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Foreword

The nine papersinthis RECORD cover a variety of subjects dealing with the
design, performance and surface properties of pavements. The first paper
presentsthe results of a Portland Cement Association laboratory investiga-
tion of the ability of interlocking aggregate to transfer load across concrete
pavement joints. The repetitive action of tandem truck wheels across a joint
was simulated, and the validity of the simulation was confirmed by field tests.
Effectiveness of load transfer across joints was found tobe dependent onload
intensity and duration, slab thickness, joint width, subgrade bearing value and
aggregate angularity. The secondpaper by the same laboratory reportson an
investigation to determine the contribution of cement-treated subbasestothe
load-carrying capacity of concrete pavement. Laboratory results are com-
pared with the theoretical behavior of concrete slabs onclay subgrades. The
study included the investigation of the value of bond betweenthe concrete and
the cement-treated subbase and the adaptability of current design methods to
this type of construction.

The introduction of the equivalent wheel load concept of the AASHO Road
Test has prompted the Texas Highway Department to explore methods of ob-
taining the magnitude and number of repetitions of all axle loads on highway
pavement. The third paper reports on a study of three procedures for esti-
mating an axle weight distributionfor any givenhighway location inthe state.

The California Division of Highways hasbeen engagedin a researchproj-
ect with the objectives of measuring and allowing for resilient behavior of
soils in a flexible pavement system. The fourth paper reports on the devel-
opment of a laboratory testing device to measure resilience properties of
roadway materials and onthe results of qualitative tests onthe main types of
soils encountered in roadway construction. A comparison of field deflections
with laboratory resilience tests indicates that a proposed resilience design
procedure is generally consistent and effective in isolating potential resil-
ience problems.

The fifth paper reports onthe development by West Virginia University of
a high-capacity rolling load testing machine and on the results of tests per-
formed with it. The purpose of the machine is to provide an economical and
accelerated program for the evaluation of highway base-course materials.

A study has been conducted by the Kentucky Department of Highways to
evaluate the theoretical and practical aspects of using an automobile as a
testing device for the measurement of pavement slipperiness. Twenty-five
skid resistance values are compared and correlated. The measurement of
time in the velocity increment between 30 mph and 20 mph has been selected
as an interim standard test.

The next two papers concern the subject of measurement of pavement rough-
ness profiles. One paper describes the basic mechanical and electrical fea-
tures of the automobile-installed Portland Cement Association Road Meter.
The physical limitations of the instrument are defined and results of corre-
lation tests with the CHLOE Profilometer are presented. The second study
by the University of Texas Center for Highway Research seeks to evaluate
the feasibility of utilizing recent developments in thefield of electronics and
directional control instrumentation in the development of high-speed road
profile measuring equipment. The author discusses profile measurement
parameters, the techniques for evaluating these parameters, the need for
high-speed measurement and the equipment and techniques available for the
measurement.

The final paper reports on the problems encountered in using elevation
power spectra, calculated from highway elevation measurements, as a cri-
terion of pavement condition. The author points out the need for a standard-
ized procedure for obtaining elevation measurements and for making power
spectra calculations if pavement condition criteria comparable to BPR rough-
ometer ratings are to obtained.
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Aggregate Interlock at Joints in
Concrete Pavements

B. E. COLLEY and H. A. HUMPHREY
Respectively, Manager, and former Senior Development Engineer, Paving Develop-
ment Section, Research and Development Laboratories, Portland Cement Association

Load transfer across joints in concrete pavements through shear
developed by interlocking aggregate was investigated in the lab-
oratory by simulating the repetitive motion of tandem truck
wheels across a joint.

Effectiveness of load transfer was found to depend on load
magnitude, number of repetitions, slab thickness, joint opening,
subgrade bearing value, and aggregate angularity. A summary
statistic called "endurance index' is used to relate the signifi-
cant variables to test performance.

e TRANSVERSE contraction joints are constructed in concrete pavements to relieve
tensile stresses, and when properly spaced they control the location of transverse
cracks. Proper spacing is determined principally by three factors: (a) the presence
or absence of steel, (b)the environment, and (c) the properties of the aggregates.

Contraction joints are most frequently constructed by sawing or forming a narrow
groove in the pavement to the depth required to produce a plane-of-weakness. For
highway pavements the minimum depth of the groove is generally one-sixth the slab
thickness; sawed joints should meet the additional requirement that the depth be not
less than the diameter of the maximum size aggregate. At the plane-of-weakness,
restrained contraction forces produce a crack below the groove.

Load transfer across the crack is developed either by the interlocking action of the
aggregate particles at the faces of the joint (aggregate interlock) or by a combination
of aggregate interlock and mechanical devices such as dowel bars. When load transfer
is adequate, load stresses and deflections in the vicinity of a joint are low, and the
riding quality of the pavement is maintained.

To analyze the factors that influence the load transfer characteristics of aggregate
interlock joints, a research program was inaugurated in the laboratory with equipment
that permitted control of significant variables. Laboratory results were compared with
data from field tests on highway pavements.

The objective of the program was to evaluate the effectiveness and endurance of load
transfer developed by aggregate interlock under loading conditions simulating in-service
concrete pavements.

Five variables considered significant to the performance of joints were selected for
study: (a) width of joint opening, (b) thickness of concrete slab, (c) magnitude of load,
(d) foundation support, and (e) shape of aggregate. For this investigation, maximum
size of aggregate was held constant. Future studies will consider this important aspect
of joint design.

FACILITIES AND INSTRUMENTATION
Facilities for Laboratory Study

A testing device was developed to apply repetitive loads of known magnitude in a
manner closely simulating the action on a pavement as a vehicle passes over the joint.

Paper sponsored by Committee on Rigid Pavement Design and presented ot the 46th Annual Meeting.
1



Figure 2. Joint-width control system.



Figure 3. Load application equipment.

Two devices were constructed. They are housed in an air-conditioned area where the
temperature is maintained at 72 F throughout a test to permit the joint width to be held
constant while the effects of other variables are studied.

The device shown in Figure 1 consists of three basic components: (a) a base box
which contains the subgrade, subbase, and concrete slab and also actsas support for
the load application equipment; (b) a joint width control system; and (c) the repetitive
loading apparatus and reaction frames.

Base Box—The base box of reinforced concrete is 4 ft high, 6 ft wide, and 22 ft long.
The center section of the box is wider on one side to provide an area 3 ft wide and 8 ft
long for future studies of the performance of shoulders. The walls and floor of the box
are waterproofed to prevent excessive loss of moisture from the subgrade and subbase
materials. Silty-clay soil was compacted in the box to a depth of 2' ft to serve as a
subgrade upon which various combinations of type and thickness of subbase and pave-
ment slabs are constructed and tested.

Joint Opening Control—The system for controlling joint opening permits adjustment
of the width and maintenance of that width for the duration of the test. Equipment de-
veloped for this operation is shown in Figure 2. To open the joint, two steel rods
anchored in the concrete are connected through threaded couplings to crossbars at the
ends of the box. By tightening the couplings the slabs are pulled apart, thus opening
the joint. To close the joint, two steel strands are employed along each side of the
slab. One strand on each side is anchored to the left end of the slab and the right
crossbar. The other strand is anchored in a similar manner to the right end of the
slab and the left crossbar. By applying tension to the four strands the slabs are pulled
together, thus reducing the opening. The combined use of these systems and control of
the temperature maintained joint openings to within 0. 001 in. of the desired value
throughout a test.

The transverse beam shown on the end of the slab in Figure 2 prevents upward move-
ment of the slab ends when the joint is loaded. With the slab restrained, the movement
of a joint under test is similar to that of a transverse joint between full length slabs.
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Figure 4. Loading cycle.

Repetitive Loading Apparatus—The
hydraulic rams shown in Figure 3 react
against a steel frame that is fastened to
the base box. Loads are transmitted to
the pavement by a pair of 16-in. diameter
steel bearing plates resting on Y4-in. solid
rubber pads. The plates are positioned on
each side with their centers 9 in. from the
joint and on the longitudinal centerline of
the slab. Between each plate and the hy-
draulic jack are a series of spacer plates
and a load cell.

The load application equipment is an
electrically operated air-hydraulic system
that alternately pulses the rams on either

gide of the 101!1!: to pvnr‘nne 1oads up o a

maximum of 12, 000 1b. Details of the con-
trols for the sequence of loading and rate
of load application have been described in
a previous report (1).

The loading sequence closely simulates
a continuous train of truck wheels traveling
across the joint at approximately 30 mph,
The magnitude of load, sequence and rate
of loading may be varied to represent load
patterns imposed by different types of
traffic.

The rate of loading together with the
corresponding joint deflection for a loading
cycle are shown in Figure 4, To simulate
a wheel approachm§ a joint, the load ap-

/a sec. The load on the

approach slab is then released to zero and simultaneously the load on the departure slab

increased from zero to full load in 0. 02 sec.

This interval would permit a tire making

a 10-in. print and traveling 30 mph to move completely across the joint. To simulate
a wheel moving away from the joint the load on the departure slab is reduced to zero in

Figure 5. Field test equipment.



Test Joint Deflection Measuring Devices
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Y« sec. This action is followed by an interval of approximately 1 sec. when there is no
load on either ram and the slabs return to a no-load position. A joint under test re-
ceives about 50, 000 of the 1. 5-sec loading cycles per day.

Facilities for Field Tests

Tests on existing pavements were made with moving loads of known weight in as-
signed paths across selected joints. The control vehicle was a tractor-semitrailer
with variable wheelbase. Auxiliary equipment included a utility vehicle and house-
trailer type mobile laboratory (Fig. 5). A more complete description of the equipment
and its potential is given by Nowlen (2).

Instrumentation of Laboratory Slabs

Test slabs were instrumented for measurements of joint openings and deflections.
In addition, devices were installed to measure the magnitude and rate of load repe-
titions. Automatic recordings of slab deflections and load magnitude were obtained at
regular intervals. The instrwmeniation pian is shown in Figure 6.

Joint opening was measured using brass reference plugs and a Whittemore strain
gage. Initial measurements were made before the slab was cracked to form the joint,
so that reported joint openings are actual distances between the fractured faces of the
concrete,

To evaluate load transfer, deflections on each side of the joint were measured with
0. 001-in. dial indicators for static loading, and with electronic deflectometers for
dynamic loading. The dials and deflectometers were supported by brackets attached
to the base box.

The magnitude of load applied to the slab was measured with load cells placed below
each ram. These strain-sensed cells were connected electrically to a strain indicator
for static measurements, and to an automatic recorder to measure the rate of load
application and magnitude of repetitive load.

Instrumentation of Field Pavements

Pavement joints were instrumented in a manner similar to the laboratory slabs to
measure deflection as the vehicle approached, crossed, and departed from the joint.
Pavement joint openings were measured in the manner described for laboratory slabs.
On pavements that had been in service before testing, the first caliper measurement
between joint plugs was not made at zero opening. Distances between joint faces at this
initial reading were determined by an optical comparator.

MATERIALS
Foundation for Laboratory Slabs

Subgrade—To provide a subgrade for the specimen pavement slabs, a silty-clay soil
was compacted in each base box to a depth of 2% ft. Gradation and moisture-density
relations of the subgrade soil are shown in Figure 7. The soil was compacted in 6-in,
lifts to standard conditions, as determined by AASHO Method T99 or ASTM Method
D698. Eachtime a new subbase and slab was placed, the subgrade was reprocessed,
thus assuring a uniformly low bearing value subgrade for each test. The average
bearing value, k, measured with a 24-in. diameter plate at 0. 05-in. deflection, was
89 1b/sq in. /in. (pci). The prepared subgrade was covered with a sheet of polyethylene
to restrict loss of moisture.

Subbase —Two types of subbase were used, a sand-gravel and a cement-treated ma-
terial. The gradations and moisture-density relations of these materials are shown in
Figure 7.

The subbase materials were mixed in a pug mill. The nonplastic sand-gravel was
placed at standard conditions as specified by AASHO Method T99 or ASTM Method
D698. The cement-treated material was mixed with 5.5 percent cement by weight and
11 percent water. The cement requirement was determined using ASTM Procedures
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D559 and D560 and the Portland Cement Association criteria for weight loss (3). The
moisture-density relationship was determined using ASTM Method D 558. -

The subbase materials were compacted to 100 percent of standard density using a
mechanical tamper and a vibrating sled. All subbases had a compacted thickness of
6 in. and, to restrict moisture loss, were covered with a sheet of polyethylene. This
also reduced friction on the foundation and aided in adjusting joint width.

The bearing value, k, was measured using a 24-in. diameter plate. The average
bearing value of the sand-gravel subbase was 145 pci and that of the cement-treated
subbase measured at age seven days was 452 pci.

Laboratory Pavements

Concrete Slabs—The slabs were 46 in, wide and 18 ft long with a transverse joint at
the midpoint. The maximum aggregate size in the concrete was 1% in., the cement
factor was 6 sk per cu yd, water-cement ratio 0. 50, slump 2.5 to 3.5 in.,, and air con-
tent 4 to 5 percent. Prior to load testing, the concrete was cured for 14 days under
polyethylene sheets. The 14-day compressive strength of the concrete averaged 5, 500
psi. In Figure 8 the average age-strength relationship of the concrete is shown by the
solid line and the dashed lines represent the range of extreme values.

Two aggregates were used in the concrete. One was a natural gravel with sub-
rounded to rounded particles. It consisted of about 55 percent siliceous materials that

TABLE 1
PHYSICAL CHARACTERISTICS OF CONCRETE AGGREGATES

Natural Crushed
Tast Gravel Stone
Absorption (24 hr), percent 2.0 2.4
Bulk, specific gravity (s.s.d.)? 2. 67 2.65
Unit wt (dry rodded), 1b/cu it 107 105
Abrasion (L. A. method)?, percent 28 24

9Saturated, surface dry.
ASTM designation C 131,



Figure 9. Joint interface.

include quartzite, feldspar, and a variety of igneous and metamorphic rock types.
This material was crushed and recombined to the same gradation as the natural gravel
for a study of the effect of particle shape.

The second aggregate was a crushed stone with angular particles that consisted of
65 percent dolomite and 35 percent siliceous materials. Both aggregates had the same
gradation. Physical characteristics of the aggregates are given in Table 1.

Test Joints—Joints were of the plane-of-weakness type where load transfer is
achieved solely by aggregate interlock. A removable parting strip of 20-gage galva-
nized metal of 1-in. height was supported transversely on the foundation at the joint
location. While the concrete was plastic, a groove 1 in. in depth was formed in the
surface of the slab directly over the metal strip. Thus a vertical joint was assured and
angle of fractured face was not a variable. The slab was cracked in the weakened plane
to its full depth with minimum disturbance to the foundation the day after casting by
loading at the joint while applying tension to the slab ends. This method of making a
joint produced a roughened interface depth of 5 in. for the 7-in. thick slabs, and 7 in.
for the 9-in. thick slabs. The depth of fractured face was slightly less than that usually
formed in highway pavements. The texture of a joint interface after completion of
testing is shown in Figure 9.

TEST PROCEDURES
Program and Measurements for Laboratory Study

Specimens were prepared for testing by setting the selected joint opening, seating
the rams on the loading plates, and programming the load application equipment to apply
the desired repetitive load. Data obtained prior to the start of repetitive loading and at
regular intervals throughout the test were: (a) joint opening; (b) deflections of both the
loaded and unloaded slabs produced by a static load of 9 kips applied successively to the
approach and departure slabs; and (c) deflections of the slabs produced by applying a
dynamic loading cycle of the programmed magnitude.



TABLE 2
FIELD MEASUREMENTS OF JOINT OPENINGS

Location Joint Spacing (ft) Maximum Opening (in.)
Michigan 10 0. 06
Michigan 20 0. 08
California 15 0. 03
Oregon 15 0. 06
Kentucky 20 0. 05
Missouri 25 0. 07
Minnesota 15 0. 07

Repetitive loading was initiated 15 days after the concrete slab was cast. About
50, 000 loads were applied daily in a 22-hr period. During the remaining 2 hr, static
load test data were obtained and routine maintenance was performed on the equipment.
The program of repetitive loading and data recording was continued until deflectiondata
showed no load transfer or until one million cycles had been applied.

A series of special tests was conducted on several of the joints after completion of
routine testing. Load-deflection tests were made as the joints were progressively
closed in increments of 0. 005 in, with 1000 cycles of repetitive load applied at each joint
opening. This was continued until no further reduction of joint opening could be ob-
tained.

The tightly closed joint was then progressively opened in increments of 0. 01 in. and
the sequence of repetitive loading and load-deflection tests repeated at each joint open-
ing. This was continued until effectiveness was reduced to zero or until the width of
joint opening was 0. 10 in,

The laboratory test procedure subjected a joint to loading conditions more severe
than those encountered in the field. The action of the specimen slabs, though similar,
did not duplicate the action of concrete pavements in service; deflections measured in
the laboratory exceeded deflections measured at similar joints in the field. Principal
reasons for the differences were: (a) the specimen slabs, being only 46 in. wide, did
not have as large a resisting cross section; (b) the height of roughened interface was
about 0.5 in. less for the 7-in. slabs and 0. 25 in. less for the 9-in. slabs; (c) joint
opening was held constant in the laboratory, whereas in the field there are cycles of
opening and closing; (d) laboratory loads were applied at a rate of 40 applications per
minute, so that the pavement and foundation had little time to recover between load
applications; (e) the age of concrete was less than 60 days for these tests and strengths
may have been slightly less than those for pavements of much greater ages; and (f) the
subgrade k-value was deliberately low to represent a poor field subgrade condition.
Because of these factors it is considered that the laboratory data were conservative.

Evaluation of Load Transfer

Ability of a slab to carry load is normally evaluated by computing stresses from
measured strains. Other suitable responses are subgrade pressure and slab deflection.

When a wheel load at a slab end is resisted in part by an adjacent slab there is asym-
metric loading. The slab under the wheel is loaded by direct bearing, while the adja-
cent slab is loaded by shear in the load transfer mechanism. Therefore, corresponding
areas of the two slabs do not experience similar stresses, and readings from symmet-
rically placed strain gages are not comparable.

Pressure comparisons are likewise unsatisfactory. In addition to the need for meter
installation at the time of construction, valid readings can be made only during periods
when the slab ends are flat on the subgrade to preclude any downward movement not
sensed by the meter.

Ability to transfer load across the joint in this study was evaluated by comparing de-
flections of the two slabs. As these slabs were in identical environments, temperature
and moisture affected each similarly and subgrade reaction modulus also was essentially
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Figure 10. Influence of joint opening on effectiveness, 9-in. concrete slab, 6-in. gravel subbase.

the same. Lack of complete transfer or, in this study, looseness of interlock resulted
in larger deflections of the slab under plate load than those of the adjacent slab.

Load transfer effectiveness was rated using a method devised by Teller and Suther-
land (4). In this method, joint effectiveness, E, is computed using the formula

24/
E (#) = 3=l (100) (1)
1

where dj' is the deflection of the unloaded slab and dj is the deflection of the loaded slab.
If load transfer at a joint were perfect, the deflections of the loaded and unloaded slabs
would be equal and the effectiveness would be 100 percent. If, however, there were no
load transfer at a joint, only the loaded slab would deflect and the effectiveness would
be zero. All effectiveness values are computed from measured deflections obtained
with a 9-kip static load applied to the approach slab.

T T L] L) T Al T Ll

100L Joint Opening 0.015-in. -

Effectiveness, percent

4 5 6
Loading Cycles, 100 000

Figure 11. Influence of joint opening on effectiveness, 7-in. concrete slab, 6-in. gravel subbase.
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Tests to determine effectiveness were made at intervals of 50, 000 load applications.
Data are reported in plots of computed joint effectiveness against number of load cycles.
A summary statistic of joint performance called the endurance index (EI) was developed.
This index is expressed in percent and is obtained by dividing the area under the curve
of effectiveness vs cycles by the area that would be developed if the joint retained an
effectiveness of 100 percent throughout one million load applications.

PRESENTATION AND DISCUSSION OF DATA

Data are presented on the effectiveness and endurance of aggregate interlockasa means
of providing load transfer at a joint. Variables evaluated independently are joint open-
ing, strength of foundation, load, and shape of aggregate. The effect of slab thickness
on load transfer is included as a portion of the discussions under joint opening and
strength of foundation.
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Figure 13. Comparison of field and laboratory data.
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Influence of Joint Opening

When expansion joints are used only at structures or are widely spaced, the opening
of a contraction joint depends primarily on spacing between joints and environment,
Data in Table 2 are measurements on pavements in service of joint openings over a
10-year period (5) showing the relationship between maximum opening, spacing, and
geographical location. Based on these data, joint openings selected for test in the
laboratory ranged from 0. 015 to 0. 085 in.

