and photoelectric
absorption of gamma photons to measure the density of materials being tested.
In this study, the gage was used to determine the density of the pavement
surface (approximately the upper 3 inches) at each of the selected test
points at a site. The backscatter method or technique of measurement was
employed. While completely non-destructive, i.e., no disturbance of the
surface was required, this technique is the least accurate method of mea-
suring density and resulted in many extremely low and unrealistic density
values,

For comparison, the specific gravity values of the top 2.0 in. (5.04
cm.) of the bituminous surfacing materials from the core samples were con-
verted to density units. (It should be recalled that these cores were ob-
tained from the selected test points following the nuclear density deter-
minations). The SAS computer program was employed to determine the cor-

responding values obtained using the nuclear density gage. A plot of this
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data is shown in Fig; 46. For the two data sets of 160 observations each,
the correlation coefficient was 0.31 and the OSL was 0.0001. The Teast
squares curve fit method was used to obtain the correlation curve shown in
Fig. 47.

Although some error in the laboratory density values was likely, the
poor correlation obtained was largely attributed to the nuclear density
measurement technique. The accuracy of the backscatter method is affected
by surface roughness since the nuclear source and the detectors are both

on the surface of the pavement. Photon streaming through surface voids

induces errors in the measurements. Even when the surface voids (at rav-

eled or badly worn locations) were filled with sand, the density values
were frequently so low that they were considered unreliable. Backscatter
density measurements are also heavily weighted by the density of the top

0.5 in. (1.27 cm.) of surfacing material.
Summary of Results

Table II shows the contributions of the various modes of rutting at
the respective test sites. The measurements of heave, surface wear, and
differential densification determined in this study were subject to some
maccuracies, due primarily to the lack éf initial data on the pavement
sections. 'Thus, the tabulated values should be regarded as indications of
the component contributions. Despite this, however, the data in this sum-
mary consistently show that the bituminous mixes were responsible for a

significant amount of the rutting that occurred.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Based on the test procedures employed and the pavement sections

studied, the following conclusions are made:

1. The transverse profile gage provides a portable and accurate
means of obtaining continuous profile tracings of a pavement surface.

2. In addition to measurement of surface deformations, the plotted
profile graphs can provide permanent reco%ds of these conditions at a spe-
cific time in the service life of a pavement ahd can be used for future
studies.
| 3. Densification under traffic Toading occurred in all asphalt bound
material 1ayers.’ Increases of up to 7 percent density units at wheelpath
locations in the outer traffic lanes were found.

4. Densification contributed a significant amount to the total sur-

face rut depth. On the thicker pavements, i.e., sections employing black

" base or sand-asphalt base, the amount of rut depth ascribed to densifi-

cation ranged from 8 to 58 percent for the outer pavement Tanes.

5. Surface wear or attrition in the wheelpaths on heavily travelled

~ lanes was an important contributing factor to rutting. Stereo-photography

provided a means of determining the amount of surface wear that had occurred.

6. Evidence of creep or instability in the bituminous material layers

11
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was found at eleven of the sixteen test sites. This occurred in high as
well as low density materials and contributed from 30 to 78 percent of the
rutting at these locations. More prominent surface heaves were noticed at
sites where the bituminous material layers had low densities.

7. Base and/or subgrade deformations influenced the magnitude of
rutting at many of the test sites. Extensive surface cracking and indica-
tions of surface subsidence were found at these sites. Consolidation and
shear failure in these layers concealed the effects of lateral creep in the
bituminous-bound materials.

| 8. No satisfactory correlation between laboratory density values and
the values obtained using the surface nuclear density gage was found. The
accuracy of measurements obtained using the backscatter method appeared to
depend greatly on the pavement surface characteristics, i.e., surface rough-

ness and density of the top 0.5 in. (1.27 cm.) of the surface material.

Recommendations

In view of the results of this research investigation, the following
recommendations are made:

1. 1In order to follow surface deformations due to traffic action,
profile tracings at a site should be made prior to opening the highway
to traffic. This would provide an initial tracing at time "zero" for sub-
sequent comparisons. |

2. Following the above recommendation, additional studies could as-
certain exact amounts of surface heave, and determine the bituminous pave-
ment 1ayer(s) responsible for this type of displacement. With careful mon-
itoring and trenching of selected test seqtions, it shou?d be possible to

distinguish between surface heave resulting from lateral creep (shear failure)
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in these layers and that due to deformations in the non-bituminous base or
subgrade.

3. Increased survei11ance'of operations at hot-mix plant sites and
more stability checks on the mixture being produced could be instituted to
insure conformance with the stability requirements for a given type of mix.
Special studies of this nature on selected projects would indicate the ade-
quacy of present inspection and check test procedures.

4. To minimize the contributions of densification and lateral creep
to rutting, construction methods and specifications should be reviewed to
determine if changes are necessary to insure adequate compaction and den-
sity of all asphalt bound pavement materials.

5. The accuracy of current laboratory procedures for determining per-
cent density values of both laboratory and field compacted specimens should
be investigated. Error in the determination of the maximum specific gravity
of a mixture can easily result in very low in-place density values. Due to
this error, the measured pecent density values of field specimens can be
above the specified minimum value but the actual density of these specimens
may be a great deal below the desired value.

6. A more accurate technigue of determining the amount of surface
wear from stereo-photographs should be devised. A tentative approach would
be to utilize a non-wearing surface such as the head of a nail (driven into
a new pavement surface in the expected wheelpath) as a datum. Subsequent
wear of the adjacent pavement surface could then be measured more exactly
through stereoscopic comparicon with this reference surface.

7. A comprehensive stuéy of the effectiveness of the various types
of base course material used in flexible pavement construction in Oklahoma
should be made. A feasibfe approach to such a study would be to use stage

construction test sections at various geographical Tocations in Oklahoma.
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That is, for a given type of base, design and construct test sections with
varying thicknesses of‘the surface course material and follow subsequent
behavior in terms of appropriate performance variables including 1) rutting,
2) surface heave, 3) subsidence and 4) Tongitudinal and transverse cracking.
Other variables, e.g., initial density of material layers, layef thickness,

type of section, etc., could be included in such a study.

Addendum to Recommendations

More specific comments and suggestions relative to Recommendations
3, 4, and 5 are warranted since these are the recommendations primarily
addressed to improving or minimizing the rutting propensities of asphalt

pavements.

Recommendation 3. Instability or lack of resistance to lateral dis-

placement of the asphalt bound materials was considered a major contrib-
uting factor to rutting at many of the test sites. Thus, adequate stabil-
ity of the field compacted plant mixtures is necessary and should be cor-
roborated through special studies by the Oklahoma Department of Highways.
The following suggestions are made for this purpose:

1. There is a direct relationship between density of a ﬁix and its
stability, such that, a Tow density can correspond with a very Tow stability
value. One approach to checking the field stability of a mixture would be .
to (a) mold additional specimens during the mix-design procedure with vary-
ing amounts of compactive effort; (b) determine the lab densities and Hveem
stabf?ities of these additionai specimens and plot a curve relating these
values; (c) density values of fierYcores entered on such a curve would in-
dicate the approximate stability value of the field compacted,mix. This

approach should be tried on selected paving projects to determine whether
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the in-situ mixtures have the requisite stability and to ascertain the
value or need for such a procedure.
2. Along with the preceding suggestion, the number of stability test
. specimens made from mix produced at the plant site should be substantially
increased on the selected paving projects. This will insure conformance
with the applicable stability requirements for a greater portion of the
total production of a given mix. Such a measure would also serve to veri-

fy the adequacy of present inspection procedures and the number of test

specimens being made.

Recommendation 4. Based on the results of this study and a review

of the pertinent Standard Specifications, it seems evident that flexible

pavement layers are presently being constructed with a built-in rutting
- capability. This statement applies to the surface and binder courses and

to the fine aggregate bituminous base course and relates to the allowable
""""" density and stability of the mixtures used in these layers. For example,
the aT]owab]e density range for field compacted surface mixes is 89.3 to
93.1 percent with corresponding air void contents of 10.7 to 6.9 percent.
This range of air void content is too high if a minimum amount of post
construction densification, i.e., rutting, from imposed traffic loads is
desired. Specific suggestions regarding more stringent specifications and
increased inspection of construction are as follows:

1. The minimum roadway or field density for surface and binder mix-

tures should be specified as 94 percent of the maximum theoretical density
fo the mix. |

- 2. The specifications for fine aggregate bituminous base (HMSA) should

" be changed to:
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(a) Eliminate the use of AC-3A and AC-4.
(b) Require 5-8 percent asphalt content.

(c) Narrow the percent passing range for the No. 10 and No. 40 sieves
in the gradational requirements.

(d) Increase the allowable laboratory compacted density to not less
than 92 percent of maximum theoretical density.

~(e) Increase the allowable Hveem stébiiity value to not 1ess‘than 30.

Note: It may be difficult to adhere to the above specification changes

using materials indigenous to some areas of Oklahoma. Consid-
eration should be given to the use of these ask"a1ternate“ spec-
ifications in areas where plentiful supplies of coarse aggregates
are available and the use of present specifications in other
areas.

3. Inspeciion or surveillance during the rolling operations and the
number of density test samples should be increased to insure that the
pavement layers are being compacted to an adequate density during construc-
tion. Surfacé nuclear density gages or electronic density recorders could
be used for in-place measurements to check compliance with density spec-

jfications during the rolling operations.