A 9-kip repetitive load was used to evaluate the influence of joint opening on effec-
tiveness. Curves for 9-in. slabs on 6-in. gravel subbases are shown in Figure 10.
Data points are shown on the curves for joint openings of 0. 035 and 0. 065 in. There
was only minor scatter in the data and for simplicity the points for remaining curves
are omitted. It is seen that effectiveness decreased as the joint opening became wider.
Effectiveness also decreased with additional load applications, although more than 90
percent of the decrease occurred during the first 500, 000 repetitions. A similar trend
is observed for the data in Figure 11 obtained for 7-in. slabs. In Figure 12, these
data are summarized as a piot of endurance index vs joint opening. It is seen that the
EI decreased as joint opening increased. The effect of slab thickness on effectiveness
can be observed by comparing joint openings at equal EI values. For example, at an
EI value of 60 percent the openings in the 7- and 9-in. slabs were 0.025 and 0. 035 in.,
respectively, and at an EI of 5 percent the openings were 0. 065 and 0. 085 in., respec-
tively. This tendency for the difference between openings to increase as the EI de-
creased was noted throughout the range of testing and demonstrates the advantage of a
thicker slab at wider openings.

Deflection data obtained from tests on in-service pavements using the PCA mobile
laboratory equipment were reduced in the same manner as those from laboratory
studies. The field pavements were from 4 to 21 years old and were located in six states
with climatic features varied from Wisconsin to Florida. The pavements were 9 in.
thick with joint spacing ranging from 15 to 30 ft and were placed on granular subbases,
with k-values ranging from 120 to 190 pci. A comparison of effectiveness ratings be-
tween laboratory and field is shown in Figure 13.

The laboratory effectiveness values were taken from Figure 10 at 500, 000 load cy-
cles. It should be noted that the plot would not vary significantly if the values selected
had been for one million load eycles. Complete traffic records were not available for
the field projects but it is reasonable to assume that the pavements had carried be-
tween 300, 000 and two million applications of a 9, 000-1b wheel load. The field data
showing openings larger than 0. 08 in. were obtained on pavements with 30-ft joint
spacing located in an area having large variations in temperature.

The comparison shows that laboratory effectiveness values were considerably less
than those obtained from field data. Previously it was indicated that the laboratory
loading procedure was more severe than field loading. A portion of the difference in
performance is due to daily and seasonal changes in joint openings. For example, a
joint that is open 0. 08 in. on a winter day may be open only 0. 02 to 0. 05 in. for alarge
portion of the year. In this case only a small percentage of the loads would be applied
to the joint when the opening was maximum in contrast to the laboratory loading pro-
cedure where all loads were applied at the same opening. This aspect of joint design
can be considered by applying proper.weight factors to traffic and joint opening data
for the geographical area under consideration.

The effect of joint opening and closing on the fit between worn aggregate particles
in the fractured faces of the joint is also important to load transfer. This factor was
investigated by special tests on several laboratory slabs after completion of routine
loading. The data in Figure 14 were obtained from a 9-in. slab on a gravel subbase.
The slab had received one million 9-kip load applications at a joint width of 0. 065 in.
At the end of routine testing, joint effectiveness was 19 percent. At this time the
opening was closed in increments of 0. 01 in. to the smallest width that could be ob-
tained. To aid closing and create wear at the joint, one thousand load applications
were applied after each increment of closure. At the smallest opening, effectiveness
had increased to 100 percent.
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After reaching minimum closure, the same technique was followed as the joint was
reopened in increments to a maximum width of 0.1 in. Although effectiveness de-
creased during reopening, the rate of decrease was low and at an opening of 0. 065 in.
effectiveness was 52 percent., This is in contrast to 19 percent at the end of routine
testing. Furthermore, at an opening of 0.1 in. effectiveness was 32 percent.

Influence of Foundation Support

Three materials were used to investigate the influence of foundation support on load
transfer effectiveness and endurance. The materials were: (a) a clay subgrade with
k = 89 pci; (b) a gravel subbase with k = 145 pci; and (¢) a cement-treated subbase with
k = 452 pci. All slabs were tested with a 9-kip repetitive load. Effectiveness data are
shown in Figure 15 for 7- and 9-in. slabs with joint openings of 0. 035 in. onclay subgrades.
Effectiveness at the end of one million load cycles was 5 and 29 percent, respectively.
As a basis of comparison, effectiveness values at this opening onthe granular subbases,
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Figure 15. Effectiveness of joints in slabs on clay subgrade.
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reported in Figures 10 and 11 for 7- and 9-in. slabs, were 9 and 50 percent. It is
apparent that the added stiffness of the 9-in. slab contributed significantly to the aggre-
gate interlock of the slab on a clay subgrade.

Joint effectiveness was further increased when slabs were placed on a 6-in. ce-
ment-treated subbase. This is demonstrated by test results shown in Figure 16. These
data are for 9-in. slabs with joint openings of 0. 035, 0.065, and 0. 085. End values of
effectiveness corresponding to these openings were 77, 57 and 50 percent. In contrast,
effectiveness values on the granular subbase were 50 and 19 percent, respectively, for
the 0. 035- and 0. 065-in. openings. Furthermore, effectiveness for the 0, 085-in. joint
opening tested on the gravel subbase was zero after only 500, 000 load cycles.

The test results are summarized in terms of the endurance index in Figure 17. All
data are for joint openings of 0. 035 in. It is seen that as the k-value of the foundation
was increased from 90 to 450 pci, the endurance index was increased about 2, 6 times
for the 7-in. slabs and about 2 times for the 9-in. slabs.
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Figure 17. Effect of foundation strength on endurance index.
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Figure 18. Influence of load on effectiveness.

Influence of Load Magnitude

The influence of load on joint effectiveness is shown in Figure 18. The data are for
7-in. slabs on gravel subbases with joint openings of 0. 035 in. Prior to repetitive
loading the effectiveness of the three joints was about the same, ranging from 87 per-
cent to 95 percent.

Significant differences in effectiveness developed under the action of repetitive
loading and became more pronounced as the test continued. After 500, 000 loading cy-
cles, the effectiveness of the joints tested with the 5-, 7-, and 9-kip repetitive load
was 96, 68, and 39 percent, respectively. After one million loading cycles the ef-
fectiveness values were 98, 65, and 9 percent. These data indicate that effectiveness
decreased as the magnitude of load was increased. At the end of routine testing, one
million additional load cycles were applied to the slab tested with the 5-kip load and
there was no further change in effectiveness. This is significant as it suggests that
light loads cause little or no wear and probably do not need to be considered.
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Figure 20. Influence of aggregate shape on joint effectiveness.

As shown in Figure 19, the effect of load on endurance index was linear. The en-
durance index decreased as the load was increased.

Influence of Aggregate Shape

The influence of aggregate shape on effectiveness is shown in Figure 20. These
curves were obtained from tests on 9-in. slabs with 0. 035-in, joint opening placed on
gravel subbases.

The data shown in the bottom curve were taken from Figure 10. The coarse aggre-
gate used in this test slab was a rounded natural gravel with a Los Angeles abrasion
value of 28. The data shown in the middle curve were obtained from a slab cast with
crushed stone coarse aggregate that had a Los Angeles abrasion value of 24. The gra-
dation of the crushed stone was the same as the gradation of the natural gravel. Com-
paring these data, it is seen that joint effectiveness values for the crushed stone were
larger than values for the gravel. Although the two aggregates had slightly different
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Figure 21. Equivalence of performance.
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properties, the higher effectiveness of the crushed stone was attributed to its angu-
larity. To check this observation, effectiveness data were obtained for a third slab
shown by the top curve. The coarse aggregate for this slab was the natural gravel
after being crushed and recombined to its original gradation. In this case the only
variable was the shape of the coarse aggregate and joint effectiveness was increased
from 50 to 84 percent. Thus, for the same hardness, effectiveness was increased
with increased angularity of the coarse aggregate.

EQUIVALENCE OF PERFORMANCE

Data summarized in Figure 21 can be used to show equivalence of performance. It
is seen that bars of equal height indicate slabs with equal endurance index values. The
variables are joint opening, slab thickness, type of foundation, and magnitude of load.
Under the heading of foundation, designations are G for gravel subbase, CT for ce-
ment-treated subbase, and C for clay subgrade.

Two designs were equivalent at an endurance index of 70, Each was a 7-in. slab
with a joint opening of 0. 035 in. However, one slab was supported on a cement-treated
subbase and the other on a gravel subbase. It is seen that the additonal foundation
strength provided by the cement-treated subbase increased the load capability of the
joint by 2 kips.

Numerous other comparisons can be made; however, to summarize the test results,
an equation was developed by regression analysis. This equation relates endurance
index to the significant variables included in the test program. It includes only data
obtained from the rounded natural gravel. The equation is

" h
EI= 230 oo 3 (2)

where

h = depth of roughened interface, in.,
k = foundation modulus, pci,

P = wheel load, 1b, and

w = joint opening, in.
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Figure 22 is a nomograph developed from Eq. 2. A solution by the use of the nomo-
graph is illustrated by following the arrows. Starting with a 9, 000-1b wheel load and
proceeding horizontally to a k of 450 pci, vertically to an effective thickness of 7 in.,
and horizontally to a joint opening of 0. 065 in., it is seen that the endurance index is 58.

The equation has a standard error of estimate of 9. 2 percent and a coefficient of
correlation of 90 percent.

SUMMARY

Load transfer across transverse joints in concrete pavements through shear in the
aggregate interlock was investigated. Two laboratory devices applied repetitive loads
alternatively on the two slabs separated by the test joint. Load interval and frequency
were programmed to simulate the movement of tandem axles of highway vehicles. Va-
lidity of simulation was established by field tests with the PCA mobile laboratory.

The ability of a joint to transfer load was established by its effectiveness. The
ability to retain this effectiveness under load repetitions was labeled the endurance
index.

The following trends were observed:

1. When test load, slab thickness, and subbase were held constant, joint effective-
ness decreased as the joint opening was increased.

2. When these conditions prevailed and joint width was held constant also, effective-
ness decreased with load applications but the rate of decrease became less with con-
tinued repetitions. Usually 90 percent of effectiveness loss occurred during the first
500, 000 applications.

3. Effectiveness of a joint at a given opening was improved by closing the joint in-
crementally while subjecting it to limited repetitions before restoring the width to the
stipulated value. This operation to study the effect of aggregate fit and attrition ex-
plains in part the good effectiveness values obtained for in-service highway joints that
develop wide winter openings.

4. Joint effectiveness improved with foundation bearing value, k. Effectiveness of
joints in 7-in. slabs on cement-treated subbases was 2. 6 times that for slabs on clay
subgrades. Cement-treated subbases doubled the joint effectiveness for slabs on clay
subgrades when the concrete was 9 in. thick.

5. Experiments with 7-in, slabs on gravel subbases showed that the effectiveness
values at 0. 035-in. openings decreased continuously under 9-kip loading, reached a
pleateau at 65 percent under 7-kip loadings, and remained close to 98 percent under 5-
kip loadings. This is significant as it suggests that for each joint design, effectiveness
is not influenced by loads less than a critical value.

6. For the same aggregate or for aggregates of the same hardness, effectiveness
increased with increased particle angularity.

Endurance index was established as a suitable criterion for equivalence of joint per-
formance. An empirical relation relating endurance index to slab thickness, subgrade
k, load, and joint opening was developed and placed in nomograph form.
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Cement-Treated Subbases for
Concrete Pavements

L. D. CHILDS, Principal Development Engineer, Paving Development Section,
Portland Cement Association

The contribution of cement-treated subbasestothe load-carrying
capacity of concrete pavements was investigated. Concrete
slabs 3, 5 and 7 in. thick were cast on 3-, 6- and 9-in. ce-
ment-treated subbases. Interlayer treatments were sand-ce-
ment grout, SS-1 bituminous emulsion and 4-mil polyethylene.

Slab responses to loads were compared with theoretical be-
havior of.concrete slabs onclay subgrades. On the average, 2%
in. of cement-treated subbase was as effective in resisting de-
flection as 1 in. of concrete. At edges where the subbase was
extended 1 ft beyond the concrete slab, 2 in. of cement-treated
subbase resisted deflection caused by edge loads as effectively
as 1 in. of concrete. Cement-treated subbases also improved
load transfer across joints.

Pavements with grout bond resisted deflection as effectively
as unbonded designs with an added 5 to 1 in. of concrete thick-
ness. Emulsion produced erratic bond. These pavements on
the average, were only slightly stiffer than those without bond.
Upward curl and deflections at corners of curled slabs were
less for designs with grout bond than for other treatments.

Fatigue studies indicated excellent endurance for all pave-
ments tested. Although pavements were subjected to overloads
at edges, no edge failures were produced. Excessive loads at
corners caused cracking in some 3- and 5-in. pavements at
200, 000 cycles or more, but only one design was considered
unserviceable prior to 1 million load applications.

eROADS have been built with soil-cement for many years, but few subbases for con-
crete pavements were treated with cement before 1950. In 1938, a 7-mile length of
9-6-9 concrete pavement was built on a 22-ft wide by 6-in. deep soil-cement subbase
in Oklahema (1). Subgrades in this region contained expansive soils and cement treat-
ment was used to reduce soil swell. In 1946, the subbase for a section of the San Diego
to Los Angeles freeway (2) was prepared by treating the upper 4 in. with cement. The
primary purpose of the treatment was to minimize joint faulting and pumping and to
improve the riding quality of the pavement. The treatment was successful and became
a general practice in California in 1950.

Other areas of the country became interested in cement-treated subbases, not only
to improve the pavement but to reduce the cost of subbases when suitable granular ma-
terials were not available locally. This type of subbase, commonly designated as CTS
or CTSB, has now been used in 29 of the United States and 2 provinces in Canada.

An important factor in the thickness design of concrete pavements on CTS is the con-
tribution of the stiff subbase to the load-carrying ability of the pavement. Studies of
this factor are in progress at the Portland Cement Association Laboratories. Progress
was reported to the Highway Research Board in 1964 (3). The laboratory test program
has been continued, and this paper extends the scope of the first report.

Paper sponsored by Committee on Rigid Pavement Design and presented at the 46th Annual Meeting.
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The objectives of this study are; (a) to measure the deflection, strain and pressure
response of loaded concrete slabs on cement-treated subbases; (b) to investigate the
value of developing full interface friction between the concrete and the cement-treated
subbase by establishing interlayer bond; and (c) to study the adaptability of current
design methods to concrete pavements on cement-treated subbases.

Supplemental studies developed as the tests progressed are: (a) observations of the
effects of small flexural cracks in the cement-treated material on the life of the pave-
ment, and (b) evaluation of the improvement in load capacity achieved by extending the
cement-treated subbase beyond the edge of the concrete.

Static load tests on pavement slabs were supplemented by repetitive load tests on
slabs to obtain a concept of the endurance that might be expected under traffic. Stress
distribution in beams representative of each composite design was also studied.

NOTATION

Symbols used in this paper in order of their appearance are defined as follows:

k = Modulus of foundation reaction, psi per in. (pci)
CTS = Cement-treated subbase
fo = Compressive strength, psi
MR = Modulus of rupture, psi (subscripts indicate material)
E = Modulus of elasticity, psi (subscripts indicate material)
D. G. = Dense graded
O. G. = Open graded
PCC = Portland cement concrete
d; = Deflection, in., of interior of pavement due to interior load
P = Applied load, 1b
h = Thickness of concrete, in.
u = Poisson’s ratio for concrete
r = Radius of loaded area, in.
de = Deflection of pavement edge due to edge load
t = Thickness, in., of CTS
d, = Deflection, in., of pavement corner due to corner load
di = Deflection of loaded side of joint
dz = Deflection of side of joint opposite load, in.
¢ = Distance from CTS bottom surface to neutral plane, in.
€; = Theoretical strain in concrete extreme fibers, millionths
¢2 = Theoretical strain in CTS extreme fibers, millionths
S = Section modulus (I/c) where I is moment of inertia
oc = Compressive stress in top concrete surface at beam cracking, psi
M¢ = Moment to cause flexural crack in CTS, lb-in.
M,, = Moment to cause crack in upper layer of concrete, lb-in.
y = Calculated midspan deflection of beam, in.
n = Ratio of elastic moduli (Econc. /EcTs)
w = Measured beam deflection, in.
€c = Measured compressive strain, in.
eT = Measured tensile strain, in.
Omax = Stress due to 'maximum repetitive load
Og = Upper stress to cause fatigue from Goodman diagram.

i

I

MATERIALS AND SPECIMENS

The subgrade, subbase and surfacing materials were the same as those described
in previohs publications (3). The essential properties are reviewed here.

Subgrade

A silty-clay soil with 70 percent passing a No. 200 sieve, a liquid limit of 36, and
a plasticity index of 19 was compacted to a depth of 4 ft in a waterproof pit. Compacted
density and moisture content were approximately at standard conditions of 112 pcf
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TABLE 1
COMPONENTS AND FOUNDATION MODULI

Layer
Identity Thickness (in.) Interlayer
Symbo]* —————  Trzatment
Concrete CTS

Modulus k (pci)

Subgrade Subbase

3N3 3 3 Polyeth. 68 190
386 3 6 Asphalt 71 345
3N9 3 9 Polyeth. ™ 540
339 3 9 Asphalt 89 530
583 5 3 Asphalt 85 210
556 5 6 Asphalt 74 420
5B6 5 6 Grout 79 435
539 5 9 Asphalt 100 560
5B9 5 9 Grout 70 580
N3 7 3 Polyeth. 75 210
783 7 3 Asphalt 90 200
786 7 6 Asphalt 102 420
7B6 7 6 Grout 71 380
TN9 7 9 Polyeth. 98 550
7s9 7 9 Asphalt 85 515
7B9 7 9 Grout 93 535

a . - i
The first number refers to concrete thickness, the letter to interlayer treatment,
and the last number to CTS thickness.

TABLE 2
SPECIMEN PROPERTIES AT 28 DAYS

Cement-Treated Material Concrete at 28 Days
Pavement fe (psi), MR (psi), E (10° psi), fc (psi), MR (psi), E (10%psi),
2.8%5, 6-in. 3% 3-in. 3 X 3-in. 6% 12-in. 6 X 6-in. 6X%12-in.
Cylinder Beam Beam Cylinder Beam Cylinder

3N3 530 105 1.0 4480 530 5.0
3s6 480 110 1.4 5870 710 5.

3N9 430 95 1.3 5660 760 5.4
389 460 100 1.3 5280 680 5.4
583 520 133 1.4 5430 740 5.3
586 610 125 1.5 4960 705 5.3
5B6 505 120 1.3 5050 660 5.1
589 480 135 1.4 5230 690 5.2
5B9 430 110 1: 5 5310 735 5.1
N3 465 125 1.3 4950 715 5.6
753 650 85 1.4 6020 780 6.0
786 580 120 1.3 5330 710 5.6
B6 450 90 1.1 5200 695 5.3
TN9 440 115 L5 4210 590 5.0
s9 485 105 1.3 4920 630 5.1
789 500 110 1.4 5140 650 5.1

(dry density) and 16. 5 percent moisture. It was necessary to rework the top foot of
subgrade before placing each new subbase. Reaction modulus tests witha 30-in. di-
ameter plate at 0. 05 in. deflection averaged 81 pci. The k-value for each foundation
is given in Table 1. The slabs are identified by a 3-character designation that lists the
concrete thickness followed by a letter denoting the type of interlayer treatment and a
final number giving the subbase thickness.
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Cement-Treated Material

A nonplastic soil with 50 percent passing the No. 40 sieve was mixed with 5. 5 per-
cent cement and 11 percent water by weight to make the cement-treated subbase. The
cement requirement was determined by ASTM Standard methods and the Portland Ce-
ment Association criterion for brush loss. This material was compacted to densities
close to the standard value of 125 pef (dry) and 10. 5 percent moisture. For unbonded
and grout-bonded pavements the CTS was cured 14 days under polyethylene. Emulsion
was applied immediately after CTS compaction on those subbases placed for the
bituminous interlayer study.

The subbase, as originally constructed, extended 1 ft beyond the edge of the con-
crete. After load testing the flat slabs with bituminous interlayer, the extended ledge
was removed and tests repeated to compare the responses of the wide subbase with
those when the subbase edge was flush with the concrete.

Reaction modulus was measured on the CTS at age 14 days with a 30-in. diameter
plate. As it was impractical to depress the plate 0. 05 in. on the CTS, the plate load
was limited to 10 psi. Values of k (Table 1) ranged from 190 pci on a 3-in. layer to
580 pci on a 9-in. layer.

Cylinders and beams of CTS material were molded as suggested by Felt and
Abrams (4). Compressive strength, modulus of rupture, and modulus of elasticity
associated with each pavement at age 28 days are given in Table 2.

Interlayer Treatments

The subbase was covered with one of three materials to develop the desired inter-
layer treatment. For no bond (N) a sheet of 4-mil polyethylene was placed on the sub-
base. For full bond (B) the subbase was brushed with a cement-sand grout consisting
of 1 part concrete sand, 1 part cement, and water to form a thin paste. The third
treatment (S) was a coat of SS-1 bituminous emulsion, a common asphalt cure treat-
ment used on road bases.
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Concrete

The concrete mix consisted of sand, gravel aggregate of 1 in. maximum size, ce-
ment at 6 sk per cu yd, and water at a w/c ratio of 0. 50. Air content was controlled
between 4 and 5 percent, and slump maintained between 2.5 and 3. 5 in. Cylinders and
beams molded at placement were tested at age 28 days. Properties are given in
Table 2.

Pavements

The pavement slabs were 10 by 14 ft and were placed in pairs with a tied longitudinal
joint as shown in Figure 1. At the ends of each pavement were short slabs connected
to the test slab by butt joints. One of these joints contained smooth dowels on 12-in.
centers and with diameters one-eighth the concrete thickness. The other joints had no
dowels. The concrete was covered with wet burlap until dikes were built to contain
surface water and protect the areas designated for instrumentation. After dike con-
struction the slabs were flooded, thus achieving a water cure and insuring that the slab
did not curl upward due to drying of the top surface.

Stress Beams

Beams 12 in. wide and 48 in. long were manufactured in a heavy steel mold. A
quantity of CTS material sufficient to give the required thickness when compressed to
standard density was distributed in the mold and compressed by a 12- by 48-in. piston
until desired thickness was attained. The specimen was left undisturbed and the
following day the piston was removed, loose soil particles cleared away, the top
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surface brushed with a cement-sand grout and the concrete placed. At age 24 to 30 hr
the mold was inverted and removed. The beam was handled and stored in a fog room
with the concrete on the bottom to provide support for the CTS.

INSTRUMENTATION, FACILITIES AND OPERATIONS
Pavements

A detailed description of the facilities and instrumentation is given elsewhere (3).
Locations of gages, dials, pressure cells and loadings are shown in Figure 1. The
housing, reaction frame and static load facilities for pavement studies are shown in
Figure 2. Static loads were applied by a hydraulic jack and monitored by a strain-
sensed load cell. Load increments were 2000 or 3000 1b depending on an estimate of
slab capacity. Magnitude of load was limited by the development of about 100 millionths
strain on the concrete surface.

On completion of load tests on ponded slabs, the water was drained and the slab
surface dried until corners curled upward at least 0. 015 in. Testing was resumed to
study the effect of upward curl and consequent reduced subgrade support on response to
load. Test positions for the curling study were the slab corners, extreme edge and
interior.

At the conclusion of the curling study the pavement slabs were subjected to repetitive
loading. A mechanical oscillator with two counter-rotating 800-1b eccentric cylinders
developed centrifugal force that alternately augmented andrelieved the dead weight of
concrete ballast blocks. Dynamic thrust was controlled by varying eccentricity, speed
of rotation and ballast. The device is shown in Figure 3. Thrust was applied through a
pair of oval plates simulating dual tire prints. An instrumented plate spanned the oval
plates and sensed the load. Slab deflection was measured with a recording deflectome-
ter described by Nowlen (5). Maximum and minimum load, maximum deflection, and
maximum strain measured at the gage location showing the greatest response were
recorded at regular intervals.

Beams

Beams representing isolated sections of the pavements were tested under two con-
ditions. The first was a simple support as shown in Figure 4. The supports and loads
were the inverse of normal procedure to minimize stress in the low modulus CTS due
to the weight of the beam. Although a simply supported beam is not representative of
pavements on subgrades, the tests provided information on the strength characteristics
of the layers, and related compressive stress in the concrete with flexural stress in the
CTS up to the point of rupture.

Instrumentation included SR-4 gages attached to the top and bottom surfaces and also
to the vertical faces at several locations. Deflection of the beam center with respect to
points on both ends at the load lines were measured with a single 0. 0001-in. dial
indicator.

A second method of support provided vertical and horizontal restraint at the CTS
surface by means of a rubber pad placed on the web of a steel beam (Fig. 4). Load was
applied through an 8- by 12- by 1-in. rectangular steel plate. Instrumentation was
similar to that described for the simply supported beam.

This method of support produced relations between concrete surface and CTS sur-
face tensile strains, and curvatures that were considered to be more representative of
those in pavements than similar relations obtained with simple supports. It also re-
sulted in failure patterns similar to those known to occur in slabs on the ground; i.e., a
tension crack in the bottom widened and progressed upward with increasing load but the
compression in the concrete delayed the appeargnce of the crack in the concrete sur-
face.

Figure 5 shows a simply supported beam ready for a load test. Although the Amsler
equipment shown is designed for repeated loading, it was used also to apply static loads
to establish an ultimate strength value for subsequent fatigue studies. Automatic strain
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Figure 5. Beam in position for load-strain study.

recording equipment produced continuous traces as the load was applied, and cracking
was detected at or near a gage when the strain response curve deviated sharply from
its established slope.

TEST RESULTS
Subgrade and Subbase

Values of reaction modulus, k, for the cement-treated subbases are given in
Table 1. Points representing these values and also those from previous untreated
granular subbase studies are plotted in Figure 6 against subbase thickness to show the
effect of increasing subbase thickness on the reaction modulus. The reaction modulus
of a 3-in. cement-treated subbase was twice that of a 3-in. granular, and the modulus
of a 9-in. CTS was more than three times that of the same thickness of granular ma-
terial. Although it is known that small changes in k are not of consequence in thickness
design, the large increases achieved by the use of cement-treated material over those
normally attained on granular materials are significant, and subsequent data from load
tests on slabs demonstrate the degree to which load-carrying ability is increased.

Flat Slabs

Pavements were loaded in increments to obtain load-deflection, strain and pressure
curves. Although 9-kip loads caused low responses on thicker designs, the curves
from thinner designs began to deviate from linearity at this value. Therefore, 9 kips
was the greatest load useful for direct comparison.
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TABLE 3
RESPONSE TO 9-KIP LOADS AT INTERIOR AND EDGE
Interior Edge With Ledge Edge Without Ledge
Pavemen  pefi, stran Press.  Defl. Strain Press.  Defl. Straln Press.
(10"%n.) (107%  (psi) (107%n.) (107%  (psi) (10™%n.) (107%  (psi)
3N3 23 101 6.1 46 150 8.5
3g3? 23 99 6.2 44 155 9.0 = = -
3p3* 21 90 5.8 39 138 8.2
3N62 17 83 5.0 31 131 7.1
386 15 81 5.4 30 122 7.6 37 140 8.5
3p6? 15 73 5.5 29 119 7.5
3N9 13 69 5.5 22 107 7.2
389 12 63 5.0 23 110 7.3 3 134 8.0
3B9 14 66 4.8 21 108 6.8
5N32 13 58 4,2 26 99 5.5
593 11 60 4.2 26 97 5.5 30 116 7.0
5B32 11 49 4.0 23 87 6.0
5N62 8.5 45 4.0 19 69 4.9
556 9.0 42 3.6 17 71 5.4 22 89 6.1
5B6 8.5 45 3.5 17 65 5.0
5N9? 7.5 40 3.5 17 62 4.6
559 7.0 36 3.1 16 62 4.5 20 84 5.8
5B9 6.5 35 2.9 14 56 4.6
N3 6.5 35 3.4 15 65 5.0
783 6.0 32 3.1 16 62 4.8 19 74 6.0
B3 6.0 31 3.1 15 55 4.5
N6 5.0 29 3.1 14 45 4.0
756 5.0 25 2.4 13 48 4.2 14 62 5.5
7B6 4.5 23 2.5 12 46 3.8
N9 4.5 22 2.2 11 38 3.5
789 4.0 17 2.0 11 39 3.0 13 52 4.5
B9 4.0 17 1.8 10 36 3.3

%ee Ref. @)
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Figure 7. Comparison of interior deflections for 9-kip load.

Pavements are designed on flexural stress, and experimental comparisons are
usually made from strains with the assumption that the neutral plane is at mid-depth.
Varying degrees of composite action occurred with CTS layers and strain symmetry
was lost. Also, as illustrated, CTS fracture did not always result in section failure.
Thus concrete strain was unsuitable for direct comparison. Pressure and curvature
were considered but reproducibility in both cases was unsatisfactory. A response
somewhat deficient in sensitivity but quite reproducible was maximum deflection at
load. As all pavements were built on approximately the same subgrade (average k =
81 pci), deflection was a simple measure of pavement stiffness. Furthermore, de-
flections are critical when pavements are built on pumping-susceptible subgrades.
Therefore, deflection was considered a suitable response for pavement comparisons.

Interior Locations—The trend that thicker pavements yield smaller deflections is
given in Table 3, but the data are more meaningful when interpreted in terms of
thickness of plain concrete pavement. The curve in Figure 7 relates interior deflection
and concrete slab thickness by means of the 1925 Westergaard (6) formula

d, = (1)

where dj is deflection in inches, P =9, 000-1b load, k = 100 pci, and
Eh* /e

L= | ————
12(1-1%)k
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To compute coordinates for the curve, Young's modulus, E, was selected at 5 million
psi, k at 100 pci, and pavement thickness, h, was assigned values from 4 to 15 in.

In Figure 7, the test slabs are identified on the right with the measured test de-
flections at 9-kip load shown on the left. A horizontal line originating at any tested
design intersects the curve at a point giving that thickness of slab without subbase that
will produce the same deflection. For example, 5-in. concrete on 6-in. CTS with no
bond deflects the same as 7% in. of plain concrete on a clay subgrade. By this method
of evaluation, it is seen that the designs tested were equivalent to plain concrete pave-
ments ranging in thickness from less than 4 in. to more than 12 in.

Table 3 and Figure 7 show that interface treatment did not alter pavement de-
flection response to interior loads significantly. For pavements with 3-in. concrete on
CTS the deflections differed with treatment, but there was no consistent trend estab-
lished to indicate that one type of treatment contributed more to load-carrying ability
than another. For 5- and 7-in. concrete on CTS, pavements with grout bond deflected
least and pavements without bond deflected most, with one exception. However, de-
flections were small and except for the 5-in. concrete on 3-in. CTS, deflection dif-
ferences were at most 0. 001 in. This difference was not sufficient to establish a trend,
and it was concluded that interface treatment was not an important consideration from
the standpoint of the ability of pavements to support interior loads.

Free Longitudinal Edge—As discussed previously, the cement-treated subbase
extended 1 ft beyond the edge of the concrete. When pavements on these subbases were
loaded at the edge of the concrete, the CTS ledge contributed to load-carrying ability
by reducing responses below those for the flush construction. To ompare these treat-
ments the pavements with bituminous interlayers were retested after the ledge was cut
away. Data from edge tests under both of these conditions are given in Table 3.
Relative magnitudes of responses to the 9-kip load are seen more readily in Figure 8.




30

WITHOUT
WITH LEDGE
K_EDGE ( Bitumen Cure)
3 4
.05
04 =
=z E 6-‘
- w
y B -
=9l |
0.03 z‘s 29
w 8 B z0 g3 L
o E - 34, i e
¥ 7l ﬁ ® 6l® < e
J 5 w O o
n B z T |z
S w 512 '-6__8
S N Flon T o B
(@] B LU'_ = o el 5
02 S|© L O o
Z - i S I e == o et 9 L
2. oL 1N I\, 2 518 34
5 CleL s P \G 10+
o 's) :B : i5 @
wl -N : !
I.T.l =0) S = S : ™~
a AT
e L]:FN :
x| ]
Ol S |
z |
o
SN |
~lo} S |
B l
OI ¥ . 1 1 1
12 14

1
4 6 8 10
THICKNESS OF SLAB WITHOUT SUBBASE, IN

Figure 9. Equivalent designs, 9-kip edge loading.

Measured deflections are used to compare the tested designs with equivalent con-
crete slabs without subbase by use of a curve of edge deflections vs slab thickness
computed from the Westergaard (Z) expression

a = p‘/?‘*—l'zﬂ [1 -(0.76+0. 40,;)%] (3)
Eb’k

In this formula, r is the radius of the loading area and the remaining symbols are the
same as defined for interior loading. The curve relating composite design, de-
flections, and plain concrete slabs without subbase is shown in Figure 9. Pavement
designations on the left locate the designs at the deflections measured when the CTS
extended beyond the slab edge. Those on the right are located at deflections mea-
sured on slabs with bituminous interlayers after the ledge of CTS was removed. De-
flections of pavements of 6- and 8-in. concrete on gravel (8) subbase measured prior
to the CTS study are included for direct comparison. -

A study of Figure 9 confirms that deflection response to load at slab edges is
affected by both edge construction and interlayer treatment. Edge deflections of the
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Figure 10. Relation between plain concrete and composite designs as determined from interior and
edge loads.

pavement slabs with bitumen-cured CTS that had the ledge removed were consistently
greater than the deflections of slabs when the ledge was intact. Also, the pavements
with grout bond had lower deflections than other pavements. Although deflections of
unbonded slabs were greater than those of slabs with bituminous cure in 6 cases out of
9, the partial bond effected by the bitumen was discounted because of its uncertainty.

Use of this chart is illustrated by comparing designs intercepted by the dashed line
at a deflection of 0. 02 in. For example, equivalence of design is noted for the 5N6 with
a 1-ft ledge, the 8G3, and the 589 without a ledge. Further, each of these designs
corresponds to a concrete pavement 8. 2 in. thick on a subgrade with a k-value of 100,

The effects of interlayer treatment and extended width of subbase in terms of
equivalent plain concrete depth can be seen also by comparing appropriate curves in
Figure 10. These curves interpret the data from Figures 7 and 9 supplemented by
results from a study on cement-treated bases by Nussbaum and Larsen (9).

When the subbase did not extend beyond the slab edge, composite slabs with a con-
crete layer of depth, d, and cement-treated layer of depth, t, can be related to con-
crete without subbase by

h=0.4t+d (4)
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TABLE 4 TABLE 5
RESPONSE TO 9-KIP LOADS AT UNDOWELED JOINT RESPONSE TO 9-KIP LOADS AT DOWELED JOINT
Load at Corner Load at Mid-Joint Load at Corner Load at Mid-Joint
Press. Press.
Deflection Tensile (psi) Deflection Compressive Deflection Tensile (psi) Deflection Compressive
Pavement  (15°55n)  Strain (1079 (107%) Strain (10°°) Pavement  (15°351)  Strain (107°) (107%) Strain (10°°)
Load Load

Load Opp. Load Opp. Load Opp. Load Opp. Load Opp. Load Opp. Load Opp. Load Opp.

3N3 49 42 41 39 9.6 28 25 98 6 3N3 46 44 40 38 9.0 26 20 110 80
3532 46 42 40 35 9.0 28 217 101 83 3532 44 40 37 32 8.0 25 21 105 5
3B32 41 41 35 32 8.5 24 24 95 71 3B3? 38 37 30 25 8.6 23 23 95 65
3N62 34 32 29 20 9.0 17 15 65 60 3N62 30 28 28 25 8.3 15 12 70 54
356 38 35 32 26 8.5 18 16 75 70 356 32 29 32 25 8.5 18 18 78 60
3B62 28 28 26 16 8.1 16 14 60 46 3B62 26 25 25 22 8.8 15 15 58 43
3N9 26 23 22 16 8.0 12 11 49 40 3N9 25 23 25 21 8.0 14 12 45 33
359 25 22 24 20 8.8 13 11 46 37 389 24 22 24 20 8.6 13 12 40 35
392 20 19 17 15 8.0 12 12 38 30 3R92 19 18 19 16 7.2 12 11 36 36
5N32 39 37 30 27 8.0 27 25 81 70 5N3% 35 34 28 28 7.3 22 20 80 65
583 34 32 32 25 7.5 23 21 67 57 583 31 30 24 21 6.7 19 18 70 56
5B32 33 32 27 21 7.0 20 19 70 60 5B32 32 29 27 26 7.0 17 15 75 54
5N6% 19 16 18 14 7.2 11 11 35 28 IN62 17.5 15 17 14 6.5 12 11 38 34
586 23 21 16 14 7.5 15 13 49 32 .86 23 21 18 14 7.2 13 10 48 35
5B6 21 19 20 Al 7.0 11 12 44 28 5B6 20 18 17 15 6.1 13 11 52 30
5N92 18 17 17 16 6.6 11 10 30 30 5N92 17 15 17 16 6.0 11 11 31 31
5389 17 16 19 15 6.0 11 10 38 28 589 16.5 13 15 13 6.1 12 10 37 28
5B9 16 16 21 16 6.2 10 9 35 26 5B9 16 15 16 14 5.5 10 9 35 27
N3 21 19 28 19 6.5 15 14 50 44 N3 21 20 24 21 7.1 13 11 42 24
783 20 19 24 20 6.2 14 12 46 36 783 19 20 23 15 6.6 11 9 40 19
7B32 22 21 20 13 6.0 12 12 41 32 B32 20 18 18 12 5.7 14 12 42 34
TN62 18 18 17 15 5.2 10 10 26 21 TN6> 17 16 16 15 4.8 9 9 27 27
786 17.5 17 19 14 5.0 11 8 33 24 s6 16 14 16 14 5.2 9 8 36 25
7B6 17 16 20 18 4.3 10 8 32 20 7B6 15.5 14 15 13 4.5 8 6 33 30
TN9 16 14 18 18 4.6 9 7 31 26 N9 15 11 17 17 4.6 8 7 33 27
789 15 14 16 15 4.0 9 9 29 24 789 14 14 15 14 4.0 9 9 35 25
B9 14 14 14 14 4.0 8 8 28 32 B9 14.5 14 15 15 4.3 8 7 34 33

%ee Ref. (E) %See Ref. @).
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Figure 11, Comparison of tested joints with theory at full load transfer (corner load).

This expression is conservative for d = 7 in. Experimental values from interior tests
on composite slabs with 3-in. concrete resulted in equivalent plain concrete thicknesses
slightly below those computed by this empirical formula (Fig. 10a), but under edge
loading there was better agreement (Fig. 10b). For composite design without grout
bond and with no CTS beyond the concrete, about 2" in. of CTS was required to
support load as effectively as 1 in. of concrete.

Figure 10c relates plain concrete and composite pavements without bond when the
controlling load was at the slab edge and the CTS extended 1 ft beyond the concrete.
These curves are approximated by the equation

h=0.6t+d (5)

The ledge construction improved the effectiveness of the CTS. When the CTS was wider
than the concrete and the load was at the edge of the pavement less than 2 in. of CTS
was required to support load as effectively as 1,in. of concrete.

Transverse Joints—Load tests were made at 4 positions along each transverse
joint. Maximum deflections, strains and pressures caused by 9, 000-1b loads at butt
joints without dowels are given in Table 4, and those at doweled joints in Table 5.
Deflections were largest for loads at the outside corner, and strains greatest when
loads were at the load position at the joint edge farthest inward from the corner. Data
for intermediate positions are not reported.
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TABLE 6
SHAPE CHANGE DUE TO CURL

Change in Elevation (0. 001 in.)

Pavement Undoweled Doweled Free Infertor
Corner Corner Edge
3N3 60 50 32 -10
3s3? 60 45 30 -13
3B32 53 40 20 -12
3N62 51 39 29 -12
3s6 53 36 26 -10
3B62 46 35 24 -12
3N9 47 38 20 -9
389 34 31 20 -9
3B92 16 15 8 = 7
5N3? 42 31 15 -10
533 40 26 15 -9
5B32 28 25 13 -8
5N6% 40 28 6 -9
586 36 26 13 -8
5B6 25 25 10 -10
5N92 34 31 12 -7
559 37 30 10 -9
5B9 20 20 8 -8
N3 32 29 14 -10
783 29 28 15 -9
7B3% 30 18 4 -10
TN6? 27 26 9 -9
756 30 18 16 -9
7B6 18 16 11 =
N9 27 24 16 -9
789 25 20 15 -8
7B9 15 15 9 -8

%See Ref. @3).