Recommendation 5. Experience with the Oklahoma Department of Highway's

method of test for bulk impregnated specific gravity of the combined aggre- -
gate in a mix (OHD-L-7) indicates that the determined values may be on the
Tow side of what might be termed the "actual" specific gravity values of the
combined aggregate. This influences the calculated theoretical maximum spe-
cific gravity values of the mixtures and results in measured percent density
(percent of solids by volume) values of compacted laboratory specimens and
field samples that are greater than the perceht densitfes that actually ex-

ist. Thus, the current laboratory mix design procedures may be partly
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responsibile for the relatively low field densities found in this study.
It is suggested that an in-house investigation of these laboratory proced-
ures be instituted to compare percent density values determined by the OHD

method with those determined by ASTM Method D 2041.
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TABLE III

TEST SITE INFORMATION

TEST

SITE #

LOCATION

SECTION TYPE

BASE TYPE

AGE
{MONTHS }

10

20

30

40

50

60

70

80

90

100

1o

120

130

140

170

180

Interstate 40, Westbound Lanes,
Muskogee,County, Oklahoma, ap-
prox. 12,50 miles East of Mc-
Intosh County line

interstate 40, Westbound Lanes,
Seminole County, Oklahoma, ap-
prox. 2.4 miles East of Potta-
watomie County line

Interstate 40, Westbound Lanes,
Sequoyah County, Oklahoma, ap-
prox. 13.0 miles East of Mus-
kogee County line

Interstate 40, Eastbound Lanes,
Sequoyah County, QOklahoma, ap-
prox. 12.6 miles East of Mus-
kogee County line

Interstate 40, Westbound Lanes,
seminole County, Oklahoma, ap-
prox. 4.5 miles East of Potta-
watomie County line

Interstate 40, Westbound Lanés,
Beckham County, Oklahoma. 20~

prox. 19.0 miles East of Texas-
OkYahoma State line .

Interstate 40, Westbound Lanes,
Beckhani County, Oklahoma, ap-
prox. 20.50 miles East of Texas~
Oklahoma State line

Interstate 35, Southbound
Lanes, Kay County, Oklahoma,
approx. 25.0 miles North of
Noble County line

Interstate 35, Southbound
Lanes, Kay County, Oklahoma,
approx. 26,0 miles North of
Noble Gounty Vine

Interstate 35, Southbound
Lanes. Cleveland County, Ok-
lahowa, approx. 4.5 miles
North of McClain County line

Interstate 40, Westbound canes,
Cleveland County, Oklahoma, ap-
prox. 12.0 miles East of Okla-
homa County 1ine

interstate 40, Eastbound Lanes,
pottawatomie County, Oklahoma,
approx. 12.0 miles East of Ok-
lahoma County line

Interstate 40, Eastbound Lanes,

Washita County, Oklahoma, ap-
prox. 9.0 miles East of Beckham
County line

Interstate 40, Westbound Lanes,
Washita County, Oklahoma, ap-
prox. 12.25 miles Fast of Beck-
ham County line .

Interstate 40, Eastbound Lanes,
Beckham County, Oklahoma, ap-
prox. 26.4 miles fast of Texas~
Oklahoma State line

Interstate 40, Eastbound Lanes,
Bec kham County, Oklahoma, ap-
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= | FLOW DIAGRAM

COMPUTER ANALYSIS OF TEST DATA
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START

INPUT DATA DATA SET: HIGHWAYS
DATAT SITE NO., AGE, SLOPE, BASE-CS,
REP, POINT NO,, BSG-4, RSG-A,
NUC-DEN, ATTRIT, PROFILE MEAS,
8sG-B, RSG-B, B8SG-C, RSG-C,
B8sG-D, RSG-D, BSG-E, RSG-E.
]

|

COMPUTE % DENSITY VALUES
FOR EACH CORE SUBDIVISION

PDEN; = BSG" - RSGi % 100
QUTPUT PDEN VALUES

i

SORT DATA BY SITE
DATA SET: NEW

|

UNIVARIATE ANALYSIS OF VARIANCE
‘BY SITE, DATA SET NEW

VARIABLES: PDEN
CLASSES: POINT, LAYER

|

CHECK FOR SOURCES OF DIFFERENCES®
DUNCAN'S MULTIPLE RANGE TEST
DATA SET: NEW, BY SITE

|

SORT DATA HIGHWAY BY BASE-CS
OMIT OBSERVATIONS WITH MISSING VALUES

DATA SET: FINALE

|

PRINT DATA SET FINALE
BY BASE-CS LEGEND

8SG BULK SPECIFIC GRAVITY
RSG RICE SPECIFIC GRAVITY
PDEN - PERCENT DENSITY
MULTIVARIATE ANALYSIS OF DATA P MEASUREMENT
VARIABLES: AGE, SLOPE, RUT, PDEN, BSG, SLOPE CROSS- SLOPE

HEAVE, ATTRIT, NUC-DEN POINT  TRANSVERSE TEST POINT
DATA SET: FINALE REP REPLICATE

BASE-CS BASE COURSE TYPE

l LAB-DEN LABORATORY DENSITY
e — ATTRIT ATTRITION MEASUREMENT
SORT DATA"NEW" PICK BSG-A 8 NUC-DEN NUC-DEN NUCLEAR GAGE DENSITY
DATA SET: CORRELATION MEASUREMENTS

l

BIVARIATE REGRESSION, DATA SET: CORRELATION
VARIABLES: LAB-DEN, NUC-DEN

OUTPUT: AUGMENT PREDICTED VALUES

PLOT DATA: LAB-DEN VS. NUC-DEN

PLOT REGRESSION CURVE

{ sTop )

Figure 48 Flow Diagram: Computer Analysis of Test Data
Using the SAS Computer Program
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