In a manner similar to that for interior and edge loads, the corner load deflections
are interpreted in Figure 11 in terms of concrete thickness required without subbase
to maintain the same deflections as those obtained by test. The theoretical deflections
were computed with the assumption that two abutting free corners, each loaded to one-
half the test load, would deflecttogether in the same manner as corners at a joint with
full load transfer. The Westergaard (6) formula for free corner deflection is

P
d =(1.10-1.24%) = (6)
c L kL2

Values of the variable were the same as for interior loading except that load P = 4500 lb.
Effectiveness of load transfer at the joints was computed by the Teller and Suther-
land (10) expression

| 24
Ej = [m] 100 (7)

where d, is the deflection of the loaded slab and d: is the deflection of the adjacent slab
due to this load. When loads were at corners of undoweled joints, Ej ranged from 92 to
100 percent. When loads were at mid-joint, Ej ranged from 84 to 10]0 percent. Sim-
ilarly, corner loading at doweled joints produced Ej values from 85 to 100 percent and
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TABLE 7

RESPONSE OF CURLED PAVEMENTS TO 9-KIP LOAD AT
INTERIOR AND EDGE

Interior Outside Free Edge®
Pavement = =
Defl. (-10"%n.) Strain (10™%  Defl. (-107%n.) Strain (107°)
3N3 26 105 58 170
3g3b 24 102 60 185
3p3b 21 77 43 157
3N6 18 92 55 136
356 19 88 49 127
3p6P 13 66 33 99
3N9 15 63 40 117
339 16 60 40 135
3pyb 12 56 24 100
5N3P 15 63 44 97
533 15 58 40 110
5830 13 45 27 Bl
5N6P 9 44 25 63
556 8 46 27 86
5B6 9 40 23 B0
5NgP 8 37 23 57
559 8 40 25 82
5B9 7 35 20 53
N3 7 36 22 65
783 6 30 23 70
7B3P 6 27 i5 m
7N6P 6 32 19 45
7S6 5 28 18 60
786 5 24 12 3
7N9 5 24 15 40
789 4 20 15 48
789 4 18 12 0

%Underlined values obtained after CTS ledge was removed.
See Ref. (3).

mid-joint loading from 86 to 100 percent. These results indicate that in no case was
effectiveness below 84 percent, i.e., at least 42 percent of the load was transferred
across a joint.

In summary, pavements of concrete on CTS were equivalent in deflection resistance
at joints to concrete pavements with thicknesses related as shown in Figure 11, and
load transfer was good for both doweled and undoweled constructions.

Curled Pavements

After completion of static tests on the ponded pavements, the water was drained and
the concrete surface dried. Changes in elevations of corners, edges and slab centers
were measured with slip-pin deflectometers. Testing was resumed when corners had
raised at least 0.015 in. Actual elevation changes at the beginning of curled slab tests
are given in Table 6.

The elevation changes at corners and edges were greater for thin pavements than for
the thick combinations. Increasing thickness of bonded CTS aided in curl restraint.
There was also an effect due to increasing concrete thickness. Combinations without
bond and with bituminous interlayer curled to about the same degree. Curl was less at
corners of doweled butt joints than at undoweled butt joints. Restraint due to dowels
was greater in pavements with thin concrete.

Interiors and Edges— Deflection and strain readings due to 9-kip loads at interiors
and edges of curled slabs are given in Table 7. The values at interiors are essentially
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RESPONSE OF CURLED PAVEMENTS TO 9-KIP
CORNER LOAD AT JOINTS

TABLE 8

Undoweled Joint Doweled Joint
Pavement? Defl. (10 %n.) Strain (107°) Defl. (10 %n.) Strain (107%
Load Opp. Load Opp. Load Opp. Load Opp.
3N 75 66 55 40 70 60 60 56
383 70 65 54 34 69 63 57 54
3p3P 61 49 45 36 45 39 49 35
3N6P 58 43 48 39 39 42 48 38
356 62 48 54 42 48 42 53 38
3B6P 33 26 30 14 27 26 36 22
3N9 42 40 44 39 42 37 42 37
389 46 42 48 40 45 36 42 30
Rzl 25 23 30 3 24 1§ 35 i3
5N3b 59 44 46 33 53 50 42 30
553 50 48 49 34 48 48 44 35
5B3P 43 33 33 16 44 38 38 33
5N6D 25 21 20 18 28 22 28 10
536 42 33 31 30 39 35 38 32
5B6 33 25 23 20 30 27 30 24
5N9P 30 26 32 28 34 30 27 24
589 31 26 35 29 34 28 36 31
5B9 22 20 27 20 22 19 26 20
N3 25 25 28 23 25 22 27 25
793 31 29 34 25 32 24 30 21
7B3b 29 26 22 12 25 21 24 11
7N6P 28 26 29 25 24 21 21 20
756 30 26 31 24 24 22 27 24
7B6 20 19 21 18 20 19 20 18
7N9 22 20 25 23 19 18 20 16
759 24 22 29 24 24 20 21 17
B9 16 16 21 20 18 18 17 16
“Underlined designs tested with CTS ledge removed.
See Ref. (3).
TABLE 9
VALUES FOR SECTION ANALYSIS
C €1 Oc S Mg M
Pesign (in.) @ (s) (0% (in.1b)  (in.lb)
3-in.conc. 1.5 1.00 — (18) — 12, 200
3B3 3.9 0.54 240 101 11,100 12,200
3B6 6.0 0.50 218 216 23,800 12, 200
3B9 7.93 0. 51 224 386 42,500 12,200
5-in. conc. 2.5 1.00 - (50) = 34, 000
5B3 4.98 0. 61 270 206 22,700 34, 000
5B6 7.23  0.52 230 331 36,400 34,000
5B9 9.33  0.50 218 522 57,500 34, 000
7-in. conc. 3.5 1.00 = (98) - 66, 500
7B3 6.02 0. 66 290 368 40,500 66, 500
7B6 8.35  0.56 250 490 54,000 66, 500
789 10,55 0.52 230 695 76,500 66, 500
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Figure 12. Moment to cause cracking in CTS and concrete.

the same as those for flat slabs. At edges there was a marked increase in deflections
of pavements with unbonded and bituminous cured subbases, but only a moderate in-
crease in deflections of bonded pavements. The data for edge tests on curled pave-
ments with asphalt interlayer must be compared with the Table 3 data for pavements
without ledge, except for the 383 combination.

Strains on the concrete surface due to loads on the outside free edge were larger for
curled slabs than for flat pavements in some cases and smaller in others. Increases
were noted for 5 of the 9 treatments with 3-in. concrete, but differences between values
for curled and flat pavements were either less or insignificantly different for the
remaining combinations.

Transverge Joints—Table 8 gives corner deflections and tensile strains inward along
the joint for 9-kip loads at joint corners on curled pavements. All entries are greater
than those for flat slabs, and values for the pavements with bituminous interlayer were
the result of both curl and loss of the CTS ledge.

Corner deflections of curled unbonded pavements and asphalt cured designs were
about 50 percent greater, and those of curled bonded designs about 25 percent greater
than corresponding deflections of flat pavements. Tensile strains along the joint also
increased but to a lesser extent than deflections. On thin pavements, deflections at
doweled corners were slightly less than those at undoweled corners, but this trend did
not hold for strains.

Effectiveness of load transfer for curled slabs was computed as described previously.
At undoweled joints these values ranged from 85 to 100 percent compared with 92 to 100
percent for flat slabs. At doweled joints, effectiveness of curled slabs ranged from 85
to 100 percent. Although the ability of undoweled joints to transfer load was slightly
better when slabs were flat than when curled, the effectiveness was as good as at
doweled joints, and the ability to transfer load was generally very good for slabs in
either flat or curled condition.

Stress Ratios and Failure Criteria

In preparation for repetitive load studies on composite pavements, a study was made
of stress distribution through typical fully bonded sections. This was necessary to
permit computations of the load magnitude that would produce fatigue.
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Computation of Cracking Moment— From Table 2, average values of elastic modulus
and modulus of rupture of each material were found to be
_ 6 s _ 6 i
Econc =5.2 X10" psi Ects =1,.3x%x10° psi

MRconc = 680 psi MRcts =110 psi

Using these values, the moment required to cause cracking in the bottom of the CTS
was computed for a 12-in. wide section. It was then assumed that cracking progressed
upward through the CTS layer to the concrete, and the resulting tensile stress in the
bottom of the concrete was noted. If this stress did not exceed the concrete modulus of
rupture, moment to cause concrete failure was calculated. Critical values in this
analysis are given in Table 9. Notation is as follows:

¢ = distance from bottom of section to neutral plane;
€1 = compressive strain in the top surface of concrete;
€2 = tensile strain in bottom of CTS;
oc = compressive stress in top surface concrete at CTS flexural crack in beam;
S = section modulus transformed to CTS;
Mt = moment at CTS cracking;
M, = moment to cause cracking in upper layer of concrete.

Cracking moment curves are shown in Figure 12. It is noted that:

1. Sections 3B3, 5B3, 7B3 and 7B6 should continue to support load after cracking
in the CTS at moments below those causing flexural failure on the concrete; and

2. CTS thicknesses greater than 3% in. under 3-in. concrete, greater than 5% in.
under 5-in. concrete, and greater than 7% in. under 7-in. concrete will increase the
moment capacity of the section above that which can be sustained by concrete alone.

Beams for Stress Study—Beams described earlier in this report were tested to
examine the validity of the preceding computations. The beams were loaded on simple
supports for a direct comparison with the analysis. Similar beams were supported on
rubber pads to note whether horizontal restraint developed.

Static load tests were made on 3-, 7-, and 5-in. concrete beams and also on 7B6,
5B6 and 3B9 composite beams. Three specimens of each type were tested on simple
supports and three each on continuous supports. Mid-span deflections and upper and
lower surface strains were measured. Data are shown in Figures 13a and b.

Theoretical calculations of deflections and strains were made for the simply
supported beams with partial uniform load. The formulas reduced to

Deflection, y = ggEan; Moment, M = 135 Strain, ¢ = _12}1;: &

The data indicated that the moduli of the beam materials were lower than those of the
pavements. Small batches and differences in length of curing time of the cement-treated
material probably contributed to this discrepancy. Also, the CTS portions of the beams
were compacted by static compression as against dynamic tamping for the pavement
slabs.

Elastic moduli for concrete beams were computed from experimental deflections and
found to vary from 4. 0 to 4. 4 million psi. To locate the theoretical deflection and strain
lines in the figure, a modulus of 4. 2 million psi was assumed.

Data from composite beam tests deviated considerably from linearity, and the
theoretical lines in these charts were compromises using a modulus ratio n = 10. The
usual transformed section analysis method was employed to obtain ¢ and I for each
composite beam.

There was sufficient scatter in the tests on concrete beams to obscure any effect
that the continuous support might have had on reducing the ratio of tensile to com-
pressive strains below those measured on simply supported beams. From these limited
data it must be assumed that compressive strains on the top of concrete pavements at
slab edges are approximately equal to the tensile strains on the lower surface up to the



39

SIMPLE SUPPORTS CONTINUOUS SUPPORT
] y/ (3
/ Gc |5,‘_ 61’
€T . .
* 10+
54
9-IN CONCRETE
Ve NS L W T TN [P b ot g b I 4 4
100 (o} 100 100 0 100
A - LIRS N
(o} .005
Theory. Measured
(/ \
€c 10+ 53
5-_
| (I R LI, e o8 TURY Ry A L
100 0 100 100 0 100
J S T T | T | I
0 .005
Concrete Cement - Treated
Surface Surface

5-IN CONCRET

LOAD,
KIPS

T ] S i [ .| Rit
100 0 100 100 0 100
' ST P B [ T S Y 11
0 005 STRAIN, € , MILLIONTHS

DEFLECTION, wé y, IN

<«€-COMPRESSION

TENSION-&

Figure 13a. Effect of support on surface strain in plain concrete beams.

state of fracture.

could occur in the CTS surface and not be evident at the concrete surface.

The beam tests on continuous support showed, however, that fracture
In all cases

no failure could be seen on the compressive face of the concrete even though the beam
was overloaded and the fracture extended to within % in. of the concrete surface.
From the tests on composite beams it was also concluded that tensile strains in the

CTS could be approximated from measured compressive strains in the concrete.

For

the beams tested, CTS strain magnitudes were two to three times those of the concrete,
the correct ratio depending on the beam composition.

A program of repetitive load studies on beams on continuous supports to obtain
curves relating stress level and repetitions is now beginning. One of the difficulties
encountered is the criterion for test termination because the specimens continue to
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Figure 13b. Effect of support on surface strain in composite beams.

support load after almost complete fracture. This same condition exists in pavements
where fractures serve as plastic hinges until such time as the foundation is weakened
and total separation or faulting occurs.

Repetitive Loads on Pavements

After completion of static load tests on curled slabs, repetitive loads were applied
to a number of pavements to test their endurance. Positions selected for the test were
free edge, doweled corner and undoweled corner. Loads were applied with a me-
chanical two-mass oscillator at rates from 180 to 240 rpm. The two 800-1b masses
were capable of producing vertical thrusts up to 10, 000 1b. Rate of rotation, eccen-
tricity and ballast were adjusted to obtain the desired load range. Results are
summarized in Table 10,



TABLE 10
REPETITIVE LOAD RECORD

Pavement

Position

Load (kips)

Max. Defl. Max. Conc.

Cycles to

Cycles to
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Max. Min (in.) Strain (10"®) First Crack End of Test
3N6 Edge 9 1.5 0.085 140 - 1, 500, 000
356 Edge 11 2.0 0. 095 135 — 1, 750, 000
356 Und. cor. 11 2.0 0.120 140 300, 000 500, 000
389 Und. cor. 14 2.6 0.130 115 200, 000 2, 000, 000
389 Dow.cor. 14 2.6 0.090 110 250, 000 2, 100, 000
586 Und. cor. 14 2.6 0, 065 105 280, 000 1, 400, 000
5B6 Edge 14 2.6 0. 080 95 — 3, 300, 000
5N9 Und.cor. 15 3.1 0. 070 100 500, 000 2, 500, 000
5N9 Dow.cor. 15 3.1 0. 065 35 500, 000 2, 000, 000
589 Und.cor. 16 3.7 0. 075 75 — 2, 300, 000
589 Edge 16 3.7 0. 070 80 —_ 2, 000, 000
783 Und. cor. 16 3.7 0.075 72 — 1, 500, 000
N3 Dow.cor. 16 3" 0. 070 80 —_ 1, 400, 00
N3 Und. cor. 16 3.7 0.070 85 -— 1, 000, 00
7B6 Edge 17 4,0 0. 065 55 —_ 2, 500, 000
TABLE 11
STRESS DUE TO REPEATED LOADS AT PAVEMENT EDGE
E 02
€1 €2 cts a2 M s
Pavement (10 6) (10 6) (10°psi) (psi) (psi) D(/;?
3N6 140 280 1.6 450 108 >100
386 135 270 1.4 378 110 >100
5B6 95 182 1.3 237 120 >100
589 80 159 1.4 223 135 >100
B6 55 98 1.1 108 90 >100
TABLE 12
STRESS DUE TO REPEATED LOADS AT JOINT CORNERS
Max. Max. O max g “max
Pavement Joint Strgisn (;’(‘)’Ps‘;' Stress (gé?) MR M(;)c:odsx?f :ss Ve
(107 (pst) ® (psi) ®
356 No dowel 140 5.9 826 710 >100 546 >100
389 No dowel 115 5.4 620 680 91 523 >100
359 Doweled 110 5.4 593 680 87 490 >100
5586 No dowel 105 5.3 556 705 9 486 >100
5N9 No dowel 100 5.8 580 650 89 480 >100
5N9 Doweled 85 5.8 493 650 76 471 >100
589 No dowel 75 5.2 390 690 57 450 88
783 No dowel 72 6.0 432 780 55 491 88
N3 No dowel 85 5.6 475 715 66 458 >100
N3 Doweled 80 5.6 450 T15 63 472 95
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For loads at pavement edges, the CTS was in tension and the stress in the CTS ma-
terial was calculated from recorded concrete strains and the strain ratios in Table 9.
It was assumed that these ratios prevailed, although not all pavements were bonded.
These calculated strains multiplied by elastic moduli from Table 2 determined stresses
which were then compared with modulus of rupture values, also in Table 2, to find the
ratio of actual stréss to rupture stress. Table 11 gives these results for the five
pavements subjected to edge loads. In all cases the modulus of rupture of the CTS was
exceeded, but the pavements nevertheless endured 1.5 million or more cycles without
indication of concrete failure.

When loads were at pavement corners the concrete was in tension. Four pave-
ments were tested at undoweled corners only, and three pavements tested at both
doweled and undoweled corners.

Table 12 is a compilation of strains, elastic moduli, stresses, and moduli of rupture
necessary for the calculation of the ratio of maximum stresses to modulus of rupture.
Because the maximum to MR ratio was low in several instances, and the minimum load
on the slabs was appreciable, a Goodman diagram assuming infinite life at 50 percent
MR was drawn to estimate the maximum stresses above which eventual fatigue would
be expected (11). These stresses are listed in the last column, and it is seen that the
actual maximum stresses, Op,ax, exceeded the Goodman maximum on all but three
pavements.

The test record (Table 10) showed that the concrete responded according to the
Goodman predictions in all cases except 7N3 when loaded at the undoweled corner.
Here fracture was predicted but had not actually occurred at the end of 1 million
repetitions.

Although the concrete cracked under corner loads in six cases, these developed into
faults on two pavements only. The thin 3S6 design faulted at 500, 000 applications of the
11, 000-1b load and the 586 design faulted at 900, 000 applications of a 14, 000-1b load.

In each of these cases the joint was undoweled. In the four remaining tests no faulting
developed, although the test was extended to at least two million cycles.

In three instances the doweled and undoweled joints could be compared, namely,

389, 5N9 and 7N3. There was no significant difference in endurance. The crack in the
undoweled corner of 3S9 appeared about 50, 000 cycles sooner than that in the doweled
corner, but no progressive deterioration was observed in either case. Higher corner
deflections in the undoweled joint may have contributed to earlier cracking. Pave-
ment 5N9 gave parallel performance for both doweled and undoweled joints, although
cracks occurred in the concrete at about 500, 000 cycles. In 7N3 pavements no failure
occurred in either case.

Test loads exceeded 9, 000 1b on all structures except 3N6, and the only design
removed from test before attaining 1 million load cycles was 3S6 with 11, 000 1b on an
undoweled corner. This evidence suggests that roads of composite pavements of con-
crete on cement-treated subbases will have good endurance under the repetitive loads
imposed by traffic.,

SUMMARY AND CONCLUSIONS

Tests on pavements of concrete on cement-treated subbases reported to the Highway
Research Board in 1964 were extended and bitumen interlayer treatments were in-
cluded. Supplementary tests were made on beams to explore the ratio of concrete
surface stress to cement-treated surface stress, and the effect of continuous beam
support on this relation. A number of pavements were subjected to repetitive load
tests at edges, doweled joint corners and undoweled joint corners.

Static-load studies on the composite pavements corroborated the results from
earlier tests on designs with sand-cement grout bond and polyethylene film. Pave-
ments with bitumen interlayer were not consistently better than unbonded pavements.
On the average, the bitumen bond added very little to deflection resistance. Grout
bond improved the sectionas much as might be realized by adding about % in. of con-
crete.
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Composite pavements of concrete on CTS were very effective in resistance to de-
flection. Additional resistance to edge load deflection was achieved by constructing the
CTS 1 ft wider than the concrete.

Empirical charts were developed to relate composite pavements to equivalent plain
concrete slabs without subbases, both supported by a basic foundation with k = 100 pei.
The charts are suitable for pavements subjected to predominant loading (a) at interior
locations; (b) along edges, either with the subbase flush with the concrete or extending
1 it beyond the slab edge; and (c) at corners with good load transfer.

The cement-treated subbase contributed significantly to load transfer across joints,
no joint being less than 84 percent effective. Dowels across the joint did not add
significantly to load transfer under static loads.

Limited beam tests made to study stress distribution indicated that continuous
support on rubber did not alter the ratio of upper to lower surface stresses appreciably
from those observed for similar beams on simple supports. This observation permits
calculation of CTS stresses from measured strains on the concrete surface when the
elastic moduli are know.

Repetitive load tests on selected pavements proved that composite pavements have
excellent endurance. Although the pavements were tested at loads considerably
greater than those for which they were designed, there were no fatigue failures in the
concrete under edge repetitions, and only limited cracking in pavements subjected to
these repeated heavy loads at corners.
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Estimating the Distribution of Axle Weights

For Selected Parameters
KENNETH W. HEATHINGTON and PAUL R. TUTT, Texas Highway Department

An analysis of truck weight data taken in 1960 through 1963 by
the Planning Survey Division of the Texas Highway Department
was made. Loadometer stations were grouped according to dif-
ferent parameters, and three procedures for estimating an axle
weight distribution for any given highway locationin Texas were
studied. The equivalent 18-kip single-axle applications were
calculated at each location using each method of estimating an
axle-weight distribution. Truck traffic characteristics of seven
types of trucks are reported.

oWITH the conclusion of the AASHO Road Test in 1960 and with the concepts of pavement
design originating from the test, new emphasis has been placed on the importance of
accounting for the effect of repetitions of axle loads of different weights on highway
pavements. The AASHO procedure for the design of highway pavements utilizes axle
weight and the number of times axles of a given weight will use the pavement during its
design life. In this design procedure, each axle weight is related on the basis of equiv-
alent destructive effect to an 18-kip single-axle load (2).

For many years in Texas, pavements were designed structurally to account for the
relationship of a design-wheel load to the stresses produced in the pavement. The
design-wheel load was taken as the average of the ten heaviest wheel loads (ATHWL) on
an average or representative day on the particular highway or farm-to-market road
being designed. The ATHWL was a statistic that was found to be fairly stable over a
period of time for any given section of road (3). However, since the introduction of the
equivalent wheel load concept of the AASHO Road Test, much more information is needed
about the magnitude and number of repetitions of all axle loads on highway pavements.
To obtain the data needed for the structural design of pavements for all areas of Texas
using the actual axle distribution for each area would require more loadometer stations
than would be economically feasible. Thus, some method of relating the axle-weight
distribution at one location to that at another for pavement design purposes is needed.
To evaluate the feasibility of designing pavements for a selected location on the basis
of related axle-weight information from other locations, the frequency with which axle
weights of a given magnitude occur has been studied by grouping the data into the
following categories: (a) loadometer stations having the same percent trucks, (b) a
highway-system classification, and (c) statewide area.

Axle weights from 86, 805 trucks were used in this study. These vehicles were sam-
ples taken from the truck traffic on Texas highways from 1960 through 1963. The pur-
pose of this study is to determine whether any of the three methods of grouping data
provides an acceptable means for estimating an axle-weight distribution for a given
location.

LOADOMETER STATION OPERATION
Regular Loadometer Stations

The Planning Survey Division of the Texas Highway Department operates 21 regular
loadometer stations on a scheduled basis. Nineteen of these are located in rural areas
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and are operated periodically throughout each 12-month period. Two stations are lo-
cated in urban areas and are operated periodically only during June, July, and August.

The 21 stations are located on three types of facilities. For the purpose of this
study, a Type A facility meets, or at least approaches, Interstate design standards.

It consists primarily of a four-lane divided highway and the truck traffic consists pre-
dominantly of through movements. Local truck movements constitute only a minor
portion of the truck traffic. A Type B facility is a primary highway that hastwo or more
lanes. Generally, itis undivided and is below interstate design standards. The truck-
traffic stream contains more local traffic than for the Type A facility but still consists
primarily of through truck movements. A Type C facility is one on which truck trips
are predominantly local. Long-haul truck movements are minor. Of the 21 regular
loadometer stations, 7 are on Type A facilities, 10 are on Type B facilities, and 4 are
on Type C facilities.

A six-man crew operates the 21 regular loadometer stations on a periodic basis.
The crew consists of a party chief and five helpers and moves about on a fixed schedule
from one station to another. In addition to weighing the trucks, the six-man crew ob-
tains the following information:

1. The origin and destination of each truck trip,
2. The direction of travel (inbound or outbound),
3. Whether the truck is loaded or empty,
4, The commodities carried,
5. The length of trip,
6. Whether the trip is intrastate or interstate,
7. The type of license of the truck,
8.. The manufacturer's rated capacity,
9. The type of fuel being used,
10. The name and address of the truck owner,
11. The vehicle's classification as to type,
12, The type of body,
13. The axle spacing,
14, The wheelbase,
15. The height of the truck,
16. The width of the truck,
17. The total number of vehicles passing the loadometer station during the period
or operation, and
18. The classification of each vehicle according to a standard coding system.

At each of the 19 regular loadometer stations located in rural areas, trucks are
weighed during one 8-hr period each month. During this time, 4 hr of weighing opera-
tions are conducted for truck traffic traveling in one direction and 4 hr of operation are
performed for truck traffic moving in the opposite direction. The three shifts of opera-
tion are from 6:00 a. m. to 2:00 p. m., 2:00 p. m. to 10:00 p. m., and 10:00 p. m. to
6:00 a. m. Each station is operated for a different 8-hr shift each month. Therefore,
every 3 months, 24 hr of weighing operations are completed for each regular loadom-
eter station. Over a period of one year, 96 hr of weighing operations are completed
for each regular loadometer station. The two regular loadometer stations located in
urban areas completed 24 hr of weighing operations in one year at each station.

The average daily truck traffic is the number of trucks which pass a given point on
a highway on an average, or representative, day. Essentially, it is the total truck traf-
fic for one year divided by 365, Table 1 gives the number of trucks that were weighed
in a year's operation at each regular loadometer station in 1960, 1961, and 1962. The
number of trucks weighed is expressed as a percent of the average daily truck traffic
at that location. It is seen that the total number of trucks which were actually weighed
at each station in one year varied considerably, but that the ratio of the number of
trucks weighed to the average daily truck traffic was roughly 150 percent.

Seasonal variations in weights no doubt occur; however, this report does not deal
with this variation. It is assumed that the seasonal fluctuations are not critical because
of the aggregation of the data into large groups. A stratification of the data for inter-
pretation would probably be desirable.



RATIO OF NUMBER OF TRUCKS WEIGHED TO

TABLE 1

AVERAGE DAILY TRUCKS FOR REGULAR LOADOMETER STATIONS

Station ADT Average Daily Number of Trucks Ratio
Number Trucks Weighed (percent)
(a) 1960
L-7 2500 355 550 154.9
L-10-1 1640 307 528 172.0
L-10-2 3490 771 949 123.1
L-16 5160 686 1139 166. 0
L-20 6740 863 1317 152.6
L-20-1 6300 1071 1671 156, 0
L-20-2 8270 1075 1620 150, 7
L-20-3 5680 903 1642 181.8
L-30-1 5110 915 1301 142. 2
L-35-1 10670 1120 2499 223.1
L-37-1 2970 743 906 121.9
1,-42 3320 382 485 127.0
L-45-1 7540 1440 1651 114.7
L-45-2 5870 1403 796 56. 7
L-72 4720 854 1230 144.0
L-81 2360 510 756 148.2
L-88 4390 1054 1704 161,17
L-145 3800 787 1367 173.17
1.-147 1310 236 345 146, 2
L-149 1870 471 713 151. 4
3-UP 17823 1069 329 30.8
4-US 9821 648 153 23.6
(b) 1961
L-7 2630 400 555 138.8
L-10-1 1720 335 431 128,17
L-10-2 3730 8417 1063 125.5
L-16 5340 651 1089 167.3
L-20 7380 1041 1544 148.3
L-20-1 6180 1112 1548 139.2
L-20-2 8630 1217 2312 190.0
L-20-3 6190 1028 1735 168.8
L-30-1 4920 940 1553 165, 2
L-35-1 11310 1278 2401 187.9
L-37-1 3060 701 1071 152, 8
L-42 3290 342 485 141.8
L-45-2 5790 1401 3112 222, 1
L-72 4950 881 1408 159.8
L-81 2700 618 1147 185. 6
L-88 4690 1107 1704 153.9
L-145 4310 922 1681 182.3
L-147 1250 221 317 143. 4
L-149 1750 448 692 154,5
3-UpP 18056 1138 325 28.6
4-US 16420 706 150 21. 2
(c) 1962
L-7 2860 383 623 162, 7
L-10-1 1570 294 451 153. 4
L-10-2 3300 736 1400 190. 2
L-16 5490 752 1082 143.9
L-20 3160 240 425 177.1
L-20-1 6960 1260 1911 151, 7
L-20-2 8820 1173 2067 176. 2
L-20-3 6390 1080 1889 174.9
L-30-1 4740 1090 1783 163. 6
L-35-1 11940 1276 2074 162, 5
L-37-1 2760 591 1029 174.1
L-42 3010 313 381 121, 7
L,-45-2 5830 1656 2781 167.9
L-72 4650 879 1492 169.7
L-81 2630 597 1149 192, 5
L-88 4780 1166 1592 136.5
L-145 4390 887 1232 138.9
L-147 1280 259 435 167.9
L-149 1870 454 695 153. 1
3-UP 17104 1214 358 29.5
4-Us 25283 1062 306 28.8




TABLE 2

RATIO OF NUMBER OF TRUCKS WEIGHED TO
AVERAGE DAILY TRUCKS FOR

SPECIAL LOADOMETER STATIONS, 1963

Station ADT Average Daily Number of Trucks Ratio
Number Trucks Weighed (percent)
MS-47 1290 194 29 14.9
MS-54 880 143 87 60. 8
MS-103 1580 199 200 100. 5
121-A 2810 747 493 66. 0
M-173 1390 243 172 70.8
M-175 640 118 154 130.5
M-176 710 99 94 94,9
178 700 143 109 76. 2
M-278 400 69 74 107. 2
M-500 560 125 106 84,8
M-526 1300 88 96 109.1
M-620 1070 131 27 20.6
M-675 1290 163 134 82. 2
724 330 38 40 105. 3
M-778 1320 187 97 51.9
M-882 320 29 67 231.0
901 1050 190 78 41.1
903 820 156 115 73.7
904 650 120 108 90.0
905 1360 220 85 38.6
906 1110 123 76 61.8
907 690 139 88 63.3
908-A 1680 141 82 58. 2
909 1230 128 95 74,2
911 1420 186 80 43.0
912 1560 183 130 71.0
913 1290 166 67 40, 4
914 1350 234 104 44, 4
915 960 61 57 93.4
917 1550 171 72 42,1
919 1940 167 72 43,1
921 900 206 100 48,5
922 1490 235 126 53.6
923 1280 274 84 30.7
926 1380 161 127 78.9
927 470 52 55 105. 8
929 1160 137 95 69.3
930 860 101 60 59. 4
931 1060 73 94 128, 8
935 1080 137 78 56. 9
936 1710 180 127 70.6
937 1660 151 100 66, 2
939 1810 363 263 72,5
940 1280 110 41 37.3
941 1720 110 52 47,3
942 1530 243 106 43.6
943 1160 153 99 64.7
944 370 50 27 54,0
945 850 126 90 71.4
946 490 55 40 72.7
949 1550 281 138 49.1
950 540 62 57 91.9
951 960 132 103 78.0
952 1130 182 174 95. 6
953 1200 168 146 86.9
954 940 222 105 47.3
955 370 85 52 61.2
956 1150 158 166 105, 1
957 710 57 74 129. 8
959 1440 158 117 74,1
960 1810 136 98 72,1
961 1160 84 52 61.9
1000 560 68 38 55.9
1001 1240 234 61 26,1
1002 1080 217 95 43.8
1003 500 117 56 47.9
1004 1340 168 118 70. 2




TABLE 2 (Continued)

RATIO OF NUMBER OF TRUCKS WEIGHED TO
AVERAGE DAILY TRUCKS FOR
SPECIAL LOADOMETER STATIONS, 1963

Station ADT Average Daily Number of Trucks Ratio
Number Trucks Weighed (percent)
1005 1050 151 103 66. 2
1006 760 165 146 88.5
1007 1220 211 164 .1
1008 580 73 86 20,4
1009 1800 284 93 32.7
1010 810 101 84 83.2
1011 380 40 33 82.5
1012 1320 162 120 74.1
1013 1620 245 159 64.9
1014 920 146 27 18.5
1015 1490 226 113 50,0
1016 280 30 40 133.3
1017 1190 194 91 46,9
1018 820 127 66 52.0
1019 1630 209 67 32.1
1020 1680 264 148 56. 1
1021 1510 180 84 46. 17
1022 1480 201 113 56. 2
1023 1350 90 84 93.3
1024 410 33 17 51.5
1025 230 17 34 200, 0
1026 580 68 73 107, 4
1027 1630 165 65 39. 4
1028 1910 346 204 59.0
1029 750 89 95 106. 7
1030 950 100 150 150.0
1031 1240 175 115 65. 7
1032 1140 251 100 39.8
1033 1650 241 63 26.1
1034 1110 139 95 68. 3
1035 1360 207 133 64,3
1036 1410 300 102 34,0
1037 1060 130 100 76.9
1038 850 89 60 67, 4
1039 1420 280 101 36.1
1040 1140 127 52 40.9
1041 1140 180 80 44, 4
1042 530 47 57 121, 3
1044 420 90 76 84,4
1045 380 103 75 72.8
1046 2320 292 122 41,8
1047 1460 232 148 63, 8
1048 970 149 117 78.5
1049 310 38 67 176.3
1050 1380 102 9 7.5
1051 790 91 75 82, 4
1052 1430 176 86 48.9
1053 780 137 52 38,0
1054 1160 94 144 153, 2
1055 260 14 14 100.0
1056 1400 244 245 100. 4
M-1497 660 63 52 82,5

M-1498 1180 133 125 94.0
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Figure 1. Types of vehicles weighed at loadometer stations.

Special Loadometer Stations Operated in 1963

Because additional weight data were needed, a group of special loadometer stations
on selected sites were operated in June, July, and August of 1963. These special
stations were operated in addition to the regular stations but were not located at the
same places as the regular stations. They were operated by a two-man crew who ob-
tained only weight data and did not secure the additional information normally required
of the six-man crew. The stations were operated on the same schedule of shifts as the
regular stations. Each station operated for an 8-hr period and the shift of operation
was rotated each month. Twenty-four hours of weighing operations were completed for
each special loadometer station in the summer of 1963. Table 2 gives the percent of
the average daily truck traffic that was weighed at each of the special loadometer sta-
tions. Notice that a wide range of values exists for the ratio of the number of trucks
weighed to the average daily truck traffic.

Types of Trucks Weighed

Seven types of trucks (Fig. 1) may be operated on Texas highways without obtaining
special permission from the Texas Highway Department (4). Three types are single-
unit trucks and four are tractor semitrailer combination trucks. Of the single-unit
trucks, the 2-axle, 6-tired (Code 13) vehicle was the predominant type. The most
frequently observed tractor semitrailer combination trucks were the 4-axle (Code 22)
and the 5-axle (Code 24).
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Figure 2. Loadometer station in operation: (a) loadometer flush with ground; (b) truck being guided
onto loadometer; (c)wheel resting on loadometer; (d) loadometer being balanced and static weight read.
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Method of Weighing Axles and Recording Data

A Black and Decker ""Hi-way'' loadometer is used to measure the static weight of
vehicles at each loadometer station. Figure 2 shows a loadometer station in operation.
The loadometer is placed flush with the ground in a pit. One wheel of each axle is
brought to rest on the loadometer and the scale operator balances the scale and records
the wheel weight. The truck then moves forward and stops with each successive wheel
on the scale until all wheels on one side of the truck have been weighed. To obtain the
axle weight each wheel load is multiplied by two. Only the static load is measured.

The data are recorded at each loadometer station by hand and later transferred to data
- processing cards. An attempt is made to weigh all trucks that pass the weighing sta-
tion during its operation.

DETERMINATION OF TRUCK TRAFFIC CHARACTERISTICS
Axle Factor Determination

Traffic volumes are usually expressed in terms of the number of vehicles per unit of
time, but in order to use the AASHO procedure for determining the number of applica-
tions of an equivalent 18-kip axle load, the number of axle loads passing over a given
road section during some given time interval must be known. The number of axles that
a truck may have under Texas law varies from 2 to 5 (Fig. 1). Because all trucks do
not have the same number of axles (or axle loads), an adjusting factor must be used to
convert the number of trucks to the number of axle loads that will be produced by a
given volume of truck traffic. This adjusting factor is called an axle factor.

In the past, it has been suggested that an axle factor of two be used for an approxi-
mation. If the traffic volume is high and the percent of trucks is low, this is a rea-
sonable approximation; however, for traffic on low-volume roads with a high percentage
of trucks an axle factor of two is too low.

An analysis of the vehicle classification data obtained as a part of the loadometer
surveys described previously has been made in order to determine whether or not a
single axle factor might possibly be used to calculate reasonably precise estimates of
the number of axle loads which will result from various volumes of truck traffic., A
linear correlation (method of least squares) of the number of truck axles with the num-
ber of trucks was made for a statewide area and for Type A, Type B, and Type C fa-
cilities.. A tandem axle is considered to be one axle, i.e., carrying one axle load, in
order to conform to the AASHO design procedure. Figure 3 shows the relationship be-
tween the number of axles and the number of trucks for the statewide area. Each
loadometer station in the state is represented in this plot. The total number of trucks
sampled at each station for each year was plotted against the total number of axles on
these trucks. There are 184 points plotted in Figure 3. The range of values for the
number of trucks weighed at the various stations is broad, but a linear relationship
holds regardless of the number of trucks included in the sample. The coeifficient of
determination is 0. 999 with a standard error of the estimate of 65 axles. The slope of
the regression line in Figure 3 is 2. 75; therefore, for a large number of trucks in
which the y-intercept is not considered to be significant, the total number of axle loads
which will be produced by a given number of trucks is approximately 2. 75 times the
number of trucks. Or each truck, on the average, produces 2. 75 axle loads. Thus,
the axle factor would be 2. 75 axle loads per truck.

Figures 4 through 6 show the relationship of the number of axles to the number of
trucks for Type A, Type B, and Type C facilities, respectively.. Again, the linear
correlation is very good for all three types of facilities. Table 3 gives the coefficients
of determination and correlation and the standard error of estimate for the categories
used in correlating the number of axles with the number of trucks. For all methods of
grouping the data, the slope of the regression line ranges from 2. 75 to 2. 78, The Type
A facility exhibits the largest standard error of estimate of 142 axles; however, this
value is small when considering thousands of axles.

Since there is only a small variation in the slope of the regression lines obtained by
four different methods of grouping data, it seems that any one of the methods can be
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TABLE 3

SUMMARY OF CORRELATION OF NUMBER OF
AXLES WITH NUMBER OF TRUCKS

Method of A B Coefficient of Coefficient of Standard Error
Grouping Data Correlation Determination of Estimate
Statewide area -28. 28 2.15 0.999 0.999 65. 30
Type A facility -96. 14 2,178 0.997 0,995 141.76
Type B facility -28.12 2.6 0. 999 0.999 53.45
Type C facility -29.35 2,77 0.999 0.997 38.79

Note: Y =A +B(X), where Y = number of axles (axle loads), X = number of trucks, B = slope of
linear regression line, and A = y-intercept of linear regression line.

used to arrive at an acceptable axle factor. The statewide area method of grouping data
is probably the most logical approach in determining the best axle factor for general
use. For practical purposes, the axle factor is 2. 75 axle loads per truck. By way of
comparison, if an axle factor of 2 is used, there will be an error of about 30 percent in
the estimated number of truck axles. For low-volume roads with a large percent of
trucks, this is a significant error in the number of axles.

Correlation of Type Vehicle With Percent Trucks for Statewide Area

The percent of the total trucks of a given type at each loadometer station was plotted
against the percent trucks for that location. Thus, if the percent of trucks is known for
a given location, then an estimate can be made of the percent of the truck traffic that
will be of a given type of truck. The plots showed a linear correlation of each truck
type with the percent trucks for a statewide area. There was considerable scatter of
data about the linear regression line in each plot. A linear relationship does not rep-
resent these data precisely, although visual observation of the data does not indicate
that a curvilinear fit of the data would be more appropriate. Table 4 shows the co-
efficients of determination and correlation and the standard error of estimate for the
statewide area. It is seen from Table 4 that the correlations in general are poor and
that the standard errors of estimate are high.

On a statewide basis, the Code 12 vehicle is very insignificant in the makeup of
truck traffic. A Code 12 vehicle is a 2-axle, single-unit truck that can travel at high
speeds and is primarily used for short hauls. With an increase in percent trucks, the
percent of Code 13 vehicles decreased. The 2-axle, 6-tired vehicle is used primarily
for short hauls and is capable of maintaining acceptable speeds on any highway. Studies
have shown that as the total traffic volume becomes large the percent of trucks becomes
small (5, 6). Only those trucks that are capable of maintaining speeds similar to, or
nearly equal to, passenger cars will operate where the traffic volume is high. The per-
centage of Code 14 vehicles decreased slightly as the percent trucks increased. The

TABLE 4
SUMMARY OF CORRELATION OF TYPE VEHICLE WITH PERCENT TRUCKS

Coefficient of Coefficient of Standard Error

Type Velicle A B Correlation  Determination  of Estimate
12 .75  -0.08 0. 263 0. 069 1.44
13 71.34  -2.16 0. 680 0. 462 12, 28
14 5.87  -0.15 0,228 0. 052 3,19
21 8. 83 0.10 0. 070 0. 005 5. 23
22 8. 39 1,20 0, 595 0, 354 8. 55
23 0,03 0.01 0. 020 0. 000 0. 56
24 3. 81 1. 07 0.510 0. 260 9. 48

Note: Y =A +B(X), where Y = percent of the total truck traffic that is a given type of truck, X =
percent trucks, B = slope of linear regression line, and A = y-intercept of linear regression line.
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percent of single-unit trucks, in general, decreased as the percent trucks increased.
This is due to the operating characteristics of the single-unit trucks. They are nor-
mally used for local short-haul trips, and they can maintain adequate speeds on a
facility with high traffic volumes.

The percent of Code 21 vehicles remained relatively constant, increasing only
slightly as the percent trucks increased. This type vehicle lends itself to longer hauls
than the single-unit trucks and, in general, cannot maintain as high a speed as the
single-unit trucks. There is a general increase in the percent of Code 22 type vehicles
with an increase in percent trucks. This suggests that the 4-axle truck is primarily
used for long hauls and that it will decrease in the percentage of trucks as the traffic
volume becomes large. The number of Code 23 vehicles on Texas highways is insig-
nificant. This type vehicle apparently does not lend itself to the transportation of com-
modities in any significant quantity in Texas. The 5-axle combination vehicle (Code
24) increased in the percentage of trucks as the percent trucks increased. The Code
24 vehicle is used primarily for long hauls and cannot maintain adequate speeds on
high-volume roads.

The 5-axle (Code 24) and the 4-axle (Code 22) were the predominant vehicles of the
tractor, semitrailer combinations. These trucks are primarily designed for long
hauls. In general, they are not capable of maintaining high speeds on high-volume fa-
cilities. Thus, when the traffic volume increased, these vehicles, expressed as a
percentage of the trucks, decreased.

For a statewide area, the single-unit trucks represented a small percentage of the
trucks when the percent of trucks was large, whereas the tractor, semitrailer combina-
tion vehicles represented a small percentage of the trucks when the percent of trucks
was small, as on high-volume roads.

Correlation of Type Vehicle With Percent Trucks for Highway Systems

A correlation of the type of vehicle with the percent of trucks for a Type A, Type B,
and Type C facility was made. For all three types, the relationship that existed for the
statewide area also existed for each type of facility. In general, the single-unit trucks
decreased as a percentage of the trucks when the percent of trucks increased. The
tractor, semitrailer combination trucks decreased as a percentage of the trucks when
the percent of trucks decreased. If the traffic volume on a facility is high, the percent
of trucks can be expected to be low; however, the converse is not true (z).

DETERMINATION OF THE DISTRIBUTION OF AXLE WEIGHTS

The loadometer stations were divided into three groups for analysis of the axle
weight distributions. These groups are (a) grouping by percent trucks, (b) grouping by
highway system, and (c) grouping by statewide area.

Within each group a determination was made of the number of axle weights that fell
in each of 55 different weight classes. These classes cover the range from 2 to 56 kips
and each includes weights in a 1-kip range. Even though the maximum legal axle weight
for single axles in Texas is 18 kips and for tandem axles 32 kips, this study is concerned
with the actual weight of vehicles operating on the highway system rather than with only
those vehicles operating within the legal weight limits.

A tabulation of the actual axle weight distribution for Station 121-A in Hudspeth
County is shown in Table 5. A tabulation such as this was made for each year of opera-
tion (1960-1962) of the regular loadometer stations and for each special loadometer
station operated in 1963. It may be seen from Table 5 that for each increment of axle
weight the following items were calculated:

. The number of single axles,

The percent of the total number of axles that are single axles,

The cumulative percent of the total axles that are single axles,

The number of tandem axles,

The percent of the total number of axles that are tandem axles, and
The cumulative percent of the total axles that are tandem axles.

oo wpr



TABLE 5
SAMPLE CALCULATION OF AXLE WEIGHT DISTRIBUTION FOR LOADOMETER STATION 121-A

Groups Single Axles OPfe;(;t::i Cumulative Percent Tandem Axles opf ;‘;’;2{ Cumulative Percent
2 kip 0 1} 0 0 0 54, 02
3 kip 2 0.14 0.14 0 0 54, 02
4 kip 8 0. 56 0.70 0 0 54, 02
5 Kkip 30 2.10 2,80 0 0 54, 02
6 kip 46 3.21 6. 01 0 0 54, 02
7 kip 53 3.70 9.71 2 0.14 54, 16
8 kip 56 3.91 13. 63 3 0.21 54, 37
9 kip 109 7.62 21,24 8 0. 56 54,93

10 kip 120 8. 35 28, 63 i3 0.91 55, 84

11 kip 105 7.34 36.97 15 1.05 56. 88

12 kip 71 4,96 41,93 20 1,40 58, 28

13 kip 28 1.96 43, 89 29 2.03 60, 31

14 kip 15 1.05 44,93 19 1.33 61, 64

15 kip 23 1.61 46, 54 21 1, 47 63.10

16 kip 19 1,33 47, 87 14 0.98 64, 08

17 kip 27 1. 89 49,76 15 1.05 65, 13

18 kip 21 1. 47 51, 22 20 1. 40 66. 53

19 kip 16 1.12 52,34 12 0. 84 67,37

20 kip 15 1. 05 53. 39 8 0. 56 67.92

21 kip 7 0. 49 53. 88 7 0. 49 68, 41

22 kip 2 0.14 54, 02 8 0. 56 68. 97

23 kip 0 0 54, 02 13 0.91 69, 88

24 kip 0 0 54, 02 17 1.19 71.07

25 kip 0 0 54, 02 19 1.33 72, 40

26 kip 0 0 54, 02 19 1,33 73.72

27 kip 0 0 54, 02 14 0.98 74,70

28 kip 0 0 54, 02 20 1. 40 76. 10

29 kip 0 0 54, 02 46 3.21 79, 32

30 kip 0 0 54. 02 22 1. 54 80. 85

31 kip 0 0 54, 02 38 2. 66 83. 51

32 kip 0 0 54, 02 42 2,94 86. 44

33 kip 0 0 54, 02 39 2.73 89. 17

34 kip 0 0 54, 02 36 2. 52 91. 68

35 kip 0 0 54, 02 39 2.73 94, 41

36 kip 0 0 54, 02 25 1.75 96. 16

37 kip 0 0 54, 02 19 1,33 97. 48

38 kip 0 0 54, 02 14 0.98 98. 46

39 kip 0 0 54, 02 8 0. 56 99, 02

40 kip 0 0 54, 02 8 0. 56 99, 58

41 kip 0 0 54, 02 4 0. 28 99. 86

42 kip 0 0 54, 02 1 0.07 99.93

43 kip 0 0 54, 02 1 0. 07 100. 00

44 kip 0 0 54, 02 0 0 100, 00

45 kip 0 0 54, 02 0 0 100. 00

46 kip 0 0 54, 02 0 0 100. 00

47 kip 0 0 54, 02 0 0 100, 00

48 kip 0 0 54, 02 0 0 100, 00

49 kip 0 0 54, 02 0 0 100. 00

50 kip 0 0 54, 02 0 0 100. 00

51 kip 0 0 54, 02 0 0 100. 00

52 kip 0 0 54, 02 0 0 100. 00

53 kip 0 0 54, 02 0 0 100. 00

54 kip 0 0 54, 02 0 0 100. 00

55 kip 0 0 54, 02 0 0 100. 00

56 kip 0 0 54, 02 0 0 100, 00
Total axles 1431
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TABLE 6

CALCULATION OF NUMBER OF TRUCKS OF EACH CLASS AND PERCENT OF
TOTAL TRUCKS THAT EACH CLASS REPRESENTS FOR
LOADOMETER STATION 121-A

Type of Vehicle Number of Vehicles Percent of Total Trucks

Single unit trucks

2-Axle, single rear tire (Code 12) 0 0

2-Axle, 6-tired (Code 13) 41 8.32

3-Axle (Code 14) 7 1.42
Tractor Semitrailer Combinations

3-Axle (Code 21) 66 13. 39

4-Axle (Code 22) 107 21.70

4-Axle (Code 23) 0 0

5-Axle (Code 24) 272 55.17

Total trucks = 493

Note: ADT = 2810, percent trucks = 26.6.

Since an axle weight distribution is composed of two parts—a frequency distribution for
single axles, and a frequency distribution for tandem axles—items 2 and 5 constitute an
axle-weight distribution. The frequency distribution for single axles can be called a
single-axle weight distribution and the frequency distribution for tandem axles can be
called a tandem-axle weight distribution.

Table 6 shows the number of vehicles of each type that was weighed at Station 121-A
in Hudspeth County. Calculations of this kind were made for each loadometer station.

Grouping by Percent Trucks

At the loadometer stations included in this study, truck traffic accounted for between
4 and 28 percent of the total traffic volume. All stations with a given percent trucks
were grouped together and the actual axle-weight distribution for each station within
each group was calculated. For each grouping according to percent trucks, the actual
frequency distribution for axle weights for single axles and for tandem axles was plotted.

Figure 7 represents the frequency distributions of the single-axle weights for all
stations having 15 percent trucks. Figure 8 shows the frequency distributions of the
tandem-axle weights for all stations having 15 percent trucks. Eight individual fre-
quency distributions are superimposed in each of these figures.

Plots of each percent truck group (4 to 28 percent) were made but these are not shown
in this study. For each percent truck group, the arithmetic mean of the percentage of
the truck axles which fell into the various 1-kip axle-weight classes was calculated.

The standard deviation and coefficient of variation were also calculated. An example of
these values for single and tandem axles for a 15 percent trucks group is given in Table
7. For the lower and higher ranges of groups by percent trucks, the number of loadom-
eter stations in each percent trucks group became small.

Grouping by Highway System

A parameter of highway systems was selected for study. Table 8 gives the type of
facility into which each loadometer station was grouped. For each type of facility, the
arithmetic mean of the percentage of the truck axles which fell into the various 1-kip
axle-weight classes, the standard deviation, and the coefficient of variation were cal-
culated., These values are listed in Table 9. Figures 9 and 10 show frequency distri-
butions of the axles by weight for single and tandem axles for each loadometer station
on a Type A facility. Figures 11 and 12 show the frequency distribution of the arith-
metic means for single and tandem axles for the Type A facility. They show that the
arithmetic mean relationship, of course, represents the pattern shown in Figures 9
and 10 for the raw data.

Figures 13 and 14 show the superimposed frequency distributions of the 1-kip in-
crements of axle weights for single and tandem axles for the Type B facility. Figures
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TABLE 7

SUMMARY OF ARITHMETIC MEANS OF PERCENT OF TOTAL TRUCK AXLES WHICH

FELL INTO VARIOUS 1-KIP AXLE WEIGHT CLASSES FOR
A 15 PERCENT TRUCKS GROUPING

Axle Single Axles Tandem Axles
Weight Standard Coefficient of Standard Coefficient of
(kips) Mean Deviation Variation Mean  poyiation Variation
2 0.04 0.1124 264, 5751 0 0 0
3 0,81 0.7437 91.8198 0 0 0
4 5. 95 2.1194 35, 6419 0 0 0
5 11.28 4.7680 42, 2785 0.05 0.1115 217, 5932
6 9,47 1. 4961 15, 8047 0.14 0. 3306 232, 0238
7 8.13 1. 8527 22. 7951 0.22 0. 3940 179, 0701
8 7.92 2. 4750 31. 2817 0.32 0. 5670 179, 2772
9 6.98 1. 7450 24. 9906 0.95 0. 9782 103, 1060
10 4,99 1. 5299 30, 6362 1.79 0.9505 53, 7161
11 2. 81 0.9515 33. 8305 2.80 1. 3200 47, 2054
12 1.81 0. 6349 35, 1032 2. 15 0. 7890 36, 6572
13 2.14 0. 6954 32. 5530 1.70 0. 5590 32, 7843
14 1.63 0. 8683 53, 3123 1.35 1. 0548 7. 9167
15 1.48 0.9310 63, 0112 0. 68 0. 6981 101. 9157
16 1,28 0. 8732 68. 2164 0. 68 0. 5627 82, 8965
17 1.07 0. 5700 53, 4624 0. 25 0, 2635 104, 8595
18 1.34 0. 9405 70, 3859 0. 39 0. 4323 110, 8585
19 1.17 0. 6165 52, 8014 0. 51 0. 4079 80. 3711
20 0. 90 0. 6852 76. 4478 0.17 0. 1836 104, 9003
21 0. 47 0, 4825 102, 9344 0, 22 0. 3167 145, 6236
22 0. 41 0, 4533 109. 5636 0. 50 0. 4185 82. 8731
23 0. 24 0. 2448 104, 1902 0. 26 0. 3632 141. 0510
24 0. 26 0. 4149 159. 5922 0.37 0. 4822 129, 8978
25 0.03 0. 0827 264, 5751 0.31 0. 3556 114, 7204
26 0.05 0. 1224 264, 5751 0.70 0. 4199 59, 7685
27 0.16 0, 4134 264, 5751 0. 35 0. 3925 113. 3453
28 0 0 0 0. 61 0, 4723 76. 7981
29 0 0 0 0, 40 0. 4894 121, 9685
30 0 0 0 0.96 0. 6219 65. 1175
31 0 0 0 0.63 0, 4642 73. 2537
32 0 0 0 1. 04 0. 7224 69, 3814
33 0 0. 0 0. 70 0, 4504 85, 6327
34 0 0 0 0.94 0. 8959 95. 6895
35 0 0 0 1.38 1. 5447 111, 8320
36 0 0 0 1.29 1.1186 86, 5464
37 0 0 0 0. 64 0. 5031 92, 3082
38 0 0 0 0. 36 0. 4688 129. 7753
39 0 0 0 0. 57 0. 7165 136. 2193
40 0 0 0 0.25 0. 2819 111. 0977
41 0 0 0 0.13 0. 3373 264, 5751
42 0 0 0 0. 09 0. 1568 181, 7498
43 0 0 0 0.11 0. 2252 195, 7970
44 0 0 0 0 0 0
45 0 0 0 0 0 0
486 0 0 0 0.04 0.1124 264, 5751
47 0 0 0 0. 04 0.1124 264, 5751
48 0 0 0 0 0 0
49 0 0 0 0 0 0
50 0 0 0 0 0 0
51 0 0 0 0 0 0
52 0 0 0 0 0 0
53 0 0 0 0.16 0. 4134 264, 5751
54 0 0 0 0 0 0
56 0 0 0 0 0 0
56 0 0 0 0 0 0
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TABLE 8

CLASSIFICATION OF LOADOMETER STATIONS
INTO HIGHWAY SYSTEMS

Type A Type B Type C

Facility Facility Facility
L-10-2 M-173 1020 L-20 909 944 1011 1038
L-20-1 M-175 1027 L-45-1 911 945 1012 1039
L-20-2 178 1028 L.-149 915 946 1013 1040
L-35-1 M-675 1031 3-up 917 949 1014 1041
L-45-2 901 1033 4-US 919 950 1015 1042
L-T2 905 1036 MS-47 921 951 1016 1044
L-145 907 1052 MS-54 922 952 1017 1045
121-A 912 L-7 MS-103 923 953 1018 1046
1047 913 L-10-1 M-176 926 954 1021 1047
914 L-16 M-278 927 955 1022 1048
936 L-20-3 M-500 929 956 1023 1049
959 L-30-1 M-526 930 957 1024 1050
960 L-37-1 M-620 931 961 1025 1051
1002 L-42 724 935 1000 1026 1053
1004 1L-81 M-778 937 1001 1029 1054
1005 1.-88 M-882 939 1003 1030 1055
1009  L-147 903 940 1006 1032 1056
1019 904 941 1007 1034 M-1497
906 942 1008 1035 M-1498

908-A 943 1010 1037

15 and 16 show the frequency distribution of the arithmetic means for single and tandem
axles for a Type B facility. The superimposed frequency distributions of the axle weights
for a Type C facility are shown in Figures 17 and 18 for single and tandem axles. Fig-
ures 19 and 20 show the frequency distribution of the arithmetic means for single and
tandem axles for a Type C facility.

Grouping by a Statewide Area

The third method of grouping loadometer stations for analysis was on the basis of
the statewide area. All of the stations were grouped together without regard to per-
cent trucks or to the type of facility on which they were operated. Table 10 gives the
arithmetic mean of the percentage of the truck axles which fell into the various 1-kip
weight classes, the standard deviation, and the coefficient of variation for single and
tandem axles. Figures 21 and 22 show the frequency distribution of the arithmetic
means for single and tandem axles for a statewide area.

EVALUATION OF THE THREE METHODS OF ESTIMATING
AN AXLE WEIGHT DISTRIBUTION

Characteristics of Locations Selected for Evaluation

Three loadometer stations were selected to evaluate the suitability of the three methods
which were used for grouping data to estimate the axle-weight distribution for a given
location. A determination of the number of equivalent 18-kip single-axle load applica-
tions was made for each selected station by using:

1. The actual axle-weight distribution calculated from the data for each selected
station;

2. The axle-weight distribution calculated from a grouping of data by percent trucks;

3. The axle-weight distribution calculated from a grouping of data by a highway
system; and

4. The axle-weight distribution calculated from a grouping of data by a statewide area.

The stations selected were L-35-1, L-30-1, and 3-UP. Figure 23 showsthe physical
characteristics of each of these locations. For each location selected, the ADT, the
percent trucks, and the estimated increase in traffic (growth factor) were obtained.



TABLE 9

SUMMARY OF ARITHMETIC MEANS OF PERCENT OF TOTAL TRUCK AXLES WHICH
FELL INTO VARIOUS 1-KIP AXLE WEIGHT CLASSES

Axle Single Axles Tandem Axles

Weight - i
Standard Coefficient of Standard Coefficient of

(kips) Mean Deviation Variation Mian Deviation Variation

(a) Type A Facility Grouping

2 0,06 0, 0879 149, 7359 0, 00 0, 0020 469, 0416
3 1. 00 0., 4067 40, 7452 0. 00 0. 0020 469, 0416
4 5. 47 1, 9500 35, 6541 0,01 0. 0127 195. 0499
5 8.07 1. 7776 22, 0407 0. 04 0. 0606 153. 1933
6 8. 42 1, 3096 15, 5595 0. 23 0. 2828 124, 5865
T 8. 18 1. 2249 14,9780 0.76 0. 5829 76. 6926
8 7.97 1, 2527 15, 7090 1. 60 0. 9487 59, 1680
9 7.03 0. 6801 9, 6707 2,14 0, 8361 39. 0208
10 4.90 0.9812 20, 0370 1,95 0. 6126 31,3991
11 3.07 1, 0380 33.8194 1. 60 0. 5271 32. 8570
12 2,24 0. 6593 29, 4538 1. 27 0. 4238 33, 4158
13 1.78 0. 2853 16. 0215 1. 08 0. 5015 46. 4894
14 1.73 0. 3876 22, 4522 0.93 0. 4655 50, 1052
15 1.76 0. 3811 21, 6904 0.79 0. 5154 65, 4255
16 1.94 0. 4187 21, 6042 0,72 0. 3019 41,8012
17 1.77 0. 4258 24, 0332 0. 67 0. 2962 44, 0133
18 1. 26 0. 3184 25, 3420 0. 68 0. 2103 30. 8029
19 0. 85 0. 3056 35.9913 0.70 0. 2045 29, 1489
20 0. 46 0. 2366 51, 6300 0.78 0. 2510 32, 3819
21 0.19 0.1374 70, 8350 0. 83 0, 2305 217, 6305
22 0.12 0. 1007 85, 4576 0.97 0. 3075 31. 8580
23 0. 07 0. 0926 129, 0496 1.09 0. 3532 32, 3650
24 0, 04 0. 0585 164, 1411 1. 28 0. 4452 34. 6669
25 0,01 0.0143 205. 2057 1. 50 0, 4522 30, 2001
26 0.01 0, 0121 198. 2062 1. 59 0. 5526 34, 7243
27 0. 00 0. 0085 324, 0370 1.53 0. 5409 35. 4419
28 0. 00 0, 0041 469, 0416 1,38 0. 5012 36. 3219
29 0.00 0. 0056 324, 0370 1.25 0. 5695 45, 3893
30 0.00 0.0122 469, 0416 0.95 0. 3210 33,7234
31 0 0 0 0,81 0, 4794 59, 3769
32 0 0 0 0. 58 0, 5657 97, 6863
33 0 0 0 0, 48 0. 5588 116, 4157
34 0 0 0 0. 37 0. 5090 137.0774
35 0 0 0 0.29 0, 5487 191, 1976
36 0 0 0 0.19 0. 3580 187, 5375
37 0 0 0 0.16 0, 3134 190. 7149
38 1] 0 0 0.10 0. 2116 211, 5985
39 0 0 0 0. 07 0.1304 187, 4500
40 0 (1} 0 0. 08 0. 1551 204, 9574
41 0 0 0 0. 05 0.1360 269, 7463
42 0 0 0 0. 05 0. 1514 290, 2346
43 0 0 0 0. 02 0. 0497 219, 8877
44 0 0 0 0.01 0. 0307 271. 4742
45 0 0 0 0.01 0, 0117 225, 1543
46 0 0 0 0.01 0. 0395 349, 3019
47 0 0 0 0.01 0.0174 307, 8846
48 0 0 0 0. 00 0.0114 261. 1513
49 0 0 0 0.01 0. 0240 324, 6505
50 0 0 0 0. 00 0, 0082 469. 0416
51 0 0 0 0. 00 0,0184 469. 0416
52 0 0 0 0 0 0
53 0 0 0 0 0 0
54 0 0 0 0, 00 0. 0061 469, 0416
56 0 0 0 0 0 0
56 0 0 0 0, 00 0. 0072 331, 0589
(b) Type B Facility Grouping
2 0.14 0. 3040 218, 5744 0 0 0
3 1, 46 1, 3957 95, 3794 0. 00 0. 0027 734, 8469
4 5. 46 2, 5385 46. 4830 0, 00 0. 0165 336. 1200
5 8,32 2, 8871 34, 6953 0, 02 0. 0411 209, 1773
6 9.02 2, 6199 29, 0369 0.20 0. 2670 132. 1847
i 8.35 1. 6951 20, 2974 0.76 0. 8820 116, 1588
8 7.54 1.9293 25, 5831 1.37 1, 3147 95, 7327
9 6.99 1. 4302 20, 4648 1,78 1,1784 66. 2028
10 4, 89 1. 6386 33. 5098 2,04 0.9673 47, 5291




TABLE 9 (Continued)

SUMMARY OF ARITHMETIC MEANS OF PERCENT OF TOTAL TRUCK AXLES WHICH
FELL INTO VARIOUS 1-KIP AXLE WEIGHT CLASSES

Axle Single Axles Tandem Axles
Ylsiit;t Mean Standard Coefficient of Mean Standard Coefficient of
P Deviation Variation Deviation Variation

(b) Type B Facility Grouping (Continued)

11 3.23 1. 2480 38, 6399 1,61 0. 7030 43, 6873
12 2.15 0. 7616 35, 4781 1.43 0. 8521 59. 6078
13 1. 61 0. 5668 35, 2063 1,18 0.7376 62, 2460
14 1. 59 0. 7470 47,1239 0.99 0.7116 72, 0813
15 1. 62 0, 7606 47. 0214 0. 89 0. 6805 76. 5038
16 1. 57 0. 6463 41, 1497 0.79 0. 5240 66, 1780
17 1.48 0, 5401 36, 4168 0. 64 0. 4580 71, 2822
18 1.23 0. 5980 48. 4778 0. 55 0. 3543 64, 9517
19 0.94 0. 6827 72,7160 0. 66 0, 5209 79. 1027
20 0,63 0, 4797 76. 1008 0. 56 0. 4250 75. 6390
21 0. 59 0.1926 202, 4458 0. 68 0. 5005 73. 5040
22 0.30 0. 5175 173, 5664 0. 82 0. 5060 61, 8207
23 0.18 0. 2888 163, 7521 0, 89 0. 6398 72,0230
24 0. 09 0. 1679 196, 0413 1. 07 0. 8060 75. 5593
25 0.03 0. 0862 289, 1646 1.10 0. 6689 60, 8673
26 0. 00 0. 0155 473, 5602 1.23 0. 7868 64,1612
27 0,01 0, 0643 512, 5888 1.18 0, 7915 67.1169
28 0. 00 0. 0131 552, 8838 1. 04 0. 6067 58, 3468
29 0.01 0. 0454 734, 8469 1. 07 0. 6687 62, 7070
30 0 0 0 0. 82 0. 6571 80, 0253
31 0 0 0 0.75 0. 6483 86. 6094
32 0 0 0 0. 67 0, 7019 104. 9616
33 0 0 0 0. 57 0, 6121 107, 2176
34 0 0 0 0. 64 0. 7209 112, 7012
35 0 0 0 0. 55 0. 6420 117, 4312
36 0 0 0 0,55 0. 7460 136. 5768
3 0 0 0 0. 41 0. 5760 137, 7725
38 0 0 0 0. 42 0, 6045 142, 3991
39 0 0 0 0. 25 0, 3792 151. 8894
40 0 0 0 0,11 0. 1936 180. 4587
41 0 1] 0 0. 09 0. 2203 258, 3817
42 0 0 0 0. 04 0. 1355 321, 1210
43 0 0 0 0, 07 0, 1873 277. 7097
44 0 0 0 0. 05 0.1731 329. 4336
45 0 0 0 0.03 0. 0922 354. 4537
46 0 0 0 0. 02 0, 0688 402, 3949
47 0 0 0 0. 00 0. 0261 598, 8125
48 0 0 0 0 0 0
49 0 0 0 0. 00 0. 0059 543, 6502
50 0 0 0 0 0 0
51 0 0 0 0 0 0
52 0 0 0 0 0 0
53 0 0 0 0 0 0
54 0 0 0 0 0 0
55 0 0 0 0. 00 0. 0040 734, 8469
56 0 0 0 0 0 0
(c) Type C Facility Grouping

2 0.11 0. 4324 387, 1237 0 0 0

3 1. 41 1, 7718 125, 7418 0 0 0

4 7.03 3.8772 55. 1859 0. 01 0. 0479 725. 8942

5 11. 49 4, 8081 41,8399 0. 05 0, 1954 424, 5253

8 10. 23 3. 2894 32, 1651 0.08 0. 3523 417, 7156

7 8.97 2. 4672 27, 5090 0. 23 0. 6368 278, 1434

8 7.50 2, 3493 31. 3195 0. 40 0. 6498 163, 4023

9 6. 55 2,1577 32,9371 0. 84 0. 7794 92, 7488
10 5.10 1, 6706 32. 7603 1,48 1, 2430 83,9131
11 3.47 1. 65585 44,9098 1.82 1. 1595 63, 6201
12 2,35 1, 2029 51, 1204 1,58 1, 0625 67, 2897
13 1.77 1. 0004 56, 6168 1. 35 0.9807 72, 5444
14 1.51 0. 9599 63. 5129 1,21 0. 9259 76. 6862
15 1,36 0. 8358 61, 4418 0.88 0. 8514 96. 3314
16 1.37 0, 9901 72, 2690 0. 68 0. 6326 93.1732
17 1. 24 0. 8981 72. 2423 0, 58 0, 6293 108. 9303
18 1.18 0.9739 82, 1835 0. 54 0. 5558 102, 6274
19 1. 02 0. 8193 80. 0380 0.42 0, 4641 109, 2685
20 1.04 0.9170 88, 5224 0. 44 0. 5517 124, 8200
21 0, 61 0. 5685 92, 8508 0. 40 0, 4957 124, 7457
22 0, 37 0. 6239 170. 4791 0. 41 0. 4853 117, 2152
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TABLE 9 (Continued)

SUMMARY OF ARITHMETIC MEANS OF PERCENT OF TOTAL TRUCK AXLES WHICH
FELL INTO VARIOUS 1-KIP AXLE WEIGHT CLASSES

Axle Single Axles Tandem Axles
‘zgig';t M Standard  Coefficlent of Standard  Coefficient of
P8 ean Deviation Variation €aN  Deviation Variation
(c) Type C Facility Grouping (Continued)

23 0.24 0. 4774 196. 9247 0. 39 0. 5324 136. 0909
24 0.13 0. 3138 235. 5930 0. 39 0. 5387 139, 0265
25 0. 04 0. 1569 420, 9545 0. 38 0. 4905 129. 1315
26 0. 03 0.1131 363, 4186 0. 48 0. 5416 113, 5264
27 0. 03 0. 1409 537, 2820 0. 53 0. 5994 114, 0049
28 0,02 0.1112 574, 9672 0. 53 0. 6673 125, 3572
29 0. 01 0. 0525 611. 8787 0. 57 0. 6570 114, 4368
30 0. 00 0. 0445 1024, 6951 0. 63 0. 6671 105. 8934
31 0.00 0. 0261 1024, 6951 0.73 0. 7767 105. 8615
32 0. 00 0. 0512 1024. 6951 0. 66 0. 7062 106. 4917
33 0 0 0 0.76 0. 6971 91, 3986
34 0 0 0 0,83 0. 8617 103, 7758
35 0 0 0 0.79 0. 7762 98, 3986
36 0 0 0 0.77 0. 8115 104, 7885
37 0 0 0 0. 59 0. 6737 114, 5885
38 0 0 0 0.34 0. 4204 121.9088
39 0 0 0 0.33 0. 5070 153. 1847
40 0 0 0 0.19 0. 3822 198, 1242
41 0 0 0 0.13 0. 2644 208, 8771
42 0 0 0 0.10 0. 1981 206, 4395
43 0 0 0 0, 08 0. 1649 212, 9503
44 0 0 0 0. 04 0. 1342 329, 2627
45 0 0 0 0. 04 01184 291, 2990
46 0 0 0 0,03 0. 1030 395, 7172
47 0 0 0 0. 01 0. 0590 449, 8589
48 0 0 0 0. 01 0.0433 819, 8199
49 0 0 0 0. 02 0. 0954 515, 8948
50 0 0 0 0.01 0. 0481 728. 5714
51 0 0 0 0, 00 0. 0126 1024 6951
52 0 0 0 0 0 0

53 0 0 0 0,01 0. 1208 1024, 6951
54 0 0 0 0.01 0. 0895 672, 7013
55 0 0 0 0500 0. 0126 1024, 6951
56 0.01 0. 0551 1024, 6951 0. 01 0. 0783 715. 5172

Station L-35-1, located in Bell County on I-35, was chosen to be atypical loadometer
station operating on a Type A facility. The ADT at this station was 11, 940 in 1963,
The percent trucks was 10. 7 percent and the expected increase in traffic was 4. 6 per-
cent per year. Station L.-30-1, located in Hunt County on US 67, was chosen as a typi-
cal loadometer station operating on a Type B facility. The ADT for 1963 was 4, 740
and the percent trucks was 23. 0 percent. The expected growth in traffic was 7.0 per-
cent per year,

The last station selected was 3-UP, located in the city limits of San Antonio, in
Bexar County. This station was considered to be a typical one located on a Type C
facility. Station 3-UP had an ADT of 17, 104 and a percent trucks of 7.1 percent for
1963. The estimated increase in traffic was 0.9 percent per year.

Calculation of Equivalent 18-Kip Load Applications

The serviceability of a given pavement is its ability to provide adequate support and
a satisfactory ride at any specific time. The serviceability of a given pavement will
decrease with applications of axle loads. Certain relationships were developed from
the AASHO Road Test that related the destructiveness of an application of an 18-kip
single-axle load to the serviceability of a flexible pavement. Also, methods were de-
veloped to relate the relative destructive effect of one application of any given axle load
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Figure 10. Tandem-axle weight distributions for Type A facility.
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Figure 13. Single-axle weight distributions for Type B facility.

30 -
TANDEM RXLES
27 4 TYPE B8 FACILITY
(1960 - 1963)
2
214
184
15 4
124
'y
64
3 Ei:'l R | L X
;” :l[|;I s ' I-',,..--:l ‘.
Ll s,
0 s 10 15 2 % £ 4o WS 50
AXLE HEIGHT
(IN KIPS)

Figure 14, Tandem-axle weight distributions for Type B facility.
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Figure 15. Single-axle weight distribution of arithmetic means for Type B facility.
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Figure 16. Tandem-axle weight distribution of arithmetic means for Type B facility.



68

PER CENT OF TOTAL AXLES

PER CENT OF TOTAL RXLES

21 4

18 4

154

SINGLE RAXLES
TYPE C FRCILITY
(1960 - 1963)

% 3 35 0 us 50 55 60
AXLE WEIGHT
{IN KIPS)

Figure 17. Single-axle weight distributions for Type C facility.

TANDEM RXLES
TYPE C FACILITY
(1960~ 1963)

AXLE WEIGHT
(N KIPS)

Figure 18. Tandem-axle weight distributions for Type C facility.
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Figure 19. Single-axle weight distribution of arithmetic means for Type C facility.
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TABLE 10

SUMMARY OF ARITHMETIC MEANS OF PERCENT OF TOTAL TRUCK AXLES WHICH
FELL INTO VARIOUS 1-KIP AXLLE WEIGHT CLASSES
FOR STATEWIDE AREA GROUPING

Axie Single Axles Tandem Axles
Welg Standard  Coefficient of Standard  Coefficient of
(iips) Mean Deviation Variation Mean  p.viation Variation
2 0.11 0. 3700 326, 6577 0. 00 0. 0007 1352, 7749
3 1.37 1, 5593 113, 4670 0. 00 0. 0294 1259. 8364
4 6. 37 3. 4154 53, 6503 0. 01 0. 0956 757. 8248
5 10. 16 4. 3500 42,7998 0. 04 0.1620 388, 6102
6 9. 65 3. 0051 31. 1463 0. 14 0. 3266 237. 8212
7 8.70 2, 1581 24, 8101 0. 45 0.7605 168, 2542
8 7.57 2. 1300 28, 1492 0. 84 1. 0695 127, 8408
9 6.73 1. 8588 27, 6138 1. 28 1, 0630 83, 0083
10 4,99 1, 6036 32. 1670 L7 1.1348 66, 4575
11 3.33 1, 4238 42,7432 1.73 0. 9860 57. 0481
12 2, 28 1. 0352 45, 4824 1. 49 0. 9494 63. 5122
13 1.72 0. 8348 48, 6344 1. 27 0., 8708 68, 7154
14 1. 56 0, 8487 54, 3720 1.10 0. 8301 75. 2325
15 1.48 0, 7871 53, 0466 0. 87 0. 7681 87, 8751
16 1. 49 0. 8631 57, 8365 0.72 0. 5714 79, 5746
17 1,38 0. 7805 56. 4531 0. 61 0, 5491 89, 8338
18 121 0. 8202 67. 1536 0. 56 0. 4739 84, 8516
19 0.98 0.7518 76, 3633 0. 53 0. 4747 89, 6365
20 0. 84 0. 7829 92, 9643 0. 52 0. 5006 96. 7233
21 0. 55 0. 7943 143, 8569 0. 54 0. 5001 92,7932
22 0.31 0, 5561 178. 6615 0. 60 0. 5262 87, 6703
23 0. 20 0. 3994 199, 8832 0. 63 0. 6167 97. 9203
24 0.11 0. 2632 236, 8417 0.70 0. 7261 103, 6181
25 0. 04 0.1727 432, 2447 0.73 0. 6948 94, 6047
26 0. 02 0. 0918 420, 0652 0. 84 0. 7637 90, 8345
27 0. 02 0.1164 544, 8188 0. 84 0. 7646 90, 9612
28 0.01 0. 0851 712, 1635 0.79 0. 7065 89, 6046
29 0.01 0. 0471 671, 3765 0, 80 0. 7060 88. 1313
30 0. 00 0, 0341 1205, 9762 0.73 0. 6430 86, 2898
31 0. 00 0. 0199 1352, 7749 0.74 0.7078 95. 3806
32 0. 00 0, 0390 1352, 7749 0. 66 0. 6906 105, 0992
33 0 0 0 0. 67 0. 6655 98,9519
34 0 0 0 0.7 0, 8001 111. 9881
35 0 0 0 0. 65 0. 7350 113, 4004
36 0 0 0 0. 63 0.7747 122, 6367
37 0 0 0 0. 49 0. 6310 128, 8021
38 0 0 0 0,34 0. 4739 140. 6962
39 0 0 0 0. 27 0, 4478 163. 2411
40 0 0 0 0.15 0. 3172 210. 3035
41 0 0 0 0.10 0. 2400 233. 3286
42 0 0 0 0, 07 0. 1767 243, 5816
43 0 0 0 0,07 0.1625 247, 0653
44 0 0 0 0. 04 0. 1400 344, 8286
45 0 0 0 0,03 0. 1073 315, 3105
46 0 0 0 0.02 0. 0023 389, 6891
47 0 0 0 0. 01 0. 0476 497, 4366
48 0 0 0 0. 00 0. 0332 925, 6224
49 0 0 0 0. 01 0. 0734 616, 6702
50 0 0 0 0. 00 0. 0368 914, 0051
51 0 0 0 0, 00 0.0116 969, 7491
52 0 0 0 0 0 0
53 0 0 0 0. 01 0. 0963 1074. 3140
54 0 0 0 0. 01 0. 0683 872, 1072
55 0 0 0 0. 00 0, 0098 1126. 6654
56 0. 00 0. 0419 1352. 7749 0. 01 0. 0597 907, 9388
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Figure 21. Single-axle weight distribution of arithmetic means for statewide area.
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L-35-1 on I-35 in Bell County
~Type A facility

3-UP in San Antonio in Bexar County
-Type C facility

L-30-1 on US 67 in Hunt County
~Type B facility

Figure 23. Locations selected for evaluation of three methods of grouping data.
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to that of one application of an 18-kip single-axle load. The factor that is multiplied by
the applications of a given axle load to convert these to an equivalent number of appli-
cations of an 18-kip single-axle load is called an equivalence factor (EF). The AASHO
Road Test equations used to calculate equivalence factors are:

For single axles

Gt Gt
log EF =479 log (L_ +1)-4.79 log (18 + 1) + =— - — (1)
X Bis BX
For tandem axles
G G
log EF = 4.79 log (Lx+2) - 4,79 log (18 + 1) - 4. 33 log 2 +E-8-—B—x (2)

4.2-p,
G =log | 7513

0.081 (L + La) 2%

Bx =0.40 +
(SN + 1)5-19 (Lz)s.m
Bys=9.40 + — 1094
(SN + 1)%®
and

Gt = a function (the logarithm) of the ratio of loss in serviceability at time t to the
total potential loss at the time when the serviceability index will be 1. 5;

P, = serviceability index at end of time t;

Ly = load on one single axle or on one tandem axle in kips;

L2 = axle code = 1 for single axles, 2 for tandem axles;

SN = structural number (a measure of pavement strength); and

EF = the equivalence factor.

An SN of 3. 0 and a Pt of 2. 5 were used in calculating the number of equivalent 18-kip
single-axle applications.

The solution of the right side of Eqs. 1 and 2 yields the logarithm of the EF. Tables
showing EF for a variety of conditions are given in HRB Spec. Rept. 73 (8). The equiv-
alence factor for an 18-kip single axle is, of course, 1.00; for lighter single-axle loads
the factor is less than 1. 00, and for heavier single-axle loads the factor is greater than
1. 00.

To estimate the number of applications of an 18-kip single axle which will cause the
same damage to a pavement as a given number of applications of some selected axle
load, the number of applications of the selected axle load is multiplied by the appropriate
equivalence factor. The cumulative effect of various numbers of applications of different
loads can be expressed in terms of the equivalent number of applications of an 18-kip
single-axle load. By this means various loading patterns can all be compared for design
or performance.

The number of applications of an equivalent 18-kip single-axle load was calculated
for each selected location using the actual distribution of axle weights that existed in
1963 and the equivalence factors given by the AASHO Road Test equations. Equivalent
18-kip single-axle load applications were then calculated for each selected location
using the axle-weight distribution of: (a) percent trucks group within which the selected
station lies, (b) type of facility on which the selected station lies, and (c) statewide area.

The number of equivalent 18-kip single-axle load applications was calculated to be
7, 402, 760 for Station L-35-1 using the actual axle-weight distribution for 1963. The
number of equivalent 18-kip single-axle load applications is 10, 209, 820 for Station
L-35-1 when using the axle-weight distribution obtained from a statewide area grouping.
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Thus, a variation of 37.9 percent in equivalent 18-kip single-axle load applications
resulted when using the statewide area axle-weight distribution for this particular
loadometer location.

The number of equivalent 18-kip single-axle load applications was calculated for
Station L-35-1 using the axle-weight distribution obtained from a Type A facility group-
ing. The equivalent 18-kip single-axle load applications are 8, 783, 847. This repre-
sented a variation from the actual number of equivalent 18-kip single-axle load applications
of 18, 7 percent. The equivalent 18-kip single-axle load applications were calculated
for Station L-35-1 using the axle-weight distribution from an 11 percent truck grouping.
The equivalent 18-kip single-axle load applications are 11, 141, 503, The variation from
the actual equivalent 18-kip single-axle load applications is 50. 5 percent.

It is seen that for the three methods of grouping data, the difference in the number
of actual and estimated equivalent 18-kip single-axle load applications calculated for
Station L-35-1 varies from 18. 7 to 50, 5 percent. The Type A facility axle-weight dis-
tribution produced the smallest variation in equivalent 18-kip single-axle load applica-
tions. For a Type A facility, the truck movement is primarily of a long-haul nature
and does not experience the fluctuations in axle weights due to local movements.

Using the actual axle-weight distribution for Station L-30-1, the equivalent 18-Kkip
single-axle load applications are 8, 251, 685. The statewide area axle-weight distribu-
tion was used to calculate equivalent 18-kip single-axle load applications of 11, 220, 708.
This represents a variation of 36, 0 percent from the actual equivalent 18-kip single-
axle load applications. The Type B facility axle-weight distribution was used to calcu-
late equivalent 18-kip single-axle load applications of 11, 134, 830. The variation from
the actual equivalent 18-kip single-axle load applications of the facility grouping is
34.9 percent. The axle-weight distribution of a 25 percent trucks grouping was used
to calculate equivalent 18-kip single-axle load applications of 12, 089, 317. This pro-
duces a variation from the actual equivalent 18-kip single-axle load applications of
46, 5 percent. It is seen that for Station L-30-1 the estimated equivalent 18-kip single-
axle load applications calculated using the axle-weight distribution of each of the three
methods of grouping data produce a variation from the actual equivalent 18-kip single-
axle load applications of 34.9 to 46. 5 percent.

Using the actual axle-weight distribution of Station 3-UP in San Antonio, the equiva-
lent 18-kip single-axle load applications were calculated to be 5, 050, 296, The equiva-
lent 18-kip single-axle load applications using the statewide area, Type C facility, and
7 percent trucks grouping of axle-weight distributions were 6, 686, 146 and 7, 349, 439
and 4, 683, 927 respectively. The variation from the actual equivalent 18-kip single-
axle load application ranges from -7. 3 percent for the percent trucks axle-weight dis-
tribution to 45. 5 percent for the type facility axle-weight distribution.

A summary of the calculation of the number of equivalent 18-kip single-axle load
applications for the three selected loadometer stations is given in Table 11. It is seen
from Table 11 that the variation in the equivalent 18-kip single-axle load applications
calculated ranges from -7. 3 percent to 50. 5 percent. The number of equivalent 18-kip
single-axle load applications resulting from a statewide area axle-weight distribution
differs by a fairly consistent percentage from the number of equivalent 18-kip single-
axle load applications resulting from an actual axle-weight distribution.

Structural Design of Pavement

One test of the reliability of an axle-weight distribution is to determine the variation
in pavement design thickness that will result from a variation in the total number of
equivalent 18-kip single-axle load applications that are calculated from various axle-
weight distributions. Therefore, after the equivalent 18-kip single-axle load applica-
tions were calculated, a flexible pavement was designed using the AASHO Design Chart
for Flexible Pavements shown in Figure 24, This method gives the structural number
for a given number of equivalent 18-kip single-axle load applications and soil support
values. The Texas triaxial class of soil has been added to the AASHO Design Chart to
correspond with the soil support value. A triaxial class of 5. 0 for the subgrade was
used for all designs. Each structural number was converted to a total depth of cover
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TABLE 11
RESULTS OF THREE METHODS OF GROUPING DATA TO ESTIMATE AXLE-WEIGHT DISTRIBUTION

Statewide Percent Type Facility Percent Percent Truck Percent

Biatip  Apual Dats Area Method Difference Method Difference Method Difference

(a) Number of Equivalent 18-Kip Single-Axle Load Applications

L-35-1 7, 402, 760 10, 209, 820 37.9 8, 783, 847 18.17 11, 141, 503 50.5
L-30-1 8, 251, 685 11, 220, 708 36.0 11, 134, 830 34.9 12, 089, 317 46,5
3-up 5, 050, 296 6, 686, 146 32. 4 7, 349, 439 45, 5 4,683,927 -7.3
(b) Total Depth of Cover Required in Inches?
L-35-1 27.7 29.1 5.1 28.4 2.5 29.5 6.5
L-30-1 28, 2 29,5 4,6 29.5 4.6 30.0 6.4
3-UP 26.0 27.3 5.0 27.1 6.5 25.8 -0.8
%Based on AASHO Design Chart for Flexible Pavements shown in Figure 24.
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required for a coefficient of strength of 0.15. Table 11 liststhe various depths of cover
that are required for each design. The total variation in total depthof coverislessthan
2 in. when a total depth of cover of approximately 30 in. is required. Thus, it would
appear that regardless of the three methods of determining an axle-weight distribution
to be used in calculating the number of equivalent 18-kip single-axle load applications,
variation in pavement thickness will be small. The same order of variation in pave-
ment thickness will result from using a subgrade of any triaxial class.

Example Problem

Station L-35-1: ADT = 11,940, percent trucks = 10.7 percent, percent growth per
year = 4. 6 percent, and design period = 20 years.

Assumptions:

1. The percent trucks (10.7%) will remain constant over the design period of 20 years,

2. The growth factor (4. 6%) will remain constant over the design period of 20 years.

3. The axle-weight distribution will remain constant over the design period of 20
years.

4, The AASHO Road Test equations for equivalent factors are applicable.

5. All car axles weigh 2 kips each.

Let:

Y = number of truck axles (axle loads),

X = average daily trucks,

P = the percent of the total axles that fall into each axle-weight group of a given axle-
weight distribution,

C = total car axles,

T = percent trucks, and

G = growth factor.

For a statewide grouping, the equation used for calculating the number of truck axles
is Y = 28. 28 + 2.75 (X). Therefore, the total truck axles for one year is given by

¥ = [28.28 + 2.75(ADT) (1) (365)
and the total car axles for one year is given by
c= [apT - (apT) (1)] (2) (369)
The total equivalent 18-kip single-axle applications for one year would be
i=56
r [@)Er) ®]© (EFy_yip single’

i= 2

Calculate ADT for next year:

ADTan year B [ ADTlst year (G)] + ADTIst year

or

ADT = | ADT (G)| + ADT

n n-1 n-1
Recalculate total equivalent 18-kip single-axle applications for the second year and
continue procedure over the design period. Thus, the total equivalent 18-kip single-
axle applications for the design period would be
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20 i=056

) ‘): ) {(Pi) (EFi)[ 28.28 + 2,75 (ADTn) (T) ] (365) }
1 )

n

n Mo

n

+ [ADTn - ADT (T)] (2) (365) (E )

FZ-I(ip single

For Station L-35-1, the number of equivalent 18-kip single-axle load applications was
calculated to be 7, 402, 760, Entering Figure 24 with the number of equivalent 18-kip
single-axle load applications of 507 (equivalent daily 18-kip single-axle load applica-
tions in one direction) and using a triaxial class of 5. 0, a structural number of 4. 16 is
obtained. The SN of 4. 16 is equivalent to a total depth of cover of 27. 7 in, for a soil
with a coefficient of strength of 0. 15.

CONCLUSIONS

For the data analyzed, the total number of axles (axle loads) produced by a given
number of trucks was approximately 2, 75 multiplied by the number of trucks. A
tandem-axle set is considered to be one axle. The linear regression equation is

Y =28.28 + 2. 75 (X)
where

Y = number of axles (axle loads), and
X = number of trucks.

This equation was determined by correlating the number of axles with the number of
trucks for a statewide area.

The predominant single-unit truck observed was the 2-axle, 6-tired (Code 13) ve-
hicle. As the percent of trucks increased from 3 to 30 percent, the percentage of the
total trucks made up of 2-axle, 6-tired vehicles decreased from 65 to 7 percent.

In the tractor, semitrailer combination class, the 4-axle (Code 22) and the 5-axle
(Code 24) were the predominant vehicles. As the percent of trucks increased from 3
to 30 percent, the percent that the 4-axle (Code 22) vehicle represented of the total
trucks increased from 12 to 44 percent and the percent that the 5-axle (Code 24) rep-
resented of the total trucks increased from 7 to 36 percent.

Based on the survey of data from loadometer stations operated in 1960 through 1963,
loadometer stations operating on a Type A facility should be grouped in order to esti-
mate the axle-weight distribution for the purpose of calculating the number of equiva-
lent 18-Kkip single-axle load applications at a given location. The statewide area method
of grouping loadometer stations may be used to estimate the axle-weight distribution
for all types of highways other than those that meet or approach Interstate design stan-
dards and carry predominantly through truck traffic.

RECOMMENDATIONS

For all types of facilities, the statewide area equation for calculating the number of
truck axles should be used. ' In estimating an axle-weight distribution to be used in cal-
culating the number of equivalent 18-kip single-axle applications for a given location,
good engineering judgment should be used. If the location under consideration for pave-
ment design purposes is located in the vicinity of a regular loadometer station and the
truck traffic characteristics are very similar to those of the regular loadometer station,
then the axle-weight distribution of the regular loadometer station should be used to
calculate the number of equivalent 18-kip single-axle load applications. If the location
under consideration is not in the vicinity of a regular loadometer station or the truck
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traffic characteristics are different, then the Type A facility axle-weight distribution
should be used if the location is on a Type A facility. If the location is on any other
type of facility, then the statewide area axle-weight distribution should be used to
calculate the number of equivalent 18-kip single-load applications.
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A Resilience Design Procedure for
Flexible Pavements

ERNEST ZUBE and RAYMOND FORSYTH
Respectively, Assistant Materials and Research Engineer, and Senior Materials and
Research Engineer, California Division of Highways

For several yearsthe California Division of Highways has been
engaged in a research project with the objectives of measuring
and allowing for the resilient behavior of soils within flexible
pavement systems. The ultimate objective of the study has been
the incorporation of the resilience factor into pavement design
for the purpose of eliminating or minimizing early 'fatigue'
failure of asphalt-concrete surfacing dueto excessive transient
deflection.

Design criteria in the form of maximum tolerable deflection
were available from previousfield studies. A laboratory testing
device, the resiliometer, was developed to measure the resil-
ience properties of various roadway materials, This report
describes the apparatus itself, its development and the results
of qualitative tests on the main types of soils encountered in
roadway construction.

The incorporation of the resilience factor into pavement
design required the establishment of the relationship between
field deflection and laboratory resilience tests. The correlation
program involved the sampling and testing of 20 different road-
ways. Field sampling and laboratory procedures are presented
along with sample computations which illustrate the method of
analysis of laboratory resilience data,

The reportpresents the results of a field trial of the resil-
ience design procedure in which preliminary samples from a
number of roadways were tested using resilience design crite-
ria. Predicted deflections resulting from these preliminary
resilience analyses are compared with those measured in the
field following the completion of construction. The results in-
dicate that the resilience design procedure is generally consist-
ent and effective in isolating potential resilience problems.

oFATIGUE cracking of bituminous pavements has been recognized as a major problem
with respect to flexible pavement performance. This is, of course, primarily because
preliminary design procedures incorporating the factor of transient deflection have not
been developed. During the past 20 years, however, several agencies have developed
tolerable deflection criteria for in-place pavements. Middlebrooks (1) in 1943 stated,
"Experience to date indicates that the critical deflection will vary from approximately
0.05 in. to 0.15 in. depending upon the type of subgrade, the type of base material,
wheel load, and probably other factors."

The necessity of permanently installing electronic gage units for deflection measure-
ment was eliminated during the operation of the WASHO Road Test (1953) with the devel-
opment of the Benkelman beam. This device greatly simplified and speeded up the

Paper sponsored by Committee on Flexible Pavement Design and presented at the 46th Annual Meeting.
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TABLE 1
TENTATIVE MAXIMUM PAVEMENT DEFLECTIONS

Max. Deflection

Thickness, for Design
In, Type of Pavement Purposes, In,
(tentative)
8 Portland cement concrete 0.012
6 Cement-treated base
(surface with bituminous pavement) 0.012
4 Asphalt concrete (plant mixed) on
untreated aggregate base 0.017
3 Asphalt concrete (plant mixed) on
untreated aggregate base 0.020
2 Asphalt concrete (plant mixed) on
untreated aggregate base 0.025
1 Asphalt concrete (road mixed) on
untreated aggregate base 0.036
% Asphalt concrete surface treatment 0.050

measurement of transient pavement deflection. Utilizing this apparatus, approximately
60, 000 individual readings were made on the WASHO test road, Analysis of these data
revealed that this particular test pavement could withstand transient deflections of 0.045
in, in warm weather and 0.030 in. in cold weather (2) for a period of two years. It was
emphasized in the report, however, that these values may not be applicable to older
pavements or to those containing different types of asphalt or aggregate.

The results of a comprehensive statewide deflection study made by the California
Division of Highways beginning in 1951 were made available in 1955 (3). The test data
for this investigation were derived from readings of nearly 400 permanently installed
General Electric travel gage units on 43 different projects.

Analysis of these data resulted in the safe limits (Table 1) for maximum deflection
under a 15, 000-1b single-axle load for several types of pavement and base construction
necessary to preclude cracking after several millions of load repetitions.

These values were determined from tests on roadways with approximately 10 million
equivalent 5000-1b wheel loads (EWL) and have been used as a guide criteria by the
Division of Highways since 1955 for planning the reconstruction of existing roadways.
Although no additional evidence has been found that would seriously invalidate these
criteria, "further adjustment may be warranted from experience gained from present-
day construction,

In order to reevaluate these criteria in view of possible improvements in the fatigue
resistance properties of current asphalt mixes and to make appropriate adjustments
for variations in traffic volume, an investigation (4) is currently being made by the
California Division of Highways in cooperation with the U.S. Bureau of Public Roads.
The investigation will further determine the effect of varying amounts of traffic on
tolerable deflection levels of various types of roadway structural sections.

As an interim method of adjustment for varying traffic volumes, a family of curves
has been developed by the Materials and Research Department based on AC surfacing
fatigue tests made by the department several years ago. The results of this work indi-
cate that while fatigue life of individual AC specimens varied widely, presumably due
to variation of mix design, age and number of previous traffic loadings, the slopes of
their load repetition vs deflection lines were relatively uniform when plotted as loga-
rithmic functions. By utilizing an average AC surfacing fatigue line slope and by
pivoting lines through known deflection criteria at the traffic volume from which Table
1 was developed, Figure 1 was developed for the purpose of making "rule of thumb"
adjustment in tolerable deflection for varying traffic volumes. Although these curves
are based solely on laboratory surfacing fatigue data, they appear quite reasonable
within the ranges of 6.0 to 10.0 TI. The traffic index (TI)is an exponential function of
total 5000-1b EWL anticipated on the highway between the time construction is completed
and the end of the design period, usually 20 years (see Test Method No. Calif. 301-B),
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Figure 1. Variation in tolerable deflection based on AC fatigue tests.

The curves have, therefore, been utilized since 1964 in planning the reconstruction of
lightly traveled roads based on deflection measurement,

Preliminary review of deflection data from the AASHO test road in Illinois indicates
that the tested pavements tolerated deflections somewhat greater than those given in
Table 1. However, differences in asphalt quality, design and control of the mixes, and
duration of the test may have greatly influenced these values.

The results of a pavement deflection study of three years' duration in North Carolina
were reported in 1960 by L. D, Hicks (5). In the course of this study, periodic deflec-
tion measurements were made over 4 projects with a Benkelman beam and a dump truck
loaded to provide 7500 1b on each rear dual wheel assembly (15, 000-1b axle load). This
is the same arrangement as that employed by California.

Undoubtedly, the results of these and future deflection investigations, over a variety
of pavement structural sections throughout the United States, will enable highway engi-
neers to assign safe levels of deflection to pavements for a given traffic situation with
reasonable certainty that the pavements will not be overly fatigued during their design
life. These deflection levels will, of necessity, take into account local materials,
weather, mixture design, and construction practices.

DEVELOPMENT OF THE RESILIENCE TEST

Pavement deflections in the past have been measured in situ. Therefore, the de-
signer has had no basis from which to predict the probable deflection of a proposed
structural section or to adjust the section so as to reduce an anticipated high deflection
to within permissible limits. Over the past 20 years, the Materials and Research
Department of the California Division of Highways has developed a testing device and
procedure for the purpose of incorporating the deflection factor into pavement design
by providing a definite measure of the compression and rebound of a soil specimen un-
der dynamic loading. Since, for a given load and specimen size, this measurement is
directly related to the recoverable strain energy of a deformed body when the load
causing strain is removed, the instrument has been designated the resiliometer. The
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Figure 2. Resiliometer.

test will supplement existing tests because it measures a separate and distinct soil
property (resilience) not measured by commonly used test methods.

The resiliometer (Fig. 2) is an apparatus which measures the volumetric displace-
ment resulting from repetitions of a cyclic dynamic load applied to soil specimens
ranging from 2% to 4in. in height and 4 in. in diameter, The load is applied to the top
of the specimen through a rubber diaphragm associated with a pressure system con-
taining ethylene glycol solution, the fluid being acted on by air pressures of from 0 to
60 psi. Volumetric displacement is measured by a manometer tube. Lateral pres-
sures are applied and measured by the stabilometer. The apparatus, test method, and
procedure are further described in another report (6).

During the period from 1954 to 1959, several modifications in equipment and tech-
nique were instituted which improved the instrument's sensitivity and test reproduci-
bility. This period was also devoted to studies of the effect on resilience of specimen
height, density, gradation, moisture content, and number of load repetitions. Quali-
tative resilience appraisals were made on roadway materials from locations throughout
California, In addition, samples from Idaho and Washington, as well as from the
WASHO and AASHO test roads, were tested.

The data assembled from these tests seem to warrant certain general observations
concerning the resilient behavior of soils:

1. Resilience (internal compression and rebound) increases rapidly with increasing
compaction moisture content and, to a lesser extent, with increasing void ratio. Resil-
ience also increases with increasing post-compaction moisture content.
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Figure 3. Typical resilience-moisture curves.

- 2. Although individual clay specimens have been found to be extremely resilient at
elevated moisture contents, the greatest sensitivity to moisture, i.e., the largest
variations in resilience for a given increase in moisture content, are consistently found
in the soils classed as silts or silty types.

3. Sands and gravels are generally low in resilience. The resilience vs compaction
moisture content plots shown in Figure 3 illustrate fairly typical behavior of several
distinct types of soil. The general descriptive ratings on the right side of the chartare
based on an evaluation of results from hundreds of individual tests.

4, As a general rule, the greatest soil "sensitivity" begins slightly on the wet side
of optimum moisture content as determined by Test Method No. Calif. 301-F (Z).

The accumulation of these data and the assignment of general resilience classifica-
tions proved beneficial for the qualitative appraisal of roadway materials for special
projects and distress investigations. However, in order to introduce the resilience
factor into the California flexible pavement structural design procedure on a rational
basis, it was apparent that a relationship was required between laboratory resilience
measurements and field performance as measured by pavement deflections.

RESILIENCE-DEFLECTION CORRELATION STUDY

In order to establish a relationship between pavement deflection and resilience values
determined in the laboratory, a correlation study was initiated in the spring of 1959 at
the Franklin Airport, southeast of Sacramento. This program consisted of measuring
pavement deflections and taking undisturbed samples for resilience testing in the labora-
tory. Subsequent samplings were made at the California State Fair Grounds and in the
Division of Highways Service and Supply Yard in Sacramento. The results of these early
correlation samplings were beneficial primarily for development of a procedure for de-
flection measurements, sampling, and testing, specifically for the resilience-deflection
correlation study. In addition, several basic changes in the method of analysis of data
were made. The samplings which will be discussed in this report are from roadways
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throughout California and from I-15 in
in Idaho. At present, the resilience-
deflection correlation consists of 44 in-
dividual samplings from 20 different
roadways.

Field Procedure

During the correlation study (1959-
1963), a Benkelman beam was used to
measure deflections produced by a
dump truck with a rear-axle load of
15,000 1b. The load was supported by
two dual wheel assemblies with 10:00 x
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20 tires inflated to 70 psi. The test
interval varied from 15 to 20 ft in each
wheel track of a selected lane through-
out a test area of 500 lineal ft. The
temperature of the pavement surface
was recorded at the time deflection
measurement was made.

Locations from which samples were
obtained were selected from within an
area of relatively uniform deflection.
Thus, samples representative of the general state of the roadway were obtained, there-
by minimizing the effects of localized conditions. Areas with cracked surfacings were
considered unsuitable for sampling since they yield abnormally high deflections due to
the rocking action of individual blocks.

Sampling operations included taking moisture samples and a 40 to 50-1b disturbed
sample from each different material to a depth of 30 in. from the surface. These
samples were obtained from a 2 by 3-ft hole excavated to a depth of 30 to 36 in. In ad-
dition to thickness measurements, at least three undisturbed 4-in. high by 4-in. diam-
eter samples were obtained from the basement or embankment soil and, in some cases,
the subbase.. Those materials from which undisturbed samples could not be taken, due
to lack of cohesion, were tested for in-place density utilizing the sand-volume method
(Test Method No. Calif. 216-F). A typical sampling diagram used for the sample taken
on one of the roads is shown in Figure 4,

Figure 4. Structural section sampling diagram, Road
04-Mrn-Son-1.

Laboratory Testing Parameters

In order to minimize the adverse effects of different loading variables, an attempt
was made to reproduce in the laboratory the expected field conditions. The variables
considered included lateral confining pressure, surcharge, vertical stress, distribution,
effective depth of deformation, and rate of load application.

Lateral Confining Pressure—For correlation purposes, it was considered desirable
to test specimens using a lateral confining pressure in the stabilometer comparable to
that exerted on an in-place element of soil resulting from dynamic loading representa-
tive of the traffic using the highway. The in-place passive-active pressure state in
soils covered with different pavements, however, cannot be duplicated with any known
laboratory device. Therefore, a uniform lateral confining pressure of 3 psi was used
for all tests. This value was selected as a result of a series of resilience tests in
which several confining pressures were used with a variety of soils. The results indi-
cated that, for the range of vertical pressures utilized, the least permanent lateral
distortion occurred in the test specimens at 3 psi.

Vertical Surcharge—During the early developmental stages of the test procedure,
varying vertical surcharge pressures representing different thicknesses of overburden
were used. The varying surcharge pressure, however, was found to have no significant
effect on